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1 | INTRODUCTION

Abstract

The ubiquitin-proteasome pathway and its functional interplay with other proteo-
static and/or mitostatic modules are crucial for cell viability, especially in post-mitotic
cells like cardiomyocytes, which are constantly exposed to proteotoxic, metabolic,
and mechanical stress. Consistently, treatment of multiple myeloma patients with
therapeutic proteasome inhibitors may induce cardiac failure; yet the effects pro-
moted by heart-targeted proteasome dysfunction are not completely understood. We
report here that heart-targeted proteasome knockdown in the fly experimental model
results in increased proteome instability and defective mitostasis, leading to disrupted
cardiac activity, systemic toxicity, and reduced longevity. These phenotypes were par-
tially rescued by either heart targeted- or by dietary restriction-mediated activation
of autophagy. Supportively, activation of autophagy by Rapamycin or Metformin ad-
ministration in flies treated with proteasome inhibitors reduced proteome instability,
partially restored mitochondrial function, mitigated cardiotoxicity, and improved flies'
longevity. These findings suggest that autophagic inducers represent a novel promis-

ing intervention against proteasome inhibitor-induced cardiovascular complications.
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Protein quality control maintains proteome homeodynamics (pro-
teostasis) and is critical for cellular functionality and viability. Cell
proteostasis is maintained by the action of a wired highly integrated
compartment-specific system, namely the proteostasis network (PN)
(Labbadia & Morimoto, 2015). Major components of the PN are the

mic reticulum (ER) unfolded protein response (UPRER), the molecu-
lar chaperones, and the two main degradation machineries, namely
the autophagy-lysosome (ALP) and the ubiquitin-proteasome (UPP)
pathways (Pohl & Dikic, 2019).

The autophagy-lysosome is a conserved degradation process
that includes microautophagy, chaperone-mediated autophagy, and

Abbreviations: ALP, autophagy lysosome pathway; Atg, autophagy-related gene; BTZ, bortezomib; CFZ, carfilzomib; C-L/LLE, caspase-like peptidase activity; CT-L/LLVY, chymotrypsin-
like peptidase activity; ER, endoplasmic reticulum; MET, metformin; Pl, proteasome inhibitor; PN, proteostasis network; PR, protein restriction; RAP, rapamycin; ROS, reactive oxygen

species; SQSTM1, sequestosome 1; UPP, ubiquitin proteasome pathway.
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macroautophagy (Klionsky et al., 2016). Macroautophagy involves

the formation of double-membrane vesicles (autophagosomes),
which, by the participation of autophagy-related (Atg) proteins, se-
quester cytoplasmic portions, damaged polypeptides or organelles
and transfer them to lysosome for degradation. Atg8 (along with its
lipidated form) is a major driver for autophagosome maturation, and
in mammals, the Atg8 family consists of six members divided into the
LC3 and GABARAP subfamilies (Schaaf et al., 2016). ALP can also
degrade ubiquitinated polypeptides and protein aggregates or ubiqg-
uitin decorated organelles (e.g., mitochondria) via the direct binding
of SQSTM1 (sequestosome 1, also known as p62) to ubiquitinated
substrates (Klionsky et al., 2016). On the contrary, UPP degrades
normal short-lived ubiquitinated proteins during their physiological
recycling and non-repairable unfolded or misfolded polypeptides
(Tsakiri & Trougakos, 2015). The 26S eukaryotic proteasome is a
complicated protein machine that comprises a 20S core particle (CP)
bound to 19S regulatory particles (RP). The 20S CP consists of four
stacked heptameric rings (two a surrounding two of g type) that form
a barrel-like structure; the caspase (C-L), trypsin (T-L), and chymo-
trypsin (CT-L) like peptidase activities are located at the beta 1, beta
2, and beta 5 (known as Prosp1, Prosp2, and Prosf5 in Drosophila)
proteasomal subunits, respectively (Livneh et al., 2016).

As we and others have shown, loss of proteostasis including
declined proteasome activity are major hallmarks of aging (Lopez-
Otin et al., 2013; Tsakiri & Trougakos, 2015). On the contrary, ab-
errant proteasome activation is found in advanced tumors (Sklirou
et al.,, 2018), and thus, proteasome inhibition provides a prom-
ising novel anti-tumor therapy (Manasanch & Orlowski, 2017).
Consistently, several selective proteasome inhibitors (Pls), includ-
ing Bortezomib (BTZ, a slowly reversible Pl) and Carfilzomib (CFZ,
binds irreversibly to proteasome), have demonstrated clinical ef-
ficacy in the treatment of hematologic malignancies, for example,
multiple myeloma (MM), and are being evaluated for the treatment
of other types of cancer (Dimopoulos et al., 2015). Nonetheless,
and despite the fact that therapeutic Pls have revolutionized MM
treatment, the emergence of severe adverse effects (AEs) such as
peripheral neuropathy and/or cardiotoxicity remain a significant
limitation in the clinic (Cornell et al., 2019; Dimopoulos et al., 2016;
Kastritis et al., 2021). Cardiomyocytes are terminally differenti-
ated post-mitotic cells exhibiting very limited regenerative capac-
ity; also, they are constantly exposed to proteotoxic, metabolic,
and mechanical stress and are thus susceptible to reduced prote-
asome functionality (Patterson et al., 2007). Hence, therapeutic
Pl-mediated proteasome dysfunction is likely a causative factor
of cardiac malfunction in MM patients (Hasinoff et al., 2017). In
support, cardiomyocyte-restricted genetic inhibition of prote-
asome CT-L activity in a mouse model resulted in increased (vs.
controls) cardiomyocyte apoptosis and ischemia/reperfusion in-
jury (Tian et al., 2012), as well as in cardiac malfunction during sys-
tolic overload (Ranek et al., 2015); proteasome malfunction in this
model induced myocardial macroautophagy via the calcineurin-
TFEB-p62/SQSTM1 pathway (Pan et al., 2020). Despite these in-
teresting findings, the mechanistic details and downstream effects

of heart-targeted proteasome loss of function remain poorly un-
derstood at in vivo experimental settings.

By exploiting the Drosophila in vivo model, we recently mapped
the extensive functional crosstalk of proteostatic and mitostatic
modules (Gumeni et al., 2019; Tsakiri, Gumeni, lliaki, et al., 2019;
Tsakiri, Gumeni, Vougas, et al., 2019). Also, our preliminary analyses
showed that systemic administration of either CFZ or BTZ in young
flies led to disruption of proteostasis and caused perturbation of
cardiac functionality (Tsakiri et al., 2017). Drosophila is particularly
suitable for studying cardiac AEs of therapeutic Pls before moving to
the far more complex and time-consuming mammalian models, due
to its powerful genetics, the fact that flies' proteasomes structurally
resemble those of mammals (Tsakiri & Trougakos, 2015), and also be-
cause the fruit fly is the only major invertebrate model organism that
contains a beating heart tube and a circulatory system with develop-
mental and functional homologies to the vertebrate heart (Piazza &
Wessells, 2011). Moreover, the fly and mammalian heart/cardiomy-
ocytes share many similar traits in conditions of declined proteosta-
sis (e.g., during aging), including systolic and diastolic dysfunction,
increased arrhythmia, and decreased metabolic fitness (Blice-Baum
et al., 2019). In support, as we showed recently, findings in the fly
model (Gumeni et al., 2019; Tsakiri et al., 2017; Tsakiri, Gumeni,
Iliaki, et al., 2019; Tsakiri, Gumeni, Vougas, et al., 2019) can be readily
translated in mice (Efentakis et al., 2019) and in informative clinical
studies (Kastritis et al., 2021; Papanagnou et al., 2018). We report
here that heart-specific partial loss of proteasome activity results in
increased proteotoxic and energetic stress in the heart, leading to
disrupted cardiac functionality, systemic toxicity, and reduced lon-
gevity. These phenotypes can be partially rescued by heart targeted
or by systemic pharmacological activation of autophagy.

2 | RESULTS

2.1 | Targeted proteasome dysfunction in
Drosophila heart disrupts cardiac activity, causes
systemic effects, and accelerates aging

Initially, we investigated the age-related effects on proteasome
functionality specifically in the fly heart. We found a significant re-
duction of the rate limiting for protein breakdown CT-L proteasomal
activity inisolated fly hearts from aged (52-55 days old) vs. young (7-
10days old) flies (Figure S1A). Furthermore, staining and immunob-
lotting analysis of isolated heart tissues for ref(2)P (the fly ortholog
of mammalian SQSTM1/p62, a well-characterized autophagosome
substrate) expression revealed its accumulation in aged hearts
(Figure S1B), possibly suggesting increased proteome instability
(Lim et al., 2015; Tsakiri, Gumeni, Vougas, et al., 2019) and reduced
autophagic flux (Klionsky et al., 2016). Furthermore, LysoTracker
tissue staining and lysosomal associated protein 1 (Lamp1, lysoso-
mal marker) expression analysis showed a significant reduction of
lysosomes and Lamp1 expression (Figure S1C), along with a moder-
ate decrease of cathepsins activity (Figure S1D), in aged flies heart
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tissue. Also, aged flies displayed a deterioration of cardiac function-
ality, being evident by bradycardia, that is, reduced number of heart
beats (Figure S1E,F).

To study the effects of unbalanced proteostasis on heart func-
tionality, we then induced siRNA-mediated knockdown (KD) of the
Prosp5 proteasomal gene (Figure 1a) (CT-L activity) in the cardiac tis-
sue [GalaTC24 driver (Lo & Frasch, 2001)] of young flies. We found
that Prosp5 KD suppressed mostly the targeted CT-L (but also the
C-L) proteasome activity in the heart tissue (Figure 1b), increased
ROS levels (Figure 1c), and induced the accumulation of ubiquiti-
nated and carbonylated proteins (Figure 1d). Moreover, it reduced
lysosomes number and Lampl expression (Figure 1e), and it also
suppressed cathepsins activity (Figure 1f). Heart-targeted Prosp5
KD also led to decreased mitochondria number in young flies' heart

tube (Figure 1g); this readout was combined with downregulation

Aging WiLEY-2

of mitophagy-related genes (Pink1, park) and of the mitochondrial

biogenesis master regulator gene srl [(spargel) also known as PGC1-a,
the fly ortholog of mammalian PPARGC1A; peroxisome proliferator-
activated receptor gamma coactivator 1-alpha] (Figure 1h). Thus,
proteasome dysfunction in young flies' heart induces extended col-
lapse of proteostatic and mitostatic modules causing (among others)
proteome instability.

