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Zusammenfassung

Hintergrund

Hamodynamischer Stress induziert eine kompensatorische myokardiale Hypertrophie,
was einen Risikofaktor fur die Entstehung einer Herzinsuffizienz darstellt. Molekulare Me-
chanismen, die diesen Prozess beeinflussen sind unzureichend charakterisiert. Der Au-
tophagie-Lysosom Signalweg (ALP), welcher eine wesentliche Rolle bei der zellularen
Proteinhomoostase und dem Abbau von Proteinen und Zellorganellen einnimmt, zeigt
beim Ubergang von myokardialer Hypertrophie zur Herzinsuffizienz Aktivitatsunter-
schiede auf. Der Transkriptionsfaktor EB (TFEB) ist ein wichtiger Regulator der Expres-
sion von ALP-Genen und letztlich bei der Steuerung der ALP-Aktivitat. Eine Beteiligung

bei der Entstehung einer Herzinsuffizienz wurde bisher nicht Uberpruft.

Hypothese
Es wurde die Hypothese gepriift, ob TFEB am Ubergang von der kardialen Hypertrophie

in die Herzinsuffizienz beteiligt ist.

Methodik

Durch Adeno-assoziierte virale Vektoren Typ 9 (AAV9) wurde Tfeb in den Kardiomyozy-
ten von erwachsenen C57BL/6J Mausen Uberexprimiert (AAV9-Tfeb), wobei die Kardio-
myozyten-spezifische Expression durch Verwendung eines spezifischen Promoters (My-
osin Leichtketten (MLC) 2v Promoter) erfolgte. AAV9-Luciferase (AAV9-Luc) diente als
Kontrollvektor. Es erfolgte eine Operation mit Konstriktion der transversen Aorta (trans-
verse aortic constriction, TAC, 27Gauge, AAV9-Luc: n=9, AAV9-Tfeb: n=14) oder eine
Scheinoperation (Sham, AAV9-Luc: n=9, AAV9-Tfeb: n=9). Praoperativ sowie 4 Wochen
postoperativ wurde die Struktur und Funktion der Herzen der Versuchstiere echokardio-
graphisch untersucht. Durch Sequenzierung der nachsten Generation von RNA (RNA-
Seq), die aus dem interventrikularen Septum isoliert wurde, erfolgte die Analyse einer
veranderten Genexpression und die Identifizierung von induzierten Signalwegen unter
Sham- bzw. TAC-Operation sowie Uberexpression von Tfeb oder Luc. Die weitere Cha-
rakterisierung von Veranderungen erfolgte mittels quantitativer Echtzeit Polymerase-Ket-

tenreaktion, Western Blot und Histologie.



Ergebnisse

Die AAVO-Tfeb behandelten Tiere zeigten eine effektive Tfeb Expression im Herzen.
Sham-operierte AAV9-Tfeb und AAV9-Luc Tiere zeigten geringfugige Unterschiede in
Morphologie und Genexpression. In den AAV9-Luc Tieren induzierte die TAC-Operation
eine kompensierte myokardiale Hypertrophie. Im Unterschied dazu fuhrte die TAC-Ope-
ration nach Tfeb-Uberexpression zu einer linksventrikularen Dilatation und eine Reduk-
tion der linksventrikularen Ejektionsfraktion. In der weiteren Charakterisierung zeigte sich
eine Zunahme des Herzgewichts und eine hohere Expression von myokardialen Stress-
markern in der TAC-operierten AAV9-Tfeb Gruppe verglichen mit AAV9-Luc. Durch RNA-
Sequenzierung, quantitative Real-Time Polymerase Kettenreaktion und Western Blot

konnte eine starkere Aktivierung des ALP nachgewiesen werden.

Schlussfolgerung

In einem Modell von hdmodynamischem Stress fiihrte die Uberexpression von Tfeb zu
einer Herzinsuffizienz mit hochgradig eingeschrankter linksventrikularer Ejektionsfrak-
tion. Dies war begleitet von einer erhdhten Aktivitat des Autophagie-Lysosom Signal-

wegs.



Abstract

Background

Hemodynamic stress induces a compensatory myocardial hypertrophy, one of the risk
factors leading to heart failure. Molecular mechanism involved in this process are not well
understood. The autophagy-lysosome pathway, a protein and organelle degrading sys-
tem, assures protein homeostasis and is shown to be regulated during this process. The
transcription factor EB (TFEB) is a key factor in the regulation of ALP gene expression
and activation of autophagy. If TFEB is involved in the progression from myocardial hy-

pertrophy to heart failure still remains uncertain.

Hypothesis
The hypothesis was tested if TFEB is involved in the progression from cardiac hypertro-
phy to heart failure.

Methods

Adeno-associated viral vectors type 9 (AAV9) were used to overexpress Tfeb in cardio-
myocytes of adult C57BI/6J mice (AAV9-Tfeb). Cardiomyocyte-specific expression was
ensured by using a specific promoter (myosin light chain (MLC) 2v promoter). AAV9-Lu-
ciferase (AAV9-Luc) was used as a control. Mice were either exposed to transverse aortic
constriction (TAC, 27G, AAV9-Luc: n=9, AAV9-Tfeb: n=14) or Sham operation (Sham,
AAV9-Luc: n=9, AAV9-Tfeb: n=9). Echocardiography was performed prior to and 4 weeks
after operation to examine heart structure and function. Next-generation sequencing of
RNA (RNA-Seq) of tissue isolated from the interventricular septum was used to identify
differentially regulated signaling pathways under conditions of sham and TAC operation
as well as overexpression of Tfeb or Luc. Differences were further analyzed by quantita-

tive real-time polymerase chain reaction, Western Blot and histology.

Results

AAV9-Tfeb treated mice showed effective overexpression of Tfeb in heart tissue. Sham
operated AAV9-Luc and AAV9-Tfeb treated animals only showed minor differences in
morphology and gene expression. In AAV9-Luc, TAC operation induced a compensated
myocardial hypertrophy. In contrast, TAC induced left-ventricular dilatation and strong

reduction in left ventricular ejection fraction after Tfeb overexpression. AAV9-Tfeb TAC



mice showed an increase in heart weight and higher expression of stress markers com-
pared to AAV9-Luc. RNA-sequencing, quantitative Real-Time Polymerase Chain Reac-

tion and Western Blot identified activation of the ALP.

Conclusion
In a model of hemodynamic stress, Tfeb overexpression induced heart failure with re-
duced ejection fraction. This was associated with increased autophagy-lysosome path-

way gene expression.



1 Einleitung

Die Herzinsuffizienz ist ein klinisches Syndrom, welches durch strukturelle und/oder funk-
tionelle Veranderungen zu erhdhten ventrikularen Fullungsdricken sowie einem inada-
quatem Herzzeitvolumen unter Belastung und/oder in Ruhe fuhrt.(1) Die Pravalenz ist
altersabhangig. Im Alter unter 55 Jahren wird sie mit ca. 1% angegeben und steigt auf
Uber 10% ab dem 70. Lebensjahr.(1) Das Lebenszeitrisiko ab dem 45 Lebensjahr eine
Herzinsuffizienz zu entwickeln betragt 20-45%.(2) In einer Gesellschaft mit steigendem
Durchschnittsalter und steigender Lebenserwartung kommt diesem Syndrom somit eine
zunehmende Bedeutung zu. Im Zeitraum von 2005 bis 2014 stiegen die Hospitalisie-
rungsraten aufgrund einer Herzinsuffizienz an und ein weiterer Anstieg in der Zukunft
wird prognostiziert.(3) Trotz groRer Fortschritte in der Diagnostik und der Therapie ist die
Erkrankung fortschreitend und mit einer schlechten Prognose assoziiert. Eine 5-Jahres
Mortalitat von 66% konnte in einer US-amerikanischen Beobachtungsstudie ermittelt wer-
den.(4)

Atiologisch ist die Herzinsuffizienz auf akute und chronische Schadigungen zurlickzufiih-
ren. Als wesentliche Risikofaktoren gelten ein hoher Blutdruck, eine koronare Herzerkran-
kung, ein Diabetes mellitus, Ubergewicht und Rauchen.(5, 6)

Eine andauernde Druckbelastung des linken Ventrikels durch beispielsweise eine arteri-
elle Hypertonie fuhrt zu maladaptiven kardialen Umbauprozessen. Auch wenn diese Hy-
pertrophie zunachst ein adaptiver Prozess ist, der die erhdhte Wandspannung kompen-
sieren soll, ist diese ein Risikofaktor flr den plotzlichen Herztod und die Entwicklung einer

Herzinsuffizienz.(7)

Einige Mechanismen, die zur Entwicklung einer kardialen Hypertrophie beitragen, konn-
ten in vorherigen experimentellen Arbeiten dargestellt werden.(8) Dennoch bleibt der ge-
naue Mechanismus der kardialen Stressreaktion mit Entwicklung einer Hypertrophie und
letztlich einer Herzinsuffizienz unklar.

Ein wesentlicher Mechanismus, der diesem Prozess zu Grunde liegen konnte, ist eine
Storung der Proteinhomoostase in den Kardiomyozyten. Es konnte gezeigt werden, dass
eine verminderte Proteinsynthese und ein verstarkter Proteinabbau zum Auftreten einer

kardialen Hypertrophie beitragen konnte.(8)
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In Herzmuskelzellen hat das Ubiquitin-Proteasom System mit seinen E3 Ligasen Muscle
specific RING-finger (MuRF) Proteinen 1, 2 und 3 eine Schlusselrolle im Proteinabbau.
Es konnte gezeigt werden, dass eine Fehlregulation in diesem System zu maladaptiver
kardialer Hypertrophie und einer hypertrophen Kardiomyopathie fuhrt.(9-12)

Ein weiteres wichtiges System stellt das Autophagie-Lysosom System (autophagy-lyso-
some pathway, ALP) dar.(13-15) Im Gegensatz zum UPS, welches vor allem langlebige
oder fehlgefaltete Proteine abbaut, ist das ALP in der Lage Proteine, unlosliche Pro-
teinaggregate und ganze Zellorganellen bis hin zu Mitochondrien abzubauen.(16) Unter
physiologischen Bedingungen ist Autophagie fur den Erhalt der normalen zellularen
Funktion und zum Erhalt der Proteinhomoostase notwendig. Sowohl eine erhdhte als
auch eine verminderte ALP Aktivitat konnten mit kardialen Pathologien in Verbindung
gebracht werden.(13, 17-19) Nach Induktion einer Stenose der Aorta thoracica ascen-
dens, mit der die Nachlast des linken Ventrikels erhoht und dadurch eine Hypertrophie
des linken Ventrikels ausgelost wird, zeigt sich nach 48 Stunden eine Induktion von Au-
tophagie, welche auch 3 Wochen und 8 Wochen nach OP weiterhin erhoht ist.(13, 20) Es
konnte gezeigt werden, dass die Aktivierung des ALP eine maladaptive Reaktion der Kar-
diomyozyten auf hamodynamischen Stress ist und zur Dysfunktion der Kardiomyozyten
fuhrt.(13) Weiterhin konnte gezeigt werden, dass eine Aktivierung des Angiotensin |l Typ
1 Rezeptors Autophagie induzieren kann.(21, 22)

Dem Transkriptionsfaktor EB (Transcription factor EB, TFEB) kommt eine Schlusselrolle
innerhalb des ALP zu. Durch TFEB werden Gene der fruhen und spaten lysosomalen
Biogenese, der Autophagosom Formation und der Fusion von Lyosomen und Autopha-
gosomen zu Autophagolysosomen sowie von Enzymen fur die Proteindegradation indu-
ziert.(23, 24) Im Skelettmuskel konnte durch eine Angiotensin-Il induzierte TFEB-Aktivie-
rung eine Induktion der MuRF1 Expression und nachfolgend eine Muskelatrophie tUber
das Ubiquitin-Proteasom System induziert werden.(25)

Aufgrund seiner zentralen Funktion bei der Regulation des ALP ist der Einsatz von TFEB
in der Behandlung von lysosomalen Stoffwechselerkrankung und Erkrankungen, die
durch Proteinakkumulation ausgelost werden, naheliegend. Beim Morbus Pompe, einer
Glycogenspeichererkrankung verursacht durch einen Mangel an lysosomaler alpha-Glu-
cosidase, kommt es zur Akkumulation von Proteinen in Lyosomen und Autophagosomen,

da diese dort nicht mehr abgebaut werden konnen. Diese Glycogenspeichererkrankung
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fuhrt letztlich zu einer Kardiomyopathie und pathologischen Veranderungen des Skelett-
muskels.(26) In Zellkultur- und Tiermodellen zeigte sich, dass eine Tfeb-Uberexpression
zu einer Clearance des Glykogens fiihrt.(27) Zudem konnte die Vector-basierte Uberex-
pression von Tfeb in einem Mausmodell ALP induzieren und so

die Muskelfunktion erhalten.(28) Weitere experimentelle Ansatze zur Behandlung des
Morbus Gaucher und der amyotrophen Lateralsklerose zeigten ebenfalls vielverspre-
chende Ansatze.(29, 30)

Trotz aller Erkenntnisse ist die Funktion von TFEB und nachgeschalteten Proteinabbau-
prozesse im Kontext von myokardialer Hypertrophie und Herzinsuffizienz nicht vollstan-
dig geklart. Zum besseren Verstandnis der myokardialen Reaktion auf chronischen
Stress und letztlich der Entwicklung einer Herzinsuffizienz sind weitere Untersuchungen
notwendig.

Die vorliegende Arbeit beschaftigt sich mit den Auswirkungen einer Tfeb-Uberexpression
auf Herzmuskelzellen sowohl im Kontext von hamodynamischem Stress als auch unter
physiologischen Bedingungen.(31) Weiterhin soll untersucht werden, ob dies zu einem
myokardialen Remodeling beitragt oder diesem Prozess entgegenwirkt. Ferner soll ge-

zeigt werden, dass Autophagie hierdurch induziert wird und zu diesem Prozess beitragt.
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2 Methodik

2.1 Klonierung

Fir den geplanten Tierversuch mit in vivo Uberexpression von Tfeb durch Adeno-asso-
ziierte Viren war es notwendig, Tfeb cDNA in das AAV9-Expressionsplasmid zu klonie-
ren. Basierend auf vorhergehenden Experimenten der Arbeitsgruppe von Prof. Fielitz lag
murine cDNA von Tfeb bereits in einem pcDNAS3.1(+)/Flag-Plasmid (Invitrogen, USA)
vor.(25) Es erfolgte eine Amplifikation mittels PCR mit in Tabelle 1 genannten Primern,
die ich selbst generiert habe (Eurofins GmbH, Deutschland). Basierend auf den Herstel-
lerangaben der Advantage® DNA-Polymerase (Clontech, USA) wurde das in Tabelle 1
gezeigte Temperaturprogramm gewahlt. Tabelle 2 zeigt den verwendeten PCR-Ansatz.
Anschliel3end erfolgte eine Agarose-Gelelektrophorese zur Auftrennung des Produktes
und zur Kontrolle der korrekten molekularen Grof3e. Unter UV-Licht wurde die entspre-
chende Bande ausgeschnitten und unter Verwendung eines NucleoSpin® Aufreinigungs-
sets (Macherey-Nagel, Deutschland) nach Angaben des Herstellers aufbereitet.

Der AAV9-Expressionsvector (AG Muller, Heidelberg) wurden unter Nutzung des Rest-
riktionsenzyms Xbal (New England Biolabs, USA) und den entsprechenden Puffern nach
Angaben des Herstellers fur 10min bei 37°C behandelt. Es erfolgte eine Agarose-Gel-
elektrophorese mit Ausschneiden der entsprechenden Banden fur das AAV9-Expressi-

onsplasmid unter UV-Licht und Nutzung des oben genannten Aufreinigungssets.

Tabelle 1: Primer zur Tfeb-Amplifikation (eigene Darstellung)

Primer Sequenz

Mm_Tfeb_Xbal_forward 5-GCT CTA GAA TGG CTC AGC TCG CTC AG-3’
Mm_Tfeb_Xbal_reverse 5-GCT CTA GAT CAC AGA ACATCACCC TCC TC-3
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Tabelle 2: Reaktionsprotokoll der Polymerase-Kettenreaktion (eigene Darstellung)

PCR-Schritt Zeiteinheit  Temperatur in °C
1. Denaturierung 5min 95°C
Start Zyklus (Schritte 2-4)

2.Denaturierung 45s 95

3. Anlagerung 30s 60

4. Elongation 2min 72

Ende Zyklus (Schritte 2-4), Wiederholung 40mal
5. Elongation 10min 72°C

Tabelle 3: Reaktionsansatz der Polymerase-Kettenreaktion (eigene Darstellung)

Reagenz Volumen in pl
Wasser 12

5x HD-Puffer 5

dNTP (10mM) 1

Primer Forward (5uM) 2

Primer Reverse (5uM) 2

cDNA (10ng/ul) 2,5
Advantage® HD-Poly- 0,5

merase

Mittels einer T4-DNA Ligase (New England Biolabs, USA) und entsprechenden Puffern
erfolgte die Ligation von Tfeb cDNA und AAV9-Expressionsplasmid nach Herstellerpro-
tokoll bei 14°C fur 14h.

Unter Verwendung von elektrokompetenten Escherichia coli XL1-blue (Stratagene, USA)
und 100ng Plasmid-DNA erfolgte die Transformation durch Elektroporation. Die Bakterien
wurden anschlielend in SOC-Medium (10g Trypton; 2,5g Hefeextrakt; 10mM NaCl;
2,5mM KCI, 10mM MgCl2; 10mM MgSO4, 20mM Glucose) resuspendiert und fur 1h bei
200rpm in einem Inkubationsschuttler (KS 4000i, IKA-Werke, Deutschland) inkubiert. In
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Petrischalen wurde LB-Agar (Carl Roth, Deutschland) nach erhitzen und Hinzugabe von
100pg/ml Amipicillin (Sigma-Aldrich, USA) ausplattiert. Die Platten wurden mit dem bak-
terienhaltigen SOC-Medium benetzt und bei 37°C im Inkubator fur 14h bebrutet. An-
schlieend wurden Bakterienkolonien einzeln aufgenommen und fur weitere 24h in Am-
picillin-versetztem LB-Medium (100ug/ml) bei 37°C im Inkubationsschuttler (200rpm) be-
handelt.

Die Plasmid-DNA-Aufreinigung aus den Bakterien erfolgte unter Nutzung des Qiagen
Plasmid Maxi KITs (Qiagen, Deutschland) nach Protokoll des Herstellers. Die so aufge-
reinigte Plasmid-DNA wurde zum einen probeweise mit oben genanntem Restriktions-
enzym behandelt und auf ein Agarosegel aufgetragen, um unter UV-Strahlung die kor-
rekte GrolRe der Tfeb cDNA zu visualisieren. Zum anderen erfolgte eine Sequenzierung
durch einen kommerziellen Dienstleister (Eurofins MWG GmbH, Deutschland) um maogli-

che Mutationen auszuschlief3en.

2.2 Produktion der Adeno-assoziierten Viren

Nachdem das AAV9-Tfeb-Plasmid kloniert wurde, erfolgte die Produktion AAV9-Tfeb
durch die Arbeitsgruppe von Prof. Oliver Muller, zu diesem Zeitpunkt am Universitatskli-
nikum Heidelberg. Als Kontroll-AAV wurden AAV9-Luc generiert, die Luciferase als Kon-
troll-Protein produzieren. Durch Verwendung eines Myosin Leichtketten (myosin light
chain, MLC) 2v Promoters als Herzmuskelzell-spezifischen Promoter wird die Gewe-
bespezifitat erhoht.(32) Hierfur wird auf vorhergehende Publikationen von Prof. O. Muller
sowie auf den Methodenteil des Manuskripts (Seite 52) verwiesen.(32, 33)

2.3 Versuchstierkundliche MaBnahmen

Alle Experimente wurden nach den aktuellen Richtlinien des deutschen Tierschutzgeset-
zes durchgefuhrt und vom Landesamt fur Gesundheit und Soziales (LaGeSo) Berlin unter
dem Aktenzeichen G 0229/11 genehmigt. Nach den Prinzipien des Max-Delbrtck Zent-
rums fur Molekulare Medizin und den Leitlinien zur Pflege und Versorgung von Versuchs-
tieren des National Institutes of Health (NIH publication No. 86-23, revised 1985) wurden
die Versuchstiere unter standardisierten Bedingungen in einem keimfreien Bereich ge-

zuchtet und gehalten. Es herrschten konstante Bedingungen fur Temperatur (22-24°C)
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und Luftfeuchtigkeit (50-60%), der Tag-Nacht-Rhythmus im 12h Takt blieb erhalten und
die Tiere erhielten durchgehend Zugang zu Futter und Wasser. Wahrend des Versuchs
erfolgte zweimal taglich eine Visite der Versuchstiere.

Fur den Versuch wurden 12 Wochen alte, mannliche Mause mit dem genetischen Hinter-
grund C57BL/6J verwendet.

Die Narkoseeinleitung erfolgte in einer Kleintiernarkosekammer (Univentor Limited,
Malta) angereichert mit einem 2-3%igen Isofluran-Frischluftgemisch (Forene®, Abbot La-
boratories, USA). Nach vollstandiger Sedierung wurden die Tiere mit einer Endotracheal-
kanule intubiert und auf einer 37°C warmen Warmeplatte fixiert. Die Narkose wurde durch
kontinuierliche Insufflation von 2%igem Isofluran in Frischluft (Rate 50ml/min) mittels ei-
nes Rodent MiniVent (Harvard Apparatus, Deutschland) aufrechterhalten und regelmaRiig
durch Prufung des Zwischenzehenreflexes Uberpruft.

Der Brustkorb wurde rasiert, mit 70%igem Ethanol desinfiziert und Uber eine mediane
Ministernotomie bis zur dritten Rippe eroffnet. Zur Induktion der Aortenkonstriktion er-
folgte die Platzierung einer 27G Nadel auf der Aorta zwischen den Abgangen des
Truncus brachiocephalicus und der linken Arteria carotis communis und anschlie3end
eine Ligatur mittels eines 7-0 Prolene-Fadens (Ethicon, Johnson & Johnson Medtech,
USA). Folgend wurde die Nadel entfernt. Es erfolgte der Verschluss von Sternum und
Haut mittels Einzelknopfnahten. Die Kontrollgruppe erhielt eine Scheinoperation (eng-
lisch Sham Surgery) mit identischer Prozedur ohne die Aorta zu ligieren. Die Narkose der
Tiere sowie die Operation erfolgten durch Frau Astrid Schiche und Frau Jutta Meisel,
Max-Delbrick Zentrum fur Molekulare Medizin.

Direkt postoperativ wurde der Schwanz der Mause zur Venodilatation in Wasser mit einer
Temperatur von 37°C gewarmt. AnschlieRend erfolgte nach Desinfektion mit 70% Etha-
nol die Punktion der Schwanzvene mit einer 30G Injektionskanule und die Injektion von
102 Genomen der AAV9-Tfeb bzw. AAV9-Luc. Hierbei erfolgte eine Verblindung und so-
mit Randomisierung bezuglich des injizierten Vektors.

Es erfolgte eine perioperative Schmerztherapie mittels Buprenorphin 0,02mg/kg sub-
kutan alle 12h bis zum dritten postoperativen Tag. Wahrend der postoperativen Phase
wurden die Tiere zur Vermeidung einer Narkose-induzierten Hypothermie mit einer Rot-

lichtlampe (IR808, Efeb, Deutschland) gewarmt und kontinuierlich Uberwacht.
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2.4 Echokardiographie

Die transthorakale Echokardiographie erfolgte sowohl vor der Operation als auch nach
28 Tagen. Ein Teil der Kohorte erhielt 14 Tage nach Operation eine Verlaufskontrolle.
Durchgefuhrt wurde die Echokardiographie durch Herrn Martin Taube und Frau Stefanie
Schelenz, Max-Delbrick Zentrum fur Molekulare Medizin. Es erfolgte eine Verblindung
bezlglich Operation und injiziertem Vector.

Die Tiere wurden mit 2%igem Isofluran in einer Kleintiernarkosekammer narkotisiert und
anschliefend auf einer Warmeplatte unter kontinuierlicher Temperatur- und EKG-Ablei-
tung mit einem VisualSonics Vevo 2100 High-Resolution Echokardiographiegerat und ei-
nem 38MHz Transducer (Fuijifilm VisualSonics Inc., Japan) untersucht. Es erfolgte eine
Vermessung der Dicke des interventrikularen Septums (interventicular septum thickness,
IVSth) und der posterioren Wand (posterior wall thickness, PWth) in Systole (s) und Di-
astole (d) sowie des linksventrikularen endsystolischen und enddiastolischen Durchmes-
ser (LVESD, LVEDD) und die linksventrikulare Ejektionsfraktion (EF). Die Verkurzungs-
fraktion (Fractional shortening, FS) wurde nach folgender Formel errechnet: FS =
[(LVEDD - LVESD) / LVEDD] x100.

2.5 Muskel- und Organentnahme

Nach der Echokardiographie und noch unter Isofluran-Narkose erfolgte die Totung der
Versuchstiere durch zervikale Dislokation. Die Tiere wurden gewogen und es erfolgte die
Entnahme von Herz, Lunge und Leber. Die Organe wurden mit einer Prazisionswaage
(FA-210-4i, Faust Laborbedarf, Schweiz) gewogen. Das Herz wurde anatomisch in linken
und rechten sowie linken und rechten Ventrikel geteilt und separat bei -80°C schockge-
froren. Der Apex des linken Ventrikels wurde mit Gum Tragacanth (Synopharm, Deutsch-
land) auf Plattchen fixiert, in stickstoffgekuhltem Isopentan geschwenkt und anschlief3end
ebenfalls bei -80°C gelagert.

Zuletzt wurde die Tibia entnommen. Diese wurde in Lysepuffer (100mM Tris pH 8,5; 5mM
EDTA; 200mM NaCl; 0,2% SDS; 50mg/ml Proteinase K) uber Nacht bei 55°C behandelt
um etwaige Gewebereste entfernen zu konnen. Anschliefend erfolgte eine Vermessung
mit einem Messschieber (Tchibo, Deutschland). Die Tibialange wurde zur Normalisierung

der Organgewichte verwendet.
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2.6 Histologie

Das in Gum Tragacanth gefrorene Gewebe wurde in einem Leica CM 3050 S Kryostaten
(Leica Microsystems, Deutschland) weiterverarbeitet. Fur die histologischen Untersu-
chungen des Herzmuskelgewebes wurden 6um Dicke Schnitte des linken Ventrikels auf
SuperFrost® Objekttrager (Carl Roth, Deutschland) aufgebracht und anschliel3end tber
Nacht bei Raumluft getrocknet. Die Anfertigung der histologischen Schnitte wurde durch
Frau Schmidt in der AG Fielitz unterstutzt.

Zur Quantifizierung des Kollagengehalts erfolgte die Farbung mit Picrosirius Red (Poly-
sciences, USA). Hierbei werden Kollagenfasern rot gefarbt. Die Farbung erfolgte unter
Modifikation des Herstellerprotokolls und ist in Tabelle 3 dargestellt.

Anschliel3end erfolgte das Eindecken mit Vitro-Clud Eindeckmedium (R. Langenbrick,
Deutschland). Unter Nutzung eines Leica Mikroskops (CTR 6500 HS, Leica Microsys-
tems, Deutschland) mit Kamera (DFC 425, Leica Microsystems, Deutschland) wurden
unter Verwendung des automatisierten systematischen Abfahrens der Schnitte komplette
Aufnahmen des Querschnitts (Tile Scans) angefertigt. Die weitere Bearbeitung erfolgte
mit der Software Image J 1.42c. Die artefaktreichen Rander der Schnitte sowie Farbear-
tefakte wurden manuell umfahren und entfernt. Anschliel3end wurde der prozentuale An-
teil roter Flache, welche den Kollagenfasern entspricht, im Bezug zur Gesamtflache er-

mittelt.

Tabelle 4: Protokoll der Picrosirius Red Farbung (eigene Darstellung)

Reagenz Zeiteinheit
eiskaltes Aceton (-20°C) 10min
Ethanol 100% 5min
Ethanol 98% 5min
Picrosirius Red Solution B 30min
Wasser spulen
Ethanol 96% 2min
Ethanol 100% 2min

Xylol 10mim
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2.7 RNA-Isolation, Reverse Transkription, qRT-PCR

Die Isolation von RNA aus Gewebe des linken Ventrikels erfolgte unter Nutzung der Gu-
anidiniumthiocyanat-Phenol-Chloroform-Extraktion mit Trizol® Reagenz (Life Technolo-
gies, USA). Das Gewebe wurde in Trizol® aufgenommen und mittels des Homogenisator
FastPrep®-24 (MP Biomedicals, USA) und Keramikkugeln (Precellys 2,8mm, Peqglab, Bi-
otechnology, Deutschland) homogenisiert. Zur Abtrennung von Uberschissigen Gewe-
beresten wurden die Proben bei 15.000g und 4°C fiir 15min zentrifugiert und der Uber-
stand abgenommen. Die weiteren Schritte erfolgtem Gemall dem Herstellerprotokoll. Die
RNA wurde in RNAse-freiem, sterilen Wasser aufgenommen.

Die RNA-Konzentration wurde mit einem Nanodrop 2000 (Thermo Fisher, USA) bestimmt
und 1,5ug RNA wurde nach Herstellerangaben des First-Strand cDNA Synthesis Kits
(Life Technologies, USA) unter Verwendung der SuperScript™ Il Reversen Transkriptase
(Life Technologies, USA) in cDNA transkribiert.