Cardiac dysfunction in young flies due to targeted loss of pro-
teasome functionality was manifested by reduced number of heart
beats (bradycardia) (Figure 2a) and arrhythmia (arrhythmic heart
rate) (Figure 2b, Videos S1 and S2). Specifically, although control
flies presented a relatively stable number of beats ranging from 3 to
3.6 beats/sec, proteasome dysfunction in the heart resulted in sig-
nificant irregularity with 0.2-4 beats/sec (Figure 2b). Interestingly,

despite non-significant inhibition of the CT-L proteasome activity in

FIGURE 1 Heart-targeted (Gal4™™*%) KD of the proteasomal Prosp5 gene results in proteome instability and reduced mitochondria
number. (a) Relative Prosp5 gene expression (vs. control) in heart tissues following Prosp5 siRNA. (b, c) Relative (%) 26S proteasome

activities (b) and ROS levels (c) in heart tissues of Prosﬁ5RNAi (vs. control) flies. (d) Immunoblot analyses of proteome ubiquitination (Ub)

and carbonylation (DNP) in flies' heart tissues after Pross5 KD. (€) CLSM viewing of Prosg5%NA' (vs. control) flies heart tubes stained with
LysoTracker (el), LysoTracker quantitation (e2), and immunoblotting analysis using the lysosomal marker anti-Lamp1 (e3). (f) Relative (%)
cathepsins activity in heart tissues of flies with the shown genotypes. (g) CLSM visualization of mitochondria in heart tissues of the shown
fly lines after blw/ATP5A immunofluorescence staining; nuclei were counterstained with DAPI. (h) Relative expression levels (vs. control) of
indicated mitochondrial genes in isolated heart tissues of the shown genotypes following Pross5 KD. In (a, h) gene expression was plotted vs.
respective controls; RpL32/rp49 gene was used as RNA input reference. Gapdh and Actin probing in (d) and (e3), respectively, were used as
protein input reference. p Values were calculated with unpaired t test. Bars, +SD (n = 3); *p <0.05; **p <0.01
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FIGURE 2 Heart-specific (Gal4Tnc4% Prosp5 KD causes cardiotoxicity, developmental disorders, and acceleration of aging-related
phenotypes. (a) Heart beats (mean from 15 female adult flies) normalized to a 30sec period (see, Videos S1 and S2). (b) Heart rhythm
calculated by beats per 5 sec; each dot represents the number of heart beats/5 sec. (c) Mitochondrial ST3/ST4 respiratory ratio in somatic
tissues of the indicated genotypes. (d) Number (%) of pupae and hatched flies (at 7 and 14 days, respectively) after transferring 30 embryos
per assay of the shown genotypes to culture medium. (e) Representative images (e1) and weight (%) (e2) of larvae, pupae, and female adults
of control and Prosp5f"NA flies. (f) Climbing activity (%) of young transgenic flies of the indicated genotypes. (g) Longevity curves of control
flies or after Prosp5 gene KD; log-rank, Mantel-Cox test: Control vs. Pros/35RNAi p <0.0001. Statistics of the longevity curves are also
reported in Table S1. p values in (a-f) were calculated with unpaired t test. Bars, +SD (n = 3); *p <0.05; **p <0.01

other than cardiac tissues after Prosp5 KD (Figure S2A), we found
that heart-specific proteasome KD tended to trigger mitochondrial
respiratory deficiency at the whole organism level (Figure 2c), in-
dicating systemic energetic stress. The systemic effects were also
evident by disrupted developmental processes, since Prosp5 KD in
the heart significantly reduced pupation and flies' hatching rates
(Figure 2d). Also, heart-specific Prosp5 KD is associated with reduced
size of both larvae and adults (Figure 2e), a phenotype indicative
of severe systemic metabolic stress. Finally, heart-targeted prote-
asome KD accelerated age-related phenotypes, as it caused early
defective locomotion (Figure 2f) and reduced longevity (Figure 2g,
Table S1). Similar effects, albeit less intense, were found after Prosp1
(C-L activity) KD (not shown); all reported phenotypes were specific
to Prosp5 KD as none was evident in a mCherry®™A transgenic line
(not shown).

Taken together, these findings highlight the cardiac tissue de-
pendence on proper proteasome functionality; also, they suggest

that heart-specific disruption of proteasome function in young flies

induces systemic effects and accelerates aging.

2.2 | Heart-targeted autophagy activation
alleviated Prosf 5 KD-mediated toxicity and partially
rescued cardiac function

The severe impact of proteasome dysfunction due to reduced CT-L
activity on heart functionality could also explain the cardiotoxicity
seen in the clinic by the CT-L-specific therapeutic Pls (e.g., CFZ) used
for MM treatment (Dimopoulos et al., 2016; Kastritis et al., 2021). In
line with our previous findings showing enhanced ubiquitination of
dysfunctional proteasomes (Tsakiri et al., 2013), we found increased
co-localization of proteasomes with Atg8a (Figure S2B1) in dissected
hearts expressing Pros$5 RNAI; this observation indicates increased
targeting of unstructured and/or dysfunctional proteasomes to
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proteaphagy (data to be presented elsewhere). We also observed
the upregulation of other proteasome proteins, that is, 26Sa (20S
complex) and P54/Rpn10 (19S complex) levels after Prosp5 KD, sug-
gesting a possible feedback loop mechanism aiming to restore nor-
mal proteasome functionality (Figure S2B).

Interestingly, treatment of isolated semi-intact hearts after Pross5
KD with bafilomycin A1 (BAF; Chang et al., 2020) revealed no further
accumulation of the lipidated Atg8a/GABARAP form suggesting (in this
experimental setting) a likely block of autophagic flux (Figure S3A). In
support to reduced autophagic flux, we found that Prosp5 KD resulted
in accumulating ref(2)P-GFP [not amenable to transcriptional regula-
tion (Klionsky et al., 2016)] (Figure S3B,C) and Atg8a [Figure S3B; as
reported (Jacomin et al., 2020), Atg8a also showed nuclear localization]
in larvae muscle tissue, as well as, that Pros/J’SRNAi reduced GFP-Lamp1
and lysotracker co-localization in larvae heart tissues (Figure S3D),
indicating loss of lysosomes acidification (Johnson et al., 2016). Thus,
prolonged Prosp5 KD also suppresses the autophagic machinery.

We thus initially investigated whether the toxic effects of CT-L
inhibition in the heart and systemically can be alleviated by geneti-
cally activating autophagy. To this end, we overexpressed Atg8a in the
Pros/)’5RNAi background [this intervention did not affect Prosp5 down-
regulation (Figure S4A)], and found that, although Atg8a upregulation
did not increase proteasome activity in the cardiac tissues (Figure 3a)
and it did not suppress ROS accumulation (Figure 3b), it restored nor-
mal cathepsins activity (Figure 3c) and enhanced lysosomes number
(Figure 3d). Consistently to cathepsins increased activity, which is in-
dicative of activated autophagy (Bullon et al., 2018; Tatti et al., 2013; Xu
et al,, 2021), Atg8a overexpression (OE) in the Prosp5~NA' background
seemingly enhanced autophagic flux in flies' heart and whole body
(Figure S4B) and decreased ubiquitinated and carbonylated proteins
(Figure S4C). Also, it normalized mitochondrial number as compared
to Pros/}5RNAi flies (Figure 3e), upregulated mitostatic genes expres-
sion, including the mitochondrial biogenesis regulator srl/PGC1-a,
(Figure 3f), and tended to improve mitochondria respiration rates
(Figure 3g). Additionally, Atg8a®F in the Prosp5~NA background tended
to increase heart beats and restored a more regular and stable heart
rhythm (number of beats/sec) (Figure 3h,i, Videos S1-S3), improving
thus cardiac function. Further, heart-specific Atg8a°F mitigated Prosp5
KD-mediated systemic developmental defects and growth retarda-
tion (Figure S4D); it also tended to restore physiological thickness and
dimensions of the heart tube's conical chamber (Figure S4E) and in-
creased Prosp5"™Ai flies' neuromuscular (locomotion) activity and lifes-
pan (Figure 3j,k, Table S1).

Hence, the toxic effects of proteasome dysfunction in the heart
can be partially rescued by heart-targeted Atg8aOE, underlying the
protective role of ALP upon proteasome dysfunction.

2.3 | Systemic protein restriction (PR) attenuates
heart-targeted proteasome KD-mediated toxicity

Since caloric restriction (CR) promotes autophagy (Bagherniya
et al., 2018), we subjected Prosp5"NA' flies to low protein intake,

Aging WiLEY-2

which has demonstrated healthspan/lifespan benefits in a variety

of model organisms (Mirzaei et al., 2016). We selected PR (reduced
amino acid and protein availability) for this intervention since several
studies have suggested that it contributes to about half of the lifes-
pan extension mediated by CR (Pamplona & Barja, 2006). By using
an Atg8a/GABARAP antibody for staining the fly Atg8a protein
(Chang et al., 2020) in +/GFP-Lamp1, Gal4Tin®4 flies, we found that
PR augmented Atg8a-Lamp1 co-localization, indicating increased fu-
sion of lysosomes with autophagosomes and hence enhancement
of autophagy flux in heart tissues after PR (Figure S5A1); PR also
resulted in marginal p-Ampka and significant foxo accumulation in
flies' somatic tissues (Figure S5A2).

Furthermore, ProsﬁSRNAi (or Prosp1 RNAL hot shown) flies fed with
low protein medium displayed (vs. controls) increased mitochondria
number in the heart tissue (Figure S5B) and improved heart function-
ality (Figure S5C, Videos S2 and S4). Moreover, low protein intake
partially suppressed heart-targeted proteasome KD-mediated accel-
eration of aging (Figure S5D, Table S1), further supporting the bene-
ficial effects of autophagy activation via systemic dietary restriction

on heart-targeted proteasome dysfunction-mediated toxicity.

2.4 | Pharmacological activation of
autophagy mitigates the toxic effects caused by
administration of Pls

Given the cardiotoxicity of therapeutic Pls in both the clinic (Cornell
et al., 2019) and the fly model (Tsakiri et al., 2017), we then asked
whether pharmacological systemic activation of autophagy could
ameliorate this severe AE. We thus exposed wild-type flies to BTZ
(1 uM) or CFZ (50uM) for 7days and combined (or not) the treat-
ment with administration of the autophagy inducer RAP (100 uM);
at the used concentrations, BTZ and CFZ inhibit the proteasomal
CT-L activity by ~20%-30% (Tsakiri et al., 2017). We found that RAP
did not affect the PI-mediated proteasome inhibition (Figure S6A). It
also increased (vs. flies exposed solely to Pls) mitochondrial number
in the cardiac tube (Figure S6B) and restored a more physiological
heart function (Figure S6C,D).

We then examined the anti-glycemic MET (an FDA and EMA-
approved drug), which is also considered as an autophagy activa-
tor (Kulkarni et al., 2020). After screening a broad range of MET
concentrations in young flies, we selected the concentration of
1mM for our studies, as this concentration upregulated foxo, p-
Ampka, and Atg8a-Il (unlipidated form), Atg8a-Il (lipidated form)
protein expression levels, parallel to ref(2)P/p62 downregula-
tion in flies' hearts (Figure 4a). Immunofluorescence staining of
Atg8a/GABARAP in flies expressing GFP-Lampl and treated
with MET showed that MET led to increased autophagosome
and lysosome co-localization (Figure S7A). Furthermore, stain-
ing with LysoTracker and an Atg8a/GABARAP antibody revealed
that co-administration of MET with either BTZ or CFZ, increased
(vs. solely BTZ or CFZ treatment) lysosome and autophagosome
numbers in the heart tissue of treated flies (Figure 4b). It also
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largely normalized cathepsins activity in heart tubes of CFZ or
BTZ-treated flies (Figure 4c), suggesting enhanced autophagic flux
(Xu et al., 2021). Consistently, treatment of flies with 1mM MET
decreased BTZ- or CFZ-mediated ref(2)P/p62 and Atg8a accumu-
lation in larvae and adult flies' tissues (Figure S7B,C) indicating en-
hanced autophagic flux (Klionsky et al., 2016). Co-administration
of MET did not increase proteasome activities in Pl-treated flies'
heart tissue (Figure 4d). Yet, it mitigated proteotoxic and oxida-
tive stress, especially in combination with CFZ, as was evident
by reduced accumulation of carbonylated (but not ubiquitinated)
proteins (Figure 4e) and tended to suppress Pl-mediated redox im-
balance (Figure 4f).

FIGURE 3 Heart-targeted (Gal4T"4%
At“g8aOE in adult flies suppresses the

toxic effects of proteasome KD and
partially rescues mitochondria and cardiac
functionality. (a-c) Relative (%) 26S
proteasome activities (a), ROS levels (b),
and cathepsins activity (c) in the heart
tissues of the indicated transgenic lines.
(d) CLSM visualization of shown fly lines
heart tubes following LysoTracker staining
(d1) and LysoTracker quantitation (d2).

(e) CLSM visualization of mitochondria
following blw/ATP5A immunofluorescence
staining of transgenic flies' heart

tissues. (f) Relative expression levels

of mitochondrial genes in heart tissues

of the indicated transgenic flies. (g)
Mitochondrial ST3/ST4 respiratory
efficiency rates from somatic tissues of
flies expressing the shown transgenes,
specifically in heart. (h) Heart beats (mean
from 15 female adult flies) normalized to
a 30sec period (see, Videos S1 and S3).