Die quantitative Real-Time Polymerase-Kettenreaktion wurde verwendet um die Genex-
pression in den einzelnen Proben zu bestimmen. Der FastStart Universal SYBR® Green
Master (Roche Diagnostics, Deutschland) diente als Fluoreszenzfarbstoff. Die Reaktion
erfolgte in einem Step-One™ Plus Thermocycler (Life Technologies, USA) mit in Tabelle
4 dargestelltem Reaktionsprotokoll und in Tabelle 5 gezeigtem Reaktionsansatz.

Tabelle 5: Reaktionsansatz der quantitativen Real-Time Polymerase-Kettenreaktion (ei-

gene Darstellung)

Reagenz Volumen in pl
RNAse-freies Wasser 6

SYBR® Green Master 10

Primer Forward (5uM) 1

Primer Reverse (5uM) 1

cDNA (5ng/ul) 2
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Tabelle 6: Reaktionsprotokoll der quantitativen Real-Time Polymerase-Kettenreaktion

(eigene Darstellung)

PCR-Schritt Zeiteinheit  Temperatur in °C
1. Denaturierung 10min 95°C
Start Zyklus (Schritte 2-3)
2. Denaturierung 15s 95
3. Anlagerung, Elongation 1min 60
Ende Zyklus (Schritte 2-3), Wiederholung 40mal
4. Schmelzkurve 0,3°C/s bis 95°C

Die Quantifizierung erfolgte unter Nutzung der Standardkurvenmethode, wobei 2ul aller
zu untersuchenden Proben vereinigt und anschlie3end als Verdlinnungsreihe aufgetra-
gen wurden. Die Quantifizierung der Genexpression der Einzelproben erfolgte relativ zu
dieser Standardkurve. Zur Normalisierung diente der geometrische Mittelwert der stabil
exprimierten Gene Mitochondrial ribosomal protein L13 (Mrpl13), Importin 8 (Ipo8) und
Phosphoglycerate kinase 1 (Pgk1). Alle Proben wurden als biologische Duplikate aufge-
tragen und der Mittelwert beider Werte zur Analyse verwendet. Verwendet wurden die in

Table 7 dargestellten, selbst designten Primer (Eurofins GmbH, Deutschland).

Tabelle 7: Primer-Paare zur Durchfuhrung der quantitativen Real-Time Polymerase-

Kettenreaktion (eigene Darstellung)

Primer Sequenz

Mm_Atg101_forward 5-CCG GTC AGA ATT CTC GGT-3
Mm_Atg101_reverse 5-GCA AGA CAC AGG ATACTT CAC C-3
Mm_Atp6v1h_forward 5-GCT CAC GAT GTT GGA GAA TAT GT-3
Mm_Atp6v1h_reverse 5-GCA TGT GGT TCATCA CCA ACT-3
Mm_Becn1_forward 5-AGG ATG GTG TCT CTC GAA GATT -3'
Mm_Becn1_reverse 5-GAT CAG AGT GAA GCT ATT AGC ACT TTC-3
Mm_Col1a1_forward 5-TGT AAA CAC CCC AGC GAA GAA-3’
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Mm_Col1a1_reverse
Mm_Col3a1_forward
Mm_Col3a1_reverse
Mm_Ctgf forward
Mm_Ctgf _reverse
Mm_Ctsd_forward
Mm_Ctsd_reverse
Mm_Ctsl_forward

Mm_Ctsl_reverse

Mm_ Gabarapl2_forward
Mm_Gabarapl2_reverse

Mm_lpo8 forward

Mm_Ipo8_reverse

Mm_Map1Ic3b_forward
Mm_Map1lc3b_reverse

Mm_Mrpl13_forward
Mm_Mrpl13_reverse
Mm_Myh6_forward
Mm_Myh6_reverse
Mm_Myh7_forward
Mm_Myh7_reverse
Mm_Nppa_forward
Mm_Nppa_reverse
Mm_Nppb_forward
Mm_Nppb_reverse
Mm_Pgk1_forward

Mm_Pgk1_reverse

Mm_Sqgstm1_forward

Mm_Sqgstm1_reverse

Mm_Tecpr1_forward
Mm_Tecpr1_reverse
Mm_Tfeb_forward

Mm_Tfeb_reverse

5-CTG AGT TGC CAT TTC CTT GGA-3’
5-CTC ACC CTT CTT CAT CCC ACT CTT A-3
5-ACATGG TTC TGG CTT CCA GAC AT-3’
5-TTC CCG AGA AGG GTC AAG CT-3
5-TTG GGT CTG GGC CAAATG T-3
5'-CAT TGC AAG ATA CTT GAC ATA GCC-3'
5'-CGT TCT TCA CAT AGG TGC TGG-3'

5-CAA ATA AGA ATA AAT ATT GGC TTG TCA-3'

5-TTT GAT GTA GCC TTC CAT ACC C-3'
5'-AGT CCC GCC TGT GGA GTA G-3
5'-AGC GAC CAC AAC AAC AAC G-3
5'-GAG AAG ATG CCG AGT GCT ATG-3'
5-GAC TTG CTC CAG TGT ATG GAA C-3'
5'-GAC CAG CAC CCC AGT AAG AT-3'
5'-TGG GAC CAG AAACTT GGT CT-3'
5'-ACA ATG ATG CAA AGG CTG C-3'
5'-CGT GGC TGA GGA AGC TCT T-3'
5-GCC AAG ACT GTC CGG AAT GA-3°
5-TGG AAG ATC ACC CGG GAC TT-3
5-CAA AGG CAA GGC AAA GAA AG-3°
5-TCACCC CTGGAGACT TTG TC-3
5-GGG GGT AGG ATT GAC AGG AT-3°
5-ACA CAC CAC AAG GGC TTA GG-3°
5-GCA CAA GAT AGA CCG GAT CG-3°
5-CTT CAA AGG TGG TCC CAG AG-3
5-CAG ACA AGA TCC AGC TGA TCA-3'
5-CTT CTT CAT CAT ACA GAG ATG TGC-3'
5'-AGA CCC CTC ACA GGA AGG AC-3'
5'-CAT CTG GGA GAG GGA CTC AA-3'
5-TAT GTG TGC TCC AGT GAT GTA CC-3'
5'-CTC GGC AGG AGC TTC TCA-3'
5'-GAG CTG GGA ATG CTG ATC C-3'
5-CTT GAG GAT GGT GCC TTT GT-3'
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Mm_Wipi1_forward 5-CCT ATC CTG GAA GCC AGA GTA C-3'
Mm_Wipi1_reverse 5-CGA GGA GTT GAA GGT GAT AGC-3'

2.8 Proteinextraktion, SDS-PAGE und Western Blot

30 mg Gewebe des linken Ventrikels wurde in Proteinlysepuffer (60mM Tris-HCI pH 7,5;
150mM Natriumchlorid; 1mM Natriumethylendiamintetraacetat; 1% Nonidet P-40; 0,1%
Natriumdodecylsulfat) versetzt mit cOmplete Protease Inhibitor Cocktail (Roche Diagnos-
tics, Deutschland) sowie PhosphoStop Phosphatase Inhibitor (Roche Diagnostics,
Deutschland). Anschliel3end wurde dieser Ansatz mit einem Homogenisator (FastPrep®-
24, MP Biomedicals, USA) unter Verwendung von Keramikkugeln (Precellys 2,8mm,
Peqlab, Biotechnology, Deutschland) homogenisiert. Unlosliche Gewebebestandteile
wurden durch Zentrifugation bei 15.000g fur 15min bei 4°C abgetrennt. Die Bestimmung
der Proteinkonzentration erfolgte mittels Pierce® BCA Protein Assay Kit (Thermo Fisher,
USA) dem Herstellerprotokoll folgend.

Nach Angleichung der Gesamt-Proteinkonzentration in den einzelnen Proben erfolgte die
Denaturierung durch Laemmli-Puffer (finale Konzentration: 300mM Tris-HCI pH 6,8; 12%
SDS; 0,1% Bromphenolblau; 50% Glycerol; 1/6 B-Mercaptoethanol) und Erhitzung bei
95°C fur Smin.

Es erfolgte die Auftrennung der Probe nach ProteingrofRe unter Verwendung der Natri-
umdodecylsulfat-Polyacrylamid-Gelelektrophorese (SDS-PAGE). Diese erfolgte in 5%i-
gen Sammelgelen sowie 10-15%igen Trenngelen bei initial 80V und nach Erreichen der
Trennphase bei 120V in Laufpuffer (25mM TRIS, 192mM Glycin, 0,1% Natriumdode-
cylsulfat).

Wahrend des Western Blot, durchgefuhrt als Tank-Blot, wurden die aufgetrennten Pro-
teinfraktionen auf Nitrocellulose- bzw. Polyvinylidenfluorid-(PVDF) Membranen (GE
Healthcare, Deutschland) transferiert. Dies erfolgte mit 100V fur 1h unter kontinuierlicher
Kdhlung in Transferpuffer (25mM Tris pH 8,8; 192mM Glycin; 10% Methanol). Anschlie-
Rend wurden die Membranen je nach Antikorper mit 5% Magermilchpulver in TBST oder
5% BSA in TBST (Hefeextrakt 2mM Tris pH 8,8; 150mM NaCl, 0,1% Tween 20; pH 7,6)
fur 1h bei Raumtemperatur geblockt. Uber Nacht wurden die Membranen anschlieRend
bei 4°C mit dem primaren Antikorper inkubiert. Es wurden die Antikorper anti-B/slow my-
osin heavy chain (MyHC) (NOQ7.5.4D, Maus, 1:1000, Sigma-Aldrich, Deutschland), anti-
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p62 (Meerschweinchen, 1:1000, Santa Cruz Biotechnology, USA), anti-microtubule-as-
sociated protein 1A/1B light chain 3B (anti-LC3B; Hase, 1:750, Cell Signaling Technol-
ogy, USA), anti-TFEB (Hase, 1:1000, Bethyl Laboratories, USA) and anti-Beclin-1 (Hase,
1:1000, Cell Signalling Technology, USA) verwendet. Als Ladekontrolle diente anti-gly-
ceraldehyde-3-phosphate dehydrogenase (GAPDH, clone 6C5, mouse, 1:10,000, Merck
Millipore, USA).

Nach drei Waschzyklen mit TBST erfolgte die Inkubation mit einem sekundaren 1gG-An-
tikorper, welcher mit dem Horseradish-Peroxydase (HRP)-Enzym zum Chemilumines-
zensnachweis markiert ist. Verwendet wurden Ziege anti-Maus, Ziege anti-Hase (beide
1:3000, Cell Signalling Technology, USA) oder Ziege anti-Meerschweinchen (1:3000,
Abcam, GroRbritannien).

Nach erneuten drei Waschzyklen mit TBST wurden die Membranen mit dem SuperSig-
nal® West Pico Chemilumineszens-Substrat (Thermo Fisher Scientific, USA) nach An-
gaben des Herstellers behandelt und das Signal auf Chemilumineszenzfilmen (Ame-
rsham Hyperfilm ECL™, GE Healthcare, Grol3britannien) in einer Curix60 Entwicklerma-
schine (Agfa-Geavert, Belgien) dargestellt.

2.9 RNA-Sequenzierung

Fur die RNA-Sequenzierung wurden 500ng RNA aus Gewebe des linken Ventrikels ver-
wendet. Eine Qualitatskontrolle der Probe wurde mit einem Agilent 2100 Bioanalysator
(Agilent Technologies, USA) durchgefuhrt. Eine Sequenzierbibliothek wurde mit dem II-
lumina TruSeq Stranded mRNA Kit (lllumina, USA) erstellt. Die so gewonnene DNA
wurde erneut mittels Bioanalysator auf Intaktheit Uberpruft. Die sequenzierten Fragmente
wurden mit der Software STAR Aligner (Version 2.5.3a) mit dem gesamten Mausgenom
(mm10) abgeglichen.(34) Die fur jedes Gen detektierte Haufigkeit wurde aus der Binary
Alignment Map (BAM) mit der featureCounts Software (Version 1.5.1) ausgewertet, wobei
eine Haufigkeit von weniger als 10 Uber alle Proben als unspezifische Treffer interpretiert
und entfernt wurden.(35) Die Expressionsanalyse mit Vergleichen der Expression zwi-
schen den Gruppen wurden mit dem DESeq 2 R Statistikpaket durchgefuhrt, wobei ein
p-Wert (Benjamini-Hochberg-Korrektur) von kleiner als 0,05 als ein statistisch signifikan-

ter Expressionsunterschied betrachtet wurde.(36)
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Die Analysen im Bioanalysator sowie die Sequenzierung der RNA wurden von Frau Clau-
dia Langnick, AG Sauer, Max-Delbrick Zentrum fur Molekulare Medizin durchgeflhrt. Die
Aufbereitung und Erstellung des primaren Datensatzes erfolgten durch Herrn Dr. Ramon
Vidal, AG Sauer, Max-Delbrtck Zentrum fur Molekulare Medizin.

Unter Verwendung der DAVID-Software (Database for Annotation, Visualization and In-

tegrated Discovery, Version 6.8, https://david.ncifcrf.gov, letzter Zugriff 29. April 2022)

wurde der primare Datensatz bezuglich Anreicherungen von bestimmten Signalwegen
und Zellprozessen verglichen. Das Transcriptome des Primardatensatzes wurden auf
EBI Annotare v.2.0 (Project-ID: E-MTAB-9585) veroffentlicht.

2.10 Statistische Auswertungen

Die statistischen Analysen und die Erstellung der Grafiken wurden mit GraphPad Prism®
8 (GraphPad Software, USA; version 8.03) und Adobe lllustrator CS6 (Adobe Inc., USA)
durchgefuhrt. Der Vergleich von zwei Gruppen erfolgte unter Nutzung eines ungepaarten
zweiseitigen Student t-test. Fur den Vergleich von mehr als zwei unabhangigen Gruppen
wurde eine einfaktoriellen Varianzanalyse (ANOVA) mit Turkey Post-hoc Test verwendet.
Die Gewichtsanalysen und echokardiographischen Daten wurden als Box-Plot darge-
stellt. Die Boxen stellen den Interquartalsabstand sowie den Median dar, die Antennen
zeigen die minimalen und maximalen Werte. Die Daten der Genexpression wurden als

Balkendiagramme mit Median und Standardfehler des Mittelwerts dargestellit.
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3. Ergebnisse

3.1 AAV9-Tfeb induziert unter TAC eine Herzinsuffizienz

Im Vergleich zu den AAV9-Luc Tieren bewirkt die Uberexpression von Tfeb keine Veran-
derungen in der Morphologie oder den Organgewichten in den Sham operierten Tieren.
Durch die TAC-Operation kam es in der AAV9-Luc Gruppe zu einer Zunahme der Herz-
grolRe mit Erhdhung des Herzgewichts. Dieser Effekt wurde durch die Behandlung mit
dem AAV9-Tfeb Vector aggraviert, was sich in einer starkeren Zunahme der HerzgroRe
und einer signifikanten Erhohung des Herzgewichts, sowohl verglichen mit den Sham-
Gruppen als auch im Vergleich zur TAC-operierten AAV9-Luc Gruppe widerspiegelte.
Zusatzlich zeigte sich eine Zunahme des auf die Tibialange normalisierten Lungenge-
wichts als Zeichen eines Ruckwartsversagens mit pulmonaler Stauung.

Echokardiographisch hingegen zeigten sich zwischen den Sham-operierten Tieren nach
Tfeb-Uberexpression eine gering signifikante Zunahme der ventrikuldren Diameter
(LVESD, LVEDD) sowie eine Abnahme der linksventrikularen Ejektionsfraktion (EF) von
64,6% auf 56,3% (p=0,1). In der AAV9-Luc Gruppe fuhrte die TAC-Operation zu einer
kompensierten myokardialen Hypertrophie, welche sich durch Zunahme der Wanddicken
(IVSth, PWth) ausdrickte. Die linksventrikulare Ejektionsfraktion zeigte sich mit 52,3%
erniedrigt, jedoch war dieser Effekt nicht signifikant. Die Kombination aus Nachlast-indu-
ziertem Stress und Tfeb-Uberexpression hingegen fiihrte zu einer deutlichen Dilatation
der Herzhohlen (LVESD, LVEDD) bei gleichzeitiger Abnahme der Wanddicken (IVSth,
PWth). Die Ejektionsfraktion zeigte sich mit 22,4% hochgradig eingeschrankt. In Zusam-
menschau mit der Zunahme des Lungengewichts zeigt sich somitin den AAV9-Tfeb TAC-
operierten Tieren das Bild einer dekompensierten Herzinsuffizienz mit hochgradig einge-

schrankter linksventrikularer Ejektionsfraktion.

3.2 AAV9-Tfeb aggraviert Stress-induzierte interstitielle Umbauprozesse

Die Picrosirius Red Farbung von histologischen Schnitten der Herzen diente zur Darstel-
lung einer interstitiellen und perivaskularen Fibrose, die haufig pathologische myokardi-
ale Umbauprozesse begleitet.(37, 38) Hierbei zeigte sich in den Herzen der AAV9-Luc
Tiere eine leichte, nicht signifikante Zunahme der Picrosirius Red Farbung nach TAC-
Operation. Dieser Effekt war deutlich starker in den TAC operierten AAV9-Tfeb Tieren.
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Zur weiteren Analyse dieses Befundes wurde mittels qRT-PCR die Expression von
connective tissue growth factor (Ctgf), dass die Expression von Genen reguliert, die fur
extrazellulare Matrixproteine kodieren, sowie von Kollagen Typ 1, alpha 1, und Kollagen
Typ 1, alpha 3. Fur Ctgf zeigte sich eine signifikante Zunahme nach TAC-Operation und
Tfeb-Uberexpression. Die Expression von Col1a3 war nach TAC-Operation in beiden
Gruppen erhoht. Fur Col1a1 wiederum zeigte sich eine signifikante Zunahme durch Tfeb-
Uberexpression. Somit zeigt sich durch TAC-Operation eine zu erwartende Induktion von

myokardialer Fibrose, welche nach Tfeb-Uberexpression verstarkt nachweisbar war.

3.3 Die TAC-induzierte kardiale Stressreaktion wird verstarkt durch AAV9-Tfeb

Als Marker einer myokardialen Stressreaktion wurde die Expression der Gene Nppa (ko-
dierend fur das Protein atrial natriuretic peptide, ANP) und Nppb (kodierend fur das Pro-
tein B-type natriuretic peptide, BNP) mittels gqRT-PCR untersucht. Im Vergleich zur AAV9-
Luc Gruppe fiihrte die Tfeb-Uberexpression zu keiner Anderung der Nppa und Nppb Ex-
pression der jeweils Sham operierten Tiere. In der AAV9-Luc-Gruppe fuhrte die TAC-
Operation zu einer signifikanten Nppb-Induktion. Die Uberexpression von Tfeb induzierte
eine signifikant verstarkte Expression von Nppa und Nppb im Vergleich zu den AAV9-
Luc Tieren.

Weiterhin wurde untersucht, ob es zu einer Anderung der Zusammensetzung der Myosin-
Schwerketten kam, da eine pathologische Hypertrophie haufig mit einer Abnahme der
Myh6 (kodierend fur alpha myosin heavy chain, a-MyHC) und einer Zunahme der Myh7
(kodierend fur die beta myosin heavy chain, -MyHC) Expression einhergeht.(39, 40) In
beiden TAC-Gruppen konnte eine verminderte MyH6 und eine gesteigerte Myh7 Expres-
sion im Vergleich zur jeweiligen Sham Gruppe nachgewiesen werden. Die Myh7 Expres-
sion war in den AAV9-Tfeb TAC Tieren signifikant hoher als in den AAV9-Luc TAC Tieren,
was auch auf Protein-Ebene im Western Blot zu beobachten war.

In Zusammenschau induziert die TAC-Operation eine myokardiale Stressreaktion, wel-

che durch Tfeb-Uberexpression aggraviert wurde.

26



3.4 AAV9-Tfeb induziert eine ALP Aktivierung unter TAC

Die Analyse von Veranderungen der Genexpression in den Herzen erfolgte durch die
Sequenzierung der nachsten Generation (,next generation sequencing“) der Gesamt-
RNA (RNA Seq), die aus dem interventrikularen Septum der AAV9-Luc Kontrollgruppe
(Sham: n=3, TAC: n=4) und der AAV9-Tfeb Gruppe (Sham: n=3, TAC: n=3) isoliert wurde.
Tfeb Uberexpression induzierte in Sham-operierten Tieren eine verdnderte Expression
von 79 Genen. Hierbei wurden 20 Gene vermehrt und 59 Gene vermindert exprimiert. In
der Kyoto Encyclopedia of Genes and Genomes (KEGG)-Signalweg Analyse zeigten sich
die Signalwege fur das Aktinzytoskelett (actine cytoskeleton (mmu04810) und Phagosom
(mmu04145) angereichert.

Durch die TAC-Operation wurden in der AAV9-Luc Gruppe 1392 und in der AAV9-Tfeb
Gruppe 2405 Gene vermehrt exprimiert, wobei beide Gruppen eine gemeinsame Schnitt-
menge von 990 Genen aufweisen. Durch Tfeb-Uberexpression zeigte die KEGG-Analyse
in der TAC-operierten Gruppe im Gegensatz zur AAV9-Luc Gruppe eine Anreicherung
der Signalwege ,phagosome®, ,endocytosis®, ,autophagy” und ,lysosome®.

Zur weiteren Untersuchung des ALP fuhrten wir ein hierarchisches Clustering der beiden
GO-Begriffe Autophagie und Lysosom durch. Es zeigt sich, dass beide Signalwege in
beiden TAC-Gruppen hochreguliert sind, wobei dies verstarkt nach Tfeb-Uberexpression
zu beobachten war.

Zur Bestatigung erfolgte eine gqRT-PCR von exemplarischen Genen. Fur die zum GO-
Term zugeordneten Gene Atg101 und Becn1 (kodierend fur Beclin-1) zeigte sich in bei-
den TAC-Gruppen unabhangig von der Tfeb-Behandlung eine vermehrte Expression.
Tecpr1 wurde in beiden Gruppen induziert, jedoch signifikant starker nach Tfeb-Uberex-
pression. Gabarapl/2 und Sqstm1 (kodiert fiir p62) zeigten sich nur nach Tfeb-Uberex-
pression verstarkt exprimiert. Auf Proteinebene zeigte p62 im Western Blot einen inkon-
sistenten Proteingehalt sowohl innerhalb einer Behandlungsgruppe als auch zwischen
den Gruppen. Map1I/c3b (kodierend fur LC3B) zeigte sich auf RNA-Ebene nicht reguliert.
Im Western Blot konnte jedoch ein Anstieg von LC3B-l und LC3B-II nach Tfeb-Uberex-
pression und TAC-Operation nachgewiesen werden. Wahrend LC3B-| vorwiegend im Zy-
tosol lokalisiert ist, entsteht LC3B-Il wahrend Autophagie durch Lipidierung und anschlie-
Rendem Einbau in Autophagosomen und Autolysosomen und spiegelt so eine erhohte
Aktivitat wider.(41)
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Fur die zum GO-Term Lysosom zugeordneten Gene Afp6v1h, Ctsd und Ctsl konnte nach
TAC-Operation eine Induktion nachgewiesen werden, wobei dies fur Ctsd und Cts/ signi-
fikant starker nach Tfeb-Uberexpression sichtbar war. Wipi1 wurde lediglich durch die

Kombination von TAC-Operation und Tfeb-Uberexpression induziert.
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4. Diskussion

Die vorliegende Arbeit dient der Untersuchung der Auswirkungen einer Tfeb-Uberexpres-
sion auf das Herz im Kontext von chronischem myokardialen Stress. Die hierbei genutzte
TAC-Operation ist ein etabliertes Modell zur Induktion einer chronischen Nachlasterho-
hung, vergleichbar mit einer Aortenklappenstenose oder arterieller Hypertension.(42)
Diese fuhrt sowohl im klinischen als auch im tierexperimentellen Kontext zu einer myo-
kardialen Hypertrophie.(43) In unserem Experiment konnten wir dies sowohl phanoty-
pisch durch ein erhdhtes Gesamtgewicht des Herzens, echokardiographisch durch eine
Zunahme der Wanddicken des linken Ventrikels als auch auf molekularer Ebene durch
Nachweis einer erhohten Expression myokardialer Stressfaktoren nachweisen. Der ge-
wahlte Untersuchungszeitraum von vier Wochen verursachte in den Kontrolltieren keine
Herzinsuffizienz, was sich in einer normwertigen linksventrikulare Ejektionsfraktion und
einem normalen Lungengewicht als indirekter Marker fur eine pulmonale Stauung nach-

weisbar war.

Durch einen Adeno-assoziierten viralen Vektor erfolgte die Kardiomyozyten-spezifische
Uberexpression von Tfeb. In Abwesenheit von hamodynamischem Stress fiihrte die Tfeb-
Uberexpression lediglich zu marginalen Veranderungen der phanotypischen und echo-
kardiographischen Parameter. Durch hamodynamischen Stress verursacht durch die
TAC-Operation zeigte sich eine deutliche und signifikante Zunahme des Herzgewichts.
Echokardiographisch zeigte sich eine Herzinsuffizienz mit hochgradig eingeschrankter
linksventrikularer Ejektionsfraktion, eine Verminderung der Wanddicken sowie eine Zu-
nahme der ventrikularen Diameter, welche eine Zunahme der Fullungsdricke suggerie-
ren. Das Lungengewicht war signifikant erhoht, was auf eine pulmonale Stauung schlie-
Ren lasst. Marker der myokardialen Stressreaktion zeigten sich auch im Vergleich zur
TAC-operierten AAV9-Luc Kontrollgruppe signifikant erhdoht. Zudem zeigte sich eine ver-
mehrte interstitielle Fibrose, was auf einen pathologischen Umbau der extrazellularen
Matrix schlieBen lasst. Unter Nutzung von RNA-Sequenzierung, qRT-PCR und Western
Blot konnte eine vermehrte Aktivitat des Protein- und Organellen abbauenden ALP nach-

gewiesen werden.
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Der Transkriptionsfaktor EB (TFEB) hat eine Schlusselrolle in der Regulation des ALP.
Aufgrund dieser zentralen Funktion innerhalb der zellularen Proteinhomoostase unter-
liegt er einer fein abgestimmten Regulation, was vor allem durch seinen Phosphorylie-
rungsstatus reguliert wird.(44) Wichtige Regulatoren sind der TFEB Aktivitat sind mam-
milian Target of Rapamycin Complex 1 (mTORC1), die Akt/Proteinkinase B, die extracel-
lular-regulated Kinasen 1 und 2 (ERK1, ERK2) sowie die Proteinkinase D1 (PKD1). Akti-
viertes TFEB transloziert in den Zellkern, bindet dort an spezifische E-Box Elemente
(Konsensus-Sequenz: CANNTG) in der Promoter-Region seiner Zielgene (z.B. Trim63,
p62, Ppargc1a) und steigert deren Expression.(25, 44-48) In unserem Experiment fuhrte
eine Tfeb-Uberexpression in der Abwesenheit von myokardialem Stress lediglich zu mar-
ginalen Veranderungen der Genexpression, was die Befunde, dass TFEB zunachst akti-
viert werden muss, bevor es seine volle Wirkung hinsichtlich einer veranderten Genex-
pression ausiiben kann, unterstiitzt. Zudem wurde beschrieben, dass die Uberexpression
von Tfeb wahrend eines Beobachtungszeitraums von drei Monaten keine myokardialen
Veranderungen auslOste, sodass von einer fein abgestimmten Regulation der Tfeb und
letztlich der ALP-Aktivitat auszugehen ist.(28) Eine konstitutiv-aktive Tfeb-Variante

konnte dies in weiteren Experimenten nachweisen.

Der mamillian Target of Rapamycin Complex 1 (mTORC1) verursacht durch Phosphory-
lierung von TFEB an den Serin-Resten Ser122, Ser142 und Ser211 eine Bindung des
14-3-3 Chaperon-Proteins und verhindert hierdurch eine nukleare Translokation bzw. be-
wirkt den nuklearen Export von TFEB und reduziert dadurch letztlich seine transkriptio-
nelle Aktivitat.(45, 46) In einem Mausmodell mit mTORC1-Defizienz konnte unter Nut-
zung des TAC-Modells eine vermehrte Aktivitat des ALP nachgewiesen werden.(49) Dies
fuhrte zu einer Herzinsuffizienz mit hochgradig eingeschrankter Ejektionsfraktion und ei-
ner Zunahme der linksventrikularen Diameter.(49) Da eine mTORC1-Defizienz zu einer
verstarkten TFEB-Aktivitat fuhrt, sind diese Beobachtungen Konsistent zu unseren Da-
ten. Weitere Arbeiten konnten zeigen, dass bei hamodynamischem Stress eine Dysregu-
lation des ALP stattfindet.(13, 19) Weiterhin scheint es eine zeitliche Dynamik in der Ak-
tivitat zu geben. Fur mTORC1 konnte gezeigt werden, dass die Aktivitat in frathen Phasen
nach TAC-Operation ansteigt und in spateren Zeitpunkten mit der Entwicklung einer
Herzinsuffizienz wieder abfallt.(50, 51) Dies ist Konsistent mit weiteren Untersuchungen,

die eine Abnahme der ALP-Aktivitat in frihen Zeitpunkten nach TAC-Operation nachwei-
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sen konnten, wohingegen es wahrend der Entwicklung einer Herzinsuffizienz eine deut-
liche Zunahme der Aktivitat gibt.(19) Dies wurde auch eine zeitliche Dynamik in der
TFEB-Aktivitat nahelegen.