(i) Heart rhythm calculated by beats per

5 sec; each dot represents the number

of heart beats/5 sec. (j) Climbing activity
(%) of young transgenic flies vs. control.
(k) Longevity curves of the indicated
transgenic lines; log-rank, Mantel-Cox
test: Prosp5f"NAl vs. Prosg5RNAT GFP-
Atg8a°E p <0.001. Statistics of the
longevity curves are also reported in
Table S1. Gene expression in (f) was
plotted vs. respective controls; RpL32/
rp49 gene expression was used as RNA
input reference. p Values were calculated
with one-way ANOVA with Kruskal-Wallis
testin (a-d, f-h, j) and with unpaired t
testin (i). Bars, +SD (n 2 3); *p <0.05;

**p <0.01

Furthermore, we found that MET administration increased (vs.
solely CFZ or BTZ-treated flies) mitochondria number (Figure 5a) in
Pl-treated flies' heart tube; it also augmented the expression level of
the srl/PGC1-a gene (Figure 5b) and mitochondria respiratory state
(ST3:5T4) (Figure 5c¢) of Pl-treated flies, suggesting that MET treat-
ment partially normalized tissue energetics. In support, although
lipid levels were not further reduced (vs. solely MET or Pls treat-
ment) in MET and CFZ or BTZ co-treated flies' fat body (Figure S8A),
exposure to MET tended to normalize (mostly vs. solely CFZ-treated
flies) the expression levels of the triglyceride lipase Atgl/bmm and of
the lipid droplets regulating Lsd-1, Lsd-2 (Figure S8B) genes, indicat-
ing metabolic rebalancing.
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FIGURE 4 MET treatment promotes autophagy and reduces proteotoxic stress caused by Pls administration. (a) Immunoblot analyses

of dissected flies' hearts after treatment with MET; samples were probed with antibodies against foxo, ref(2)P/p62, p-Ampka, and Atg8a/
GABARAP. (b) CLSM visualization of flies' heart tubes following LysoTracker and immunofluorescence Atg8a/GABARAP staining (b1)

along with quantitation of lysosomes number (b2) and immunoblotting analysis using the lysosomal marker anti-Lamp1 (b3). (c) Relative (%)
cathepsins activity in heart tissues of control flies and flies exposed to MET and/or CFZ, BTZ. (d) Relative (%) 26S proteasome activities

in heart tissues of flies after treatment with the indicated drugs. (e) Inmunoblot analyses of total protein ubiquitination (Ub) (e1) or
carbonylation (DNP) (e2) in heart tissues of flies treated with the shown drugs. (f) Relative (%) ROS levels in heart tissues following treatment
of flies with the indicated drugs. Concentrations of used drugs were as follows: MET (1 mM), CFZ (50 uM), and BTZ (1 uM). Flies were treated
with the indicated drugs for 14 days. Asterisk (*) in (a) indicates the lipidated Atg8a form. Actin probing in (a), ponceau S staining in (b3), and
Gapdh probing in (e) were used as reference for protein input. p Values were calculated with one-way ANOVA with Kruskal-Wallis test. Bars,

+SD (n = 3); *p <0.05; **p <0.01

MET also restored a more physiological heart functionality,
as it largely normalized flies' heart beats (Figure 5d, Videos S5
and Sé6) and decreased arrhythmia events presented after CFZ
or BTZ administration (Figure 5e). Finally, MET co-administration
suppressed the Pl-related pro-aging phenotypes, as it was found
to improve flies' locomotion activity (Figure 5f) and lifespan/
healthspan of young (Figure 5g, Table S1) and middle-aged (not
shown) flies.

Overall, pharmacological inducers of autophagy (e.g., RAP or

MET) can alleviate therapeutic PI-mediated cardiotoxicity.

3 | DISCUSSION

Proteasome is central to maintenance of PN functionality, repre-

senting a key regulator of cell growth and survival in eukaryotic
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cells. Whereas the decline of its activity during aging (particularly
in post-mitotic tissues) contributes to age-related phenotypes
and degenerative diseases (Kaushik & Cuervo, 2015; Tsakiri &
Trougakos, 2015), certain tumors become addicted to high pro-
teasome activities likely due to excessive proteome instability
and oxidative damage (Sklirou et al., 2018). Consistently, although
Pls have revolutionized the therapy of hematologic malignancies
(Dimopoulos et al., 2015), their use in the clinic is marked by se-
vere AEs, such as peripheral neuropathies and/or heart failure
(Dimopoulos et al., 2016). Neurons and cardiomyocytes share
common features, as they are terminally differentiated cells, char-
acterized by limited ability to dilute accumulating proteome dam-
age (Rujano et al., 2006). Particularly, cardiomyocytes are highly
specialized cells with elevated metabolic demands and constant

FIGURE 5 MET induces mitochondrial
biogenesis and restores mitochondria

and cardiac functionality when co-
administrated with Pls. (a) CLSM
visualization of heart tissues mitochondria
following blw/ATP5A immunofluorescence
staining. (b) Relative expression levels

of shown mitochondrial genes following
treatment (or not) of flies with the
indicated drugs. (c) Mitochondrial ST3/ST4
respiratory efficiency rates (vs. control)
from somatic tissues of flies exposed

to shown drugs for 14 days. (d) Heart
beats (mean from 20 female adult flies)
normalized to a 30sec period (see, Videos
S5 and Sé). (e) Heart rhythm calculated

by beats per 5 sec; each dot represents
the number of heart beats/5 sec. (f)
Locomotion (climbing) activity (%) and (g)
longevity curves of flies exposed (or not)
to the shown drugs; log-rank, Mantel-Cox
test: Control vs. MET p = 0.5, control

vs. CFZ p <0.0001, CFZ vs. MET +CFZ

p =0.03, control vs. BTZ p <0.0001, BTZ
vs. MET+BTZ p <0.0001. Statistics of
the longevity curves are also reported in
Table S1. Concentrations of used drugs
were as follows: (MET 1 mM), CFZ (50 uM),
and BTZ (1 uM). Gene expression in

(b) was plotted vs. respective controls.
RpL32/rp49 gene expression in b was
used as input reference. p Values were
calculated in (b-d, f) with one-way
ANOVA with Kruskal-Wallis test and in
(e) with unpaired t test. Bars, +SD (n = 3);
*p <0.05; **p <0.01

exposure to increased proteotoxic, oxidative, and mechanical
stress; therefore, they are highly dependent on proper PN func-
tionality (Fan et al., 2020; Gupta & Robbins, 2016). In support, we
found that heart-targeted proteasome KD in young flies correlated
with heart failure, phenocopying the cardiovascular complications
seen in the clinic by therapeutic Pls (Cornell et al., 2019).
Similarly to either genetic- or Pl-mediated proteasome dys-
function at the whole-animal level (Tsakiri, Gumeni, Vougas,
et al,, 2019); targeted proteasome KD in flies' cardiac tissues trig-
gered oxidative, proteotoxic, and energetic stress. Reportedly,
proteasome disruption has been shown to trigger the activation of
autophagy (Pan et al., 2020); yet, in line with previous findings in
tumor cells (Kao et al., 2014) or in fly myocytes (Zirin et al., 2015),
we observed that sustained targeted proteasome inhibition in
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cardiac tissues disrupted autophagy, decreased lysosomal number,
and disrupted pH in the lysosomal lumen. Given that lysosomes
generate and maintain their pH gradients, by using the activity of
a proton-pumping V-type ATPase, which uses metabolic energy
in the form of ATP to pump protons into the lysosome lumen
(Ishida et al., 2013; Todkar et al., 2017), our findings indicate a
rather generalized collapse of proteostatic machineries, probably
due to impaired cellular energetics. Notably, proteasome mal-
function resulted in significantly decreased mitochondrial num-
ber consistent with studies showing that loss of mitostasis and
PRKN-mediated ubiquitination of the outer mitochondrial mem-
brane proteins recruits SQSTM1/p62 to mitochondria, where it is
thought to promote mitophagy via its capacity to directly inter-
act with the MAP1LC3/LC3 (Tanaka et al., 2010). Mitochondria
maintain cellular energetics through oxidative phosphorylation,
while dysfunctional mitochondria increase ROS production and
even promote cell death upon excessive cell damage (Giacomello
et al., 2020). Given the mitochondrial evolution and the physical
isolation of their contents, regulation of mitostasis was thought
to be independent of UPP. Nonetheless, it was shown that numer-
ous mitochondrial proteins are subjected to ubiquitination (Jeon
et al., 2007; Peng et al., 2003), as well as that UPP mediates the
degradation of inter- and outer-membrane (Kowalski et al., 2018;
Metzger et al.,, 2020) mitochondrial proteins, and of proteins
involved in mitochondrial dynamics and motility (Giacomello
et al., 2020). Interestingly, Prosp5 (and to a lesser extend Prosf1;
not shown) KD in flies' heart tissues led to downregulation of genes
involved in mitochondria quality control system (e.g., Pink1/park)
and also of the master regulator of mitochondrial biogenesis srl/
PGC1-a (Dorn 2nd et al., 2015), suggesting that proteasome KD is
also likely accompanied by reduced mitophagy and/or mitochon-
drial biogenesis. Consistently, a number of recent studies have
shown that mitochondrial perturbation greatly impacts on cardio-
myocytes functionality having a crucial role in the progression of
cardiovascular diseases (reviewed in, Ajoolabady et al., 2022). On
the contrary, either daw (a TGFB-INHB/activin-like protein) KD or
rictor (a TORC2 subunit) OE in fly hearts promoted cardiac auto-
phagic flux and enhanced lifespan (Chang et al., 2020).

Notably, we also observed that heart-targeted proteasome
KD triggers systemic toxicity, as it results in developmental de-
fects, growth retardation [indicative of defective insulin/IGF-like
signaling and metabolic deregulation (Zhang et al., 2009)], and
aging acceleration; future studies will elucidate whether systemic
signaling of cardiac dysfunction is mediated by specific (cur-
rently unknown) mediators in the hemolymph. Similar systemic
responses in the fly model have been observed after nervous
or muscle-targeted disruption of the PN (Tsakiri, Gumeni, lliaki,
et al., 2019; Tsakiri, Gumeni, Vougas, et al., 2019) or mitostasis
(Gumeni et al., 2019). Similarly, unfolded protein stress in differ-
ent cellular compartments of the neuron, for example, cytoplasm
(Prahlad et al., 2008), mitochondria (Durieux et al., 2011), or the
ER (Taylor & Dillin, 2013) transmit the respective stress responses
to distal tissues, while expression of an aggregation-prone protein
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in Caenorhabditis elegans neurons elicits a stress signal that affects

whole-animal physiology (Berendzen et al., 2016). As mentioned,
the highly integrated intracellular and/or external components of
the circuit that maintains organismal proteostasis by signaling mo-
lecular perturbations across different tissues and organs remain
to be identified.

Our therapeutically relevant observations indicate that damage
accumulation in heart tissues due to suppression of proteasome
peptidases activity can be mitigated by heart-specific (e.g., Atg8a/
LC39F), as well as by (systemic) dietary (e.g., PR) or pharmacolog-
ical (e.g., RAP or MET) activation of autophagy. Specifically, con-
comitant upregulation of autophagy in heart tissues expressing
low proteasome activities partially restored autophagy flux and
proteome stability, upregulated heart mitochondrial number (likely
via srl/PGC1-a induction) and respiratory capacity, improved cardiac
activity, and also increased flies' longevity. Thus, preservation of
proteome homeostasis is crucial for cardiac functionality. Atg8aoE
in a Prosp5"NAT (or Rpt6*NA) background (Tsakiri, Gumeni, Vougas,
etal.,, 2019) has also been found to alleviate the toxic effects of pro-
teasome deregulation in both muscle tissue and whole body, indicat-
ing a generalized rather than a tissue-specific effect. Supportively,
transgenic expression of Atg8a in the fly brain enhanced autoph-
agy in neurons, extended flies' longevity, and increased resistance
to oxidative stress (Simonsen et al., 2008), while modest heart-
specific OE of foxo [an autophagy inducer (Cheng, 2019)] in the fly
model maintained cardiac proteostasis and was cardioprotective
(Blice-Baum et al., 2017). Furthermore, OE of GFP-LC3B improved
mitochondrial function and extended proliferation in HUVEC endo-
thelial cells via activation of mitophagy (Mai et al., 2012), while mild
enhancement of mitophagy can offer therapeutic benefits against
cardiovascular disorders without damaging mitochondrial function-
ality and hence cardiomyocytes health (Ajoolabady et al., 2022).
Also, suppression of activin signaling, a negatively regulator of car-
diac autophagy, improved cardiac health during aging in Drosophila
(Chang et al., 2020), and autophagy activation during fasting peri-
ods induced mitochondrial biogenesis through elevated expression
of srl/PGC1-a (Kapahi et al., 2010; Lee et al., 2008).

The autophagy inducer RAP or dietary restriction have been
found to increase mitochondrial biogenesis in hearts of aged ani-
mals via srl/PGC1-a upregulation (Chiao et al., 2016) and to extend
longevity (Fontana & Partridge, 2015), while restricted diet delayed
accelerated aging, improved neuronal function, and alleviated ge-
nomic stress in DNA repair-deficient mice (Vermeij et al., 2016). It
is assumed that restoration of mitostasis supplies cells with energy,
which is particularly important for cardiomyocytes that are densely
packed with mitochondria (Kubli & Gustafsson, 2014). Yet, as caloric
restriction cannot be recommended for long life periods, an alter-
native autophagy-activating approach would be physical exercise,
which reportedly increases mitochondrial function and autophagic
rates (Hayes et al., 2014; He et al., 2013).

Our finding that treatment of flies being exposed to BTZ or CFZ
with MET (an FDA and EMA approved drug) partially restores pro-
teostasis and mitostasis leading to largely normalized cardiac activity
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(as is evident by reduced bradycardia and arrhythmia) is of particular

interest. The biguanide MET is an 5° AMP-activated protein kinase
(AMPK) and autophagy inducer in cells (including cardiomyocytes)
and is the first drug to be tested for its age-targeting effects in a large
clinical trial (TAME; targeting aging by MET) (Kulkarni et al., 2020).
Our recent studies in mice showed that CFZ administration leads to
increased activation of PP2A (upstream suppressor of both Akt and
AMPKa) and subsequent reduction in phosphorylation of AMPKa, an
effect, which is mitigated when MET is co-administrated (Efentakis
et al., 2019). Also, MET enhanced autophagy and was cardiopro-
tective in §-sarcoglycan deficiency-induced dilated cardiomyopathy
(Kanamori et al., 2019). Consistently, MET was cardioprotective in a
rat myocardial infarction model and in H9c2 cardiomyoblasts during
oxygen-glucose deprivation injury by promoting autophagic flux
through the AMPK pathway (Wu et al., 2021). Also, prolonged MET
administration in mice decreased oxidative stress resulting in lower
levels of chronic inflammation (Martin-Montalvo et al., 2013); thus,
adaptation of cells to prolonged MET administration is likely import-
ant for its beneficial effects on mitostasis. Treatment of diabetic mice
with MET restores autophagy in cardiac tissue, reduces cardiomyo-
cyte apoptosis, and protects against the development of diabetic car-
diomyopathy (He et al., 2013; Xie et al., 2011). Interestingly, we found
that MET administration concomitant to Pl-mediated KD of protea-
some activities upregulated Pink1, park, and srl/PGC1-a genes expres-
sion in flies' heart tissues; similarly, MET administration upregulated
the PINK1 and PRKN mRNAs expression in human mononuclear cells
(Bhansali et al., 2020). Our on-going studies with a suitable cardiac
cell line, namely rat H9¢c2 cardiomyoblasts, have confirmed all findings
shown herein in the fly model, including our observation that MET
can partially restore proteasome inhibition-mediated loss of proteo-
stasis and mitostasis (unpublished data). Overall, the cardioprotective
role of MET against therapeutic Pls is likely achieved by enhanced
autophagy and mitostasis, as well as by restoring metabolic energy
levels. Interestingly, we found that MET mildly reduced cathepsins
activity. Early studies have demonstrated that MET targets hepatic
mitochondria and modestly reduces ATP synthesis through inhibition
of the respiratory chain complex | (Vial et al., 2019). Additional recent
studies showed that low doses of MET can inhibit lysosomal v-ATPase
(Ma et al., 2022). We assume that partial inhibition of complex | and/
or v-ATPase activities by MET likely affects the acidophilic cathepsins
activity due to lysosomal pH fluctuations; this notion highlights the
necessity for a rigorous design of MET dosing regimens.

Taken together, our findings indicate that heart-targeted prote-
asome dysfunction disrupts cardiac activity and triggers systemic
toxicity via increased proteome, mitochondrial and metabolic insta-
bility. These data provide mechanistic explanations for the reported
cardiotoxicity of therapeutic Pls in the clinic and highlight the criti-
cal threshold that has to be reached in order to gain the therapeutic
anti-tumor effect of the Pls on one hand and to avoid PN collapse
on the other, especially in aged post-mitotic tissues that express
reduced proteasomal activities (Trougakos, 2019). Our observation
that proteasome inhibition-mediated cardiac dysfunction in the fly
model can be alleviated by autophagic inducers (e.g., MET) is thus a

relevant preclinical insight for mitigating the proteasome inhibition-

induced AEs and preventing therapy discontinuation.

4 | EXPERIMENTAL PROCEDURES
4.1 | Flystocks and culture media

Fly stocks were maintained at ~25°C, 60% relative humidity on a
12h light: 12h dark cycle and were fed with standard medium. PR
was performed for 7days in young (7-10days old) flies fed with
standard medium containing 50% of the dry yeast extract (protein
intake source) amount used in standard medium.

The transgenic strains UAS-mito-GFP (#8443), w8 (#5905),
GalaMe2 (#27390), UAS Prosp5™NA (#34810), and UAS GFP-Atg8a
(#51656) were obtained from the Bloomington Stock Center. The
heart-specific (Figure S9) Gal4""“A* driver was kindly donated by
Prof. M. Frasch (Friedrich-Alexander-Universitdt, Germany). The
UAS ref(2)P-GFP and the UAS GFP-Lamp1 flies were a gift from Prof.

G. Juhasz (E6tvos Lorand University, Hungary).

4.2 | Exposure of flies to drugs, locomotion, and
longevity assays

All used drugs, that is, BTZ (Cayman Chemical, 179,324-69-7),
CFZ (Cayman Chemical, 868,540-17-4), MET (Metformin; Merck,
317,240), or RAP (Rapamycin; Cayman Chemical, 53,123-88-9) were
added in flies culture medium. Young adult flies (7-10days old) were
treated with MET for 14 days and with RAP for 7 days. Larvae were
grown in medium containing the respective drug until the 2nd-3rd in-
star larval stage (Figure S7B). Doses (including duration) of drugs used
for flies or larvae treatment are indicated in figure legends.

Neuromuscular activity (locomotion) and longevity assays were
performed as described previously (Tsakiri, Gumeni, lliaki, et al., 2019).
For survival curves and statistical analyses, the Kaplan-Meier proce-
dure and log-rank (Mantel-Cox) test were used; significance was ac-
cepted at p <0.05. Statistical analyses and the number of the flies used
for lifespan experiments are presented in figure legends and Table S1.

Experiments were performed in (220) young adult flies and (220)
3rd instar larvae unless otherwise indicated. For all shown experi-
ments, equal number of female and male flies was used. Aged flies
were selected based on control flies' longevity curves and previ-
ous reported protocols for studying aging in the fly model (Piper &
Partridge, 2016; Tsakiri, Gumeni, lliaki, et al., 2019).

4.3 | RNA extraction and quantitative Real-Time
PCR (Q-RT-PCR) analyses

RNA extraction, conversion to cDNA and Q-Real time-PCR analy-
sis was done as described (Tsakiri, Gumeni, Vougas, et al., 2019).
Primers used (Drosophila genes) were the following:
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Pink1-F: ACAGCTGGTCTACAACATCC, Pink1-R: ACTGTAGG
ATCTCCGGACTG; park-F: TTCTGCCGCAATTGTCTGCAGG, park-R:
GCATGCAACCGCCATCTCGCTC; ATPsynB-F: CCCGTGGTGT
GCAGAAAATC, ATPsynB-R: AAACGCTGAATCTTGCGAGC; srl/
PGC1-a-F: TGTGAGGTTAAAGCAGACGG, srl/PGC1-a-R: GTAAC
TTCTGAGCTTCCGTT;  Atg8a-F:  ACGCCTTCGAGAAGCGTCGC,
Atg8a-R: CCAAATCACCGATGCGCGCC; Prosp5-F: GCCATCTACCAT
GCCACCTT, Prosp5-R: TTACCCAGCCGTCCTCCTTA; Lsd-1-F: ATC
AGACCGATGGCCCACAG, Lsd-1-R: CTTCAGTTTGCGGGAGAAGC;
Lsd-2-F: CCGAGCGCCTCCTTGAATAC, Lsd-2-R: GGAACTGGCATG
TCATTTTCAGA; bmm/Atgl-F: TTCACGCTCTATGACCAGCC, bmm/
Atgl-R: AGGATTGAAACACGGGGTCC. The RplL32/rp49 gene ex-

pression was used as a normalizer.

4.4 | Preparation of tissue protein extracts,
immunoblot analysis, detection of protein carbonyl
groups, and measurement of reactive oxygen species
(ROS)

Isolated heart (highly enriched) or whole-body flies' tissues
were homogenized on ice and processed for SDS-PAGE and im-
munoblotting, as described previously (Tsakiri, Gumeni, lliaki,
et al., 2019); primary and secondary antibodies were applied for
1 h at RT. Blot quantitation was performed by scanning densi-
tometry and Image) software (National Institutes of Health)
(Figures S10 and S11).

Protein carbonyl groups were detected with the OxyBlot
protein oxidation detection kit (Merk KGaA, s7150) as per the
manufacturer's instructions. ROS were assayed, as previously de-
scribed (Tsakiri, Gumeni, Vougas, et al., 2019); the emitted fluores-
cence was measured using the Spark® microplate reader (Tecan
Trading AG) at excitation/emission wavelengths of 490/540nm,
respectively.

4.5 | Measurement of proteasome, cathepsins
peptidases activity, and BAF treatment

Measuring of proteasome peptidases or cathepsins activity in flies' tis-
sues was done as described before (Tsakiri, Gumeni, lliaki, et al., 2019).
In either proteasome or cathepsins assays, the hydrolysis of the fluoro-
genic peptides was recorded using the Spark® microplate reader at
excitation/emission wavelengths of 360/440 nm, respectively.

For BAF treatment, semi-intact hearts, or intact larvae were in-
cubated with 100 nM of BAF (Cayman Chemical, 11,038) in artificial
hemolymph (108 MM Na*, 5mMK™*, 2mM Ca®*, 8mM MgCl,, 1mM
NaH,PO,, 4mM NaHCO,, 10mM sucrose, 5mM trehalose, 5mM
HEPES, pH 7.1) and in Broadie and Bate's buffer (135mM NaCl,
5mM KCI, 4mM MgCl,, 2mM CaCl,, 5mM TES, 36 mM Sucrose;
pH7.15), respectively, for 2 h at room temperature prior to down-

stream assays.
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4.6 | Mitochondriaisolation and measurement of
mitochondrial respiration

Mitochondria respiration rate was determined using a Clark-type O,
electrode connected to a computer-operated Oxygraph control unit
(Hansatech Instruments), as described before (Gumeni et al., 2019).
Temperature was maintained at 25°C, and the total reaction volume
was 300pl. The respiratory control ratio (RCR) was calculated as the
ratio of State 3-State 4 (ST3/ST4).

4.7 | Isolation of intact hearts from adult flies

To visualize the Drosophila beating heart, young flies were dissected as
described (Vogler & Ocorr, 2009); the entire procedure was performed
in an oxygenated, artificial hemolymph solution at RT. Recordings of
heart activity were acquired using a BMS (Breukhoven microscopy
systems/3MB) digital microscope camera mounted on a BMS micro-
scope. Measurements (heart beats recording) were normalized to a

30sec period per sample; for representative movies see, Videos S1-S6.