Da TFEB ein potenter Induktor des ALP ist, gibt es verschiedene Versuche einer thera-
peutischen Nutzung bei lysosomalen Speichererkrankungen, beispielsweise beim Mor-
bus Pompe oder Morbus Gaucher sowie bei neurodegenerativen Erkrankungen wie der
Amyotrophen Lateralsklerose und des Morbus Alzheimer mit ersten positiven Ergebnis-
sen.(27-30) Aufgrund unserer Daten konnte der Einsatz dieser therapeutischen Ansatze
bei bestehendem oder akut auftretendem myokardialen Stress wie beispielsweise einer
nicht bekannten Aortenklappenstenose problematisch sein. Durch die Ergebnisse dieser
Arbeit zeigt sich, dass bei therapeutischen Interventionen unter Nutzung von TFEB eine
Gewebespezifitat dringend notwendig ist, wobei beispielsweise beim Morbus Pompe in
jedem Fall eine kardiale Expression anzustreben ist. Weiterhin sind die Auswirkungen
von andauendem muskuldren Stress bei gleichzeitiger Tfeb-Uberexpression unklar und

bendtigen weitere Untersuchungen.

Zusammenfassend konnte in dieser Arbeit gezeigt werden, dass die Uberexpression von
Tfeb in einem Modell von chronischem hamodynamischen Stress zu einer Herzinsuffizi-
enz mit hochgradig eingeschrankter Ejektionsfraktion fuhrt. Korrelierend dazu zeigen sich
Anzeichen fur eine Aktivierung des ALP. Einschrankend zu erwahnen ist, dass dies le-
diglich eine Korrelation darstellt, welche aufgrund der bekannten transkriptionellen Akti-
vitat von TFEB in anderen Zelltypen basiert. Eine weitere Charakterisierung des Signal-
weges ist notwendig. Zudem konnte lediglich der Effekt einer Tfeb-Uberexpression dar-
gestellt werden. Zur weiteren Einordnung der Ergebnisse fur etwaige therapeutische An-
satze sind Versuche mit Inhibition der TFEB-Aktivitat im Kontext von hamodynamischem
Stress notwendig. Zudem fehlen Daten Uber TFEB-Aktivitatsunterschiede im zeitlichen
Verlauf.

Trotz dieser Einschrankungen konnte in dieser Arbeit ein robuster Phanotyp mit deutli-
chen Veranderungen nach Tfeb-Uberexpression dargestellt werden. Die Ergebnisse die-
ser Arbeit stellen einen weiteren Beitrag im Verstandnis der molekularen Entstehung ei-
ner Herzinsuffizienz dar, wobei viele weitere Schritte notwendig sind um neue und effek-

tive Behandlungsmethoden zu entdecken.
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Abstract: The transcription factor EB (TFEB) promotes protein degradation by the autophagy and
lysosomal pathway (ALP) and overexpression of TFEB was suggested for the treatment of ALP-
related diseases that often affect the heart. However, TFEB-mediated ALP induction may perturb
cardiac stress response. We used adeno-associated viral vectors type 9 (AAV9) to overexpress TFEB
(AAV9-Tfeb) or Luciferase-control (AAV9-Luc) in cardiomyocytes of 12-week-old male mice. Mice
were subjected to transverse aortic constriction (TAC, 27G; AAV9-Luc: n =9; AAV9-Tfeb: n = 14) or
sham (AAV9-Luc: n = 9; AAV9-Tfeb: n = 9) surgery for 28 days. Heart morphology, echocardiography,
gene expression, and protein levels were monitored. AAV9-Tfeb had no effect on cardiac structure
and function in sham animals. TAC resulted in compensated left ventricular hypertrophy in AAV9-
Luc mice. AAV9-Tfeb TAC mice showed a reduced LV ejection fraction and increased left ventricular
diameters. Morphological, histological, and real-time PCR analyses showed increased heart weights,
exaggerated fibrosis, and higher expression of stress markers and remodeling genes in AAV9-Tfeb
TAC compared to AAV9-Luc TAC. RNA-sequencing, real-time PCR and Western Blot revealed
a stronger ALP activation in the hearts of AAV9-Tfeb TAC mice. Cardiomyocyte-specific TFEB-
overexpression promoted ALP gene expression during TAC, which was associated with heart failure.
Treatment of ALP-related diseases by overexpression of TFEB warrants careful consideration.
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1. Introduction

Heart failure with reduced ejection fraction is a common cause of death worldwide
and is commonly preceded by pathological cardiac hypertrophy and left ventricular remod-
eling [1,2]. Pathological hypertrophy is a maladaptive response related to hemodynamic
stress stimuli, such as pressure-overload, due to arterial hypertension or aortic stenosis [3].
Although several mechanisms underlying cardiac hypertrophy are well described [4],
pathways involved in cardiomyocyte stress response are not well understood. However,
disturbed protein homeostasis in cardiomyocytes caused by decreased protein synthesis
and increased protein degradation has been implicated [4]. In cardiomyocytes, protein
degradation is predominantly mediated by the ubiquitin-proteasome system (UPS) [5-8]
and the autophagy-lysosomal pathway (ALP) [9-11]. In contrast to the UPS which de-
grades single long-lived and misfolded proteins [12], the ALP degrades entire cell contents
such as proteins, insoluble protein aggregates, and even whole organelles such as mito-
chondria [12]. Because the cardiac proteome changes during hypertrophy, activation of
protein degradation is important to efficiently remodel the contractile apparatus and assure
adaptation of the heart to stress. A malfunction of protein degradation may in turn lead to
the accumulation of proteins and pathological stress response. For example, a malfunction
of the UPS is associated with hypertrophic cardiomyopathy [13], maladaptive cardiac
hypertrophy [5,7] and protein-surplus myopathy [6,8,14]. The ALP is equally important for
the maintenance of normal cardiac structure and function and its inhibition in ALP-related
diseases often leads to cardiomyopathy [9,15]. For example, in Pompe’s disease, lysosomal
acid alpha-glucosidase deficiency compromised the breakdown of glycogen and causes the
accumulation of autophagic vesicles and autophagic debris in heart and skeletal muscle
leading to heart and skeletal muscle failure [16]. The transcription factor EB (TFEB) is a
critical regulator of ALP and is a master regulator of lysosomal biogenesis and autophagy.
TFEB activation results in an increased expression of genes involved in autophagy and
autophagic flux, biogenesis of autophagosomes, and the fusion of autophagosomes with
lysosomes in non-myocytes [17]. TFEB also promotes the expression of genes involved in
early and late lysosomal biogenesis as well as UPS-dependent protein degradation [18-21].

The nodal function of TFEB in ALP promoted the development of TFEB-based gene
therapy predominantly by its overexpression to treat lysosomal storage disorders, which
was successfully tested in cell and mouse models of Pompe’s disease [22,23], Gaucher’s
disease [24], and amyotrophic lateral sclerosis [25]. However, because cardiomyocyte
ALP is important for load-induced cardiac stress response [9-12], its activation by TFEB
overexpression may elicit cardiac side effects, especially during hemodynamic stress such
as pressure-overload. We therefore tested the hypothesis that TFEB overexpression in
cardiomyocytes sensitizes the heart to a pressure-overload-induced cardiac stress response.

2. Results
2.1. TFEB Overexpression Leads to Heart Failure in Response to Pressure Overload

AAV9-mediated systemic delivery of the murine Tfeb cDNA under the control of
the cardiomyocyte-specific MLC v2.1 promoter led to an increased cardiac TFEB mRNA
expression (Figure 1A) and protein content (Figure 1B). The hearts of sham-treated AAV9-
Tfeb and AAV9-Luc mice were similar in size (Figure 1C,D, Table S1). In transthoracic
echocardiography (Figure 2A), AAV9-Tfeb mice showed a slight increase in the left ventric-
ular enddiastolic diameter (LVEDD; p < 0.05) and the left ventricular endsystolic diameter
(LVESD; p < 0.05), and a small decrease in left ventricular ejection fraction (LVEF; p < 0.05)
(Figure 2B-D, Tables S1 and S2) when compared to AAV9-Luc.
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Figure 1. Cardiomyocyte-specific overexpression of TFEB leads to heart failure in response to 28 days
of pressure overload. (A) qRT-PCR results of Tfeb mRNA expression normalized to geometric
mean of Ipo8, Mrpll3 and Pgkl and shown as mean + SEM. ** p < 0.01; n.s. not significant.
(B) Western blot analysis of protein lysates from hearts to analyse TFEB protein levels. Overex-
pressed and endogenous TFEB are indicated. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
protein content was used as loading control. (C) Gross morphology of representative hearts of sham
and TAC treated AAV9-Luc and AAV9-Tfeb mice are shown. (D) Heart weight/tibia length (HW/TL)
and (E) Lung weight/tibia length (LW /TL) ratios of AAV9-Luc and AAV9-Tfeb mice 28 days after
sham and TAC surgery are shown. Box plots show median and interquartile range (IQR) & minimum
to maximum values. *** p < 0.001.

Following TAC, AAV9-Luc mice showed an increased heart weight-to-tibia length
ratio (HW/TL) to 138% (p < 0.001; Figure 1D), a thickening of the interventricular sep-
tal wall thickness at systole (IVSths, p < 0.05; Table S2) and diastole (IVSthd, p < 0.001;
Figure 2F), and an increased thickness of the left ventricular posterior wall at diastole
(PWthd, p < 0.005; Figure 2G) when compared to AAV9-Luc sham mice. LVESD (p < 0.05)
was increased whereas the LVEDD remained unchanged in TAC-operated AAV9-Luc mice
when compared to sham animals (Figure 2B,C). Although the fractional shortening (FS)
was reduced (p < 0.01), LVEF and stroke volume (SV) remained unchanged in AAV9-Luc
during pressure-overload (Figure 2D,E, Table S2). Moreover, the lung weight-to-tibia
length ratio remained unchanged in AAV9-Luc TAC compared to sham mice (Figure 1E).
These data indicate that TAC surgery resulted in compensated left ventricular hypertrophy
in AAV9-Luc mice. In contrast, TAC-operated AAV9-Tfeb mice showed a significantly
stronger increase in HW/TL ratio when compared to AAV9-Luc mice (AAV9-Tfeb Sham:
100 £ 9%, AAV9-Tfeb TAC: 162.3 £ 19.6%; p < 0.001; p = 0.014 AAV9-Luc TAC vs. AAV9-
Tfeb TAC) (Figure 1D, Table S2). AAV9-Tfeb TAC mice showed only a mild increase in
IVSthd (p < 0.01) and PWthd (p < 0.01), whereas IVSths, PWths remained unchanged when
compared to AAV9-Tfeb sham mice (Figure 2EG). TAC caused a pronounced increase
in LVEDD (p < 0.005 vs. AAV9-Tfeb sham) and LVESD (p < 0.005 vs. AAV9-Tfeb sham)
and a decrease in LVEF (p < 0.005 vs. AAV9-Tfeb sham) and FS (p < 0.005 vs. AAV9-Tfeb
sham) in AAV9-Tfeb compared to sham mice (Figure 2B-E). Importantly, the increase in
LVEDD (p < 0.001 vs. AAV9-Luc TAC) and LVESD (p < 0.001 vs. AAV9-Luc TAC) was
substantially stronger and the decrease in LVEF (p < 0.001 vs. AAV9-Luc TAC) and FS
(p <0.001 vs. AAV9-Luc TAC) was significantly higher in AAV9-Tfeb TAC compared to
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AAV9-Luc TAC (Figure 2B-E). TAC also caused an increase in E/A-ratio in AAV9-Luc
and AAV9-Tfeb; this increase was significantly higher in AAV9-Tfeb mice. The mitral A
velocity was significantly lower in TAC-operated AAV9-Tfeb compared to AAV9-Luc mice
(Table S2). Moreover, lung weight-to-tibia length ratio increased in AAV9-Tfeb TAC mice
(+222%; p < 0.01 vs AAV9-Tfeb sham, p < 0.01 vs. AAV9-Luc TAC; Figure 1E) indicative for
pulmonary congestion due to heart failure. In summary, in a mouse model of compensated
left ventricular hypertrophy cardiomyocyte-specific TFEB overexpression sensitized the
heart to chronic pressure-overload resulting in left ventricular dilatation, reduced left
ventricular function, and diminished hypertrophic response and diastolic dysfunction with
a restrictive filling pattern.
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Figure 2. Cardiomyocyte-specific overexpression of TFEB leads to heart failure in response to 28 days
of TAC. (A) Representative echocardiographic M-mode tracings of sham and TAC treated AAV9-Luc
and AAV9-Tfeb mice. Echocardiographic assessment of left ventricular endsystolic (LVESD, (B))
and enddiastolic diameter (LVEDD, (C)), left ventricular ejection fraction (LVEF, (D)), fractional
shortening (FS, (E)), thickness of the interventricular septum in diastole (IVSthd, (F)) and posterior
wall thickness in diastole (PWthd, (G)) of sham and TAC treated AAV9-Luc and AAV9-Tfeb mice
after 28 days. Boxes show IQR £ minimum to maximum values. * p < 0.05; ** p < 0.01; *** p < 0.001.
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2.2. TFEB Overexpression Aggravates Pressure-Overload Induced Cardiac Stress Response

qRT-PCR was used to investigate if the heart failure phenotype in AAV9-Tfeb TAC
mice was accompanied by a stronger activation of cardiac stress markers. No differences
in Nppa (encoding atrial natriuretic factor), Nppb (B-type natriuretic peptide), Myh7 (beta
myosin heavy chain; 3-MyHC), and Myh6 (alpha myosin heavy chain, x-MyHC) expression
were found between AAV9-Tfeb sham and AAV9-Luc sham mice (Figure 3A-D). When
compared to the respective sham group, a significant increase in Nppa, Nppb, and Myh7
expression and a significant decrease in Myh6 expression were found in AAV9-Luc TAC
and AAV9-Tfeb TAC mice. Importantly, a significantly higher increase in Nppa (p < 0.01),
Nppb (p < 0.05) and Myh7 (p < 0.01) expression was found in AAV9-Tfeb TAC compared to
AAV9-Luc TAC mice. For Myh?7, this result was confirmed on the protein level (3-MyHC;
Figure 3E). These data show that cardiomyocyte-specific overexpression of TFEB leads to
an aggravated cardiac stress response during pressure-overload.
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Figure 3. Overexpression of TFEB aggravates pressure-overload-induced cardiac stress response and
interstitial fibrosis. qRT-PCR of RNAs isolated from hearts of AAV9-Luc and AAV9-Tfeb mice 28 days
after sham and TAC surgery. Gene expression of Nppa ((A), atrial natriuretic factor), Nppb ((B), B-type
natriuretic peptide, Myh6 ((C), x-myosin heavy chain), and Myh7 ((D), 3-myosin heavy chain), is
shown. Data were normalized to geometric mean of Mrpl13, Ipo8 and Pgkl and presented as mean
£ SEM. * p < 0.05; ** p < 0.01; *** p < 0.001. (E) Western Blot analysis of 3-MyHC (3-myosin heavy
chain). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein content was used as loading
control. (F) Representative Picrosirius Red staining of histological sections from hearts of sham and
TAC operated AAV9-Luc and AAV9-Tfeb mice to identify interstitial fibrosis. Scale bars: 50 pum.
(G) Interstitial fibrosis is presented as percentage of total area of the histological cross section (1 = 5-6
per group). (H-J Quantification of connective tissue growth factor ((H), Ctgf), collagen alpha-1 type III ((I),
Col 11I), and collagen alpha-1 type I ((J), Col I) expression by qRT-PCR normalized to geometric mean of
Ipo8, Mrpl13 and Pgk1. Data are shown as mean + SEM. * p < 0.05; *** p < 0.001.
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2.3. TAC-Induced Interstitial Fibrosis Is Augmented by TFEB Overexpression

Pathological cardiac remodeling is often accompanied by interstitial fibrosis [26,27].
To investigate if the heart failure phenotype resulting from TFEB overexpression was asso-
ciated with increased interstitial myocardial fibrosis, we performed Picrosirius Red staining
of histological cross-sections from our experimental groups. As expected, AAV9-Luc mice
developed interstitial fibrosis (Figure 3F,G). However, this phenotype was much stronger
in AAV9-Tfeb mice in response to TAC (Figure 3F,G). Although, the gene expression of
connective tissue growth factor (Ctgf), a marker for extracellular matrix synthesis, was higher
in the AAV9-Tfeb TAC compared to AAV9-Luc TAC mice, the expression of collagen I and
collagen III remained unchanged (Figure 3H-]). In summary, these data indicate that the
heart failure phenotype in AAV9-Tfeb mice is accompanied by pronounced interstitial
cardiac fibrosis.

2.4. TFEB Increases ALP Gene Expression during Chronic Pressure Overload

The role of TFEB for ALP-mediated protein degradation is well described in non-
muscle tissue [17,18,28] but the regulation of ALP-related genes in the heart in response to
stress is not well understood. We used next-generation sequencing of total RNA isolated
from the interventricular septum of sham- and TAC-operated AAV9-Luc (sham: n = 3;
TAC: n = 4) and AAV9-Tfeb (sham: n = 3; TAC: n = 3) mice to quantitate TFEB-dependent
gene expression. As a result, our data set included 413,676,271 reads sequenced across
the four experimental groups in total, where 326,734,645 reads could be uniquely mapped
(78.98%) (Table S3). Principal component analysis (PCA) disclosed pressure-overload as
the main source of the variance observed in our dataset (PC1). Furthermore, PC2 separated
AAV9-Luc TAC from AAV9-Tfeb TAC mice (Figure S1).

A comparison of the transcriptional profiles revealed that TFEB overexpression caused
a differential regulation of only 79 genes (20 up- and 59 downregulated) in the heart
(Table S4). Gene ontology (GO) term analysis (biological process, BP) of these differen-
tially expressed genes (DEG) revealed an enrichment of genes contained in cell activation
(GO:0001775; e.g., Itga2b, Itgb2, Irs2, Ctsl) and response to stress (GO:0006950; e.g., Tmsb4x,
Ppargcla, Gadd45a). Kyoto Encyclopedia of Genes and Genomes (KEGG)-pathway analysis
showed that the regulation of actin cytoskeleton (mmu04810; e.g., Tmsb4x, Itgh2, Itga2b) and
phagosome (mmu04145; e.g., Ctsl, Tubbl, Itgh2) was increased in AAV9-Tfeb sham-treated
hearts. TAC resulted in an up-regulation of 2405 genes in AAV9-Tfeb but only 1392 genes
in AAV9-Luc hearts (Table S4, Figure S2). From the upregulated genes, 990 genes were
increased in both TAC groups. TAC resulted in a downregulation of 2002 genes in AAV9-
Tfeb but only 969 genes in AAV9-Luc hearts (Table S4). From the down-regulated genes,
783 genes were decreased in both TAC groups. These data indicate that the overexpres-
sion of TFEB results in an augmented transcriptional regulation in the heart in response
to TAC. Upregulated as well as downregulated genes were annotated using the KEGG
database to identify enriched categories. Pathways that are likely influenced by DEG are
shown in Tables S5-513. In general, the genes that were increased in both TAC-treated
AAV9-Luc and AAV9-Tfeb hearts reflected the general stress response with enrichment
of extracellular matrix-receptor interaction (e.g., Itgb5, Fnl, Thbs4, Thbs3, Collal, Itga5),
focal adhesion (e.g., Lamc2, Rap1b, Flnc, Cav3), regulation of actin cytoskeleton (e.g., Actb,
Actgl, Actr3, Actnl, Actn4) and PI3K-Akt signaling pathway (e.g., Fgf6, Myc, Pdgfc, Spp1,
Eifdebp1, Creb3, 116, Tlr4, Atf4). The genes that were downregulated in both groups were
contained in the KEGG pathways fatty acid degradation (e.g., Acaa2, Cpt2, Aldh2, Hadh),
calcium signaling pathway (e.g., Camk2a, Adrb1, Cacnalh, Mylk, Casql), and cardiac muscle
contraction (e.g., Atp2a2, Tnni3, Myh6). We next performed a KEGG pathway analysis with
the genes that were either upregulated only in the hearts of TAC-treated AAV9-Luc but
not AAV9-Tfeb mice and vice versa, which uncovered pronounced differences between
both groups. When considering genes that were only upregulated in TAC AAV9-Luc
but not TAC AAV9-Tfeb hearts, the NOD-like receptor signaling pathway (e.g., Casp1,
Nlrp3, Myd88, Gsdmd, 1l1b), the NF-«kB signaling pathway (e.g., Cd40, Prkcb, Tnfaip3) and
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cytokine—cytokine receptor interaction (e.g., Ccl12, Osm, Lif, Inhba, 111112, Ccl2, 1I7r) were
predominantly enriched. In TAC AAV9-Tfeb hearts, the upregulated genes were contained
in the KEGG pathways ribosome (e.g., Rpl4, Rpl10, Rplp1), phagosome (e.g., Ctss, Lamp]1,
Ctsl, Atp6vlf, Atpeapl, Atp6uv0e), endocytosis (e.g., Snx4, Ldlrapl, Snx5, Vps37b, Chmp4c,
Chmp3, Chmp4b), autophagy (e.g., Becn1, Gabarapll, Wipil, Mtor, Camkk2, Atg101, Akt1,
Sgstm1, Ctsb), insulin signaling (e.g., Ptpnl, Irs2, Socs2, Rapgefl) and lysosome (e.g., Atp6ap1,
Cltb, Ctss, Lampl1, Ctsl, Ctsd, Ctsb). Downregulated genes in AAV9-Luc but not AAV9-Tfeb
TAC hearts were contained in metabolic pathways (e.g., Eno3, Ldhb, Car4, Got1), pyruvate
metabolism (e.g., Adhl, Mdh1, Acacb) and oxidative phosphorylation (e.g., Atp5al, Ndufs2,
Sdhc, Cox6c). In contrast, downregulated genes in the hearts of TAC-treated AAV9-Tfeb
but not AAV9-Luc mice showed enrichment in the cGMP-PKG signaling pathway (e.g.,
Pde2a, Nfatc3, Creb1, Pde3a), growth hormone synthesis, secretion and action (e.g., Statsa,
Stat5b, Irs1, Mapk14, Mapk9), and adrenergic signaling in cardiomyocytes (e.g., Camk2b,
Ryr2, Myl2, Cacnals, Scn4b) (Tables S5-513). GO-term analyses are depicted in Figure S2. To
further investigate if genes contained in ALP were increased in TAC treated AAV9-Tfeb
hearts when compared to AAV9-Luc, we performed hierarchical clustering of all genes
contained in autophagy (Figure 4A) and lysosomes (Figure 4B), respectively. We found
that ALP-related genes were increased in both groups in response to TAC. However, this
increase was much stronger in TAC-treated AAV9-Tfeb mice (Figure 4).
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Figure 4. RNA sequencing reveals that TFEB increases the expression of ALP genes during TAC.
Heat maps showing the expression of genes that are enriched GO-terms (A) autophagy (GO:0006014)
and (B) lysosome (GO:0005764).

To confirm that TFEB overexpression increases ALP gene expression in response to
chronic pressure-overload, we performed a qRT-PCR analysis of RNAs isolated from the
interventricular septum of all experimental groups. In the absence of pressure-overload,
AAV9-Tfeb increased the expression of cathepsin L (Ctsl; p < 0.001) and tectonin beta-propeller
repeat containing 1 (Tecprl; p < 0.05) (Figure 5). TAC treated AAV9-Luc animals showed
increased levels of the ALP-genes autophagy-related 101 (Atg101, p < 0.01), Beclin-1 (Becn1,
p < 0.05), ATPase H + transporting vl subunit h (Atp6vlh; p < 0.01) and cathepsin L (Ctsl;
p < 0.001) (Figure 5A). The induction of Tecpr1, cathepsin D (Ctsd) and Ctsl expression was
significantly stronger in AAV9-Tfeb TAC when compared to AAV9-Luc TAC mice. In
addition, the ALP-genes gamma-aminobutyric acid receptor-associated protein-like (Gabarapl2;
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p < 0.05), sequestosome 1 (Sqstm1; p < 0.05) and WD repeat domain phosphoinositide-interacting
protein 1 (Wipil, Atgl8; p < 0.001), were significantly induced in AAV9-Tfeb TAC mice
compared to sham. However, microtubule-associated protein 1A/1B light chain 3B (Map1lc3b),
encoding for LC3B, expression remained unchanged, whereas both isoforms LC3-I and
LC3-1I increased at the protein level in the two TAC groups, with a stronger increase in
AAV9-Tfeb mice (Figure 5B,C). For p62 and Beclin-1 protein contents, we observed an
increase in both TAC groups, which was more pronounced in AAV9-Tfeb mice. However,
the degree of p62 induction was not consistent for all AAV9-Tfeb TAC animals. In summary,
our data show that cardiomyocyte-specific overexpression of TFEB promotes the expression
of ALP genes during TAC, which was associated with the occurrence of heart failure in
response to pressure-overload.
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Figure 5. Validation of selected genes enriched in the GO-term analysis by qRT-PCR and Western blot
analysis. (A,B) qRT-PCR to quantify gene expression of autophagy related genes (A) of autophagy-
related 101 (Atg101), Beclin-1 (Becnl), gamma-aminobutyric acid A receptor-associated protein-like 2
(Gabarapl2), microtubule-associated proteins 1A/1B light chain 3B (Map1lc3b), sequestosome 1 (Sqstm1/p62),
tectonin beta-propeller repeat containing 1 (Tecpr1), and lysosome related genes (B) ATPase, H+ trans-
porting, lysosomal V1 subunit H (Atp6vlh), cathepsin D (Ctsd), cathepsin L (Ctsl) and WD repeat domain
phosphoinositide-interacting protein 1 (Wipil) in the interventricular septum from sham (AAV9-Luc,
AAV9-Tfeb: n =9) and TAC (AAV9-Luc: n =9, AAV9-Tfeb: n = 14) operated mice. Genes involved in
autophagy (GO:0006014) and lysosome (GO:0005764) are separately shown. Data were normalized to
geometric mean of Mrpl13, Ipo8 and Pgkl and presented as mean & SEM. Values indicate relative
expression levels related to the AAV9-Luc sham group, which group mean was set to 1 (=SEM).
*p <0.05; ** p < 0.01; *** p < 0.001. (C) Western blot of proteins from left ventricular tissue lysates
of sham (AAV9-Luc and AAV9-Tfeb) and TAC (AAV9-Luc and AAV9-Tfeb) treated mice (n = 3
each) using anti-p62, ant-beclin-1 and anti-LC3 antibody, as indicated. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) protein content was used as the loading control.

3. Discussion

The function of TFEB in non-muscle cells and tissue is well defined [17,18,28]; however,
whether TFEB plays a role in cardiac stress response was unknown. In our study, we used
systemic administration of AAV9 to effectively overexpress TFEB in murine cardiomyocytes
and exposed the mice to chronic pressure-overload by TAC surgery. Our mouse model
caused a compensated left ventricular hypertrophy, as indicated by an increased heart
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weight, an increased left ventricular wall thickness, a preserved LVEF, and an absence of
pulmonary congestion. We found that cardiomyocytes-specific overexpression of TFEB
resulted in heart failure as indicated by left ventricular dilatation, reduced systolic func-
tion, increased the expression of stress response genes, augmented interstitial fibrosis and
pulmonary congestion. Using RNA sequencing, qRT-PCR and Western Blot analysis we
show that the overexpression of TFEB was accompanied by increased ALP gene expression
in the heart when hemodynamic stress was applied. Our data suggest that TFEB sensitizes
the heart to hemodynamic stress and facilitates heart failure possibly due to the activa-
tion of ALP-mediated protein degradation. This hypothesis is supported by the notion
that TFEB regulates the expression of genes involved in lysosomal biogenesis and phago-
some formation, two major parts of the ALP [17-19,29-31]. Moreover, we observed an
increase in ALP gene expression in the heart by cardiomyocyte-specific overexpression of
TFEB. Previous studies showed that ALP is important for protein turnover during cardiac
stress response, especially in pressure-overload-induced cardiac hypertrophy and heart
failure [9-11,32,33]. Because cardiomyocytes remodel during pathological hypertrophy
with an increased synthesis of sarcomeric and non-sarcomeric proteins, such as 3-MyHC
or calcium handling proteins, a well-controlled protein degradation must accompany this
process to maintain cardiac function. Indeed, hemodynamic stress was shown to activate
ALP in cardiomyocytes as early as 24 h after the induction of pressure-overload, which
remained elevated for 3 weeks [9] to 8 weeks [34]. Both an increased as well as a decreased
ALP activity are associated with cardiac hypertrophy and heart failure [35,36]. For example,
chronic pressure-overload-induced heart failure was paralleled by increased autophagy in
rodent hearts [9,36]. Likewise, the overexpression of Beclin-1, a key element of autophagy,
increased autophagy in response to stress and augmented pathological remodeling in the
heart, whereas Beclin-1 haploinsufficiency showed the opposite effect. Moreover, pro-
longed activation of autophagy by the activation of phosphoinositide 3-kinase accelerated
the transition from hypertrophy to heart failure [37]. In contrast, inhibiting autophagy by
cardiomyocyte-specific deletion of autophagy-related 5 (Atg5) leads to cardiomyopathy in
adult mice [9,15]. Our data support the hypothesis that prolonged ALP activation sensitizes
the heart to hemodynamic stress resulting in heart failure. We hypothesize that fine-tuning
of the ALP throughout the disease course is important for cardiac stress response.