4.8 | Sample preparation for confocal laser
scanning microscopy (CLSM)

Young flies were dissected, and flies' tissues were isolated in PBS;
dissected larvae tissues were also used. Flies or larval tissues were
fixed with 4% formaldehyde in PBS and permeabilized with 0.2%
Triton X-100. After blocking (3% FBS in PBS), samples were incu-
bated with primary and secondary antibodies. Fat body and dissected
heart tubes were stained with Bodipy 493/503 (Molecular Probes™/
Thermo Fisher Scientific Inc., D3922) and LysoTracker Red DND-99
(Molecular Probes™/Thermo Fisher Scientific Inc., L7528), respec-
tively, as per manufacturer's instructions. DAPI (Molecular Probes™/
Thermo Fisher Scientific Inc., D1306) and Rhodamine Phalloidin
(Molecular Probes™/Thermo Fisher Scientific Inc., R415) staining (1
h at RT) were used for nuclei and F-actin visualization, respectively.
Visualization of samples was done by using a Digital Eclipse C1
Nikon (Melville) CLSM equipped with 20x0.50 NA differential inter-
ference contrast (DIC), 60 x 1.40 NA DIC Plan Apochromat objectives,
using the EZC1 acquisition and analysis software (Nikon). Z-stacks
with a step size of 1 pm were taken using identical settings. Each stack
consisted of 26 plane images. Image J (National Institutes of Health)

was used to determine fluorescence intensities.

4.9 | Visualization of Drosophila hearts via micro-
computed tomography (u-CT)

Drosophila specimens were fixed in 4% formaldehyde and gradu-
ally dehydrated to 96% ethanol for 3days. Subsequently, speci-
mens were stained using 1% iodine dissolved in 96% ethanol (for
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the complete staining protocol see, Metscher, 2009) to increase

the contrast between the soft tissues. Drosophila scans were
performed with a SkyScan 1172 micro-tomograph (Bruker). The
scanner uses a tungsten source and is equipped with an 11 PM
CCD camera (4000x 2672 pixels). Samples were scanned at a
voltage of 50kV and a current of 198 pA without filter and a pixel
size of ~2.90pm for a half rotation of 180°. Projection images
were reconstructed into cross sections using SkyScan's NRecon
software (Bruker), which employs a modified Feldkamp's back-
projection algorithm. 3D analysis was performed for each scan
using the software CT Analyser v.1.14.4.1 (Bruker) to calculate
the thickness of the heart's conical chamber. Structure thickness
calculation is based on the sphere-fitting algorithm (Hildebrand &
Riegsegger, 1997). To study the dimensions of the studied flies'
conical chamber, five different slices per sample (n = 7) were ana-
lyzed; measurements in x and y axes were taken using identical

settings.

4.10 | Measurement of growth and
developmental effects

To study the effects of proteotoxic stress on development, 15 young,
mated female flies were placed in Petri dishes containing 1.5% agar dis-
solved in sour cherry juice and allowed to lay eggs for 24 h. The embryos
per dish were then counted and collected using PBS; 30 embryos from
each population were then transferred in fresh standard medium and
monitored for 14 days. Cultures were photographed at different devel-
opmental stages, and 20 larvae, pupae, and flies were weighted to record
body weight. The numbers of pupae and adult flies were also measured.

411 | Antibodies

The primary antibodies used were the anti-Ubiquitin (Santa Cruz
Biotechnology, Inc., sc-8017), anti-foxo (COSMO BIO CO, CAC-THU-
A-DFOXO), anti-26S proteasome « (Santa Cruz Biotechnology, Inc., sc-
65,755), anti-26S Proteasome p54 (Rpn10) (Santa Cruz Biotechnology,
Inc., sc-65,746), anti-pAMPK (Cell Signaling Technology, #2535), anti-
GABARAP (Atg8a) (Cell Signaling Technology, #13733), anti-Lamp1
(Abcam, ab30687), anti-ATP5A (Abcam, ab14748), anti-Actin (Cell
Signaling Technology, #8457), and anti-Gapdh (Sigma-Aldrich, G9545).
The anti-ref(2)P/p62 antibody was kindly donated from Prof. G. Juhasz.
The secondary antibodies Peroxidase AffiniPure Donkey anti-Mouse
IgG (715-035-150) and Peroxidase AffiniPure Donkey anti-Rabbit
1gG (711-035-152) were purchased from Jackson ImmunoResearch
Laboratories, Inc. The anti-Rabbit-IgG Alexa Fluor 647 (711-605-
152), anti-Rabbit-IgG Alexa Fluor 488 (111-545-003), anti-Mouse-IgG
Rhodamine (TRITC) AffiniPure (715-025-151), anti-Mouse-IgG Alexa
Fluor488(115-545-003), and anti-Mouse IgG DyLight™ 405 (715-475-
151) antibodies were also from Jackson ImmunoResearch Laboratories,

Inc. Ponceau S solution (6226-79) was from Sigma-Aldrich.

4.12 | Quantitation and statistical analyses

Experiments were performed at least in triplicates (for each bio-
logical replicate, n 23; unless otherwise indicated). For statistical
analysis, the GraphPad Prism 8.0, the MS Excel, and the Statistical
Package for Social Sciences (IBM SPSS; version 25.0 for Windows)
were used. Statistical significance was evaluated using unpaired t
test or one-way ANOVA test followed by Kruskal-Wallis test (see,
figure legends). Data points correspond to the mean of the inde-
pendent experiments and error bars denote standard deviation (SD);
significance at p <0.05 or p <0.01 is indicated in graphs by one or
two asterisks, respectively. For flies' survival curves and statistical
analyses, the Kaplan-Meier procedure and log-rank (Mantel-Cox)
test were used (significance was accepted at p <0.05). Statistics
for the longevity experiments are reported in figure legends and in
Table S1.

AUTHOR CONTRIBUTIONS

IPT designed and supervised the study; EDP, SG, ADS, AR, and IPT
conducted experiments or interpreted the data; KK performed the
p-CT-Scan analyses; ET, EK, KS, GPS, and MAD generated or con-
tributed reagents, materials, or analysis tools; EDP and IPT wrote
the manuscript. All authors discussed the results and commented on
the manuscript.

ACKNOWLEDGMENTS

We thank Professors M. Frasch (Friedrich-Alexander-Universitat,
Germany) and G. Juhasz (Eotvos Lorand University, Hungary)
for fly lines and/or reagents. This research has been co-financed
by the European Regional Development Fund of the European
Union and Greek national funds through the Operational Program
Competitiveness, Entrepreneurship, and Innovation, under the
Hellenic GSRT call RESEARCH-CREATE-INNOVATE (project
code:T2EDK-01410/MIS 5095061), and also by BIOIMAGING (MIS
5002755) implemented under “Action for Strengthening Research
and Innovation Infrastructures”, funded by the Operational
Programme Competitiveness, Entrepreneurship and Innovation
(NSRF 2014-2020), and co-financed by Greece and the EU (European

Regional Development Fund).

CONFLICT OF INTEREST
None declared.

DATA AVAILABILITY STATEMENT
The datasets generated and/or analyzed during the current study

are available from the corresponding author on reasonable request.

ORCID

Eleni-Dimitra Papanagnou

org/0000-0003-1277-8007

https://orcid.org/0000-0003-0033-2008
https://orcid.org/0000-0002-6179-2772

https://orcid.

Sentiljana Gumeni

loannis P. Trougakos

85U8017 SUOWILLIOD @A 18810 3|cedldde 8Ly Aq peusenob afe sjole VO ‘8sN JO S8|nJ o} Akeid178U1UO /8|1 UO (SUORIPUOD-PUR-SLLIB)ALI0O" A 1M ALRIq Ul UO//:SdNL) SUORIPUOD PUe SWie | 8U188S *[2202/0T/6T] Uo A%iqiTauljuo A8 |IM ‘Uotessay aule N o} elueD dle|pH AQ STZET'PIe/TTTT'OT/I0p/L00 A3 |IM Ae.q 1 |Bul Uo//SAny Wwouy pepeojumod ‘0 ‘92.6v.LvT


https://orcid.org/0000-0003-1277-8007
https://orcid.org/0000-0003-1277-8007
https://orcid.org/0000-0003-1277-8007
https://orcid.org/0000-0003-0033-2008
https://orcid.org/0000-0003-0033-2008
https://orcid.org/0000-0002-6179-2772
https://orcid.org/0000-0002-6179-2772

PAPANAGNOU ET AL.

REFERENCES

Ajoolabady, A., Chiong, M., Lavandero, S., Klionsky, D. J., & Ren, J.
(2022). Mitophagy in cardiovascular diseases: Molecular mecha-
nisms, pathogenesis, and treatment. Trends in Molecular Medicine.
https://doi.org/10.1016/j.molmed.2022.06.007 [Advance online
publication]

Bagherniya, M., Butler, A. E., Barreto, G. E., & Sahebkar, A. (2018). The
effect of fasting or calorie restriction on autophagy induction:
A review of the literature. Ageing Research Reviews, 47, 183-197.
https://doi.org/10.1016/j.arr.2018.08.004

Berendzen, K. M., Durieux, J., Shao, L. W., Tian, Y., Kim, H. E., Wolff, S.,
Liu, Y., & Dillin, A. (2016). Neuroendocrine coordination of mito-
chondrial stress signaling and proteostasis. Cell, 166(6), 1553-1563.
€10. https://doi.org/10.1016/j.cell.2016.08.042

Bhansali, S., Bhansali, A., & Dhawan, V. (2020). Metformin promotes mito-
phagy in mononuclear cells: A potential in vitro model for unraveling
metformin's mechanism of action. Annals of the New York Academy of
Sciences, 1463(1), 23-36. https:/doi.org/10.1111/nyas.14141

Blice-Baum, A. C., Guida, M. C., Hartley, P. S., Adams, P. D., Bodmer,
R., & Cammarato, A. (2019). As time flies by: Investigating cardiac
aging in the short-lived drosophila model. Biochimica et biophysica
acta Molecular basis of disease, 1865(7), 1831-1844. https://doi.
org/10.1016/j.bbadis.2018.11.010

Blice-Baum, A. C., Zambon, A. C., Kaushik, G., Viswanathan, M. C.,
Engler, A. J., Bodmer, R., & Cammarato, A. (2017). Modest overex-
pression of FOXO maintains cardiac proteostasis and ameliorates
age-associated functional decline. Aging Cell, 16(1), 93-103. https://
doi.org/10.1111/acel.12543

Bullén, P., Castejon-Vega, B., Roman-Malo, L., Jimenez-Guerrero, M. P.,
Cotan, D., Forbes-Hernandez, T. V., Varela-Lopez, A., Pérez-Pulido,
A. J., Giampieri, F., Quiles, J. L., Battino, M., Sadnchez-Alcazar, J. A.,
& Cordero, M. D. (2018). Autophagic dysfunction in patients with
papillon-Lefévre syndrome is restored by recombinant cathepsin
C treatment. The Journal of Allergy and Clinical Inmunology, 142(4),
1131-1143.e7. https://doi.org/10.1016/j.jaci.2018.01.018

Chang, K., Kang, P, Liu, Y., Huang, K., Miao, T., Sagona, A. P., Nezis, . P.,
Bodmer, R., Ocorr, K., & Bai, H. (2020). TGFB-INHB/activin signal-
ing regulates age-dependent autophagy and cardiac health through
inhibition of MTORC2. Autophagy, 16(10), 1807-1822. https://doi.
org/10.1080/15548627.2019.1704117Z

Cheng, Z.(2019). The FoxO-autophagy Axis in health and disease. Trends
in Endocrinology and Metabolism: TEM, 30(9), 658-671. https://doi.
org/10.1016/j.tem.2019.07.009

Chiao, Y. A., Kolwicz, S. C., Basisty, N., Gagnidze, A., Zhang, J., Gu,
H., Djukovic, D., Beyer, R. P., Raftery, D., MacCoss, M., Tian,
R., & Rabinovitch, P. S. (2016). Rapamycin transiently induces
mitochondrial remodeling to reprogram energy metabolism
in old hearts. Aging, 8(2), 314-327. https://doi.org/10.18632/
aging.100881

Cornell,R.F.,, Ky, B., Weiss, B. M., Dahm, C. N., Gupta, D. K., du, L., Carver,
J. R,, Cohen, A. D., Engelhardt, B. G., Garfall, A. L., Goodman, S.
A., Harrell, S. L., Kassim, A. A., Jadhav, T., Jagasia, M., Moslehi,
J., O'Quinn, R., Savona, M. R,, Slosky, D., ... Lenihan, D. (2019).
Prospective study of cardiac events during proteasome inhibitor
therapy for relapsed multiple myeloma. Journal of Clinical Oncology:
Official Journal of the American Society of Clinical Oncology, 37(22),
1946-1955. https://doi.org/10.1200/JC0.19.00231