The transcriptional activity of TFEB is tightly controlled by its phosphorylation, which
regulates its subcellular localization [38]. In non-myocytes, TFEB is predominantly local-
ized in the cytoplasm and kinases such as the mammalian target of rapamycin complex 1
(mTORC1), extracellular signal-regulated kinase 1/2 (ERK1/2) and Akt/Protein Kinase
B [29,30,39-41] phosphorylate TFEB on specific serine residues, which hampers its translo-
cation into the nucleus and its transcriptional activity [17,29,30,39]. For example, activated
mTORC1 phosphorylates TFEB at the lysosomal membrane promoting its interaction with
14-3-3 chaperon proteins and therefore its cytosolic retention [30,39]. Conversely, reduced
mTORC1 activity enhances TFEB shuttling into the nucleus and increases the expression of
ALP genes [29,30,39]. Accordingly, mTORC1 deficiency should increase and its overexpres-
sion should decrease TFEB activity. When exposed to TAC mTorc1 deficient mice showed
an increased ALP activity, which was accompanied by left ventricular dilatation and heart
failure [42,43]. These data are reminiscent of our findings showing that TFEB overexpres-
sion increased ALP gene expression in a mouse model of chronic pressure-overload which
was accompanied by heart failure as well. However, whether TFEB activity is increased in
the hearts of mTorc] deficient mice undergoing TAC and whether this response is account-
able for the phenotype observed needs to be proven. In addition, since mTORCI1 activity
increases during the early [39,40,42,44] and decreases during later time points of TAC when
the hearts go into failure [42], we hypothesize that TFEB activity is dynamically regulated
throughout the disease course, an idea that warrants further investigations.

Earlier, we showed that the stress-responsive kinase protein kinase D1 (PKD1) via phos-
phorylation and inactivation of the transcriptional inhibitor histone deacetylase
5 (HDACS) can also increase TFEB activity [20]. PKD1 activation would therefore be
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expected to cause a similar response as we observed here. Indeed, cardiomyocyte specific
PKD1 overexpression was shown to result in left ventricular dilation, thinning of the ven-
tricular wall, deterioration of cardiac function, and increased expression of cardiac stress
markers [45]. This observation is like the heart failure phenotype reported here. Likewise,
we have shown that mice with a cardiomyocyte-specific deletion of Prkd1 (encoding PKD1)
are protected from pathological cardiac remodeling and dysfunction induced by stress,
such as TAC and isoproterenol-treatment [26]. However, whether the phenotype of PKD1
transgenic mice or Prkd1 knockout mice is related to a concomitant TFEB activation and
inhibition, respectively, needs further investigation. Further work revealed that TFEB and
TFE3 activity is also controlled by other PKD family members such as PKD2 and PKD3
and class ITa HDACs including HDAC4 and HDAC? [21]. If this regulatory network affects
TFEB and TFE3-mediated ALP genes in cardiomyocytes warrants further studies.

Without hemodynamic stress, TFEB overexpression caused only minor changes in
ALP gene expression. Given the body of evidence showing that TFEB is tightly controlled
by stress-responsive kinases [38], we assume that TFEB is less active in the unstressed heart.
We hypothesize that in response to pressure-overload, TFEB is then activated, translocates
to the nucleus, and increases ALP gene expression. This hypothesis is supported by our
RNA sequencing data showing that significantly more ALP genes were increased in AAV9-
Tfeb TAC mice, compared to controls. By using qRT-PCR, we confirmed that the expression
of some ALP genes was increased in the hearts of TAC-treated AAV9-Tfeb mice. However,
the content of ALP proteins, such as Sgstm1/p62, was not increased to the same degree in
all of the TAC-treated mice. Indeed, p62 itself is a target for ALP-mediated degradation,
which would lead to a decrease in its protein content. This balance between gene expression
and protein degradation was not equal in all animals, at least not for the 28-day time point
at which the analyses were performed. Further studies, especially autophagic flux assays,
are needed to investigate the effects of TFEB on ALP activity in cardiomyocytes in response
to TAC. Since we have also only investigated male mice, further studies are needed to
address sex-based differences in the effects of TFEB-induced ALP activity in heart failure.
We will pursue this issue further.

The central role of TFEB in the regulation of ALP activity made the transcription
factor an attractive tool to treat lysosomal storage diseases, such as Alzheimer’s disease,
amyotrophic lateral sclerosis, Gaucher disease, and Pompe’s disease [22,24,25,46—48]. Be-
cause Pompe’s disease is a prototypic lysosomal storage disease, it received particular
attention [16]. Pompe’s disease is caused by mutations of the GAA gene with resultant
acid alpha-glucosidase (GAA, acid maltase) deficiency, a lysosomal hydrolase involved in
the breakdown of glycogen. A lack of functional GAA results in extensive intra-lysosomal
glycogen storage and accumulation of autophagic vesicles and autophagic debris in mus-
cles [23]. These accumulations result in functional cardiac impairment and skeletal muscle
weakness. Gatto et al. [23] elegantly showed that TFEB overexpression for 3 months attenu-
ated the phenotype of Pompe’s disease. As in our study, they also used systemic AAV9
mediated delivery of the human TFEB gene with the difference that they applied the muscle
creatine kinase promoter to overexpress TFEB (AAV2.9-MCK-TFEB) in myocytes of the
skeletal muscle and the heart. This approach attenuated muscle pathologies in a mouse
model of Pompe’s disease and resulted in an improved heart and skeletal muscle structure
and function [23]. Together with our data, their results indicate that the overexpression of
TFEB per se from 28 days to 3 months does not cause cardiac pathology. However, if the
overexpression of TFEB over a longer period could lead to cardiac side effects, especially
in mice that do not have a lysosomal storage disease, has not been investigated. There
are also some technical differences between the study of Gatto et al. and our work. Gatto
et al. overexpressed the human whereas we used the mouse TFEB gene. Furthermore,
in contrast to the MCK-promoter used by Gatto et al., we used a CMV-enhanced myosin
light chain (MLC) v2.1 promoter to favor cardiomyocyte-specific expression and to avoid
expression in other cells. These experimental approaches of our respective groups were
chosen according to the scientific questions asked. Gatto et al. investigated whether TFEB
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overexpression would correct Pompe’s disease in skeletal muscle, whereas we investigated
the effects of TFEB in cardiomyocytes in response to pressure overload. Although the over-
expression of TFEB seems to be safe under physiological conditions, it might be harmful
in response to stress. Our data suggest that TFEB gene transfer needs to be specifically
targeted, excluding cardiomyocytes. However, if cardiomyocyte-specific targeting and
overexpression of TFEB in cardiomyocytes are needed, for example, to reverse cardiac
hypertrophy associated with Pompe’s disease, it may be important to further increase
tissue-specific delivery. In this regard, a careful selection of the cell type to be targeted
and the use of cell type-specific promoters are necessary. It may also be important to use
constructs that can be switched on and off or can be regulated to adjust gene expression and
therefore protein amounts if needed. Cell type-specific delivery may also help to improve
the efficacy of gene therapy and several delivery methods were shown to be successful. For
example, direct intramyocardial injection of AAV was used to deliver the vascular endothelial
growth factor gene that induced angiogenesis locally in ischemic mouse myocardium [49].
This method is independent of coronary blood flow and is associated with less systemic
vector exposure. Another approach is the anterograde infusion of AAV into coronary
arteries, which was already practiced in clinical trials of human heart failure patients to
restore sarco/endoplasmic reticulum Ca?* ATPase activity [50,51]. However, these trials
were not effective in terms of clinical endpoints [51]. Finally, we have previously shown
that retrograde infusion of AAV-luciferase vectors loaded to lipid microbubbles into the
anterior interventricular coronary vein increased transgene expression in pig hearts. The
targeting of cardiomyocytes and gene expression in the heart was further increased when
ultrasound-targeted microbubble destruction was used [52].

Based on our data we conclude that if Tfeb gene transfer is developed further for the
treatment of lysosomal storage diseases, caution is needed for accompanying cardiovascular
risk factors, such as arterial hypertension, valvular disorders, and coronary heart disease,
and perhaps even in acute stress situations.

4. Materials and Methods
4.1. Construction of Adeno-Associated Vectors

The generation and administration of adeno-associated vectors (AAV) were performed
as recently described [53,54]. Briefly, the AAV9 serotype was used because it shows the
highest tropism for rodent hearts when delivered through the tail vein [55,56]. Tfeb-cDNA
was PCR amplified using the primers shown in Table 514 and cloned into the AAV9-vector
genome cassette under the control of the 1.5kb myosin light chain (MLC) 2v promoter
and CMV enhancer to increase tissue specificity of AAV-mediated gene transfer (AAV9-
Tfeb) [53]. Vectors containing a Luciferase gene served as a control (AAV9-Luc). Viral vector
stock production using respective helper plasmids, as well as purification by filtration and
iodixanol step gradient centrifugation, dialysis and titration were performed as previously
reported [53,54,57].

4.2. Animal Model

Animal procedures performed in accordance with the Max-Delbriick Center for Molec-
ular Medicine guidelines were approved by the Landesamt fiir Gesundheit und Soziales,
Berlin, Germany (G 0229/11), and followed the “Principles of Laboratory Animal Care”
(NIH publication No. 86-23, revised 1985) and the current version of German Law on the
Protection of Animals. Mice were kept on a 12/12-h dark-light cycle (lights on at 7 am) in a
temperature (22-24 °C) and humidity controlled (50-60%) environment and provided ad
libitum standard chow and water. To induce chronic pressure-overload, 12-week-old male
C57BL/6] wild type mice were subjected to transverse aorta constriction (TAC) surgery,
introducing a 27G stenosis as previously described [26,58]. Briefly, mice were anesthetized,
intubated and ventilated (2% isoflurane in air, 50 mL/min; rodent MiniVent, Harvard
Apparatus, Germany) on a heated operation table. The thoracic cavity was opened by a
median sternotomy until the 3rd rib and a blunted needle (27G) was placed on the aortic
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arch between the innominate artery and left common carotid. A 7-0 suture was tied onto
the needle. Immediately afterwards the needle was removed, and the thoracic cavity was
closed. Sham mice were treated identically except for the ligation of the thoracic aorta.
Before and over a period of 3 d (every 12 h) after surgery, the animals were treated with
analgesic medication (Buprenorphine 0.02 mg/kg s.c.) and monitored daily until the end
of the study. Directly after surgery mice were randomized to receive either AAV9-Luc or
AAV9-Tfeb by an investigator blinded to treatment and analyses. 10'? vector genomes
of AAV9 were injected into the tail vein using a 30G needle to overexpress TFEB in car-
diomyocytes (AAV9-Tfeb) of Sham (n = 9) and TAC (n = 14) mice. AAV9-Luc was used as
a control in Sham (1 = 9) and TAC (1 = 9) mice. The effectiveness of TAC was confirmed
by performing transthoracic echocardiography at baseline and after 4 weeks. Potential
confounders such as the order of treatments and measurements, as well as animal/cage
location, were minimized by prespecified and consecutive handling of the animals. Mice
were sacrificed by cervical dislocation and removal of the heart after 4 weeks of surgery and
directly after transthoracic echocardiography while still being in isoflurane anesthesia. At
this time point, the integrity of aortic banding was confirmed by inspection of the surgical
constriction. Hearts, lungs, and livers were harvested; body weight and organ weights
were measured and normalized to tibia length.

4.3. Transthoracic Echocardiography

Two-dimensional transthoracic echocardiography was performed as previously de-
scribed [6-8,26,59]. Mice were anesthetized with 2% isoflurane and kept warm on a heated
platform. Temperature and electrocardiography were continuously monitored. Systolic car-
diac function and morphology were assessed with a VisualSonics Vevo 2100 High-Resolution
Imaging System with the use of a high-resolution (38 MHz) transducer. The examiner was
blinded for the treatment groups. The following parameters were measured: thickness of the
left ventricular posterior wall (PWths, PWthd); septum (IVSths, IVSthd) at systole (s); diastole
(d); left ventricular ejection fraction (LVEF); stroke volume (SV); left ventricular enddiastolic
(LVEDD) and endsystolic (LVESD) dimensions. The left ventricular fractional shortening (FS)
was calculated as following FS = [(LVEDD — LVESD)/LVEDD] x 100. Diastolic parameters
were evaluated as follows: Doppler flow profiles were acquired using pulsed-wave Doppler
in the apical 4-chamber view. The sample volume was placed close to the tip of the mitral
leaflets in the mitral orifice parallel to the blood flow to record maximal transmitral flow
velocities. A simultaneous mitral inflow and aortic outflow profile was recorded, which
allows the measurement of the isovolumetric relaxation time (IVRT, time interval between
aortic valve closure and mitral valve opening).

4.4. Histological Analyses

The apex of the harvested hearts was embedded in gum tragacanth (Sigma-Aldrich
Chemie GmbH, Germany) and then stepwise frozen in isopentane and liquid nitrogen.
Embedded tissue was stored at —80 °C until further usage. A cryotome (Leica CM 3050 S,
Leica Microsystems GmbH, Wetzlar, Germany) was used for sections that were stained
with haematoxylin and eosin, and Picrosirius Red as previously described [6,8,26,59]. For
Picrosirius Red stain, 6um thick myocardial sections were fixed in ice-cold acetone for
10 min and afterwards washed twice with 98% ethanol for 5 min. Slides were then stained
for 30 min in Picrosirius Red F3BA (Polysciences, Inc., Warrington, PA, USA). After rinsing
with distilled water, slides were washed with 98% and absolute ethanol, dehydrated with
xylol and mounted with Vitro-Clud (R. Langenbrinck GmbH, Emmendingen, Germany).
Images were acquired using a Leica CTR 6500 HS microscope (Leica Microsystems GmbH,
Wetzlar, Germany). Fibrosis was quantified using Image]J software 1.42c (http:/ /rsb.info.
nih.gov/ij, last access 29 April 2022). In tile scan images, the borders of the myocardium
were selected manually, and staining artefacts were removed. Using a predefined threshold,
the red area representing fibrosis was measured and the results are presented as a percent
of the total area.
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4.5. RNA Isolation, cDNA Synthesis and Quantitative Real-Time PCR

Total RNA was isolated from the interventricular septum using TRIzol® reagent
(Invitrogen™, Life Technologies Corporation, Carlsbad, CA, USA) and the FastPrep-24™
instrument (MP Biomedicals, Santa Ana, CA, USA) following the manufacturer’s protocol
and as recently reported [8,20,59,60]. The SuperScript® First-Strand Synthesis System
(Invitrogen™, Life Technologies Corporation, Carlsbad, CA, USA) was used to synthesize
1.5 ug RNA per sample in accordance with the manufacturer’s instructions. Quantitative
real-time polymerase chain reaction (QRT-PCR) was performed using Power SYBR® Green
PCR Master Mix (Applied Biosystems) and self-designed primers (for primer sequences
see Table S15) on a Step-One™ Plus thermocycler (Applied Biosystems, Waltham, MA,
USA) using the standard curve method as described recently [8,58,61,62]. The expression
of individual genes was normalized to the geometric mean of the three stably expressed
internal control genes mitochondrial ribosomal protein L13 (Mrpl13), importin 8 (Ipo8), and
phosphoglycerate kinase 1 (Pgk1) selected from obtained RNA sequencing data and according
to previously published work [63].

4.6. RNA-Sequencing

Total RNA analyses were evaluated by an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Inc., Santa Clara, CA, USA). Library preparation of 500 ng RNA was performed using
the Illumina TruSeq Stranded mRNA Kit. To check integrity, DNA was evaluated again
using an Agilent 2100 Bioanalyzer. The initial quality check of RNA-sequencing results was
done by FASTQC software (v0.11.5; Babraham Bioinformatics, Babraham, UK; available on-
line at www.bioinformatics.babraham.ac.uk/projects/fastqc, last access 29 April 2022) [64].
Sequencing reads were mapped to the mouse whole genome (mm10) using STAR aligner
(v 2.5.3a; default parameters) [65]. Read counts for each gene (Gencode vM12) were ex-
tracted from the BAM file using featureCounts software (v1.5.1) [66]. In order to avoid
background signal noise, genes with less than 10 reads over all samples were excluded.
Read counts from different biological groups were subjected to differential expression
analysis using the DESeq?2 R statistical package (v1.16.1) [67]. Genes with adjusted p-value
(Benjamini-Hochberg procedure) lower than 0.05 were considered significantly differen-
tially expressed in the respective comparison. Pathway enrichment analysis was performed
using DAVID (Database for Annotation, Visualization, and Integrated Discovery) Bioinfor-
matics Resources 6.8 (https://david.ncifcrf.gov, last access 29 April 2022) using the outputs
BP_ALL (all biological process terms) and MF_ALL (all molecular function terms). The
transcriptome data can be found under EBI Annotare v.2.0 (Project-ID: E-MTAB-9585).

4.7. Protein Extraction

The FastPrep-24™ instrument (MP Biomedicals, Santa Ana, CA, USA) was used to ho-
mogenize tissue in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, pH 7.5,
150 mM sodium chloride, 1 mM EDTA, 1% (v/v) Nonidet P-40, 0,1% (w/v) sodium dodecyl
sulfate (SDS), 0.5% (w/v) sodium deoxycholate) adjusted to pH 8.0 and supplemented with
protease inhibitors (cOmplete, Roche Diagnostics GmbH, Rotkreuz, Switzerland) and phos-
phatase inhibitors (PhosphoStop, Roche Diagnostics GmbH, Rotkreuz, Switzerland). Micro
Packaging Vials with 2.8 mm Precellys ceramic beads (PEQLAB Biotechnology GmbH,
Erlangen, Germany) were used for homogenization. Lysates were cleared by centrifugation
at 15,000 g for 15 min at 4 °C and protein content was quantified using Pierce® BCA
reagent (Thermo Fischer Scientific Inc., Waltham, MA, USA). After adding 6 x Laemmli
buffer (300 mM Tris-HCl, pH 6.8; 12% (w/v) SDS; 0.1% (w/v) bromophenol blue, 50% (v/v)
glycerol and 1/6 3-mercaptoethanol added before usage), samples were heated for 5 min
at 95 °C and afterwards resolved by SDS-PAGE and transferred onto nitrocellulose or
polyvinylidene difluoride (PVDF) membranes (GE healthcare, Chicago, IL, USA). Mem-
branes were blocked with 5% skim milk powder or 5% bovine serum albumin (BSA) in
TBS-T (20 mM Tris, 150 mM NaCl, 0.1% Tween 20; pH 7.6) for 1 h. For immunoblotting
following antibodies were used for overnight incubation at 4 °C: monoclonal anti-f3 /slow
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myosin heavy chain (MyHC) (NOQ7.5.4D, mouse, 1:1000, Sigma-Aldrich Chemie GmbH,
Darmstadt, Germany), anti-p62 (guinea pig, 1:1000, Santa Cruz Biotechnology, Inc., Dallas,
TX, USA), anti-microtubule-associated protein 1A /1B light chain 3B (anti-LC3B; detecting
LC3B-I and LC3B-II, rabbit, 1:750, Cell Signalling Technology Inc., Danvers, MA, USA),
anti-TFEB (rabbit, 1:1000, Bethyl Laboratories Inc., Montgomery, TX, USA) and anti-Beclin-1
(rabbit, 1:1000, Cell Signalling Technology Inc., Danvers, MA, USA). Loading was con-
trolled with anti-glyceraldehyde-3-phosphate dehydrogenase (clone 6C5, mouse, 1:10,000,
Merck Millipore, Billerica, MA, USA). Horseradish Peroxidase (HRP)-linked IgG goat
anti-mouse, goat anti-rabbit (both 1:3000, Cell Signalling Technology Inc., Danvers, MA,
USA) or goat anti-guinea pig (1:3000, Abcam, Cambridge, UK) were used as secondary
antibodies. Proteins were visualized with a chemiluminescence system (SuperSignal® West
Pico Chemiluminescent substrate, Thermo Fischer Scientific Inc., Waltham, MA, USA)
according to the manufacturer’s protocol.

4.8. Statistical Tests

Differences between the two groups were evaluated with an unpaired two-tailed
Student’s t-test. One-way analysis of variance (ANOVA) followed by Tukey post hoc test
was used for comparison of more than two independent groups. Weight analysis and
echocardiography data are presented as box-and-whisker plots with boxes showing the
mean and interquartile range (IQR) and whiskers indicating the minimum and maximum
values. All qRT-PCR gene expression data are shown as mean + standard error of the
mean (SEM) in bar plots. Plots and statistics were performed by using GraphPad Prism®
8 program (GraphPad Software, San Diego, CA, USA; version 8.03) and Adobe Illustrator
CS6 (Adobe Inc. Mountain View, CA, USA), version 16.0.0.

5. Conclusions

Cardiomyocyte-specific TFEB overexpression sensitizes the heart to pressure-overload-
induced cardiac stress resulting in heart failure. This phenotype can be attributed to
TFEB-induced ALP activation. The treatment of ALP-related diseases such as Pompe’s
disease by TFEB gene therapy warrants careful consideration and specific tissue-targeting
that excludes the heart.
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Table S1. Morphometric analysis is indicative for a heart failure phenotype in AAV9-Tfeb
but not AAV9-Luc mice following TAC.
AAV9-Luc AAV9-Tfeb
Sham TAC Sham TAC

n 9 9 9 14
f;l Vr‘; fr’y”’ior fo 28.1 +0.66 27.6 +0.47 27.6 +0.43 27.8 +0.38
fovs‘;’_f;rzsif;’ys 27.5£0.72 27.0 £0.50 27.3£0.50 25.9 +0.57
HW, mg 140.7 £3.95 194.0 £ 10.05%%*  148.0£4.90  239.61 + 8.12%** #
Lung weight, mg 142.7 £3.59 169.0 £ 12.60 146.1 £3.46 316.1 £ 30.34%* *

Liver weight, mg
TL, mm

HW/TL, mg/mm

1265.4 £41.15

17.02 £ 0.09

8.26 £0.20

1301.8 £65.72

16.98 + 0.06

11.41 £ 0.57#%*

1280.3 £42.59

17.00 £ 0.07

8.71 £0.30

1053.0 £ 51.29%* #
16.95 £ 0.05

14.13 £ 0.47%%x #

Data are shown as mean + SEM. HW indicates heart weight; BW, body weight; TL, tibia length.

#p<0.05, ¥¥p<0.01, ***p<0.001 compared to corresponding sham mice. /p<0.05 AAV9-Luc sham

compared AAV9-Tfeb sham mice. *p<0.05 AAV9-Luc TAC compared to AAV9-Tfeb TAC mice.
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Table S2. Echocardiographic analysis shows that cardiomyocyte-specific TFEB
overexpression leads to heart failure in response to pressure-overload.
AAV9-Luc AAV9Y-Tfeb
Sham TAC Sham TAC
9 9 9 14
HR, bpm 496.2 £ 14.5 503.9 +19.99 4623 +£11.8 521.5 £ 10.69"
Morphology
LVEDD, mm 3.83 £0.09 4.08 £0.22 4.12 £0.09 5.16 £0.19"" ##
LVESD, mm 2.54£0.11 320021 2.94 +0.14 4.62 £ (.25 ##
IVSthd, mm 0.77 £ 0.02 1.02 £0.03™ 0.73 £0.02 0.89 £0.03"*#
IVSths, mm 1.16 £0.02 1.32 £0.05" 1.03 £0.05° 1.09 + 0.04*
PWthd, mm 0.77 £0.02 1.01 £0.03™ 0.74 £0.03 0.92 +£0.04™
PWths, mm 1.15+£0.03 1.36 £0.07" 1.07 £ 0.06 1.10 + 0.04*
Systolic function
FS, % 33.84 £ 1.50 21.68 £2.46" 29.02 £2.51 10.17 £1.36"" ##
LVEF, % 64.6 +£1.93 52.3+5.54 56.34 +2.55 22.41 £2.927 ###
SV, ul 27.3+1.49 27.6+2.23 26.5+1.13 19.4 + 1,627 ##
Diastolic function
i\:tiitéal E/A 1.32+0.162 1.57+0.1" 1.57+0.38 2.12+036""
xig;ltf L 6497x520 77011962 67671141 600.7 + 194.8
\lt/leilggilti mm/s 500.8 £72.3 487.9 = 109.5 461.4 £152.9 283.8 £ 115.4%
E/E 27.3+4.7 37.1 £10.5 28.8£4.3 38.7+£6.3
IVRT, ms 16.7+3.2 15.6 £3.9 18.5+£2.2 17.8 £3.5
IVCT, ms 19.8 £4.2 23.7+8.7 20.6 £6.4 23.8+9.5
ET, ms 38.8+6.3 384+9.0 36.8+5.0 38.9+89
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TFEB AND HEART FAILURE 4

ET indicates ejection time; HR, heart rate; [IVCT, isovolumic contraction time; IVRT, isovolumic
relaxation time; I'VSths, interventricular septal wall thickness at systole; IVSthd, interventricular
septal wall thickness at diastole; LVEDD, left ventricular enddiastolic diameter; LVESD, left
ventricular endsystolic diameter; PWths, posterior wall thickness in systole; PWthd, posterior wall
thickness in diastole; SV, left ventricular stroke volume; FS, left ventricular fractional shortening,
LVEF, left ventricular ejection fraction. *p<0.05, **p<0.01, ***p<0.001 compared to
corresponding sham operated mice; 'p<0.05 AAV9-Luc sham compared to AAV9-Tfeb sham
mice. Data are expressed as mean + SEM. *p<0.05, #p<0.01, ¥ p<0.001 AAV9-Luc TAC

compared to AAV9-Tfeb TAC mice.
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Table S3. Sequencing results for each experimental group.