Dimopoulos, M. A., Moreau, P., Palumbo, A., Joshua, D., Pour, L., Hajek,
R., Facon, T., Ludwig, H., Oriol, A., Goldschmidt, H., Rosifol, L.,
Straub, J., Suvorov, A., Araujo, C., Rimashevskaya, E., Pika, T,
Gaidano, G., Weisel, K., Goranova-Marinova, V., ... ENDEAVOR
Investigators. (2016). Carfilzomib and dexamethasone versus bor-
tezomib and dexamethasone for patients with relapsed or refrac-
tory multiple myeloma (ENDEAVOR): A randomised, phase 3, open-
label, multicentre study. The Lancet. Oncology, 17(1), 27-38. https://
doi.org/10.1016/51470-2045(15)00464-7

Aging —WILEY 13 of 15

Dimopoulos, M. A., Richardson, P. G., Moreau, P., & Anderson, K. C.
(2015). Current treatment landscape for relapsed and/or refractory
multiple myeloma. Nature Reviews. Clinical Oncology, 12(1), 42-54.
https://doi.org/10.1038/nrclinonc.2014.200

Dorn, G. W., 2nd, Vega, R. B., & Kelly, D. P. (2015). Mitochondrial bio-
genesis and dynamics in the developing and diseased heart. Genes
& Development, 29(19), 1981-1991. https://doi.org/10.1101/
gad.269894.115

Durieux, J., Wolff, S., & Dillin, A. (2011). The cell-non-autonomous nature
of electron transport chain-mediated longevity. Cell, 144(1), 79-91.
https://doi.org/10.1016/j.cell.2010.12.016

Efentakis, P., Kremastiotis, G., Varela, A., Nikolaou, P. E., Papanagnou, E.
D., Davos, C. H., Tsoumani, M., Agrogiannis, G., Konstantinidou, A.,
Kastritis, E., Kanaki, Z., lliodromitis, E. K., Klinakis, A., Dimopoulos,
M. A., Trougakos, I. P., Andreadou, |., & Terpos, E. (2019). Molecular
mechanisms of carfilzomib-induced cardiotoxicity in mice and the
emerging cardioprotective role of metformin. Blood, 133(7), 710-
723. https://doi.org/10.1182/blood-2018-06-858415

Fan, F., Duan, Y., Yang, F., Trexler, C., Wang, H., Huang, L., Yali, L.,
Huayuan, T., Wang, G., Fang, X., & Liu, J. (2020). Deletion of heat
shock protein 60 in adult mouse cardiomyocytes perturbs mito-
chondrial protein homeostasis and causes heart failure. Cell Death
and Differentiation, 27, 587-600. https://doi.org/10.1038/s4141
8-019-0374-x

Fontana, L., & Partridge, L. (2015). Promoting health and longevity
through diet: From model organisms to humans. Cell, 161(1), 106-
118. https://doi.org/10.1016/j.cell.2015.02.020

Giacomello, M., Pyakurel, A., Glytsou, C., & Scorrano, L. (2020). The cell
biology of mitochondrial membrane dynamics. Nature Reviews.
Molecular Cell Biology, 21(4), 204-224. https://doi.org/10.1038/
s41580-020-0210-7

Gumeni, S., Evangelakou, Z., Tsakiri, E. N., Scorrano, L., & Trougakos, .
P. (2019). Functional wiring of proteostatic and mitostatic mod-
ules ensures transient organismal survival during imbalanced
mitochondrial dynamics. Redox Biology, 24, 101219. https://doi.
org/10.1016/j.redox.2019.101219

Gupta, M. K., & Robbins, J. (2016). Making the connections: Autophagy
and  post-translational modifications in  cardiomyocytes.
Autophagy, 12(11), 2252-2253. https://doi.org/10.1080/15548
627.2016.1215384

Hasinoff, B. B., Patel, D., & Wu, X. (2017). Molecular mechanisms of the
cardiotoxicity of the proteasomal-targeted drugs bortezomib and
carfilzomib. Cardiovascular Toxicology, 17(3), 237-250. https://doi.
org/10.1007/s12012-016-9378-7

Hayes, S. M., Alosco, M. L., & Forman, D. E. (2014). The effects of aero-
bic exercise on cognitive and neural decline in aging and cardiovas-
cular disease. Current geriatrics reports, 3(4), 282-290. https://doi.
org/10.1007/s13670-014-0101-x

He, C., Zhu, H., Li, H., Zou, M. H., & Xie, Z. (2013). Dissociation of Bcl-2-
Beclin1 complex by activated AMPK enhances cardiac autophagy and
protects against cardiomyocyte apoptosis in diabetes. Diabetes, 62(4),
1270-1281. https://doi.org/10.2337/db12-0533

Hildebrand, T. R., & Riegsegger, P. (1997). A new method for the model-
independent assessment of thickness in three-dimensional im-
ages. Journal of Microscopy, 185, 67-75. https://doi.org/10.1046/
j.1365-2818.1997.1340694.x

Ishida, Y., Nayak, S., Mindell, J. A., & Grabe, M. (2013). A model of lyso-
somal pH regulation. The Journal of General Physiology, 141(6), 705-
720. https://doi.org/10.1085/jgp.201210930

Jacomin, A. C., Petridi, S., Di Monaco, M., Bhujabal, Z., Jain, A., Mulakkal,
N. C., Palara, A., Powell, E. L., Chung, B., Zampronio, C., Jones,
A., Cameron, A., Johansen, T., & Nezis, |. P. (2020). Regulation of
expression of autophagy genes by Atg8a-interacting partners
sequoia, YL-1, and Sir2 in drosophila. Cell Reports, 31(8), 107695.
https://doi.org/10.1016/j.celrep.2020.107695

Jeon, H. B., Choi, E. S., Yoon, J. H., Hwang, J. H., Chang, J. W,, Lee, E. K.,
Choi, H. W., Park, Z. Y., & Yoo, Y. J. (2007). A proteomics approach

85U8017 SUOWILLIOD @A 18810 3|cedldde 8Ly Aq peusenob afe sjole VO ‘8sN JO S8|nJ o} Akeid178U1UO /8|1 UO (SUORIPUOD-PUR-SLLIB)ALI0O" A 1M ALRIq Ul UO//:SdNL) SUORIPUOD PUe SWie | 8U188S *[2202/0T/6T] Uo A%iqiTauljuo A8 |IM ‘Uotessay aule N o} elueD dle|pH AQ STZET'PIe/TTTT'OT/I0p/L00 A3 |IM Ae.q 1 |Bul Uo//SAny Wwouy pepeojumod ‘0 ‘92.6v.LvT


https://doi.org/10.1016/j.molmed.2022.06.007
https://doi.org/10.1016/j.arr.2018.08.004
https://doi.org/10.1016/j.cell.2016.08.042
https://doi.org/10.1111/nyas.14141
https://doi.org/10.1016/j.bbadis.2018.11.010
https://doi.org/10.1016/j.bbadis.2018.11.010
https://doi.org/10.1111/acel.12543
https://doi.org/10.1111/acel.12543
https://doi.org/10.1016/j.jaci.2018.01.018
https://doi.org/10.1080/15548627.2019.1704117Z
https://doi.org/10.1080/15548627.2019.1704117Z
https://doi.org/10.1016/j.tem.2019.07.009
https://doi.org/10.1016/j.tem.2019.07.009
https://doi.org/10.18632/aging.100881
https://doi.org/10.18632/aging.100881
https://doi.org/10.1200/JCO.19.00231
https://doi.org/10.1016/S1470-2045(15)00464-7
https://doi.org/10.1016/S1470-2045(15)00464-7
https://doi.org/10.1038/nrclinonc.2014.200
https://doi.org/10.1101/gad.269894.115
https://doi.org/10.1101/gad.269894.115
https://doi.org/10.1016/j.cell.2010.12.016
https://doi.org/10.1182/blood-2018-06-858415
https://doi.org/10.1038/s41418-019-0374-x
https://doi.org/10.1038/s41418-019-0374-x
https://doi.org/10.1016/j.cell.2015.02.020
https://doi.org/10.1038/s41580-020-0210-7
https://doi.org/10.1038/s41580-020-0210-7
https://doi.org/10.1016/j.redox.2019.101219
https://doi.org/10.1016/j.redox.2019.101219
https://doi.org/10.1080/15548627.2016.1215384
https://doi.org/10.1080/15548627.2016.1215384
https://doi.org/10.1007/s12012-016-9378-7
https://doi.org/10.1007/s12012-016-9378-7
https://doi.org/10.1007/s13670-014-0101-x
https://doi.org/10.1007/s13670-014-0101-x
https://doi.org/10.2337/db12-0533
https://doi.org/10.1046/j.1365-2818.1997.1340694.x
https://doi.org/10.1046/j.1365-2818.1997.1340694.x
https://doi.org/10.1085/jgp.201210930
https://doi.org/10.1016/j.celrep.2020.107695

PAPANAGNOQU ET AL.

14 of 15 WI LEY- Aging

to identify the ubiquitinated proteins in mouse heart. Biochemical
and Biophysical Research Communications, 357(3), 731-736. https://
doi.org/10.1016/j.bbrc.2007.04.015

Johnson, D. E., Ostrowski, P., Jaumouillé, V., & Grinstein, S. (2016).
The position of lysosomes within the cell determines their lumi-
nal pH. The Journal of Cell Biology, 212(6), 677-692. https://doi.
org/10.1083/jcb.201507112

Kanamori, H., Naruse, G., Yoshida, A., Minatoguchi, S., Watanabe, T.,
Kawaguchi, T., Yamada, Y., Mikami, A., Kawasaki, M., Takemura, G.,
& Minatoguchi, S. (2019). Metformin enhances autophagy and pro-
vides Cardioprotection in §-Sarcoglycan deficiency-induced dilated
cardiomyopathy. Circulation. Heart Failure, 12(4), e005418. https://
doi.org/10.1161/CIRCHEARTFAILURE.118.005418

Kao, C., Chao, A., Tsai, C. L., Chuang, W. C., Huang, W. P,, Chen, G. C.,
Lin, C.Y., Wang, T. H., Wang, H. S., & Lai, C. H. (2014). Bortezomib
enhances cancer cell death by blocking the autophagic flux through
stimulating ERK phosphorylation. Cell Death & Disease, 5(11), €1510.
https://doi.org/10.1038/cddis.2014.468

Kapahi, P., Chen, D., Rogers, A. N., Katewa, S. D., Li, P. W., Thomas, E.
L., & Kockel, L. (2010). With TOR, less is more: A key role for the
conserved nutrient-sensing TOR pathway in aging. Cell Metabolism,
11(6), 453-465. https://doi.org/10.1016/j.cmet.2010.05.001

Kastritis, E., Laina, A., Georgiopoulos, G., Gavriatopoulou, M., Papanagnou,
E. D., Eleutherakis-Papaiakovou, E., Fotiou, D., Kanellias, N., Dialoupi,
I., Makris, N., Manios, E., Migkou, M., Roussou, M., Kotsopoulou,
M., Stellos, K., Terpos, E., Trougakos, |. P., Stamatelopoulos, K., &
Dimopoulos, M. A. (2021). Carfilzomib-induced endothelial dysfunc-
tion, recovery of proteasome activity, and prediction of cardiovascu-
lar complications: A prospective study. Leukemia, 35(5), 1418-1427.
https://doi.org/10.1038/s41375-021-01141-4

Kaushik, S., & Cuervo, A. M. (2015). Proteostasis and aging. Nature
Medicine, 21(12), 1406-1415. https://doi.org/10.1038/nm.4001