5

Name Initial Reads Uniqule{lgfal(\i/iapped Uni(ll{l;lgsh(/[%gped
AAV9-Luc Shaml 33.10M 25.58 M 77.26
AAV9-Luc Sham2 26.45M 20.35M 76.95
AAV9-Luc Sham3 29.77TM 2329 M 78.22
AAV9-Tfeb Sham1 2643 M 20.56 M 77.80
AAV9-Tfeb Sham2 2796 M 21.81 M 78.00
AAV9-Tfeb Sham3 31.03M 23.86 M 76.90
AAV9-Luc TAC1 28.05M 2292 M 81.72
AAV9-Luc TAC2 29.38 M 2333 M 79.43
AAV9-Luc TAC3 31.84 M 24.69 M 77.54
AAV9-Luc TAC4 3498 M 28.48 M 81.44
AAVI-Tfeb TAC1 46.88 M 38.12 M 81.32
AAV9-Tfeb TAC2 3251 M 25.75M 79.21
AAV9-Tfeb TAC3 3531 M 27.99 M 79.26

Overview of total reads and uniquely mapped reads generated by RNA-Sequencing for each

animal included. M indicates 1 Million reads.
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30 Table S4. RNA sequencing results

31 Please refer to .xlIs Table.
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Table S5. KEGG pathway analysis of all DEG in hearts of AAV9-Luc TAC but not AAV9-

Tfeb TAC treated mice

~|_count[~ % |~ PValue ~|Genes ~ List Total | - |Pop Hits | ~|Pop Total - Fold Enrichment| - | Bonferroni - Benjaminil -|FDR S
ipid and atherosclerosis 20 3,571 36E05 CCL12, CDAO, HSPAS, APOAL, POU2F2, SOD2, PYCARD, NRAS, AKT2, 276 216 8941 3,000 0,010 0,010 0,010
TRPS3, IL1B, CASP1, CCL2, NLRP3, CD36, TLR6, PLCB1, CALM1, LDIR,

MYD88

like receptor 18 3214 2,76:04  GSDMD, NLRP1B, CCL12, NLRP1A, CARDS, TNFAIP3, OAS1A, 276 a 8941 2,764 0,075 0,033 0,030
OASIG, PYCARD, AIM2, NAIPS, IL1B, CASP1, CCL2, NLRP3, PLCBI,
MYDS, BIRC3
mmu04064:NF-kappa B signaling pathway 12 2,143 3,76:04  CDAO, PRKCB, IL1B, LTA, TNFAIP3, TNFRSF11A, BCL2A1D, PTGS2, 276 105 8941 3,702 0,102 0,033 0,030
BCL2A1B, CARD11, MYDSS, BIRC3
mmu04110:Cell cycle 3 2,321 45E:04  BUB1B, TTK, CDC25C, CCNA2, CDC20, WEEL, CCNBI, CCNEL, TRPS3, 276 125 8941 3,369 0124 0,033 0,030
E2F1, MCM3, E2F2, BUBL
-type lectin receptor signali 12 2,143 6,4E:04  PYCARD, CLEC4B1, NRAS, PAK1, CCL22, IL1B, AKT2, CARDS, CASP1, 276 12 8941 3471 0171 0,038 0,034
NLRP3, CALM1, PTGS2
kine-cytoki ptor i i 2 3,571 1,66-03  TNFSF18, CCL24, CCL12, CDAO, CCL22, MPL, OSM, LIF, INHBA, 276 22 8941 2,219 0,385 0,081 0,074

TNFRSF11A, BMPS, IL27RA, ILIRL2, IL1B, LTA, CCL2, CD27, CCR7,
TNFSFS, IL7TR

mmu05132:Salmonella infection 18 3214 2,0E-03 GSDMD, MLKL, RHOG, RHOH, DYNLL1, PYCARD, TUBBG, PAK1, 276 253 8941 2,305 0458 0,086 0,079
‘TUBBS, NAIPG, AKT2, IL1B, CASP1, NLRP3, TLR6, MYD8S, S100A10,
BIRC3.

mmu05200:Pathways in cancer 30 5357 2,5€-03  GSTP2, EPASI, FGF1, PTGS2, EGFR, RASGRP4, DLL4, NRAS, GNGT2, 276 543 8941 1,7% 0517 0,089 0,082

AKT2, CTNNA1, STAT4, E2F1, E2F2, PMAIP1, LAMB2, PRKCB,
WNT9B, CCNA2, RADS1, GSTA3, CCNEL, TRPS3, GSTAL, CKS2,
BIRCS, IL7R, CALM1, PLCB1, BIRC3

mmu01524:Platinum drug re 9 1,607 31603 TOP2A, GSTP2, GSTA3, AKT2, TRPS3, GSTAL, PMAIP1, BIRCS, BIRC3 276 80 8941 3644 0598 0,089 0,082
mmu04210:Apoptosis 12 2,143 31603  PARP3, NRAS, AKT2, TRPS3, PRF1, PMAIP1, BIRCS, CTSW, CTSF, 276 136 8941 2,858 0,599 0,089 0,082
BCL2A1D, BCL2A1B, BIRC3
mmu04662:B cell receptor signaling pathway 9 1,607 33E03  NRAS, IFITM1, PIRA2, PRKCB, AKT2, PIK3AP1, CARD11, CD22, LILRAS 276 81 8941 3,509 0,626 0,089 0,082
ine and 7 1,250 55E-03  LDHB, MDHL, GOTA, PSATL, KYAT3, MAT2B, BCAT2 276 53 8941 4,279 0,802 0,134 0,123
mmu05214:Glioma 8 1,429 7,5E:03  NRAS, PRKCB, AKT2, TRPS3, E2F1, E2F2, CALML, EGFR 276 7 8941 3,502 0,891 0,145 0,133
9 1,607 7,76:03  LAMB2, CCNEL, AKT2, TRPS3, E2F1, CKS2, E2F2, PTGS2, BIRC3 276 93 8941 3,135 0,898 0,146 0,133
7 1,250 7,8E:03  CD4O, CCL12, IL1B, CCL2, ACKR1, CD36, MYD8S 276 57 8941 3,978 0,901 0,146 0,133
10 1,786 7,9E-03  CCL12, MLKL, IL1B, AKT2, LTA, LIF, CCL2, TNFAIP3, PTGS2, BIRC3 276 13 8941 2,867 0,904 0,146 0,133
6 1,071 1,1E-02  LDHB, ADH1, MDH1, ME3, ACSS1, ACACB. 276 @ 8941 4,417 0,960 0,188 0171
u 1,964 1,26-02  ADH1, ACADVL, IL18, AKT2, CSARL, PRKAG1, MLYCD, LPIN1, 276 141 8941 2,527 0,968 0,189 0173
ACACB, MYDSS, C2
5 0893 1,36-02  PER2, PERL, CRY2, BHLHEAO, PRKAGL 276 30 8941 5399 0,978 0,198 0,181
5 0,893 1,46-02  BCKDHA, LDHB, MLYCD, ACSS1, ACACB 276 31 8941 5225 0,986 0,211 0,193
12 2,143 18602 PYCARD, H2-DMB2, CCL12, PRKCB, IL1B, AKT2, CASP1, CCL2, 276 73 8941 2,247 0,995 0,249 0,227
OAS1A, NLRP3, MYDS8S, OAS1G
mmu05208:Chemical carcinogenesis - reactive oxygen 1 2,500 1,9E-02  EPHX2, ATP5AL, SDHC, COXEC, SOD2, COX7C, EGFR, NRAS, GSTA3, 276 2 8941 2,083 0,997 0,255 0,233
species AKT2, GSTAL, NDUFAB1, NDUFS2, NDUFV1
mmu05145:Toxoplasmosis 9 1,607 2,0E:02  H2-DMB, CD4O, SOCS1, LAMB2, AKT2, TLR11, LDLR, MYDSS, BIRC3 276 110 8941 2,650 0,997 0,255 0233
mmu00982:Drug metabolism - cytochrome P450 7 1,250 2,2E:02  ADHL, HPGDS, GSTP2, GSTA3, GSTAL, FMO1, FMO2 276 7 8941 3,194 0,998 0,261 0,238
mmu05218:Melanoma 7 1,250 2,3E:02  NRAS, AKT2, TRPS3, E2F1, E2F2, FGF1, EGFR 276 7 8941 3,150 0,999 0,261 0238
mmu05223:Non-small cell lung cancer 7 1,250 2,3E02  NRAS, PRKCB, AKT2, TRPS3, E2F1, E2F2, EGFR 276 7 8941 3,150 0,999 0,261 0,238
mmu05169:Epstein-Barr virus infection 1 2,500 2,6E:02  CDAO, H2-M3, TNFAIP3, OAS1A, OAS1G, CCNA2, H2-DMB2, CCNE1, 276 231 8941 1,963 1,000 0,280 0,255
AKT2, TRPS3, E2F1, E2F2, CD247, MYD8S
mmu05163:Human cytomegalovirus infection 15 2,679 2,7602  CCL12, PRKCB, H2-M3, PTGS2, EGFR, NRAS, GNGT2, AKT2, TRPS3, 276 256 8941 1,898 1,000 0,280 0,255
1L1B, E2F1, CCL2, E2F2, PLCB1, CALM1
tubule bi i a 0714 29602 MDH, ATP1A3, ATP182, CARA 276 2 8941 5,890 1,000 0,283 0,258
mmu05161:Hepatitis B 1 1,964 2,9E-02  CCNA2, NRAS, CCNEL, PRKCB, AKT2, TRPS3, STAT4, E2F1, E2F2, 276 163 8941 2,186 1,000 0,283 0,258
BIRCS, MYD88
7 1,250 3,1E-02  PYCARD, IL1B, CASP1, NLRP3, CALM1, MYDSS, C2 276 7 8941 2,945 1,000 0,285 0,260
:African trypanosomiasis 5 0,893 31E-02  PRKCB, IL1B, APOAL, PLCB1, MYD88 276 39 8941 4,153 1,000 0,285 0,260
rostate cancer 8 1,429 33E:02  NRAS, GSTP2, CCNEL, AKT2, TRPS3, E2F1, E2F2, EGFR 276 9 8941 2,618 1,000 0,287 0,262
15 2,679 33E:02  UBA7, HSPAS, ATPSAL, SDHC, UBE2L6, COXEC, COXTC, TUBBS, 276 24 8941 1,841 1,000 0,287 0,262
‘TUBBS, TRPS3, NDUFAB1, NDUFS2, CALM1, NDUFV1, SLC18A2
1 2,500 3402 TRIM30D, PRKCB, H2-M3, CDC25C, BST2, NRAS, PAK1, WEEL, 276 20 8941 1,89 1,000 0,287 0,262
CCNB1, GNGT2, AKT2, CD247, CALM1, MYD8S
5 0,893 3,66-02  NRAS, TRPS3, E2F1, E2F2, EGFR 276 a1 8941 3,951 1,000 0,298 0272
8 1,429 3,9E:02  CCL12, IL1B, AKT2, CCL2, CD247, TLR6, PLCB1, MYD8S, 276 103 8941 2516 1,000 0312 0,285
10 1,786 42602 NRAS, CCNE1, AKT2, TRP53, CTNNAL, E2F1, WNT9B, E2F2, FGF1, 276 150 8941 2,160 1,000 0319 0,291
EGFR
mmu05225:Hepatocellular carcinoma 1 1,964 42602 NRAS, GSTP2, GSTA3, PRKCB, AKT2, TRPS3, GSTA1, E2F1, WNT9B, 276 173 8941 2,048 1,000 0319 0,291
E2F2, EGFR
mmU05206:MicroRNAs in cancer 16 2,857 4,7E-02  HDACS, PRKCB, CDCAS, KIF23, CDC25C, PTGS2, EGFR, NRAS, 276 303 8941 171 1,000 0342 0312
MARCKS, SOCS1, CCNEL, TRPS3, STMNL, E2F1, TIMP3, E2F2
mmu04g70:Salivary secretion 7 1,250 49602 PRKCB, LYZ1, ATP1A3, ATP182, CALML, PLCBL, PRKG1 276 86 8941 2,637 1,000 0342 0312
mmu04540:Gap junction 7 1,250 49602 NRAS, TUBBS, TUBBS, PRKCB, PLCBI, EGFR, PRKGL 276 86 8941 2,637 1,000 0342 0312
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TFEB AND HEART FAILURE

Table S6. KEGG pathway analysis of all DEG in hearts of AAV9-Luc and AAV9-Tfeb

TAC treated mice

Term

PValuel~

Genes -

List Totd +

Fold Enrichmer -

Bonferror ~

Benjamir -~

FOR

‘mmuOAS12:ECV-receptor interaction

mmu04974:Protein digestion and absorption

mmu04s10:Focal adhesion

mmu0S205:Proteoglycans in cancer

mmu00280:Valine, leucine and isoleucine degradation

mmUO4010:MAPK signaling pathway

mmu0S414:Dilated cardiomyopathy
mMUO4933:AGE-RAGE signaling pathway in diabetic

complications
mmu04810:Regulation of actin cytoskeleton

mmu05100:Bacter

I invasion of epithelial cells

MmUOA1SI:PI3K-Akt signaling pathway

mmu0S410:Hypertrophic cardiomyopathy

mmu04145:Phagosome

mmU04666:Fc gamma R-mediated phagocytosis.

‘mmuos132:Salmonell

mmu0d611:Platelet activation

mmu0S200:Pathways in cancer

mmUO406E:HIF-1 signaling pathway

mmu04921:Oxytocin signaling pathway

mmU04060:Cytokine-cytokine receptor interaction

mmu0s146:Amoebi

mmu05323:Rheumatoid arthritis

mmuO1100:Metabolic pathways

Nicotinate and nicotinamide metabolism
yrimidine metabolism
mmu04261:Adrenergic signaling in cardiomyocytes

mmu04020:Calcium signaling pathway.

mmu0s144:Malaria
‘mmuOS166:Human T-cell leukemia virus 1infection
mMU0A210:Apoptosis

mmu4380:Osteodlast differentiation
mmU00670:0ne carbon pool by folate
'mmuO0380:Tryptophan metabolism
mmu00071:Fatty acid degradation
‘mmu04072:Phospholipase D signaling pathway
mmu04530:Tight junction
‘mmu04728:Dopaminergic synapse
mmu0S140:Lelshmaniasis

mmu4S40:Gap junction

mmu05161:Hepatitis B

mmu04919:Thyroid hormone signaling pathway.
mmu04926:Relaxin signaling pathway
‘mmu04725:Cholinergic synapse
mmu04722:Neurotrophin signaling pathway

MmUO4G30IAK-STAT signaling pathway.

Count ~
B3

1538

1011

2017

1,369

1250

194

1488

435

0,655
o778
1488
2,083

o778
2103

1,369

0833

0952

1,488

62608

12606

12606

21606

39606

13605

13605

42605

65605

66605

78605

82605

85E05

96605

14604

14604

15604

28604

28604

39604

7,98:04

11603

12603

22603
27603
29603
29603
31603
3,603
31603
32603
43603
20603
4,06.03
47603
49603
61603
66603
67603
7,103
73603
7,66:03
76603
80603

1,06-02

1TGBS, SDCA, TNC, LAMIC2, HMIMIR, THBS?, THBSA, THBS3, SPP1, TNR, FN1, GPE, COL1AL, COLIAZ, COL4AZ,
COL4A1, COLGA, COLAL, COLAAG, SDC1, COLGAG, ITGAS, COLIAZ, FREM1, CD44, ITGAY
COL15A1, COL16AL, COLI4AL, ELN, COL11AZ, COL12AL, PRCP, SLC3A2, SLC38A2, SLC36AZ, MIMEE, SLC16A10,
COL1AL COL3AL COLIA2, COLAAZ, COLSAL, COLAAL, COL6A2, COLSA3, COLSA2, COLGAL, COLAAG, COLEA2,
COL8AL, COLGAS, COLIAZ
SHCA, ITGBS, TNC, LAMIC2, THBS2, THBSA, ACTB, MYLK3, THBS3, MYLK, ACTG1, MYLK4, RAP18, CDCA2, PDGFC,
SPP1, TNR, FLNC, VASP, CAV3, ACTN1, FN1, IGF1, ACTN4, COLIAL, DIAPHI, COL1A2, COL4A2, COLAA1, COLGA2,
COL6AL, COLAAG, ZYX, BCL2, COL6AG, ITGAS, COLSA2, TLN1, MET, ITGA9
(CDE3, COKN1A, WNT2B, ITGBS, SDC4, CAMIK2A, HIF1A, ACTB, ACTG1, CDC42, RRAS, MYC, PLCG2, FLNG, FZD1,
TGFB2, TGFBI, CAV3, LUM, PTCH1, MMP, STATS, IGF2, PLAUR, GABI, FN1, MSN, RRAS2, IGF1, DCN, COLIAL,
COL1A2, CTTN, SDC1, HCLS1, ITGAS, TLR4, MET, CD44, HBEGF
MCCC2, ACAAZ, MCCC1, BCKDHB, ACADSB, AACS, HADHB, HADHA, ALDHBAL, PCCA, ALDH2, IVD, AOX3, DBT,
AOX1, ACADM, HADH, ALDHIAL
FLT3, HSPBI, FGF6, RPSGKAS, MYC, RPSGKAL, MAP3KS, DUSPS, MAPAK2, DUSP2, PLA2GAB, PLA2GAA,
‘CACNAZD2, RRAS2, FOS, TGFBRI, TNFRSF1A, EREG, TGFER2, DUSP7, CACNBI, CACNB2, RAPGEF2, MET, ATF4,
MAX, RASGRP2, CACNAIH, RELB, RAP18, CDC42, MAPK7, RRAS, NTF3, PDGFC, CD14, FLNC, TGFB2, TGFBI,
ANGPTL, TGFB3, IGF2, IGF1, GNG12, FGF16, PTPN7, MAP3K13, MAP3K14, FGF10
TGFB2, TGFBL, ITGBS, TGFB3, TPM3, ATP2A2, CACNAZD?, ADRBI, IGF1, ADCY7, ACTB, ADCY6, ACTG1, CACNBI,
‘CACNB2, DES, PLN, LMNA, TNNI3, ITGAS, MYHS, ITGAS, MYH7
TGFB2, TGFBI, TGFB3, MMP2, PRKCD, SERPINEL, STAT3, FN1, F3, TGFBR1, TGFBR2, ICAM1, COL1AL, CDCA2,
DIAPHI, IL6, COL3A1, COL1A2, COL4A2, COLAAL, COLAAG, BCL2, PLCG2
(CHRM2, ITGBS, ARPC1B, LPARL, IQGAP3, ACTB, MYLK3, MYLK, ACTG1, MYLK4, GNAI3, CDC42, FGF6, RRAS,
(CFL1, PDGFC, MYH11, ACTR3, ACTN1, F2R, FN1, MSN, RRAS2, ARPC4, ACTN, ARPCS, BAIAP2, GNG12, ENAH,
FGF16, DIAPH, DIAPH3, ARPC2, ARPC3, ITGAS, PFN1, FGF10, ITGA9
ACTR3, SHC4, CAV3, ARPC1B, GABL, FN1, ARPC4, ARPCS, ACTB, DNM1, ACTG1, CDC42, ARPC2, CTTN, ARPC3,
ELMO1, HCLS1, ITGAS, MET
CHRM2, CDKN1A, ITGBS, FLT3, TNC, LAMC2, GHR, FGF6, CREB3L1, MYC, TR, F2R, OSMIR, YWHAZ, EREG, RBL2,
(CREB3, COL4A2, COLAAL, COL6A2, COLGAL, IL3RA, COLAAG, COLGAG, ITGAS, TLR4, MET, ATF4, ITGAS, CREBS,
LPARL, IL4RA, FOXO3, THBS2, THBS4, THBS3, RXRA, NTF3, PDGFC, SPP1, EIFAEBP1, ANGPTL, IGF2, FN1, IGF1,
GNG12, COLIAL, FGF16, IL6, COL1A2, PPP2R2C, BCL2, COL9A2, FGF10
TGFB2, TGFBI, ACE, ITGBS, TGFB3, TPM3, ATP2A2, CACNA2D2, IGF1, ACTB, ACTG1, CACNB1, CACNB, IL6, DES,
LMINA, TNNI3, ITGAS, MYHS, ITGAS, MYH7
(COLEC12, RABSC, TFRC, ITGBS, NCF4, H2-K1, THBS2, CORO1A, THBS4, ACTB, THBS3, ACTG1, MRC2, TUBALC,
TUBA1B, TUBA1A, TUBB3, H2-DMB1, ATPGV1H, A\'PSVW CD14, CYBA, FCGR1, DYNCILIL, TUBB2B, TUBB2A,
FCGRA, CANX, ATPEV152, ITGAS, RABT, TRA,
ACTR3, VASP, MARCKSL1, MYO10, PLA2G4B, smm, ARPCIB, PRKCD, PLA2GAA, ARPCA, GAB2, ARPCS, FCGRI,
CDCA2, ARPC2, FCGRA, ARPC3, CFL1, PLCG2, PLPP2, ARFG
RABSC, ARPC18, ACTB, ACTG 1, CYTH3, CDC42, FYCO1, TUBALC, TUBA1B, TUBAA, CYTHA, RRAS, TUBB3, KIFSC,
MIYC, KIFS8, CASP4, BAK1, CD14, FLNC, ACTR3, ANXA2, AHNAK?, ARPCA, FOS, ARPCS, TNFRSF1A, DYNCILIL, IL6,
TUBB2B, TUBB2A, ARPC2, ARPC3, RHOJ, BCL2, ELMO1, PEN1, RABTB, TLRY, ARLBA, ARF6
RASGRP2, ADCY, ACTB, MYLK3, ADCY6, MYLK, ACTG1, GNAI, MYLK4, GNA13, RAP18, P2RY1, PLCG2, VASP,
FCERIG, PLA2GAB, F2R, PLA2GAA, GP6, COL1AL, APBBLIP, COL3AL, COL1A2, P2RX1, TIN1
‘CDKN1A, WNT2B, FLT3, SLC2AL, LAMC2, BBC3, FGF6, RPSGKAS, MYC, RASSFS, ILI3RAL, ILISRA, IL1S, TPM3,
IFNGRL, MMP, F2R, MITF, FOS, TGFBRI, TGFBR2, RUNX1, CSF2RB2, MSH2, COL4A2, TRAF3, )

\6, RARB, MET, PTGER4, CEBPA, MAX, CAMK2A, LPAR1, IL4RA, GSTT2, GSTT1, CSF2RB, RASGRP2, HIF1A,
CSF2RA, ADCY7, ADCY6, GNAIZ, GNA13, CDCA2, RXRA, PLCG2, E2F3, BAK1, BID, RUNXITI, EGLN1, FZD1, TGFB2,
sswu. TGFB1, TGFB3, PTCH1, ZBTB16, STAT3, IGF2, FN1, IGF1, GNG12, FGF16, IL6, BCL2, CALM2, GSTM7,

Eswx CDKN1A, ANGPTL, TFRC, IFNGRI, CAMK2A, SERPINEL, STAT3, SLC2AL, IGF1, ENOL, HIF1A, IL6, NPPA,
BCL2, EIF4EBP1, PLCG, TIMP1, LTBR, ALDOB, TLRY, PFKM, PFKP
CDKN1A, CAMK2A, ADCY7, ACTB, MYLK3, ADCYE, MYLK, ACTG, GNAI2, MYLK4, MAPK?, NPPA, KCNJ2, KCNJ3,
KCNJS, KCNJG, KCNJ12, PLA2GAB, KCNJ14, PLA2GAA, CACNAZD?, FOS, CACNB1, GNAOI, RCANI, CACNB2,

16, CALM2
(CX3CRL, CNTFR, CTF1, IL4RA, IL20RB, TNFRSF118, CSF2RB, CXCR6, CSF2RA, CX3CLL, TNFSF138, CXCL16, GHR,
CCL8, IL21R, RELT, IL13RA1, GDF10, IL15RA, TGFB2, XCR1, TGFBI, TNFRSF12A, GDF1S, L15, IFNGRI, TGFB3,
IL1R2, TNFRSF19, INHBB, LIFR, GDF6, OSMR, TNFRSF18, TGFBRI, IL17RA, TNFRSF1A, TGFBR2, CSF2RB2, IL6,
1L3RA, ACKRY, LTBR, CRLF2
TGFB2, TGFBI, RABSC, TGFB3, ACTN, ILIR2, FN1, HSPB1, LAMC2, ACTN4, COLIAL L6, COL3AL, COLIAZ,
COLAA2, SERPINBGB, COLAAL, COLAAG, CD14, RABTB, TLRA.
TGFB2, TGFBL, ANGPTL, IL1S, TGFB3, CDS0, FOS, TNFSF138, ICAML, IL6, CTSK, H2-DMB1, ATP6V182, ACPS,
ATPGVIH, ATP6VOA4, TLR, H2-ABL
CDA, ALDH1L1, ACAAZ, PANK1, SEC1, XYLT1, ACSMS, OGDHL, ENO1, COMT, HNMT, SAT1, ALDH1L2, PPAT,
umw cMm ENPP1, CHAC2, HADH, NUDT12, MCCC2, GSTK1, ENTPD1, DGAT2, GPT2, ENTPDS, MCCC1,

, CTPS, SDHA, GANC, GCAT, CYP2U1, MTHFD2, ACOTI, SUCLG2, SUCLG1, AMY1,
mppz mm ECBH HACD1, NNMT, MAOB, PDE1B, GSTT2, PLDA, ATPS), GSTT, ALOX12, PLA2GS, FUT2,
MTMR, COX7A1, SGPL1, MAN2A2, ALDH381, LDHD, PLCG2, HYI, ATPGV1H, ATPGVOA, PRODH, FDFTI, GGTS,
MGAM, GSTM1, MTHER, PYCRI, SYN12, ACADSB, DERA, UCK2, ALDH6AL, GGCX, ADI1, PEMT, ALDHIBAL,
‘GSTM7, ADA, BAGALT1, ACY1, MOGAT2, AMD1, MTR, GPT, PFAS, AACS, AKRIS DK2, SPTLC2,
ALDH2, NMIRK2, AOX3, DBT, PDE4A, ACPS, AOX1, ACADM, UPP1, NANS, IDH3A, PTGIS, CERSS, GPXL, GP3,
PDE4D, PGAML, SPHKI, PLA2G4B, BCKDHB, PDEAC, AMT, SORD, GPXE, PLA2GAA, GPX7, PGM2LL, INMT,
'HADHB, ITPKC, HADHA, UGDH, ALDHSAL, PCCA, IVD, ALDH1A2, B3GNT3, ATP6V182, PDESA, NDUFS1, ALDOB,
STGGALNACA, FBP2, PAFAH182, BAGALTS, ALDHIAL, STEGALNACE, DDC, ACSS3, HDC, ODC1, NTSC2, TYMS,
ADCY7, ADCYS, NTSC, SELENBP1, SELENBP2, ALOXS, MGATSB, GCNT4, FKTN, DUT, NDUFAS, GCH1, AGL, GAT,
ASS1, DHODH, GALC, ALDHAA1, GALNS, NTSCLA, CTH, LPCAT2, GALM, PFKM, PFKP.

NTSC, NADK2, NNMT, NMRK2, NTSC1A, NAMPT, AOX3, AOX1, ENPP1, NT5C2, NUDTI2
CDA, ENTPD1, DUT, ENTPDS, CTPS, NTSC2, TYMS, DHODH, NTSC, UCK2, NTSC1A, ENPP1, UPPL

CAMK2A, ATP2A2, ADRBI, ADRA1B, ADRALA, ADCY7, ADCYE, GNAI2, PLN, RPSGKAS, CREB3L1, TNNI3, SCN1B,
TPM3, CACNAZD2, CACNB1, CACNB, CREB3, PPP2R2C, BCL2, CALM2, MYHS, ATF4, MYHT, CREBS

CHRM2, PTGFR, PDELB, CAMK24, ATP2A2, ADRB1, ADRA1B, ADRALA, ADCY7, CACNALH, MYLK3, MYLK, MYLK4,
FGF6, CYSLTRY, PLN, PHKG1, PDGFC, PLCG2, PTK28, SPHK1, F2R, AVPRIA, MCOLN2, P2RX7, FGF16, P2RXS,
ITPKC, P2RX1, ORAIZ, HRC, CASQ1, MET, CALM2, FGF10

TGFB2, TGFBY, GYPC, LRP1, TGFB3, THBS2, THBS4, THBS3, ICAML, ILG, SDC1, TLR4, MET

CDKN1A, H2-K1, SLC2A1, ADCY7, ADCY6, ICAM1, RELB, CCNB2, MYC, H2-DMB, CREB3L, TSPO), E2F3, B2M,
IL1SRA, RANBP1, EGR?, TGFB2, TGFB1, IL15, TGFB3, ILIR2, FOS, TGFBRI, TNFRSF1A, TGFBR2, CREB3 IL6, ESPL1,
CANX, LTBR, TLN1, MAP3K14, ATF4, H2-AB1, CREBS

DFFB, CTSZ, CSF2RB, FOS, ACTB, ACTG1, BBC3, TNFRSF1A, SPTAL, CSF2RB2, TUBALC, TUBAIB, CASP12, TUBALA,
CTSK, LMINA, IL3RA, BCL2, BAKI, BID, MAP3K14, ATF4, MAP3KS

TGFB2, TGFBL, IFNGRI, NCF4, CYBA, TREM2, TNFRSF118, MITF, FOS, GAB2, TGFBRL, TNFRSF1A, RELS, TGFBR2,
FCGRI, TYROBP, FCGRA, CTSK, PLCG2, ACPS, MAP3K14, JUNI

ALDHIL, MTHFD2, AMT, MTHFR, MTR, TYMS, ALDH1L2

GCDH, HADHA, DDC, MAOB, ALDH2, AOX3, AOX1, CYP181, HADH, INMT, ALDH9AL, DHTKD1

HADHB, GCDH, HADHA, ACAAZ, CPT2, ALDH2, CYP2U1, ACSLS, ACADM, HADH, ACADSB, ALDHIAL

SHC4, PTGFR, FCERIG, PLA2GAB, SPHK1, F2R, GABL, LPAR1, RRAS2, PLA2GAA, GAB2, AVPRIA, ADCY7, DNM1,
ADCY6, GNA13, CYTH3, CYTH4, RRAS, PDGFC, PLCG2, PTKB, PLPP2, ARF6

ARPC18, ACTB, ACTG1, CDC42, TUBALC, TUBA1S, TUBALA, MYHL1, CGNLI, MAP3KS, ACTR3, VASP, ACTN1,
MSN, ARPCA, ACTNG, ARPCS, RUNXL, TIP1, MYLG, PPP2R2C, ARPC2, CTTN, ARPC3, RAPGEF2, HCLS1

KCNJ5, KCNJG, DDC, MAOB, CAMK2A, FOS, GNG12, COMT, GNAI2, ARNTL, GNAOL, CREB3, PPP2R2C, KIFSC,
(CREB3LY, KIFSB, DRD2, CALM2, SLC18AL, KCNI3, ATF4, CREBS

MARCKSL1, TGFB2, TGFBI, IFNGR, TGFB3, NCF4, CYBA, FOS, FCGRI, EEF1A1, FCGRA, H2-DMBL, TLRY, H2-AB1

LPAR1, ADRB1, ADCY7, ADCY6, GNAIZ, TIP1, TUBALC, TUBB2B, TUBA1S, MAPK7, TUBB2A, TUBALA, TUBB3,
PDGFC, CDK1, DRD2

CDKN1A, CASP12, MYC, CREB3LL, PTK2B, E2F3, BID, EGR2, TGFB2, EGR3, TGFBI, TGFB3, STAT, FOS, YWHAZ,
TGFBR1, TGFBR2, CREB3, IL6, TRAF3, BCLY, IRF, TLR4, ATF4, CREBS

THRB, SLC2A1, DIOZ, DIO3, ATP2A2, SLCI6A10, HIF1A, ACTB, MED12L, ACTG1, RCANA, PLN, RXRA, TBCID4, MYC,
PLCG2, PFKM, MYHS, PFKP, MYHT

SHCA, TGFB1, MMP2, FOS, GNG12, ADCY7, TGFBRI, ADCY6, TGFBR2, GNAIZ, COLIAL GNAO1, CREB3, COL3AL,
COL1A2, COLAA, COLAAL, CREB3L1, COLAAG, ATF4, CREBS

(CHRM2, ACHE, KCNJG, KCNJ12, CAMK2A, KCNJ14, FOS, GNG12, ADCY7, ADCY6, GNAI2, GNAOL, CREB3,
CREB3L, BCL2, KCNJ2, KCNI3, ATFS, CREBS

SHCA, SORTL, PRKCD, CAMK2A, ARHGDIG, GABL, FOXO3, RAP18, CDC42, MAPKT, RPSKAS, ARHGDIA,
RPSGKAL, NTF3, BCL2, PLCG2, NFKBIE, CALM2, ATF4, MAP3KS