Klionsky, D. J., Abdelmohsen, K., Abe, A., Abedin, M. J., Abeliovich,
H., Acevedo Arozena, A., Adachi, H., Adams, C. M., Adams, P. D.,
Adeli, K., Adhihetty, P. J., Adler, S. G., Agam, G., Agarwal, R., Aghi,
M. K., Agnello, M., Agostinis, P., Aguilar, P. V., Aguirre-Ghiso, J., ...
Zughaier, S. M. (2016). Guidelines for the use and interpretation of
assays for monitoring autophagy (3rd edition). Autophagy, 12(1), 1-
222. https://doi.org/10.1080/15548627.2015.1100356

Kowalski, L., Bragoszewski, P., Khmelinskii, A., Glow, E., Knop, M., &
Chacinska, A. (2018). Determinants of the cytosolic turnover of mi-
tochondrial intermembrane space proteins. BMC Biology, 16(1), 66.
https://doi.org/10.1186/s12915-018-0536-1

Kubli, D. A., & Gustafsson, A. B. (2014). Cardiomyocyte health: Adapting
to metabolic changes through autophagy. Trends in Endocrinology
and Metabolism: TEM, 25(3), 156-164. https:/doi.org/10.1016/j.
tem.2013.11.004

Kulkarni, A. S., Gubbi, S., & Barzilai, N. (2020). Benefits of metformin in
attenuating the hallmarks of aging. Cell Metabolism, 32(1), 15-30.
https://doi.org/10.1016/j.cmet.2020.04.001

Labbadia, J., & Morimoto, R. I. (2015). The biology of proteostasis in
aging and disease. Annual Review of Biochemistry, 84, 435-464.
https://doi.org/10.1146/annurev-biochem-060614-033955

Lee, I. H., Cao, L., Mostoslavsky, R., Lombard, D. B., Liu, J., Bruns,
N. E., Tsokos, M., Alt, F. W., & Finkel, T. (2008). A role for the
NAD-dependent deacetylase Sirtl in the regulation of autoph-
agy. Proceedings of the National Academy of Sciences of the United
States of America, 105(9), 3374-3379. https://doi.org/10.1073/
pnas.0712145105

Lim, J., Lachenmayer, M. L., Wu, S., Liu, W., Kundu, M., Wang, R.,
Komatsu, M., Oh, Y. J., Zhao, Y., & Yue, Z. (2015). Proteotoxic stress
induces phosphorylation of p62/SQSTM1 by ULK1 to regulate se-
lective autophagic clearance of protein aggregates. PLoS Genetics,
11(2), e1004987. https://doi.org/10.1371/journal.pgen.1004987

Livneh, I., Cohen-Kaplan, V., Cohen-Rosenzweig, C., Avni, N., & Ciechanover,
A. (2016). The life cycle of the 26S proteasome: From birth, through

regulation and function, and onto its death. Cell Research, 26(8), 869 -
885. https:/doi.org/10.1038/cr.2016.86

Lo, P. C., & Frasch, M. (2001). A role for the COUP-TF-related gene sev-
en-up in the diversification of cardioblast identities in the dorsal
vessel of drosophila. Mechanisms of Development, 104(1-2), 49-60.
https://doi.org/10.1016/s0925-4773(01)00361-6

Lépez-Otin, C., Blasco, M. A,, Partridge, L., Serrano, M., & Kroemer, G.
(2013). The hallmarks of aging. Cell, 153(6), 1194-1217. https://doi.
org/10.1016/j.cell.2013.05.039

Ma, T, Tian, X., Zhang, B., Li, M., Wang, Y., Yang, C., Wu, J., Wei, X., Qu,
Q., Yu, V., Long, S., Feng, J. W, Li, C., Zhang, C., Xie, C., Wu, Y., Xu,
Z.,Chen, J,, Yu,Y,, ... Lin, S. C. (2022). Low-dose metformin targets
the lysosomal AMPK pathway through PEN2. Nature, 603(7899),
159-165. https://doi.org/10.1038/s41586-022-04431-8

Mai, S., Muster, B., Bereiter-Hahn, J., & Jendrach, M. (2012). Autophagy
proteins LC3B, ATG5 and ATG12 participate in quality control after
mitochondrial damage and influence lifespan. Autophagy, 8(1), 47-
62. https://doi.org/10.4161/auto.8.1.18174

Manasanch, E. E., & Orlowski, R. Z. (2017). Proteasome inhibitors in
cancer therapy. Nature Reviews. Clinical Oncology, 14(7), 417-433.
https://doi.org/10.1038/nrclinonc.2016.206

Martin-Montalvo, A., Mercken, E. M., Mitchell, S. J., Palacios, H. H.,
Mote, P. L., Scheibye-Knudsen, M., Gomes, A. P, Ward, T. M.,
Minor, R. K., Blouin, M. J., Schwab, M., Pollak, M., Zhang, Y., Yu, Y.,
Becker, K. G., Bohr, V. A,, Ingram, D. K., Sinclair, D. A., Wolf, N. S.,
... de Cabo, R. (2013). Metformin improves healthspan and lifespan
in mice. Nature Communications, 4, 2192. https://doi.org/10.1038/
ncomms3192

Metscher, B. D. (2009). MicroCT for comparative morphology: Simple
staining methods allow high-contrast 3D imaging of diverse non-
mineralized animal tissues. BMC Physiology, 9, 11. https://doi.
org/10.1186/1472-6793-9-11

Metzger, M. B., Scales, J. L., Dunklebarger, M. F., Loncarek, J., &
Weissman, A. M. (2020). A protein quality control pathway at
the mitochondrial outer membrane. Elife, 9, e51065. https://doi.
org/10.7554/eLife.51065

Mirzaei, H., Raynes, R., & Longo, V. D. (2016). The conserved role of
protein restriction in aging and disease. Current Opinion in Clinical
Nutrition and Metabolic Care, 19(1), 74-79. https://doi.org/10.1097/
MC0.0000000000000239

Pamplona, R., & Barja, G. (2006). Mitochondrial oxidative stress, aging
and caloric restriction: The protein and methionine connection.
Biochimica et Biophysica Acta, 1757(5-6), 496-508. https://doi.
org/10.1016/j.bbabio.2006.01.009

Pan, B., Li, J., Parajuli, N., Tian, Z., Wu, P., Lewno, M. T., Zou, J., Wang,
W., Bedford, L., Mayer, R. J,, Fang, J., Liu, J., Cui, T., Su, H., & Wang,
X. (2020). The calcineurin-TFEB-p62 pathway mediates the acti-
vation of cardiac macroautophagy by proteasomal malfunction.
Circulation Research, 127(4), 502-518. https://doi.org/10.1161/
CIRCRESAHA.119.316007

Papanagnou, E. D., Terpos, E., Kastritis, E., Papassideri, I. S., Tsitsilonis, O. E.,
Dimopoulos, M. A, & Trougakos, I. P. (2018). Molecular responses to
therapeutic proteasome inhibitors in multiple myeloma patients are
donor-, cell type- and drug-dependent. Oncotarget, 9(25), 17797-
17809. https:/doi.org/10.18632/oncotarget.24882

Patterson, C., lke, C., Willis, P. W., 4th, Stouffer, G. A., & Willis, M. S.
(2007). The bitter end: The ubiquitin-proteasome system and
cardiac dysfunction. Circulation, 115(11), 1456-1463. https://doi.
org/10.1161/CIRCULATIONAHA.106.649863

Peng, J., Schwartz, D, Elias, J. E., Thoreen, C. C., Cheng, D., Marsischky,
G., Roelofs, J., Finley, D., & Gygi, S. P. (2003). A proteomics approach
to understanding protein ubiquitination. Nature Biotechnology,
21(8), 921-926. https://doi.org/10.1038/nbt849

Piazza, N., & Wessells, R. J. (2011). Drosophila models of cardiac disease.
Progress in Molecular Biology and Translational Science, 100, 155-
210. https://doi.org/10.1016/B978-0-12-384878-9.00005-4

85U8017 SUOWILLIOD @A 18810 3|cedldde 8Ly Aq peusenob afe sjole VO ‘8sN JO S8|nJ o} Akeid178U1UO /8|1 UO (SUORIPUOD-PUR-SLLIB)ALI0O" A 1M ALRIq Ul UO//:SdNL) SUORIPUOD PUe SWie | 8U188S *[2202/0T/6T] Uo A%iqiTauljuo A8 |IM ‘Uotessay aule N o} elueD dle|pH AQ STZET'PIe/TTTT'OT/I0p/L00 A3 |IM Ae.q 1 |Bul Uo//SAny Wwouy pepeojumod ‘0 ‘92.6v.LvT


https://doi.org/10.1016/j.bbrc.2007.04.015
https://doi.org/10.1016/j.bbrc.2007.04.015
https://doi.org/10.1083/jcb.201507112
https://doi.org/10.1083/jcb.201507112
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005418
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005418
https://doi.org/10.1038/cddis.2014.468
https://doi.org/10.1016/j.cmet.2010.05.001
https://doi.org/10.1038/s41375-021-01141-4
https://doi.org/10.1038/nm.4001
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1186/s12915-018-0536-1
https://doi.org/10.1016/j.tem.2013.11.004
https://doi.org/10.1016/j.tem.2013.11.004
https://doi.org/10.1016/j.cmet.2020.04.001
https://doi.org/10.1146/annurev-biochem-060614-033955
https://doi.org/10.1073/pnas.0712145105
https://doi.org/10.1073/pnas.0712145105
https://doi.org/10.1371/journal.pgen.1004987
https://doi.org/10.1038/cr.2016.86
https://doi.org/10.1016/s0925-4773(01)00361-6
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1038/s41586-022-04431-8
https://doi.org/10.4161/auto.8.1.18174
https://doi.org/10.1038/nrclinonc.2016.206
https://doi.org/10.1038/ncomms3192
https://doi.org/10.1038/ncomms3192
https://doi.org/10.1186/1472-6793-9-11
https://doi.org/10.1186/1472-6793-9-11
https://doi.org/10.7554/eLife.51065
https://doi.org/10.7554/eLife.51065
https://doi.org/10.1097/MCO.0000000000000239
https://doi.org/10.1097/MCO.0000000000000239
https://doi.org/10.1016/j.bbabio.2006.01.009
https://doi.org/10.1016/j.bbabio.2006.01.009
https://doi.org/10.1161/CIRCRESAHA.119.316007
https://doi.org/10.1161/CIRCRESAHA.119.316007
https://doi.org/10.18632/oncotarget.24882
https://doi.org/10.1161/CIRCULATIONAHA.106.649863
https://doi.org/10.1161/CIRCULATIONAHA.106.649863
https://doi.org/10.1038/nbt849
https://doi.org/10.1016/B978-0-12-384878-9.00005-4

PAPANAGNOU ET AL.

Piper, M. D., & Partridge, L. (2016). Protocols to study aging in drosophila.
Methods in molecular biology (Clifton, N.J.), 1478, 291-302. https://
doi.org/10.1007/978-1-4939-6371-3_18

Pohl, C., & Dikic, I. (2019). Cellular quality control by the ubiquitin-
proteasome system and autophagy. Science (New York, N.Y.),
366(6467),818-822. https://doi.org/10.1126/science.aax3769

Prahlad, V., Cornelius, T., & Morimoto, R. |. (2008). Regulation of the cel-
lular heat shock response in Caenorhabditis elegans by thermosen-
sory neurons. Science (New York, N.Y.), 320(5877), 811-814. https://
doi.org/10.1126/science.1156093

Ranek, M. J., Zheng, H., Huang, W., Kumarapeli, A. R., Li, J,, Liu, J., &
Wang, X. (2015). Genetically induced moderate inhibition of 20S
proteasomes in cardiomyocytes facilitates heart failure in mice
during systolic overload. Journal of Molecular and Cellular Cardiology,
85, 273-281. https://doi.org/10.1016/j.yjmcc.2015.06.014

Rujano, M. A., Bosveld, F., Salomons, F. A., Dijk, F., van Waarde, M. A., van
der Want, J. J., de Vos, R. A., Brunt, E. R., Sibon, O. C., & Kampinga,
H. H. (2006). Polarised asymmetric inheritance of accumulated pro-
tein damage in higher eukaryotes. PLoS Biology, 4(12), e417. https://
doi.org/10.1371/journal.pbio.0040417

Schaaf, M. B., Keulers, T. G., Vooijs, M. A., & Rouschop, K. M. (2016).
LC3/GABARAP family proteins: Autophagy-(un)related functions.
FASEB Journal: Official Publication of the Federation of American
Societies for Experimental Biology, 30(12), 3961-3978. https://doi.
org/10.1096/fj.201600698R

Simonsen, A., Cumming, R. C., Brech, A., Isakson, P., Schubert, D. R., & Finley,
K. D. (2008). Promoting basal levels of autophagy in the nervous sys-
tem enhances longevity and oxidant resistance in adult drosophila.
Autophagy, 4(2), 176-184. https:/doi.org/10.4161/auto.5269

Sklirou, A., Papanagnou, E. D., Fokialakis, N., & Trougakos, I. P. (2018). Cancer
chemoprevention via activation of proteostatic modules. Cancer
Letters, 413, 110-121. https://doi.org/10.1016/j.canlet.2017.10.034

Tanaka, A., Cleland, M. M., Xu, S., Narendra, D. P.,, Suen, D. F., Karbowski,
M., & Youle, R. J. (2010). Proteasome and p97 mediate mitophagy
and degradation of mitofusins induced by parkin. The Journal of Cell
Biology, 191(7), 1367-1380. https://doi.org/10.1083/jcb.201007013

Tatti, M., Motta, M., Di Bartolomeo, S., Cianfanelli, V., & Salvioli, R. (2013).
Cathepsin-mediated regulation of autophagy in saposin C deficiency.
Autophagy, 9(2), 241-243. https://doi.org/10.4161/auto.22557

Taylor, R. C., & Dillin, A. (2013). XBP-1 is a cell-nonautonomous regulator
of stress resistance and longevity. Cell, 153(7), 1435-1447. https://
doi.org/10.1016/j.cell.2013.05.042

Tian, Z., Zheng, H., Li, J., Li, Y., Su, H., & Wang, X. (2012). Genetically
induced moderate inhibition of the proteasome in cardiomyo-
cytes exacerbates myocardial ischemia-reperfusion injury in mice.
Circulation Research, 111(5), 532-542. https://doi.org/10.1161/
CIRCRESAHA.112.270983

Todkar, K., llamathi, H. S., & Germain, M. (2017). Mitochondria and lyso-
somes: Discovering bonds. Frontiers in cell and developmental biol-
ogy, 5, 106. https://doi.org/10.3389/fcell.2017.00106

Trougakos, I. P. (2019). Nrf2, stress and aging. Aging, 11(15), 5289-5291.
https://doi.org/10.18632/aging.102143

Tsakiri, E. N., Gumeni, S., Iliaki, K. K., Benaki, D., Vougas, K., Sykiotis, G.
P., Gorgoulis, V. G., Mikros, E., Scorrano, L., & Trougakos, I. P. (2019).
Hyperactivation of Nrf2 increases stress tolerance at the cost of
aging acceleration due to metabolic deregulation. Aging Cell, 18(1),
e12845. https://doi.org/10.1111/acel.12845

Tsakiri, E. N., Gumeni, S., Vougas, K., Pendin, D., Papassideri, I., Daga,
A., Gorgoulis, V., Juhasz, G., Scorrano, L., & Trougakos, I. P. (2019).
Proteasome dysfunction induces excessive proteome instability
and loss of mitostasis that can be mitigated by enhancing mitochon-
drial fusion or autophagy. Autophagy, 15(10), 1757-1773. https://
doi.org/10.1080/15548627.2019.1596477

Tsakiri, E. N., Sykiotis, G. P., Papassideri, |. S., Terpos, E., Dimopoulos, M. A,
Gorgoulis, V. G., Bohmann, D., & Trougakos, I. P. (2013). Proteasome
dysfunction in drosophila signals to an Nrf2-dependent regulatory

Aging —WILEY 150f 15

circuit aiming to restore proteostasis and prevent premature aging.
Aging Cell, 12(5), 802-813. https://doi.org/10.1111/acel.12111

Tsakiri, E. N., Terpos, E., Papanagnou, E. D., Kastritis, E., Brieudes,
V., Halabalaki, M., Bagratuni, T., Florea, B. I., Overkleeft, H. S.,
Scorrano, L., Skaltsounis, A. L., Dimopoulos, M. A., & Trougakos, I.
P.(2017). Milder degenerative effects of carfilzomib vs. bortezomib
in the drosophila model: A link to clinical adverse events. Scientific
Reports, 7(1), 17802. https://doi.org/10.1038/s41598-017-17596-4

Tsakiri, E. N., & Trougakos, I. P. (2015). The amazing ubiquitin-
proteasome system: Structural components and implication in
aging. International Review of Cell and Molecular Biology, 314, 171-
237. https://doi.org/10.1016/bs.ircmb.2014.09.002

Vermeij, W. P., Dollé, M. E., Reiling, E., Jaarsma, D., Payan-Gomez, C.,
Bombardieri, C. R., Wu, H., Roks, A. J., Botter, S. M., van der Eerden,
B. C., Youssef, S. A., Kuiper, R. V., Nagarajah, B., van Oostrom, C. T.,
Brandt, R. M., Barnhoorn, S., Imholz, S., Pennings, J. L., de Bruin,
A., ... Hoeijmakers, J. H. (2016). Restricted diet delays accelerated
ageing and genomic stress in DNA-repair-deficient mice. Nature,
537(7620), 427-431. https://doi.org/10.1038/nature19329

Vial, G., Detaille, D., & Guigas, B. (2019). Role of mitochondria in the
mechanism(s) of action of metformin. Frontiers in Endocrinology, 10,
294. https://doi.org/10.3389/fendo.2019.00294

Vogler, G., & Ocorr, K. (2009). Visualizing the beating heart in drosoph-
ila. Journal of visualized experiments: JoVE, 31, 1425. https://doi.
org/10.3791/1425

W, S., Zhang, H., Chen, N., Zhang, C., & Guo, X. (2021). Metformin protects
cardiomyocytes against oxygen-glucose deprivation injury by promot-
ing autophagic flux through AMPK pathway. Journal of Drug Targeting,
29(5), 551-561. https:/doi.org/10.1080/1061186X.2020.1868478

Xie, Z., Lau, K., Eby, B., Lozano, P., He, C., Pennington, B., Li, H., Rathi,
S., Dong, Y., Tian, R., Kem, D., & Zou, M. H. (2011). Improvement
of cardiac functions by chronic metformin treatment is associated
with enhanced cardiac autophagy in diabetic OVE26 mice. Diabetes,
60(6), 1770-1778. https://doi.org/10.2337/db10-0351

Xu, T., Nicolson, S., Sandow, J. J., Dayan, S., Jiang, X., Manning, J. A.,
Webb, A. |., Kumar, S., & Denton, D. (2021). Cp1/cathepsin L is re-
quired for autolysosomal clearance in drosophila. Autophagy, 17(10),
2734-2749. https://doi.org/10.1080/15548627.2020.1838105

Zhang, H., Liu, J., Li, C. R., Momen, B., Kohanski, R. A., & Pick, L. (2009).
Deletion of drosophila insulin-like peptides causes growth defects
and metabolic abnormalities. Proceedings of the National Academy
of Sciences of the United States of America, 106(46), 19617-19622.
https://doi.org/10.1073/pnas.0905083106

Zirin, J., Nieuwenhuis, J., Samsonova, A., Tao, R., & Perrimon, N. (2015).
Regulators of autophagosome formation in drosophila muscles.
PLoS Genetics, 11(2), e1005006. https:/doi.org/10.1371/journ
al.pgen.1005006

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Papanagnou, E.-D., Gumeni, S.,
Sklirou, A. D., Rafeletou, A., Terpos, E., Keklikoglou, K.,
Kastritis, E., Stamatelopoulos, K., Sykiotis, G. P., Dimopoulos,
M. A, & Trougakos, . P. (2022). Autophagy activation can
partially rescue proteasome dysfunction-mediated cardiac
toxicity. Aging Cell, 00, e13715. https://doi.org/10.1111/
acel.13715

85U8017 SUOWILLIOD @A 18810 3|cedldde 8Ly Aq peusenob afe sjole VO ‘8sN JO S8|nJ o} Akeid178U1UO /8|1 UO (SUORIPUOD-PUR-SLLIB)ALI0O" A 1M ALRIq Ul UO//:SdNL) SUORIPUOD PUe SWie | 8U188S *[2202/0T/6T] Uo A%iqiTauljuo A8 |IM ‘Uotessay aule N o} elueD dle|pH AQ STZET'PIe/TTTT'OT/I0p/L00 A3 |IM Ae.q 1 |Bul Uo//SAny Wwouy pepeojumod ‘0 ‘92.6v.LvT


https://doi.org/10.1007/978-1-4939-6371-3_18
https://doi.org/10.1007/978-1-4939-6371-3_18
https://doi.org/10.1126/science.aax3769
https://doi.org/10.1126/science.1156093
https://doi.org/10.1126/science.1156093
https://doi.org/10.1016/j.yjmcc.2015.06.014
https://doi.org/10.1371/journal.pbio.0040417
https://doi.org/10.1371/journal.pbio.0040417
https://doi.org/10.1096/fj.201600698R
https://doi.org/10.1096/fj.201600698R
https://doi.org/10.4161/auto.5269
https://doi.org/10.1016/j.canlet.2017.10.034
https://doi.org/10.1083/jcb.201007013
https://doi.org/10.4161/auto.22557
https://doi.org/10.1016/j.cell.2013.05.042
https://doi.org/10.1016/j.cell.2013.05.042
https://doi.org/10.1161/CIRCRESAHA.112.270983
https://doi.org/10.1161/CIRCRESAHA.112.270983
https://doi.org/10.3389/fcell.2017.00106
https://doi.org/10.18632/aging.102143
https://doi.org/10.1111/acel.12845
https://doi.org/10.1080/15548627.2019.1596477
https://doi.org/10.1080/15548627.2019.1596477
https://doi.org/10.1111/acel.12111
https://doi.org/10.1038/s41598-017-17596-4
https://doi.org/10.1016/bs.ircmb.2014.09.002
https://doi.org/10.1038/nature19329
https://doi.org/10.3389/fendo.2019.00294
https://doi.org/10.3791/1425
https://doi.org/10.3791/1425
https://doi.org/10.1080/1061186X.2020.1868478
https://doi.org/10.2337/db10-0351
https://doi.org/10.1080/15548627.2020.1838105
https://doi.org/10.1073/pnas.0905083106
https://doi.org/10.1371/journal.pgen.1005006
https://doi.org/10.1371/journal.pgen.1005006
https://doi.org/10.1111/acel.13715
https://doi.org/10.1111/acel.13715

	Autophagy activation can partially rescue proteasome dysfunction-­mediated cardiac toxicity
	Abstract
	1|INTRODUCTION
	2|RESULTS
	2.1|Targeted proteasome dysfunction in Drosophila heart disrupts cardiac activity, causes systemic effects, and accelerates aging
	2.2|Heart-­targeted autophagy activation alleviated Prosβ5 KD-­mediated toxicity and partially rescued cardiac function
	2.3|Systemic protein restriction (PR) attenuates heart-­targeted proteasome KD-­mediated toxicity
	2.4|Pharmacological activation of autophagy mitigates the toxic effects caused by administration of PIs

	3|DISCUSSION
	4|EXPERIMENTAL PROCEDURES
	4.1|Fly stocks and culture media
	4.2|Exposure of flies to drugs, locomotion, and longevity assays
	4.3|RNA extraction and quantitative Real-­Time PCR (Q-­RT-­PCR) analyses
	4.4|Preparation of tissue protein extracts, immunoblot analysis, detection of protein carbonyl groups, and measurement of reactive oxygen species (ROS)
	4.5|Measurement of proteasome, cathepsins peptidases activity, and BAF treatment
	4.6|Mitochondria isolation and measurement of mitochondrial respiration
	4.7|Isolation of intact hearts from adult flies
	4.8|Sample preparation for confocal laser scanning microscopy (CLSM)
	4.9|Visualization of Drosophila hearts via micro-­computed tomography (μ-­CT)
	4.10|Measurement of growth and developmental effects
	4.11|Antibodies
	4.12|Quantitation and statistical analyses

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