CNTFR, CDKN1A, CTF1, FHL, IL4RA, IL20RB, CSF2RB, CSF2RA, GHR, MYC, AOX3, L21R, AOX1, IL13RAL, IL1SRA,
IL15, IFNGRI, STATS, LIFR, OSMR, CSF2RBZ, IL6, L3RA, BCL2, CRLF2

62

8

78

m

78

78

m

78

78

78

78

s

78

78

78

8

8

78

m

78

7

78

8

3
78

m

m

78

3

78

78

8

78

78

8

Pop Hiti -
8

201

205

101

253

124

153

2

12

ey

PopTote -
8941

8941
8941

8941

8941
8941

941

8941

8941

8901

8941

s9a1

8941

8941

8941
8941

941

8901

8941

8901

8941
8941
s9a1

8901

8941

8941

8941
8941
8941

8941

8941

2873

2,287

3629

1915

2652

2,08

2623

1862

2317

155

2319

172

4238

2652
1851

1710

2,0605

39604

40608

66604

21602

25602

12601

7,5E01
76601
7,6601
78601

80601

47603

47E03

29602
34602
34802

17605

11604

11604

14604

21604

49604

49604

14603

17603

17603

17603

17603

17603

18603

24603

24603

24603

39603

39603

52603

1,002

1,602

14602

24602
28602
28602
28602
28602
28602
28602
28602
35602
35602
35602
36602
37602
4,8602
46602
46602
48602
48602
48602
48602
49602

60E02

8
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39

40

Table S7. KEGG pathway analysis of all DEG in hearts of AAV9-Tfeb but not AAV9-Luc

TAC treated mice

TFEB AND HEART FAILURE

Term

PValue

Genes =

mmU04140:Autophagy - animal

mmuOAS10:Focal achesion

mmU04910:Insulin signaling pathway

mmu0s017:Spinocerebellar ataxia

mmu04926:Relaxin signaling pathway

mmu04012:£1b8 signaling pathway

mmu03010:Ribosome

mmu0S200:Pathways i cancer

MMUO4O10:MAPK signaling pathway

‘mmuO4810:Regulation of actin cytoskeleton

mmUO4S30:Tight junction

‘mmu4360:Axon guidance

‘mmu05166:Human T-cell leukemia virus L infection

mmU04145:Phagosome.

mmu04144:Endocytosis

‘mmu00230:purine metabolism

mMU04921:0xytocin signaling pathway

mmU04022:cGMP-PKG signaling pathway

MMUOISZLEGFR tyrosine kinase inhibitor resistance

mma R-mediated phagocytosis

mmU0S171:Coronavirus disease - COVID-19

MMU04068:FoxO signaling pathway

‘mmu04213:Longevity regulating pathway - multiple species.

mmu0s214:Glioma

mMUOA015:Rap signaling pathway

MMUOA1SL:PI3K-Akt signaling pathway

Count —
El

1782

1322

1201

352

2123

1682

1802

1802

1201

o761

o8a1

1782

1,081

2363

50606

24805

41605

92605

12604

12600

ase0n

60804

85604

116038

13603

14803

15603

16603

16603

17603

24603

25603

25603

34603

37603

38603

39603

4,003

4,003

45603

50603

SHC?, SHCL, IRS1, RS2, ADCY2, ADCY1, ADCYS, SOCS2, MAPK9, CREB3L2, AKTI,
EP300, CACNALS, MAP2KS, PRKCG, MAP2K3, STATSA, STATSS, MAP2K1, MAP2K:
Iy T SR TR AR e w;sosz

a:cm RS1, PIK3R4, IRS2, CAMKK2, PPP2CA, MAPKS, LAMPY, ATG101, CTSL, AKT1,

D, CTS8, GABARAPL2, MAP2KI, GABARAPLL, MAP2K2, BAD, DAPK2, DAPKS,
ATGaA, ATOL, WP TS, CFLAR,EFZAKA, MIOR, UMP3, RAGS, XTI,
RRAGD, PRKCQ, SMICRS, RAF1, S

ITGB1, SHC2, ROCKL, SHC1, ITGAZB, PDGFA, LAMCI, ARHGAPS, THES1, ELK1,

VAV1, COLAAG, MYL2, ITGALL, RAPGEF1, COLAAS, RAFL, PPPIRIZB, MYLS, SOS2,
BCARL

SHC2, SHC1, IRS1, PRKAG, RS2, PYGM, PYGL, PRKCZ, ELKL, PTPRF, HK1, SOCS2,
MAPKS, INPPSA, PRKAR2B, MKNK2, FLOTI, AKT, FLOT2, SH2B2, PTPN1, PRKAB2,
MAP2K1, MAP2K2, BAD, TSC1, MTOR, GCK, PPPLR3D, TRIP10, RAPGEF1, RAF1, 5052

BECN1, PSMD11, BEANL, PSMD14, PSMIDI3, GTF2B, ATP2A3, PIK3Rd, ATP2AL,
‘OMAL, PSMA7, MAPKS, ATXN1, PSMIBS, ATG101, PSMBI, ATXN1L, AKT1, GRIA3,
PRKCG, TRPC3, NFYA, KCND3, ADRM, WIPI1, PRKCA, GRINZC, MTOR, SEM1,
AFG3L2, VDAC3, ATXN10, SLC25AS.

SHC2, SHC1, ADCY2, ADCY1, ARRB2, ADCYS, PRKCZ, RXFP1, MAPK9, EDNRB, GNGS,
CREB3L2, AKT1, GNG, NOS1, MAP2K1, JUN, MAP2K2, NOS3, PRKCA, MAPK:
'ACTAZ, CREB1, ADCYS, COL4A4, GNAS, RLN3, COLAAS, GNB3, RAF1, SOS2

PRKCG, CAMK2B, STATSA, STATSB, SHC2, MAP2K, JUN, MAP2K?, SHCY, EGF, BAD,
PRKCA, ELK1, MTOR, MAPK9, ERBB3, AKT1, PAKE, RAF1, PAKS, SOS2, PAKA

RPLA, RPLID, RPLP, RPLLL, RPLPO, MRPS10, RPLS, MRPL12, MRPL34, RPSLS,
MRPL20, RPLISA, RPS19, RPL38, RPL37, RPS11, RPLIS, RPS10, RPS13, RPL1S, RPS7,
RPSS, RPL22, MRPL23, RPS26, MRPSO, RPS29, RPL27A, RPS20, RPL27, FAU, RPL2S,
RPL29, RPL28, UBAS2, RPS21, RPS23

1TGB1, SPI1, ITGA2B, LAMICL, ELKL, FGF2, CCNDZ, EDNRB, FGF9, HEV1, HEYZ, PIM1,
AKTA, EP300, ITGAV, ELOB, JAK3, NCOAL, PRKCG, MAP2K1, HSPSOAAL, MAP2K2,
WNTS8, GSTO1, DAPKZ, WNTSA, DAPK3, PRKCA, AXINZ, FH, DDB2, AR, ADCYS,

e
ROCKL, GSTP1, NOTCHA, PTGERS, PDGFA, CXCRS, ADCY2, ADCYL, ADCYE, HSPOOB1,
RASGRP3, MAPKS, BCL2L11, GNGS, HMOX1, GNGS, HES1, ms STATSA, NGO,
STATSB, EGLN3, CDKN2B, JUN, FZDZ, LAMIB3, TXNRD3, GADDASB, JUP, GADDASA,
EGF, BAD, TXNRD1, MLH, MTOR, AGT, GADDASG, NFKB2, CXCL2, KITL, IL2RA,
‘GNAS, GNB3, FGFR3, FGFR1

PTPRR, RASGRF2, ARRBZ, ELK1, DUSP16, FGF2, RPSSKAY, PPP3CE, DUSP10, FGFS,
RPS6KA2, KOR, AKT1, MAP3KE, MAP2K3, DUSP4, PRKCG, MAP2K1, MAP2K2, DUSP3,
ILIRL, PRKCA, DUSPS, MAPKAPK3, RAFL, SOS2, EPHA2, CSFIR, SRF, POGFA,
RASGRFS, MAPKS, R85, MK MAPIGI CACNALS, MAP2G U, GADDAS,
ADDASA, T, NEATES, KSPAZ MAPKLS, GADDASG, N2, NRAKL, I T,
;sm HSPALS, HSPALA, FGI

(CYFIP2, ITGB1, CHRMS3, ITGAM, ROCKL, ITGAZB, PDGFA, CXCRA, IGAP2, ACTF
FGF2, MYLI2A, SCIN, FGF9, CFL2, PAK6, PIPSK1A, ITGAV, NCKAPAL, PIPSKIC, ITGBS,
PAKG, MYH10, PAK4, MAP2K1, MAP2K2, EGF, LIMIK2, LIMKL, VAV, CXCL12, MY,
SPATAL3, ITGALL, RAF1, PPPIRIZS, ARHGEFT, FGFR3, MYLS, SO52, BCARL, FGFRI

ITGB1, ROCKL, PRKAGZ, MYLSB, GATAA, TUBA3B, PRKCZ, ACTR3B, MYLL2A, AMOT,
PPP2CA, EPBA1LAB, MAPKS, PARDEB, MARVELD?, CLDN23, SYNPO, MPDZ, MYHIO,
MAGIL, PRKABZ, JUN, TUBA4A, TIAP1, CLDNS, DLG1, OCLN, CLON5, PARD3, MYL2,
PPP2R2D, RABI3, MYLS, TUBAS.

ITGB1, CAMIK2, SEMASB, NRP1, SEMA7A, ROCKI, SEMA3B, CXCR4, PRKCZ, NTN1,
MYLIZA, PARDGS, PPP3CB, CFL2, PAKS, PAK3, EPHBA, EPHB3, PAKY, EPHAA, NTNG2,
EPHA, WNTSB, TRPC3, UNCSB, LIMIK2, WNTSA, LIVIKI, NFATC3, PRKCA, CXCL12,
PARD3, PLXNB, RAF1, MYLS, EPHA2

H2-T20, H2-T23, NRP1, H2-T22, SPI1, ANAPCIS, SR, H2-DMA, H2-Qd, ADCY2,

RANBP3, MAP2K2, ANAPCY, ILIRI, NFATC3, H2-AA, NFKB2, DLGL, CREBI, ADCYS,
IL2RA, CDC16, VDACS, ATM, SLC25AS, H2-D1

e e e T e e
s, Tul CTSS, COMP, LAMP1, CTSL, TUBBI, MRCI, ITGAV, NOS1,
szmu msm H2.£81, ATPGAP1, CD209F, H2-AA, TUBA4A, FCGR3, SEC228,
FCGR28, H2-D1, ATP6VOE, TLR2, TUBAS, VAMP3

H2-T24, ARF3, H2-T23, H2-T22, ARF2, CLTB, AP2A1, ARRB2, CAPZB, CHMIP18,
CHMIP1A, PSD3, LDLRAP1, CCRS, SH3GLL POCDSIP, VPS378, ZFYVELS, PARD3,
(CHMIPAC, CHMIP3, CHVIP4B, STAM2, ARFS, H2-D1, H2-Q4, ASAP3, CXCR, VPS268,
PRKCZ, ACTR3S, SNX3, GRK3, PARDGE, GRS, AP2S1, PIPSK1A, PIPSKIC, SNXS,
ARFGEF1, CAV1, HSPA2, 2610002MOGRIK, IL2RA, SMAP2, FGFRS, HSPAIB, SPG21,
HSPAIA

PRPS2, PDELC, PRUNEL, GMPR, ADCY2, ADCY1, ADCYS, NTSE, PNP, GUKL, PGM2,
NUDTI6, XDH, ADSS, ENTPD2, RRI2, ENTPDS, PDE2A, NME2, Am NMEL ADCYS,
RRM28, NMES, PDE3A, ADSSL1, PDETA, PDESA

(CAMIK2B, RYR?, ROCK1, PRKAG2, MYL6B, ADCY2, ADCY1, ADCYS, ELKL, PIK3RS,
(CAMKK2, TRPM2, RGS2, PPP3CB, CACNALS, PRKCG, KCNJ4, PRKAB2, MAP2KL, JUN,
MAP2K2, NOS3, NFATC3, PRKCA, EEF2, ADCYS, CAMIKA, GNAS, RAFL, PPPIR128,

mvs

(OPRD1, ROCK, IRS1, SRF, ATP2A3, IRS2, ATP2A1, ATP1A2, ADCY2, GATA4, ADCY1,

O B e N/ S DG T,
2K, NOS3, BAD, PDE2A, NFATC3, ATP2B4, CREB1, ADCYS, PDE3A, VDAC

um, sLc2sas, M9

PRKCG, SHC2, MAP2K1, MAP2K2, SHC, EGF, BAD, PDGFA, PRKCA, FGF2, MTOR,
BCL2L1, ERBB3, KDR, AKT1, RAF1, GAS6, FGFR3, SOS2

PRKCG, MAP2KL, SYK, NCF1, LIMIKZ, LIVIKL, ASAP3, PRKCA, ACTR3B, VAV, HCK,
SCIN, INPPSD, CFL2, PIPSKLA, AKTL, PIPSKLC, RAF1, PLPP3, FCGR28, PLPP1

RPLY, NRP1, C1QA, RPLIO, RPLP1, RPL11, RPLPO, RPLS, RPS15, MAPKS, C3G, RPLISA,
RPS19, RPL3S, RPL37, RPS11, RPLIS, RPS10, RPS13, RPLI9, PRKCG, JUN, RPSY, SYK,
RPSS5, RPL22, PRKCA, MAPK14, RPS26, MAS1, OAS?, RPS29, RPL27A, TLRS, RPS20,
RPL27, FAU, RPL26, RPL2S, RPL2S, UBAS?, RPS21, TLR2, RPS23

IRS1, SETD, PRKAGZ, IRS2, MAPKS, CCNDZ, BCL2L11, TNFSF10, AKT1, EP300,
HOMERS, GABARAPL2, PRKAB2, MAP2K1, GABARAPL1, COKN2B, MAP2K2,
‘GADDASB, GADDASA, EGF, FEX032, MAPK14, KLF2, GADDASG, ATM, RAF1, SOS2

PRKAB2, HDAC?, IRS1, PRKAG2, IRS2, ADCY2, ADCY, HSPA2, ADCYS, MTOR, ADCYS,
AKTIS1, AKTL, EIFAEBP2, HSPAIB, HSPALA

PRKCG, CAMIKZ, SHC2, MAPZK1, MAP2K2, GADDASB, SHC1, GADDASA, EGF,
PDGFA, PRKCA, MTOR, GADDASG, DDB2, CAMK4, AKTL, RAF1, 5052

ITGB1, CSFIR, RALB, TGAM, ITGAZB, PDGFA, ADCY2, ADCY1, ADCYS, THES1, PRKCZ,
FGF2, RAPIGAP, RASGRP3, PARDGB, FGFS, KOR, AKT1, MAP2KE, PRKCG, MAGI1,
MAP2K3, MAP2K1, MAP2K2, EGF, PRKCA, MAPK14, VAV, ADCYS, KITL, PARD3,
‘GNAS, RAPGEF1, TEK, RAF1, FGFRS, BCARY, EPHAZ, FGFRL

1TGB1, YWHAB, IRS1, ITGAZB, LAMICL, FGF2, COMP, CCND?, FGF, CREB3LZ, KOR,
AKTL, ITGAV, ITGBS, JAK3, MAGI1, MAP2K1, HSPSOAAL, MAP2K2, SYK, PPP2RSD,
TSC1, PRKCA, CREB1, COL4A4, COLAAS, RAF1, SOS2, EPHAZ, TLR2, CSFIR, PHLPP1,
PDGFA, THBS1, HSP9OB1, PIK3RS, PPP2CA, VTN, BCL2L11, ERBB3, PPP2R3D, GNGS,
‘GNGE, LAMES, EGF, NOSS3, BAD, PPP2R3A, MTOR, NRAAL, KITL, IL2RA, PPP2RZD,
ITGAL1, GNB3, PKN1, TEK, FGFR3, FGFR1

63

UstTotd -
1036

103

1036

1036

1036

1036

1036

103

1036

1036

1036

103

1036

1036

103

1036
1036
1036

1036

1036

1036

1036

Pop Hitl
16

1

167

181

7

51

20

PopTote
851

%41

891

891

%41

891

%41

%41

ssa1

%41

%41

891

%41

891

%41

891
s%a1

891

891
891

891

Fold Envichmer | Bonferror -] Benjamir | _FOR |~
2381 0,002 0,002

2127

200

1784

1757

17

1789

1418

o018

0030

0,00

o182

0249

0305

0389

o718

o

o074

073

003

003

003

003

003

003

0037

004

0053

0058

0063

0000

0,003

o021

0018

9
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Table S8. KEGG pathway analysis of all genes that are upregulated in hearts of AAV9-Luc

TAC but not AAV9-Tfeb treated mice

Term <] count-] % - PValue | ~|Genes - ListTota~| PopHit{-| PopTotd~| Fold Enrichmen - | Bonferror | Benjamir | _FOR -

‘mmuOA621:NOD-like receptor signaling pathway 18 2,65 172606 GSDMD, NLRP1B, CCL12, NLRP1A, CARDS, TNFAIP3, OAS1A, OASIG, PYCARD, 187 g 8941 4,079 25608 45604 40604
AIM2, NAIPG, IL1B, CASP1, CCL2, NLRP3, PLCBI, MYD8S, BIRC3

mmMuO4064:NF-kappa B signaling pathway 2 310 1,076-05  CDAO, PRKCB, IL18, LTA, TNFAIP3, TNFRSF114, BCL2AID, PTGS?, BCL2A1S, 187 105 8941 5,464 28603 14603 12603
CARD11, MYDSS, BIRC3

mmu04110:Cell cycle 2 3,10 55405 CDC20, CCNAZ, CCNB1, CCNEL, TRPS3, E2F1, MCM3, E2F2, BUB1S, TTK, CDC25C, 187 125 8941 4,59 10602 47603 42603
BUBL

mmu05132:Salmonella infection Y] 439 721605 GSDMD, MLKL, RHOG, RHOH, DYNLLL, PYCARD, TUBBS, PAKL, TUBBS, NAIPS, 187 253 8941 3213 19602 47603 42603
1L1B, CASP1, NLRP3, TLR6, MYDES, S100A10, BIRC3

u 284 1,076:04  PYCARD, CLEC4B1, NRAS, PAKI, CCL22, IL1B, CARDS, CASP1, NLRP3, CALM1, 187 12 8941 4,6% 28802 56603 50603

PTGS2

mmu0S417:Lipid and atherosclerosis 15 388 159E-04  CCL12, CD4O, POU2F2, PYCARD, NRAS, TRPS3, IL1B, CASPL, CCL2, NLRP3, TLRS, 187 216 8941 3320 41602 6903 61E03
PLCB1, CALM1, LDLR, MYD88

mmu04060:Cytokine-cytokine receptor interaction Y] 439 3,76E-04  TNFSF18, CCL12, CDAO, CCL22, OSM, LIF, INHBA, TNFRSF11A, IL27RA, ILIRL2, IL1B, 187 222 8941 2784 9402 14602 12602
LTA, CCL2, CD27, CCR, TNFSFS, IL7R

mmu04662:8 cell receptor signaling pathway 8 2,07 143603 NRAS, IFITM1, PIRA2, PRKCB, PIK3AP1, CARDI1, D22, LILRAS 187 81 8941 4712 3101 47E02 41602

mmu04210:Apoptosis 1 258 208603 PARP3, NRAS, TRPS3, PRF1, PMAIP1, BIRCS, CTSW, BCL2A1D, BCL2A1B, BIRC 187 136 8941 3516 42601 6IE02  54E02

mmu04GES:TNF signaling pathway 9 233 240603 CCLI2, MILKL, IL1B, LTA, LIF, CCL2, TNFAIP3, PTGS2, BIRC3 187 1u3 8941 3,808 47601 62602 55602

mmu05163:Human cytomegalovirus infection 1 362 262603 CCLI2, PRKCB, H2-M3, PTGS2, EGFR, NRAS, GNGT2, TRPS3, IL1B, E2F1, CCL2, 187 256 8941 2,615 50601 62602 55602
E2F2, PLCBL, CALM1

mmu05169:Epstein-Barr virus infection FE] 336 3,16E-03  CDAO, H2-M3, TNFAIP3, OASIA, OASIG, CCNA2, H2-DMB2, CCNEL, TRPS3, E2F1, 187 21 8941 2,691 5,66-01 65602 58602
E2F2, CD247, MYD88

mmu0S164:influenza A u 288 3,20£03  PYCARD, H2-DMB2, CCL12, PRKCB, IL18, CASP1, CCL2, OAS1A, NLRP3, MYDSS, 187 73 8941 3,040 57601 65E02 58602
0As16

mmu0s214:Glioma 7 181 429603 NRAS, PRKCB, TRPS3, E2F1, E2F2, CALM, EGFR 187 7 8941 4523 6,86-01 76602 67602

mmu0S200:Pathways in cancer 2 568 433603 PRKCB, WNT9B, PTGS2, EGFR, RASGRPA, CCNA2, NRAS, RAD51, GNGT2, CCNEL, 187 543 8941 1,937 68E01 76602 67EQ

‘TRP53, GSTAL, STAT4, E2F1, CKS2, PMAIP1, E2F2, BIRCS, IL7R, PLCBI, CALM1,
BIRC3

1
mmu0s133:Pertussis 7 181 5226-03  PYCARD, IL1B, CASP1, NLRP3, CALM1, MYDS8, C2 187 7 891 4,347 7,56-01 85E02  7,6E02

mmu05144:Malaria 6 155 64SE:03  CDAD, CCL12, IL1B, CCL2, ACKR1, MYDSS 187 57 8941 5033 8201 99602 8EE02
mmu0S161:Hepatitis B 10 2,58 6,90E-03  CCNA2, NRAS, CCNEL PRKCB, TRPS3, STATA, E2F1, E2F2, BIRCS, MYDSS 187 163 8941 2,933 8,06-01 10601 8902
mmu04540:Gap junction 7 181 883E-03  NRAS, TUBBG, TUBBS, PRKCB, PLCBI, EGFR, PRKG1 187 E3 8941 3,892 90601 12601 11601
mmu05219:Bladder cancer 5 129 101E-02  NRAS, TRPS3, E2F1, E2F2, EGFR 187 a 8941 5,831 93601 13601 12601
mmu05206:MicroRNAs in cancer 1 362 1,06E:02  PRKCB, CDCAS, KIF23, CDC25C, PTGS2, EGFR, NRAS, MARCKS, SOCS1, CCNEI, 187 303 8941 2,209 9,4E-01 13601 12601
‘TRPS3, STMNI, E2F1, E2F2
mmu05170:Human immunodeficiency virus 1infection 2 310 115602 BST2, NRAS, CCNBI, PAKL, GNGT2, TRIM30D, PRKCB, H2-M3, CD247, CDC25C, 187 20 8941 2301 95601 14E01 12601
CALM1, MYD88
mmu05222:5mall cell lung cancer 7 181 128602 CCNEL TRPS3, E2F1, CKS2, E2F2, PTGS2, BIRC3 187 E] 8941 3,599 97601 15601 13601
mmu0S171:Coronavirus disease - COVID-19 2 310 141602 CCL12, PRKCB, IL1B, CSARI, CASPL, CCL2, OAS1A, NLRP3, EGFR, MYDSS, C2, 187 27 8941 233 98601 | 15601 14E01
0As16
mmu04218:Cellular senescence 10 258 146E:02  CCNA2, NRAS, CCNBL, CCNEL TRPS3, H2-M3, E2F1, E2F2, CALML, FOXM1 187 184 8941 2,599 98601 15601 14601
mmu05166:Human T-cell leukemia virus 1 infection 2 310 152602 CDC20, CCNAZ, H2-DMB2, NRAS, CDAO, CCNEL, TRPS3, H2-M3, LTA, E2F1, E2F2, 187 250 8941 2,295 98601 15601 14E01
BUB1S
mmu05223:Non-small cell lung cancer 6 155 L68E-02  NRAS, PRKCB, TRPS3, E2F1, E2F2, EGFR 187 7 8941 3,984 99601 16601 14601
mmu05142:Chagas disease 7 181 203602 CCL12, IL1B, CCL2, CD247, TLR6, PLCBL, MYD8S 187 103 8941 3,29 10600 19601 17601
mmu0s135:Versinia infection 8 207 216E02  PYCARD, CCL12, IL1B, RHOG, CASP1, CCL2, NLRP3, MYD88 187 134 8941 2,854 10600 20601  17E01
mmu01524:Platinum drug resistance 6 1,55 25302 TOP2A, TRPS3, GSTAL PMAIP1, BIRCS, BIRC3 187 80 8941 3,586 L0600 22601 20601
mmu05145:Toxoplasmosis 7 181 270602 H2-DMB2, CD40, SOCS1, TLR11, LDLR, MYDSS, BIRC3 187 10 8941 3,083 10600 23601 20601
mmu0S168:Herpes simplex virus 1infection 7 439 295602 CCLI2, ALYREF, CARDS, H2-M3, ZFP954, OAS1A, PILRA, POU2F2, OASIG, BST2, H2- 187 59 8941 17 L0E400 24601 21601
VB2, TRPS3, IL18, LTA, CCL2, MYD8S, BIRC3
mmu0A217:Necroptosis 9 233 305602 PYCARD, ZBP1, MLKL, IL18, STAT4, CASP1, TNFAIP3, NLRP3, BIRC3 187 76 8941 2,045 106400 24601 21601
mmu04970:salivary secretion 6 155 332602 PRKCB, LYZ1, ATP1A3, CALM1, PLCB1, PRKG1 187 8 8941 333 L0E00 26601 23601
mmu0S323:Rheumatoid arthritis 6 1,55 347602 ATPGVIA, H2-DMEB2, CCL12 IL1B, CCL2, TNFRSF11A 187 £ 8941 3,207 106400 26601 23601
mmu05235:PD-L1 expression and PD-1 checkpoint 6 155 362602 NRAS, BATF3, CD247, EGFR, MYD8S, BATF 187 8 8941 3,260 L0600 26601 23601
pathway in cancer
mmu0s134:Legionellosis 5 129 378602 PYCARD, NAIPG, IL1B, CASP1, MYDSS 187 61 8941 3919 106400 27601 24601
i 7 181 4,03£-02  CDC20, CCNBI, CCNEL, CDC25C, CALM1, BUBI, AURKA 187 21 8941 2,766 106400 27601 24E01
Mmu04657:1L-17 signaling pathway 6 155 40902 CCLI2, IL1B, CCL2, TNFAIP3, PTGS2, S100A9 187 9 8941 3,152 10600 27601 24601
mmu04623:Cytosolic DNA-sensing pathway 5 129 418602 PYCARD, ZBP1, AIM2, IL1B, CASP1 187 ] 8941 3,795 L0E400 27601 24601
i diated 6 155 425€02  CCNA2, CONBI, KIF22, CDC25C, BUB1, AURKA 187 2 8941 3,118 L0600 27601 24E01
mmu05143:African trypanosomiasis a 1,03 468602 PRKCB, IL1B, PLCB1, MYDS8 187 39 8941 4,904 106400 29601 25601
mmug4062:Chemokine signaling pathway 9 233 470602 NRAS, CCLI2, PAK1, GNGT2, CCL22, PRKCB, CCL2, CCR, PLCBL 187 192 8941 2201 L0E00 29601 25601
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Table S9. KEGG pathway analysis of all genes that are upregulated in hearts of AAV9-Luc

TAC and AAV9-Tfeb treated mice

TFEB AND HEART FAILURE 11

Term ~

Count| -

%

PValue

~IGenes ~

List Tota ~

Pop Hit -

Pop Toti -

Bonferror -

Benjamir -

FDR

mmu05132:Salmonella infection

mmu05205:Proteoglycans in cancer

mMU04512:ECM-receptor interaction

mmu04510:Focal adhesion

mmu04145:Phagosome

mmuO4933:AGE-RAGE signaling pathway in diabetic
complications

mmu05100:Bacterial invasion of epithelial cells

mmu04974:Protein digestion and absorption

mmMu04666:Fc gamma R-mediated phagocytos

mmu04810:Regulation of actin cytoskeleton

mmu05146:Amoebiasis

mmMu04060:Cytokine-cytokine receptor interaction

mmu05161:Hepatitis B

mMmu05166:Human T-cell leukemia virus 1 infection

mmu04380:Osteodast differentiation

Mmu04151:PI3K-Akt sign:

g pathway

mmu05171:Coronavirus disease - COVID-19

mmu05152:Tuberculosis

mmu05323:Rheumatoid arthritis
mmu05140:Leishmaniasis
mmu05410:Hypertrophic cardiomyopathy
mmu0S135:Yersinia infection

mmu04210:Apoptosis

mMMU04066:HIF-1signaling pathway

mmu04926:Relaxin signaling pathway

mmu04010:MAPK signaling pathway

mmMu05200:Pathways in cancer

mmu05142:Chagas disease

mmu05414:Dilated cardiomyopathy.

0

2

2

416

2,60

1,66

186

166

2,08

2,08

1,386-09

2,386-09

4,106-09

5,37E-09

2,47E-08

2,69E-07

3,436-07

8,33E-07

1,286-06

1,736-06

5,01E-06

8,68E-06

1,26E-05

1,52€-05

1,83E-05

2,776-05

4,75E-05

6,83E-05

814E:05

8,186-05

1,006-04

1,02€-04

1,546-04

313604

337604

4,176-04

RABSC, ARPC1B, ACTB, ACTG1, CYTH3, CDCA42, TUBAIC, TUBA1B, TUBAIA,
CYTHA, RRAS, TUBBS3, KIFSC, MYC, KIFSB, CASP, BAK1, CD14, FLNC, ACTR3,
ANXA2, AHNAK2, ARPC4, FOS, ARPCS, TNFRSF1A, DYNCILI1, IL6, TUBB2B,
‘TUBB2A, ARPC2, ARPC3, RHOJ, BCL2, ELMO1, PFN1, RAB7B, TLR4, ARLSA,
ARFE

CD63, CDKN1A, ITGBS, SDCA, HIF1A, ACTB, ACTG1, CDC42, RRAS, MYC,
PLCG2, FLNC, FZD1, TGFB2, TGFB1, CAV3, LUM, MMP2, STAT3, PLAUR, FN1,
MSN, RRAS2, IGF1, DCN, COL1AL, COL1A2, CTTN, SDC1, HCLS1, ITGAS, TLR4,
MET, CD44, HBEGF

ITGBS, SDC4, TNC, FN1, LAMC2, HMMR, THBS4, THBS3, COL1AL, COL1A2,
COLAA2, COLAA1, COLA2, COL6A1, SPP1, TNR, SDC1, COLIA2, ITGAS,
FREM1, CD44, ITGA9

SHCA, ITGBS, TNC, LAMC2, THBS4, ACTB, THBS3, ACTG1, RAP1B, CDC42,
PDGFC, SPP1, TNR, FLNC, VASP, CAV3, ACTN1, FN1, IGF1, ACTN4, COL1A1,
DIAPH1, COL1A2, COLAA2, COLAAL, COL6A2, COL6AL, ZYX, BCL, ITGAS,
COL9A2, TLN1, MET, ITGA9

COLEC12, RABSC, TFRC, ITGBS, NCF4, H2-K1, CORO1A, THBS4, ACTB, THBS3,
ACTG1, MRC2, TUBALC, TUBA1B, TUBA1A, TUBB3, H2-DMB1, ATP6VIH,
ATP6VOA4, CD14, CYBA, FCGRI, DYNCILI1, TUBB2B, TUBB2A, FCGRA,
ATPV182, ITGAS, RAB7B, TLR4, H2-AB1

TGFB2, TGFB1, TGFB3, MMP2, PRKCD, SERPINEL, STAT3, FN1, TGFBRI,
TGFBR2, ICAM1, COL1AL, CDC42, DIAPH, IL6, COL3AL, COL1AZ, COLAA2,
COLAAL, BCL2, PLCG2

ACTR3, SHC4, CAV3, ARPC1B, FN1, ARPCA, ARPC5, ACTB, DNM1, ACTG1,
€DC42, ARPC2, CTTN, ARPC3, ELMO1, HCLS1, ITGAS, MET

COL15A1, COL16A1, COL14AL, ELN, COL12A1, SLC3A2, PRCP, COL1AL,
COL3AL, COL1A2, COL4A2, COLSAL, COLAAL, COLGA2, COLSA3, COLSA2,
COLAL, COL8A2, COL8A1, COLIA2, SLCIBA2

ACTR3, VASP, MARCKSL1, SPHK1, ARPC18, PRKCD, PLA2G4A, ARPCA, GAB2,
ARPCS, FCGR1, CDC42, ARPC2, FCGRA, ARPC3, CFL1, PLCG2, PLPP2, ARF6

ITGBS, ARPC18, LPAR1, IQGAP3, ACTB, ACTG1, GNA13, CDC42, FGF6, RRAS,
CFL1, PDGFC, ACTR3, ACTN1, F2R, FN1, MSN, RRAS2, ARPC4, ACTNG, ARPCS,
BAIAP2, GNG12, ENAH, DIAPH, DIAPH3, ARPC2, ARPC3, ITGAS, PFN1,
ITGA9

TGFB2, TGFB1, RABSC, TGFB3, ACTNL, IL1R2, FN1, HSPB1, LAMC2, ACTN4,
COL1AL, IL6, COL3AL, COL1A2, COL4A2, SERPINBEB, COLAAL, CD14, RABTB,
TIRA

CX3CRI, IL4RA, IL20RB, TNFRSF11B, CSF2RB, CXCR6, CSF2RA, CX3CL1,
TNFSF138, CXCL6, CCLS, IL21R, RELT, IL13RA1, TGFB2, XCR1, TGFB1,
TNFRSF12A, GDF15, IFNGRI, TGFB3, ILIR2, INHBB, GDF6, OSMR, TNFRSF1B,
TGFBRA, IL17RA, TNFRSF1A, TGFBR2, CSF2RB2, IL6, IL3RA, ACKR4, LTBR,

CRLF2
CDKN1A, CASP12, MYC, CREB3L1, PTK2B, E2F3, BID, EGR2, TGFB2, EGR3,
‘TGFB1, TGFB3, STAT3, FOS, YWHAZ, TGFBR1, TGFBR2, CREBS, IL6, TRAF3,
BCL2, IRF7, TLR4, ATF4, CREBS

CDKN1A, H2-K1, SLC2A1, ADCY7, ICAM1, RELB, CCNB2, MYC, H2-DMB1,
CREB3L, TSPO, E2F3, B2M, RANBP1, EGR2, TGFB2, TGFB1, TGFB3, ILIR,
FOS, TGFBR1, TNFRSF1A, TGFBR2, CREB3, IL6, ESPLL, LTBR, TLN1, MAP3K14,
ATF4, H2-AB1, CREBS

‘TGFB2, TGFB1, IFNGR1, NCF4, CYBA, TREM2, TNFRSF118, FOS, GAB2,
‘TGFBRI, TNFRSF1A, RELB, TGFBR2, FCGR1, TYROBP, FCGRA, CTSK, PLCG2,
ACPS5, MAP3K14, JUNB

CDKN1A, ITGBS, FLT3, LPAR1, TNC, ILARA, LAMC2, THBS, THBS3, FGF6,
MYC, CREB3L1, PDGFC, SPP1, EIF4EBP1, TNR, F2R, FN1, IGF1, GNG12,
OSMR, YWHAZ, EREG, COL1A1, CREB3, IL6, COL1A2, COLAA2, COL4AL,
COLEA2, COL6AL, IL3RA, BCL2, ITGAS, COLIA, TLR4, MET, ATF4, ITGAS,
CREBS

C1QB, RPL3, RPL31, RPL12, RPL34, RPL36A, RPS27L, RPL1OA, C4B, RPS16,
PLCG2, RPLI3, RPL35, RPS27A, RPL17, RPL39, RPS12, RPLA1, ACE, MX1,
STAT3, FOS, TNFRSF1A, IL6, RPS28, TRAF3, TLR7, MASP1, TLR4, HBEGF, C1aC

RABSC, LSP1, CORO1A, MRC2, H2-DMB1, ATP6V1H, ATPGVOA4, LBP, CD14,
BID, PLK3, TGFB2, TGFBL, FCER1G, IFNGRI, TGFB3, SPHK1, TNFRSF1A,
FCGRL, IL6, FCGR4, BCL2, TLR4, CALM2, H2-ABL

‘TGFB2, TGFB1, TGFB3, CD8O, FOS, TNFSF138, ICAML, IL6, CTSK, H2-DMB1,
ATPV182, ACP5, ATP6V1H, ATP6VOAS, TLRA, H2-ABL

MARCKSL1, TGFB2, TGFB1, IFNGRL, TGFB3, NCF4, CYBA, FOS, FCGRI,
EEF1A1, FCGR4, H2-DMBL, TLR4, H2-AB1

‘TGFB2, TGFB1, ACE, ITGBS, TGFB3, TPM3, IGF1, ACTB, ACTG1, CACNBL, IL6,
DES, LVINA, ITGAS, ITGA9, MYH7

ACTR3, ARPC1B, FN1, ARPC4, FOS, ARPCS, BAIAP2, ACTB, ACTG1, CDC42,
1L6, ARPC2, ARPC3, RPS6KAL, ELMOL, PTK2B, ITGAS, TLR4, ARF6, SKAP2
CTSZ, CSF2RB, FOS, ACTB, ACTG1, BBC3, TNFRSF1A, CSF2RB2, TUBAIC,
‘TUBA1B, CASP12, TUBALA, CTSK, LMINA, IL3RA, BCL2, BAK1, BID, MAP3K14,

CDKN1A, TFRC, IFNGRY, SERPINEL, STAT3, SLC2A1, IGF1, ENO1, HIF1A, IL6,
NPPA, BCL2, EIF4EBP1, PLCG2, TIMP1, LTBR, TLRA, PFKP

SHC4, TGFB1, MMP2, FOS, GNG12, ADCY7, TGFBRL, TGFBR2, GNAI2,
COL1AL, GNAOT, CREB3, COL3AL, COL1A2, COLAAZ, COLAAL, CREB3L, ATF4,
CREBS

FLT3, HSPB1, RELB, RAP1B, CDC42, FGF6, MAPKY, RRAS, MYC, RPS6KAL,
PDGFC, CD14, FLNC, DUSPS, DUSP2, TGFB2, TGFB1, TGFB3, PLA2GAA,
RRAS2, IGF1, FOS, GNG12, TGFBRL, TNFRSF1A, EREG, TGFBR2, CACNB1,
PTPN7, MET, MAP3K14, ATF4

CDKN1A, FLT3, SLC2A1, LAMIC2, BBC3, FGF6, MYC, RASSFS, IL13RA1, TPM3,
IFNGR1, MMP2, F2R, FOS, TGFBRL, TGFBR2, RUNX1, CSF2RB2, COLAA2,
‘TRAF3, COLAAL, IL3RA, MET, PTGER4, CEBPA, LPARL, IL4RA, CSF2RB, HIF1A,
CSF2RA, ADCY7, GNAI2, GNA13, CDC42, PLCG2, E2F3, BAK, BID, FZD1,
‘TGFB2, TGFB1, TGFB3, STATS, FN1, IGF1, GNG12, IL6, BCL2, CALM2

C1QB, TGFB, TGFB1, ACE, IFNGRI, TGFB3, SERPINEL, FOS, TGFBRI,
TNFRSFLA, TGFBR2, GNAI2, GNAOL, IL6, TLR4, C1QC

‘TGFB2, TGFB1, ITGBS, TGFB3, TPM3, IGF1, ADCY7, ACTB, ACTG1, CACNBL,
DES, LVMINA, ITGAS, ITGA9, MYH7
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a77

a7

an

an

an

an

an

an

a7

an7

an

253

205

201

182

101

220

107

202

163

250

128

359

27

103

8941

8941

8941

8941

8941

8941

8941

8941

8941

8941

8941

8941

8941

8941

8941

8941

8941

8941

8941

8941

8941

8941

8941

2,94

4,686

3171

3,193

3,897

4,439

3,645

3871

2311

2,875

2,399

3,075

2,353

3,29

2,798

2,757

2912

41607

71607

1,26-06

1,6E-06

1,56-03

2,66-03

37603

4,56-03

5,5E-03

8,26-03

1,46-02

2,06-02

2,402

2,402

2,902

3,06-02

4,5E-02

5,86-02

8,9E-02

9,5E-02

1,26.01

3,56-07

3,56-07

4,007

4,06-07

1,56-06

13605

1,56-05

31605

42605

52605

82605

1,16-08

11604

18604

25604

2,86-04

32604

4,66-04

7,56-04

1,06-03

11603

11603

13603

13603

1,803

23603

3,56-03

3,66-03

41603

2,86-07

2,86-07

31607

3,607

1,1E-06

1,06-05

11605

24605

6,4E-05

8,9E-05

25604

9,9E-04

1,46-03

1,86-03

27603

2,86-03

32603
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Table S10. KEGG pathway analysis of all genes that are upregulated in hearts of AAV9

Tfeb but not AAV9-Luc TAC treated mice

TFEB AND HEART FAILURE 12

Term < Count-] %

PValue

~Genes -

List Tota ~

Pop Hité ~

Bonferror -

Benjamir -

FOR

mmu03010:Ribosome 35 258

mmu05171:Coronavirus disease - COVID-19 38 280

mmu04145:Phagosome 31 228

mmu04144:Endocytosis Ed 2712

MMU04666:Fc gamma R-mediated phagocytosis 13 132

mmu0S017:Spinocerebellar ataxia E 169

mmu04140:Autophagy - animal 3 169

MMu04910:Insul

ignaling pathway 2 162

mmu04s10:Focal adhesion 27 199

mmu04612:Antigen processing and presentation 16 118
mmu04926:Relaxin signaling pathway 20 147
mmu04142:Lysosome 20 147

mmu01250:Biosynthesis of nucleotide sugars ] 0,66
mMu04530:Tight junction 2 162

action

mmu05221:Acute myeloid leukemia 12 0,88
mmu04062:Chemokine signaling pathway S 1,69

mmu01100:Metabolic pathways 129 9,49

MMU04012:ErbB signaling pathway EE) 0.9
mmu04072:Phospholipase D signaling pathway 19 1,40

MmMu04151:PI3K-Akt signaling pathway 36 265

mmu0514s:Toxoplasmosis 15 110

MmuO5200:Pathways in cancer 50 368

mmu00230:Purine metabolism 17 125

mmu04915;Estrogen signaling pathway 17 125

is 1 081
mmu04136:Autophagy - other 7 052
mmuO5169:Epstein-Barr virus infection 3 184

mmuos134:Legionellosis 10 o
mmu04810:Regulation of actin cytoskeleton u 177

mmu04213:Longevity regulating pathway - multiple 10 074
species
mmu04s14:Cell adhesion molecules 20 147

MMU00S00:Starch and sucrose metabolism 7 052
mmu05214:Glioma 1 081

mmu05166:Human T-cell leukemia virus 1 infection 2 191
mmu04978:Mineral absorption ] 0,66
MmMu04068:FoxO signaling pathway. 16 118

MMu04360:Axon gui

fance 2 147

mMuU04010:MAPK signaling pathway 2 213

mMMu03050:Proteasome 8 059

13608

17606

38605

83605

12604

2,66:04

64804

6,9E-04

7,06-04

1,26:03

27603
2,96-03

53603

55603
7,26:03

8,06-03

83603

8,56-03

11602

13602
14602
1,56-02

16602
16602

17602

17602

1,902

1,96-02

2,202
22602

2,302
24802

2,86:02

32602

RPL4, RPL10, RPLP1, RPLLL, RPLPO, MRPS10, RPLS, MRPL12, MRPL34, RPS15, MRPL20,
RPLI8A, RPS19, RPL33, RPL37, RPS11, RPL18, RPS10, RPS13, RPL19, RPS7, RPSS, RPL22,
RPS26, RPS29, RPL27A, RPS20, RPL27, FAU, RPL26, RPL29, RPL28, UBAS2, RPS21, RPS23.

RPLA, C1QA, RPL10, RPLP1, RPL11, RPLPO, RPLS, RPS15, RPLLBA, RPS19, RPL38, RPL37,
RPS11, RPL1S, RPS10, RPS13, RPL1Y, PRKCG, JUN, RPS7, SYK, RPSS, RPL22, PRKCA,
RPS26, RPS29, RPL27A, TLRS, RPS20, RPL27, FAU, RPL26, RPL29, RPL28, UBAS2, RPS21,
TLR2, RPS23

ITGB1, H2-T23, STX12, SCARBI, H2-T22, ITGAM, NCF1, NCF2, H2-DMA, H2-Q4, TUBA3B,
‘THBS1, CTSS, COMP, LAMP1, CTSL, MRCL, ITGAV, NOS1, SEC618, ATP6VIF, H2-EB1,
ATP6AP1, H2-AA, FCGR3, SEC22B, FCGR2B, H2-D1, ATP6VOE, TLR2, VAMP3

ARF3, H2-T23, H2-T22, ARF2, CLTB, H2-Q4, CXCR4, AP2A1, ARRB2, SNX4, GRK3, PARDEB,
GRKS, CAPZB, CHMP18, CHMP1A, AP2S1, PIPSK1A, PIPSK1C, CCRS, LDLRAPL, SNXS,
SH3GL1, PDCDGIP, VPS378, HSPA2, ZFYVELG, CHMPAC, CHMP3, CHMPAB, STAM?,
FGFR3, ARFS, HSPA1B, H2-D1, SPG21, HSPAIA

PRKCG, MAP2K1, SYK, NCF1, LIMK2, LIMK1, PRKCA, VAV, HCK, SCIN, INPPSD, CFL2,
PIPSK1A, AKT1, PIPSKIC, PLPP3, FCGR2B, PLPP1

PRKCG, BECN1, PSMD11, BEAN1, PSMD14, PSMD13, GTF28, ADRM1, PRKCA, WIPI1,
GRIN2C, PSMAT, MTOR, SEM1, AFG3L2, PSMBS, ATG101, PSMB1, ATXNAL, AKT1,
ATXN10, SLC25AS, GRIA3

GABARAPL2, BECN1, MAP2K1, GABARAPL1, MAP2K2, BAD, DAPK2, DAPK3, IRS2, WIPI1,
EIF2AK4, MTOR, CAMKK2, VMP1, PPP2CA, LAMP1, CTSL, ATG101, AKT1S1, AKT1, CTSD,

PTPN1, PRKAB2, SHC2, MAP2K1, MAP2K2, SHC1, BAD, PRKAG2, IRS2, PYGL, PTPRF,
MTOR, GCK, HK1, SOCS2, INPPSA, MKNK2, RAPGEF1, FLOT1, AKT1, FLOT2, SH2B2
ITGB1, SHC2, SHC1, LAMCI, THBS1, MYL12A, COMP, CCND2, AKT1, PAK6, PIPSK1A,
ITGAV, PIPSKIC, PAK3, PAK4, PRKCG, MAP2K1, JUN, BAD, PRKCA, PARVB, VAV,
COL4A4, ITGAL1, RAPGEF1, COLAAS, BCARL

H2-T23, CD74, H2-EB1, H2-T22, HSPI0AAL, H2-DMA, H2-Qd, REXANK, HSPA2, H2-AA,
CTSS, CTSL, H2-D1, HSPAB, CTSB, HSPA1A

SHC2, MAP2K1, JUN, MAP2K2, SHC1, NOS3, PRKCA, ADCY2, ARRB2, EDNRB, GNGS,
COL4A4, CREB3L2, GNAS, AKT1, GNB3, RLN3, GNGS, COL4AS, NOS1

ATPGAP1, HEXB, FUCAL, SLC11A1, GBA, CLTB, LAPTMS, ABCBY, CTSS, SUMF1, GM2A,
LAMP1, CTSL, HYAL, SMPD1, DMXL2, AP1S3, CTSD, CTSB, APIM1

GPI1, UGP2, PMM1, MPI, UAP1L1, PGM2, GCK, GALK1, HK1

MAGIL, ITGB1, PRKAB2, JUN, PRKAG2, MYLGB, GATA4, TUBA3B, MYL12A, TIAP1,
AAMOT, PPP2CA, CLDNS, PARD6B, OCLN, CLON15, MARVELD2, CLDN23, RAB3,
PPP2R2D, SYNPO, MYH10

PRKCG, MAP2K3, SHC2, MAP2K1, MAP2K2, SHCL, IGFBP3, IRS2, PRKCA, ADCY2, MTOR,
50CS2, CREB3L2, GNAS, AKT1, IGFALS, BCARL

H2-T23, H2-T22, H2-Q4, CXCR4, GNGS, CFL2, AKT1, PAK6, GNGS, ELOB, AP153, CCRS,
PAK3, AP1M1, PAKS, PRKCG, MAP2K3, MAP2K1, JUN, MAP2K2, BAD, LIMIK2, LIMIKI,
PRKCA, MTOR, GNB3, H2-D1, TLR2

GPI1, UGP2, PMM1, HEXB, MPI, UAP1L1, PGM2, GCK, GALK1, HK1

CSFIR, MAP2K1, SPI1, ITGAM, MAP2K2, JUP, BAD, PIMI1, RARA, AKT1, DUSP6, MTOR
CCR1, SHC2, MAP2K1, NCF1, SHC1, BAD, CXCR4, ADCY2, ARRB2, VAV, PIK3RS, PREX1,
HCK, GRK3, GNGS, GRKS, AKT1, GNB3, GNG8, CCRS, JAK3, BCARI, CCR2

CHPF, CERK, GALNT16, NDUFAL1, GALNT18, EHMT2, MPI, ABAT, COX6AL, CNDP2, PNP,
FPGS, NUDTI6, SEPHS2, GLUL, ENTPD2, DGAT1, MIF, PGD, INPP4B, DPM3, PLPP3,
PLPP1, PDE9A, CDS1, MTMR2, PDEIC, SHMTL, GMPR, PLA2G7, PLD3, PTDSS1, INPPSA,
RDH11, INPPSD, UAPILL, ESD, ATPSD, SMYD2, INPPSJ, PGK1, HMOX1, PIPSK1A, SMYD1,
STBSIAS, ASL, BAGALNTL, PIPSK1C, HMOX2, ATPGV1F, PMML, AZIN2, GRHPR, ALPL,
GALK1, BAGALT2, PIGT, HEXB, SETD7, PYGL, HK1, GPI1, GYG, GUK1, SMPD1, HYALZ,
PGM2, PGLS, NOS1, A4GALT, COXBA, VKORCL, ELOVLL, TPI1, GPX4, ATPGAP1, GSTO1,
CHPF2, PGAM2, NMIE2, AKR1A1, POMGNT1, APRT, NME1, ALDH1A3, BDH1, DAD1,
ALDH1A1, ADSSL1, PIGK, BLVR, ACOX3, HAGH, BCAT1, GAPDH, BLVRA, CERS2,
ATP6VOE, AHCY, GBA, PRUNEL, ADCY2, HSD17B7, AGPAT2, SRM, CKMT1, NTSE, UGP2,
MTHFDIL, LAO1, MAN1C1, MGAT1, CKE, CDIPT, ADSS, NQOL, TIGAR, RRM2, GK, NOS3,
5SCD4, HSD381, GCK, DHRS9, MGATAA, SARDH, PLCD3, LPIN2, LPIN3.

PRKCG, SHC2, MAP2K1, JUN, MAP2K2, SHC1, BAD, PRKCA, MTOR, AKT1, PAKG, PAK3,
PAKS

SHC2, MAP2K1, ARF2, RALB, MAP2K2, SYK, SHC1, PRKCA, ADCY2, AGPAT2, MTOR, AGT,
PIK3RS, GNAS, PIPSK1A, AKT1, PIPSKIC, PLPP3, PLPP1

ITGB1, CSF1R, YWHAB, LAMCL, THBS1, PIK3RS, PPP2CA, COMP, CCND2, PPP2R3D,
GNGS5, CREB3L2, AKT1, GNG8, ITGAV, JAK3, MAGI1, MAP2K1, HSPSOAAL, MAP2K2, SYK,
NOS3, BAD, PRKCA, MTOR, NR4AL, COL4Ad, PPP2R2D, ITGAL1, COL4AS, GNB3, PN,
FGFR3, EPHA, TLR2, FGFRL

ITGB1, MAP2K3, H2-EB1, BAD, H2-DMA, IL10RA, LAMCY, HSPA2, H2-AA, PIK3RS, AKT1,
CCRS, HSPALB, HSPAIA, TLR2

ITGB1, SPI1, LAMCI, CCND2, EDNRB, PIM1, AKTL, ITGAV, ELOB, JAK3, PRKCG, MAP2K1,
HSP90AAL, MAP2K2, WNTSB, GSTOL, DAPK2, DAPK3, PRKCA, COL4A4, RARA, COLAAS,
CSFIR, RALB, NOTCH4, PTGER3, CXCR, ADCY2, GNGS, HMOX1, GNGS, HES1, NQO1,
CDKN28, JUN, FZD2, TXNRD3, GADDASB, JUP, GADDASA, BAD, TXNRD1, MTOR, AGT,
GADDASG, NFKB2, GNAS, GNB3, FGFR3, FGFR1

RRM2, ENTPD2, PDELC, PRUNEL, NME2, GMPR, ADCY2, APRT, NMEL, NTSE, PNP, GUK1,
ADSSL1, PGM2, NUDT16, ADSS, PDE9A

SHC2, MAP2K1, JUN, HSP90AAL, MAP2K2, SHC1, NOS3, ADCY2, HSPA2, CREB3L2, RARA,
GNAS, AKT1, CTSD, HSPA1B, HSPALA, FKBPS

ITGBI, FCGR3, H2-EB1, JUN, ITGAM, NCF1, NCF2, H2-DMA, PTPNG, H2-AA, TLR2
PPP2CA, BECN1, GABARAPL2, GABARAPL1, ATG 101, WIPI1, MTOR

H2-T23, H2-T22, PSMD11, PSMD14, PSMD13, H2-DMIA, H2-Q4, CCND2, AKT1, HES1,
JAK3, MAP2K3, JUN, H2-EB1, GADDASB, SYK, GADDASA, ADRM1, H2-AA, GADDASG,
NFKB2, SEM1, NCOR2, H2-D1, TLR2

EEF1G, ARF2, ITGAM, RAB1B, HSPA2, SEC22B, HSPA1B, NFKB2, TLR?, HSPALA

1TGB1, MAP2K1, ITGAM, MAP2K2, LIMK2, LIMIK1, CXCR4, MYL12A, VAV, SCIN, CFL2,
ITGALL, PIPSK1A, PAK6, ITGAV, NCKAPAL, PIPSK1C, ARHGEF7, PAK3, FGFR3, MYH10,
BCARL, FGFR1, PAK4

PRKAB2, AKT1S1, PRKAG2, AKT1, IRS2, ADCY2, HSPA2, HSPA1B, MTOR, HSPALA

CD86, ITGB1, H2-T23, NTNG2, H2-EB1, H2-T22, ITGAM, H2-DMA, H2-Q4, H2-AA, PTPRF,
CLDNS, OCLN, CDH3, CLDN15, CLDN23, NCAM1, ITGAV, MPZL1, H2-D1

GPI1, UGP2, GYG, PGM?, PYGL, GCK, HK1

PRKCG, SHC2, MAP2K1, MAP2K2, GADDASB, SHC1, GADDASA, AKT1, PRKCA, MTOR,
GADDASG

H2-T23, H2-T22, SPI1, ANAPCS, SRF, H2-DMA, H2-Q4, ADCY2, CCND2, CREB3L2, AKT1,
MSX1, JAK3, MAP2K1, JUN, CDKN2B, H2-EB1, RANBP3, MAP2K2, ANAPC7, ILIR1, H2-AA,
NFKB2, CDC16, SLC25AS, H2-D1

SLCOA3, HEPHLI, ATP2B4, HMOXL, TRF, MT2, TRPMG, ATOX1, HMOX2

GABARAPL2, PRKAB2, CDKN28, MAP2K1, GABARAPL1, MAP2K2, GADD45B, GADDASA,
SETD7, PRKAG2, IRS2, KLF2, GADDASG, CCND2, AKT1, HOMER3

1TGB1, NTNG2, SEMA7A, WNTS8, UNCSB, LIMIK2, LIMK1, SEMA38, CXCRA, PRKCA,
NTN1, MYL12A, PARDGB, CFL2, PAKG, PLXNB2, PAK3, EPHB4, EPHA2, PAKA.

CSFIR, PTPRR, SRF, ARRB2, RPSGKA4, MKNK2, AKT1, MAP3K6, PRKCG, MAP2K3, DUSP4,
MAP2K1, JUN, DUSP3, MAP2K2, GADDASB, GADDASA, IL1R1, PRKCA, HSPA2, DUSP6,
GADD4SG, NFKB2, NRAAL, FGFR3, HSPALB, EPHA2, HSPA1A, FGFRL

SEM1, PSMD11, PSMBS, PSMD14, PSMD13, PSMB1, ADRM1, PSMA7
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Table S11. KEGG pathway analysis of all genes that are downregulated in hearts of AAV9-

Luc but not AAV9-Tfeb TAC treated mice
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Term Count [~ % PValue |- Genes ~| ListTotd ~| PopHitc~ PopToti~| Fold Enrichmen - | Bonferror - Benjamir - FDR
mmu01100:Metabolic pathways 2386 89E-:09  ACADVL, GSTP2, GALNTIS, ATPSAL, MAT2B, OPLAH, COXTC, 1609 894 2,4 2,06-06 20606 18606
ACACB, ENO3, AGPAT3, PTS, LDHB, ADH1, CYP2681, AUH,
NNT, CYP2B10, ME3, HMGCS2, MLYCD, ACSS1, NDUFV1, CAR4,
BCKDHA, MDH1, GOT1, EPHX2, ACSL6, SDHC, COXGC, FAH,
GNMT, GSTA3, NDUFABL, ACOT, KYAT3, NDUFS2, LPINI,
BCAT2, CDS2
mmu05208:Chemical carcinogenesis - reactive u 629 6,0E-05  GSTA3, AKT2, EPHX2, ATP5A1, NDUFABL, NDUFS2, SDHC, 8 2 8941 4,978 1,36-02 48603 45€-03
oxygen species COXEC, SOD2, COX7C, NDUFV1
mMmu00620:Pyruvate metabolism 6 343 6,6E-05  LDHB, ADH1, MDH1, ME3, ACSS1, ACACB 89 I3 8941 13,699 1,4E-02 48E03 45603
teine and methioni 6 343 1,6E-04  LDHB, MDH1, GOT1, KYAT3, MAT28, BCAT2 89 53 8941 11,373 3,5€-02 84E-03 79603
mmu00640;Propanoate metabolism 5 286 2,3E:04  BCKDHA, LDHB, MLYCD, ACSS1, ACACB 8 31 8941 16,203 4,8E-02 84E03  7,9E-03
mmU03320:PPAR signaling pathway 7 4,00 23604 ACSLG, PLING, LPL, APOAL, ME3, HMGCS2, CD36 8 89 8941 7,901 4,9E-02 84E03  7,9E-03
mmu04714:Thermogenesis 10 571 43E-04  ATPSAL NDUFABL, ACSLG, PRKAGL, NDUFS2, SDHC, SLC25A20, 89 231 8941 4,349 8,9E-02 13602 12602
COXEC, COX7C, NDUFV1
mmu04932:Non-alcoholic fatty liver disease 8 457 84E-04  AKT2, NDUFAB, PRKAG1, NDUFS2, SDHC, COXEC, COXTC, 8 156 8941 5,152 17601 23602 21602
NDUFV1
mmu05415:Diabetic cardiomyopathy 9 514 11603 AKT2 ATP5A1, NDUFABI, NDUFS2, SDHC, CD36, COX6C, 89 m 8941 4,285 2,1E-01 26602 24602
COX7C, NDUFV1
mmu04146:Peroxisome 6 343 15603 EPHX2, PEX6, PXMP2, ACSL6, MLYCD, SOD2 89 86 8941 7,009 2,96-01 34E02 31602
mmu00190:Oxidative phosphorylation 7 4,00 2,1E:03  ATP5AL, NDUFAB1, NDUFS2, SDHC, COXEC, COX7C, NDUFV1 8 135 8941 5,209 3,7€-01 42602 39602
7 4,00 2,6E-03  ADH1, ACADVL, AKT2, PRKAGL, MLYCD, LPIN1, ACACB 8 141 8941 4,987 43601 47602 44602
4 229 31E03  PER2, PERL CRY2, PRKAG1 8 30 8941 13395 49601 52602 4902
mmu05012:Parkinson disease 9 514 43E-03  HSPAS, ATPSAL, NDUFABI, NDUFS2, SDHC, COXEC, COXTC, 8 264 8941 3,425 6,1E-01 68E02  64E-02
NDUFV1, SLC18A2
mmu04920:Adipocytokine signaling pathway 5 286 52603 AKT2, ACSL6, PRKAG1, CD36, ACACB 8 n 8941 7,075 6,8E-01 TIE02 66602
mmu00982:Drug metabolism - cytochrome P450 5 286 52603 ADH1, GSTP2, GSTA3, FMO1, FMO2 89 7 8941 7,075 6,8E-01 TE02 66602
mmu01200:Carbon metabol 6 343 67E-03  MDH1, GOT1, ME3, SDHC, ACSS1, ENO3 89 121 8941 4,982 7,7€-01 86E02  BIEQ2
mmu00071:Fatty acid degradation a 2,29 14E-02  ADH1, ACADVL ECI1, ACSLE 89 52 8941 7,728 9,6E-01 18E-01 16601
mmu05020:Prion disease 8 457 1,6E:02  HSPAS, ATPSAL, NDUFABL, NDUFS2, SDHC, COX6C, COXTC, 8 28 8941 2,999 9,7E-01 19601 17601
NDUFV1
mmu00280:Valine, leucine and isoleucine 4 229 18602 BCKDHA, AUH, HMGCS2, BCAT2 8 57 8941 7,050 9,8E-01 20601 1901
degradation
tubule 3 17 1,9E-02  MDHI, ATP1B2, CARS 8 2 8941 13,699 9,9E-01 20601 1,901
mmu00010:Glycolysis / Gluconeogenesis a 2,29 28602 LDHB, ADH1, ACSS1, ENO3 89 67 8941 5998 1,0E+00 26E01 25601
mmu05014:Amyotrophic lateral sclerosis 9 514 2,8E:02  HSPAS, ATP5A1, NDUFABL, ANXAL1, NDUFS2, SDHC, COX6C, 8 369 8941 2,450 1,0+00 26E01 25601
€OX7C, NDUFV1
mmu05016:Huntington disease 8 457 29602 ATP5AL NDUFABL, NDUFS2, SDHC, COXEC, SOD2, COXTC, 8 302 8941 2,661 1,040 26E01 25601
NDUFV1
mmu0S010:Alzheimer disease 9 514 34E02  AKT2, ATP5AL, NDUFABL, NDUFS, LPL, SDHC, COX6C, COXTC, 8 383 8941 2,361 1,0E+00 30601 28601
NDUFV1
mmu04152:AMPK signaling pathway 5 286 35E:02  AKT2, PRKAGI, MLYCD, CD36, ACACB 8 126 8941 3,987 1,0E+00 30601 28601
mmu01230:Biosynthesis of amino acids a 229 43602 GOTI, MAT2B, ENO3, BCAT2 8 7 8941 5,087 1,0E+00 35601 32601
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Table S12. KEGG pathway analysis of all genes that are downregulated in hearts of AAV9-

Luc and AAV9-Tfeb TAC treated mice

Term ~ Count|- % [~ Pvalue-|Genes T ListTota - |_Pop Hitl | PopToti~ - Bonferror | Benjamir~| _FOR -
mmuO1100:Metabolic pathways 102 1423 25611 ALDHILL, ACAAZ PANKI, ACSMES, OGDHL, HNMT, ALDHIL2, PPAT, NAMPT, CAR14, CHAC?, HADH, 8041 1883 TE0D 38609 3809
NUDT12, MCCC2, GSTK1, DGAT2, GPT2, ENTPDS, MCCC1, DHDH, COX6B2, SDHA, GANC, GCAT,
CYP2U1, ACOTI, SUCLG2, SUCLG1, AMY1, PFKFBI, GCDH, MAOB, GSTT2, ATPS), GSTT1, ALOXI2,
PLA2GS, MTMR4, COX7AL, MAN2A2, LOHD, PRODH, FDFT, GGTS, GSTM1, SYNJ2, ACADSB, ALDHGAL,
GGCX, ADI1, GSTM7, ACY1, MOGAT2, AMID1, MTR, GPT, PFAS, DHTKD1, NADK2, ALDH2, AOX3, DET,
PDE4A, AOX1, ACADM, IDH3A, PDEAD, PLA2GAB, BCKDH, PDEAC, AMT, SORD, PGM2L1, INMT,
HADHB, HADHA, ALDHSAL, PCCA, IVD, PDESA, NDUFS?1, ALDOB, FBP2, ALDHSAL, STEGALNACS, DOC,
ACSS3, ADCYE, SELENBP, SELENBP2, ALOXS, FKTN, DUT, NDUFAS, AGL, GAT, DHODH, ALDHAAL,
NTSC1A, CTH, GALM, PFKI
g 237 2911 MCCC2, ACAAZ, MCCCL, BCKDHB, ACADSB, HADHB, HADHA, ALDHEAL, PCCA, ALDH IVD, AOX3, DBT, 301 57 8041 8859 77609 | 3809 38609
'AOX1, ACADM, HADH, ALDHIAL
mmu00071:Fatty acid degradation n 153 7,1606  HADHB, GCDH, HADHA, ACAAZ, CPT2, ALDHZ, CYP2U1, ACADM, HADH, ACADSB, ALDHIAL 01 52 8041 6284 19603 47604 46604
mmu00380:Tryptophan metabolism u 153 7,1606  GCDH, HADHA, DDC, MAOB, ALDH2, AOX3, AOXI, HADH, INMT, ALDHSAL, DHTKD1 301 52 8041 6284 19603 | 47604 46604
mmu00640:Propanoate metabolism 8 112 59605 HADHA, ACSS3, ALDHGAL PCCA, DBT, BCKDHB, SUCLG2, SUCLGL 301 3 8041 7,666 15602 3EQ 360
mmu04020:Calcium signaling pathway 2 279 44E04  CHRM2, PTGFR, CAMK2A, ATP2A2, ADRBI, AVPRIA, ADRALB, ADRALA, CACNALH, MYLK3, MYLK, 30 20 901 2475 101 2002 19602
MYLK4, FGF16, P2RXG, PLN, PHKG, P2RX1, HRC, CASQL, FGF10
mmu01200:Carbon metabolism 1 181 73504 GPT2, AMT,0GDHL GPT, SDHA, ALDHEAL PCCA, SUCLG, SUCLGI, ALDOB, PFKM, FEP2, IDH3A 301 m 8041 3191 1801 280 2702
mmu04261:Adrenergicsignaling in cardiomyocytes B 181 50603 CAMK2A ATP2A2, CACNA2D2, ADRBI, ADRALB, ADRALA, ADCY6, CACNB2, PLN, RPSGKAS, PPP2R2C, 301 152 901 2501 74601 17601 16601
TNNI3, MYHG
mmu04024:cAMP signaling pathway 16 223 71E03  CHRM2,PTCHI, PDEAD, CAMIK2A, PDEAC, ATP2A2, ADRBI, ADCY6, CRHR2, PLN, ADORAL, PDEAA, 301 20 901 2,160 85E01 20601 21801
TNNI3, CNGA3, PPARA, DRD2
mmu00982:Drug metabolism - cytochrome PAS0 8 112 95603 GSTKI, GSTM1, MAOB, AOX3, AOXI, GSTT2, GSTTL, GSTM7 301 n 901 3307 92601 | 25601 25601
mmu00760:Nicotinate and nicotinamide metabolism 6 088 11602 NADKNTSCIA, NAMPT, AOX3, AOX1, NUDTI2 301 a 901 4307 95601 28601 27601
mmU04022:cGMP-PKG signaling pathway B 181 14502  ATP2A2, ADRBI, ADRALB, ADRAZB, ADRALA, ADCY6, MYLK3, MYLK, MYLKA, PLN, ADORAL, PDESA, 301 3 901 2232 97601 28601 28601
MYHE
mmu04821:Oxytocin signaling pathway 12 167 14E02 CACNB2, KCNIS, KCNI12, PLA2GAB, CAMIK2A, CACNAZD2, KCNJ2, ADCY6, MYLKS, MYLK, KCNJ3, 01 153 901 2330 s7E01 2801 2801
myLKe
mmu00062:Fatty acd elongation s 070 15602 HADHB, HADHA, ACAA2, ACOTL, HADH 301 2 901 5121 98001 | 2901 28601
mmu01230:Biosynthesis of amino acids s 112 16602 ACY1GPT2 CTH, MTR, GPT, ALDOB, PFKM, IDH3A 01 ”» 901 3,008 9901 20601 28601
mmu01212:Fatty acid metabolism 7 098 | 17602 HADHB, HADHA, ACAA2, CPT2, ACADM, HADH, ACADSB 30 & 901 335 9901 | 2901 28601
mmu00020:Citrate cycle (TCA cycle) H 070 21E02 SUCLG2, SUCLG1, OGDHL, SDHA, IDHSA 301 2 a1 401 10600 3301 33801
mmu00G70:0ne carbon pool by folate 4 05 24602 ALDHILL AT, MTR, ALOHIL2 30 19 8041 6250 10600 | 35E01 34601
mmu0S415:Diabetic cardiomyopathy 1 195 25602 NDUFAS,CAMK2A, ATP2A2, ATPS), SLC2A4, SOHA, COXEB2, COXPAL, PLN, CPT2, TBCIDA, TNNI3, 301 m 901 19m 106400 3SEOL 3401
NDUFS1, PPARA
mmu04260:Cardiac muscle contraction 8 112 27602 CACNB2, HRC, ATP2A2, CACNAZD2, TNNI3, COXGB2, COXTAL, MYHG 301 2 8041 2731 L0600 | 3SEOL | 3401
mmu01210:2-Oxocarboxylic acid metabolism a 056 28E02 ACYLGPT2 GPT,IDH3A 301 2 901 5901 106400 3SEOL  35E0L
mmUO00S1:Fructose and mannose metabolism 5 070 | 31602 PFKFBL, SORD, ALDOB, PFKM, FBP2 301 3 8041 4126 106400 38E0L 3701
mmUO0480:Gilutathione metabolism 7 098 33602 GGTS,GSTKI, GSTM1, GSTT2, GSTT1, CHACZ, GSTM7 301 n 8901 24888 106400 38E0L  37E01
mmu00330:Arginine and proline metabolism 6 084 34E02  ALDHAAL MAOB, ALDH2, AMIDL, PRODH, ALDHIAL 30 54 901 3300 106400 38E0L 3701
ical carc is - reacti 1 195 36602 GSTML,NDUFAS, ATPS), GSTTZ, GSTT1, SDHA, FOXO3, COXGB2, COX7AL, AS3MT, NDUFSL, GSTMZ, 301 » 901 187 10600 38E01  37E01
SLC26AG, MAP3KS
mmu05414:Dilated cardiomyopathy s 112 38502 CACNB,PLN, ATP2A2, CACNA2D2, ADRBI, TNNI3, MYHS, ADCYG 01 % 901 2528 10600 38E01  37E01
mmUOA0I0:MAPK signaling pathway 7 237 39602 MAPAK2 ANGPTL, MAX, PLA2GAB, IGF2, CACNAZD2, RASGRP2, CACNALH, DUSP7, FGF16, CACNB2, 301 204 901 1718 10600 38E01 37601
RPSEKAS, NTF3, RAPGEF2, MAP3KI3, MAP3KS, FGF10
mmu00250:Alanine, aspartate and glutamate metabolism s 070 | 41602 ALDHAAL ALDHSAL, GPT2, PPAT, GPT 301 39 901 3,808 10600 | 38E0L 3801
mmu04713:Circadian entrainment 8 112 4602 KCNIS, PERS, RPSGKAS, CAMK2A, NOSIAP, CACNATH, ADCY6, KCNJ3 301 E 8941 2425 10600 42601 41601
mmu04919:Thyroid hormone signaling pathway 9 126 | 4802 PN, RXRA, THRS, TBCIDA, ATP2A2, SLCIGAL0, PFKN, MYHG, MEDL2L 301 120 8041 228 L0E00 | 43601 | 4201
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Table S13. KEGG pathway analysis of all genes that are downregulated in hearts of AAV9-

Tfeb but not AAV9-Luc TAC treated mice
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Term Count - % PValue - |Genes | ListTota -] Pop Hit-| PopTote~__Fold Enrichmer - | Bonferror - |_Benjamir -| _FDR |~
mmu05168:Herpes simplex virus 1 infection 8 a2 19605 H2-124, ZFPT88, ZFP128, ZFPT63, ZFPOG1, ZFP109, ZFPGG7, ZFPSG6, ZFP9AT, ZFPGO, CFP, 1 57608 57608 57604
2FP7298, ZFPB09, ZFP78, ZFP12, ZFP14, A430033KOARIK, ZFPB7AB, ZFPT4, ZFPSTAA,
2FP180, ZFP120, ZFP141, ZFP266, ZFPA20, ZFP386, ZFPGG1, ZFP799, 2FP235, ZFPOSO,
2FP715, ZFP317, ZFPB11, TSC1, ZFP9S8, ZFP780B, ZFPGS, OAS?, ZFP6S, ZFP273, ZFPS9T,
2FP113, SRSF7, ZFP112, ZFP398, ZFPBT0, ZFPSS1, ZFP275
mMU04022:cGMP-PKG signaling pathway 20 175 10603 OPRDI, ROCKI, IRS1, PDE2A, ATP2A3, NFATC3, ATP2AL, ATP1A2, ADCY1, ADCYS, PPP3CB, 449 3 8941 2302 27601 L6B01 16601
RGS2, CREB1, ADCY9, PDE3A, VDAC3, CACNALS, RAF1, MYL, GTF2!
i 5 132 19603  STATSA, STATSB, IRS1, ADCY1, MAPK14, ADCYS, SSTR3, MAPKS, CREB1, ADCYS, EP300, a9 16 8941 2575 40601 L9601 19601
CACNAIS, RAF1, SOS2, MAP2KG
MMU04912:GnRH signaling pathway u 0% 14602 CAMK2B, MAPK9, ADCYS, CACNALS, ADCY1, MAPK14, ADCYS, RAF, ELK1, SOS2, MAP2KS 449 % 8941 243 99601 SSE01 55601
mmu05205:Proteoglycans in cancer 1 167 14E-02  CAMK2B, DDXS, ROCKL, CAV1, WNTSA, ANK2, MAPK14, ELK1, FGF2, VTN, ERBB3, PDCDA, 449 205 8941 186 9901 SSE0L 55601
‘GPC3, KDR, DROSHA, HPSE, PPPIRIZB, RAF1, SOS2
mmu04919:Thyroid hormone signaling pathway 13 114 17602 NOTCH2, NCOAL, MED1, NCOA2, HDAC2, ATP2A3, ATP2A1, ATP1A2, SIN3A, EP300, RAFL, 449 120 8941 2,157 9901  SSE01  55E01
PLCDA, RXRG
mmu05414:Dilated cardiomyopathy u 09 19602 RYR2, ADCYS, SGCA, MYL2, ITGA28, ATP2A3, ATP2A1, CACNALS, ITGB6, ADCY1, ADCYS a9 “ 8941 2,330 106400 5SE01 55601
mmu04261:Adrenergic signaling in cardiomyocytes 15 132 2,06:02  CAMK2B, RYR2, ATP2A3, ATP2AL, ATP1A2, PPP2RSD, ADCY1, PPP2R3A, MAPK1A, ADCYS, 449 152 8941 1965 106400 5SE01 55601
CREB1, ADCYS, MYL2, CACNAIS, SCN48
mmu00020:Citrate cycle (TCA cycle) 6 053 20602 CS, SUCLAZ, IDHA, IDH38, DLD, FH1 a9 2 8941 374 106400 5SE01 55601
mmu04921:Oxytocin signaling pathway 5 132 21602 CAMK2B, RYR2, ROCK1, NFATC3, ADCY1, ADCYS, ELKL, PPP3CB, RGS2, ADCYS, CAMKA, a9 153 8941 1,952 106400 | 5SE0L 55601
CACNAIS, PPPIR1ZB, RAF1, MYLY
mmMUO4010:MAPK signaling pathway u 21 20602 EGF, RASGRF2, NFATC3, PDGFA, MAPK14, LKL, FGF2, DUSP16, RASGRP3, MAPKS, ) 8941 1,626 106400 55E0L  5SE0L
PPP3CB, DUSP10, MAPKAPK3, FGF9, ERBB3, KITL, RPSGKA2, MAP3K20, KDR, CACNALS,
TEK, RAF1, 5052, MAP2K6
MMU04024:cAMP signaling pathway 1 167 27602 CAMK2B, HCNG, RYR2, ROCK1, ATP2A3, ATP2AL, ATP1A2, ADCY1, ADCYS, MAPKS, CREB1, 449 20 8941 1720 106400 SSE01 55601
ADCYS, CAMIKS, PPPIR1B, PDE3A, EP300, CACNALS, RAF1, MYLY
mMu04540:Gap junction 10 088 28602 ADCY9, EGF, TUBBL, PDGFA, ADCY1, ADCYS, RAF1, SOS2, TUBAAA, TUBAS a9 8 8941 2315 106400 5SE01 55601
mmu0491L:Insulin secretion 10 088 2,86-02  CAMK2B, CHRM3, RYR2, CREB1, ADCY9, ATP1A2, KCNN2, CACNALS, ADCY1, ADCYS 49 8 8941 2315 106400 SSE01 55601
mmu04020:Calcium signaling pathway 2 175 32602 CAMK2B, CHRM3, RYR?, EGF, ATP2A3, PDGFA, ATP2AL, ADCY1, ADCYS, FGF2, ITPKB, a9 20 8941 1,659 10600 55601 55601
PPP3CB, ADCYS, FGF9, ERBB3, CAMK4, KDR, VDAC3, CACNAS, PLCD4.
mmu05200:Pathways in cancer 38 33 33602 NOTCH2, CAMK2B, HDAC2, ROCK1, GSTP1, ITGA2B, PDGFA, ADCY1, ADCYS, ELK1, FGF2, a9 543 8941 13% 106400 SSE01 55601
HSP90B1, RASGRP3, MAPK9, BCL2L11, FGF, HEY, HEY2, EP300, RXRG, STATSA, NCOAL,
STATSB, EGLN3, LAMB3, EGF, WNTSA, AXIN2, MLH1, FH1, DDB2, AR, CXCL12, ADCYS, KITL,
IL2RA, RAF1, 5052
mmUO4660:T cell receptor signaling pathway u 09 33602 MAPK9PPP3CB, DLGL, TEC, GRAP2, NFATCS, CTLAG, PRKCQ, MAPK14, RAF1, SO52 a9 103 8941 2,127 106400 5SE01 55601
MMUO2010:ABC transporters 7 061 3802 ABCA1, ABCA2, ABCD?, ABCCS, ABCAT, ABCB1A, ABCB1B a9 0 8941 2788 106400 55E0L 55601
mmU04360:Axon guidance 16 140 3@ B, SEMASB, NRP1, EPHAG, EPHA7, ROCKI, TRPC3, WNTSA, NFATC3, PRKCZ, a9 181 8941 1,760 106400 5SE01  55E01
PPP3CB, CXCL12, PARD, RAF1, MYL9, EPHB3
(GPI)-: 5 0,44 3,9E-02  PIGU, PGAP1, PIGO, PIGG, PIGV. a49 2% 8941 3,829 1,06400 5,5€-01 5,5E-01
mmu00310:Lysine degradation 8 070 40602 COLGALT2 KMT2A, SETDBI, KMT2C, PROM2, DLD, EZH1, AASS ) & 8941 2,489 106400 55E0L 55601
mmu04015:Rap1 signaling pathway 18 158 4,06-02  EGF, ITGA2B, PDGFA, ADCY1, MAPK14, ADCYS, PRKCZ, FGF2, RAPIGAP, RASGRP3, a9 28 8941 1675 106400 SSE01 55601
ADCYS, FGF9, KITL, PARD3, KDR, TEK, RAF1, MAP2K6
mmu0S166:Human T-cell leukemia virus Linfection £ 175 4,5E-02  H2-T24, STATSA, NRP1, STATSB, NFATC3, ADCY1, ADCYS, ELK1, MAPKS, DLG1, PPP3CB, a9 250 8941 159 106400 56601 56601
CREB1, XPO1, ADCY9, PTTG1, CHEK2, IL2RA, VDAC3, EP300, ATM
mmu0ds10:Focal adhesion v 149 4,5E-02 ROCKI, LAMB3, EGF, CAV1, ITGA28, PDGFA, ARHGAPS, ELKL, VTN, MAPK, MYL2, KOR, a9 201 8941 1688 106400 56601 56601
1TGBG6, PPPIR128, RAF1, MYLY, 5052
mMmU04720:Long-term potentiation 8 070 49602 CAMK28, PPP3CB, RPS6KAZ, CAMIKA, EP300, ADCY1, ADCYS, RAFL a9 &7 8941 2378 10600 58601 58601
mmuO4810:Regulation of actin cytoskeleton 18 158 5,06:02  CYFIP2, CHRM3, ROCKY, EGF, ITGA28, PDGFA, IQGAP2, ACTR3B, FGF2, CXCL12, FGF9, a9 20 8941 1629 106400 58601 58601

MYL2, SPATAL3, ITGB6, PPPIR1ZB, RAF1, MYLY, S052
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60 Table S14. Primers for generation of AAV9-Tfeb cDNA expression plasmids.

16

Name Sequence

Mm_Tfeb_Xbal_forward 5’-GCT CTA GAA TGG CTC AGC TCG CTC AG-3’

Mm_Tfeb_Xbal_reverse 5’-GCT CTA GAT CAC AGA ACA TCA CCCTCC TC-3’

61

62  Tfeb indicates transcription factor EB; Xbal indicates the restriction enzyme used.
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63  Table S15. Primer pairs for real time RT-PCR.

Gene

Primer sequence

Mm_A#g101_forward
Mm_A#g101_reverse
Mm_Atp6vih_forward
Mm_At#p6vih_reverse
Mm_Becnl_forward
Mm_Becnl_reverse
Mm_Collal_forward
Mm_Collal_reverse
Mm_Col3al_forward
Mm_Col3al_reverse
Mm_Citgf forward
Mm_Cigf_reverse
Mm_Ctsd_forward
Mm_Ctsd_reverse
Mm_Ctsl_forward
Mm_Ctsl_reverse
Mm_Gabarapl2_forward
Mm_Gabarapl2_reverse
Mm_Ipo8_forward
Mm_Ipo8_reverse
Mm_Map1lc3b_forward
Mm_Map1lc3b_reverse
Mm_Mrpli3_forward
Mm_Mrpll3_reverse
Mm_Myh6_forward
Mm_Myh6_reverse
Mm_Myh7_forward
Mm_Myh7_reverse
Mm_Nppa_forward
Mm_Nppa_reverse

Mm_Nppb_forward

5’-CCG GTC AGA ATT CTC GGT-3’

5’-GCA AGA CAC AGG ATA CTT CACC-3°
5-GCT CAC GAT GTT GGA GAA TAT GT-3°
5’-GCA TGT GGT TCA TCA CCA ACT-3’
5’-AGG ATG GTG TCT CTC GAA GATT -3'
5’-GAT CAG AGT GAA GCT ATT AGC ACT TTC-3°
5’-TGT AAA CAC CCC AGC GAA GAA-3°
5’-CTG AGT TGC CAT TTC CTT GGA-3’
5’-CTC ACC CTT CTT CAT CCC ACT CTT A-3’
5’-ACA TGG TTC TGG CTT CCA GAC AT-3’
5°-TTC CCG AGA AGG GTC AAG CT-3°
5°-TTG GGT CTG GGC CAA ATG T-3°

5’-CAT TGC AAG ATA CTT GAC ATA GCC-3'
5’-CGT TCT TCA CAT AGG TGC TGG-3'
5’-CAA ATA AGA ATA AAT ATT GGC TTG TCA-3'
5’-TTT GAT GTA GCC TTC CAT ACC C-3'
5’-AGT CCC GCC TGT GGA GTA G-3°
5’-AGC GAC CAC AAC AAC AACG-¥
5’-GAG AAG ATG CCG AGT GCT ATG-3'
5’-GAC TTG CTC CAG TGT ATG GAA C-3'
5’-GAC CAG CAC CCC AGT AAG AT-3'
5’-TGG GAC CAG AAA CTT GGT CT-3'
5’-ACA ATG ATG CAA AGG CTG C-3'
5’-CGT GGC TGA GGA AGC TCT T-3'

5°-GCC AAG ACT GTC CGG AAT GA-3°
5°-TGG AAG ATC ACC CGG GACTT-3"
5°-CAA AGG CAA GGC AAA GAA AG-3°
5°-TCA CCC CTG GAG ACT TTG TC-3
5°-GGG GGT AGG ATT GAC AGG AT-3°
5°-ACA CAC CAC AAG GGC TTA GG-3°
5°-GCA CAA GAT AGA CCG GAT CG-3°
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Mm_Nppb_reverse
Mm_Pgkl_forward
Mm_PgklI_reverse
Mm_Sgstm1_forward
Mm_Sqgstm1_reverse
Mm_Tecprl_forward
Mm_Tecprl_reverse
Mm_Tfeb_forward
Mm_Tfeb_reverse
Mm_Wipil_forward

Mm_Wipil_reverse

TFEB AND HEART FAILURE

5°-CTT CAA AGG TGG TCC CAG AG-3°
5’-CAG ACA AGA TCC AGC TGA TCA-3'
5’-CTT CTT CAT CAT ACA GAG ATG TGC-3'
5’-AGA CCC CTC ACA GGA AGG AC-3'
5’-CAT CTG GGA GAG GGA CTC AA-3'
5’-TAT GTG TGC TCC AGT GAT GTA CC-3'
5’-CTC GGC AGG AGC TTC TCA-3'

5’-GAG CTG GGA ATG CTG ATC C-3'
5’-CTT GAG GAT GGT GCC TTT GT-3'
5’-CCT ATC CTG GAA GCC AGA GTA C-3'
5’-CGA GGA GTT GAA GGT GAT AGC-3'

18

Atgl01 indicates autophagy related 101; Atp6vih, ATPase, H* transporting, lysosomal V1 subunit
H; Becnl, Beclin-1; Crgf, connective tissue growth factor; Ctsd, Cathepsin D; Ctsl, Cathepsin L;
Gabarapl2, gamma-aminobutyric acid A receptor-associated protein-like 2; Nppa, natriuretic
peptide A; Nppb, B-type natriuretic factor; Myh, myosin heavy chain; Ipo8, Importin 8; Map1ic3b,
microtubule-associated proteins 1A/1B light chain 3B; Mrpll3, mitochondrial ribosomal protein
L13; Pgkl, Phosphoglycerate Kinase 1; Sgstml/p62, Sequestosome 1; Tecprl, tectonin beta-
propeller repeat containing 1; 7Tfeb, Transcription factor EB; Wipil, WD repeat domain

phosphoinositide-interacting protein 1.
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Figure S1. Principal component analysis (PCA).

Figure S2. (a-c¢) Venn Diagrams showing the number of genes that were differentially regulated
(A; adjusted p-value<0.05), upregulated (b; adjusted p-value<0.05) or downregulated (c; adjusted
p-value<0.05) in hearts of TAC-treated AAV9-Luc or AAV9-Tfeb mice as compared to the
respective sham group. (d) Direct comparison of gene ontology (GO) term analysis of genes that
were upregulated (left panels) or downregulated (right panels) in TAC treated AAV9-Luc and

AAVO9-Tfeb hearts. BP indicates biological process; MF, molecular function.

Figure S3. Gene ontology (GO) term analysis of genes that were only upregulated (left panels) or
downregulated (right panels) in TAC treated AAV9-Tfeb but not AAV9-Luc hearts. BP indicates

biological process; MF, molecular function.
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