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Abstract

Autophagy, an evolutionally conserved process of controlled cellular cannibalization, plays a vital
role in cardiac physiology. Perturbations in cardiomyocyte autophagy contribute to the
pathogenesis of a wide range of cardiac diseases, many of which culminate in heart failure. With
recent advances in cancer chemotherapy and consequent improvements in cancer survival, drug-
induced toxicity to the heart has assumed greater importance. As a number of prominent cellular
pathways are critical to the survival of both tumor cells and heart cells, it comes as little surprise
that therapies targeting those pathways have consequences in both tissues. Little is known
presently about cardiomyocyte autophagy, a prominent cellular response to stress, in the setting of
chemotherapy, but preliminary evidence suggests an important and context-dependent role.
Dissecting the role of autophagy in “onco-cardiology” will likely yield insights into mechanisms
underlying cardiomyopathy and may lead to novel means to protect the myocardium from
chemotherapy-induced injury.

INTRODUCTION

Recent advances in oncologic medicine, including early diagnosis and novel therapies, have
significantly improved the long-term survival of patients with cancer [1]. This is especially
true in pediatric oncology, as most children diagnosed with cancer today are expected to be
long-term survivors [2]. However, as a consequence of these successes, cancer therapy-
related complications are replacing tumor recurrence and secondary neoplasia as major
clinical issues. Among those complications, cardiotoxicity has emerged as a prominent
cause of chemotherapy-related co-morbidity and mortality [3], presenting as a spectrum of
clinical manifestations that includes left ventricular dysfunction, arrhythmia, ischemia, and
pericarditis. In addition, in many cancer patients concomitant cardiovascular comorbidities
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exist which synergize with the stress of chemotherapy. Also, emergence of new anti-cancer
drugs and the prominence of combination therapies together heighten concern for potential
untoward cardiac toxicities.

Our understanding of mechanisms underlying chemotherapy-induced cardiotoxicity is
limited. Further complicating the picture is the fact that these mechanisms vary widely.
Drugs such as anthracyclines and HER-2 receptor inhibitors provoke direct cardiomyocyte
injury, while others such as anti-metabolics cause indirect cardiac effects by inducing
hypertension or thrombotic events. Among the direct toxicities, accumulation of reactive
oxygen species (ROS), mitochondrial damage, endoplasmic reticulum (ER) stress,
disruption of pro-survival signaling pathways, and metabolic alterations have been
implicated [4, 5]. Recent reviews have discussed molecular mechanisms associated with
cancer chemotherapy [6]. Here, we focus specifically on autophagy, a less appreciated
aspect of chemotherapy-induced cardiotoxicity. Although the possible role of cardiomyocyte
autophagy in cancer therapy-induced cardiotoxicity is uncertain and numerous contradictory
observations have been reported in literature, there are strong hints suggesting a significant
contribution.

Autophagy and its molecular regulation

Autophagy, an evolutionarily conserved cellular cannibalization process, has gained
increasing recognition in recent years for its vital role in cardiac physiology and pathology
[7]. Autophagy is a generic name for different routes of delivery of cytosolic materials to the
lysosome for degradation [8]. Three major forms of autophagy have been described:
macroautophagy, microautophagy, and chaperone-mediated autophagy [8].
Macroautophagy, the most extensively studied type and hereafter termed autophagy,
involves sequestration of cellular contents into double-membrane autophagosomes followed
by cargo delivery to lysosomes for bulk degradation. At present, nothing is known about
possible involvement of microautophagy or chaperone-mediated autophagy in
chemotherapy-induced cardiomyopathy.

Autophagy is critical to cellular survival under baseline, resting conditions, serving to
maintain cellular homeostasis, recycle cellular constituents such as mitochondria and ER,
and eliminate misfolded, dysfunctional proteins. In response to cellular stress, such as
starvation, autophagic activation is up-regulated, recycling macromolecules to replenish
essential substrates for energy production [8, 9]. In animal models, defective autophagy
leads to perinatal death due to severe nutritional deficiency prior to proper feeding [9]. In
later stages of life, defective autophagy accelerates aging, promoting end-organ damage and
reduced lifespan [10-12].

Molecular mechanisms of autophagy are highly conserved from yeast to human. Autophagy
is initiated by formation of a phagophore, an isolated membrane that originates from the ER
or other cellular membranes, such as mitochondria and plasma membrane [9, 13]. The
process initiates with formation of a multiprotein complex containing Beclin 1, Atg14L,
Vps34 and Vps15 (p150). Next, phagophore elongation is initiated by two ubiquitin-like
conjugation cascades: a) the Atg5-Atgl12 conjugation system, and b) the microtubule-
associated light chain 3 (MAP-LC3/Atg8/LC3) conjugation system. As the phagophore
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elongates, it progressively engulfs a portion of the cytoplasm, including proteins and
organelles. Ultimately, the phagophore membrane fuses on itself, forming the double-
membrane autophagosome. Next, fusion of the autophagosome with a lysosome leads to
formation of an autolysosome and degradation of intravesicular materials together with the
inner membrane (Figure 1).

Several signaling pathways regulate the induction of autophagy [14]. The mammalian target
of rapamycin complex 1 (MTORC1) is a major regulator of starvation-induced autophagy.
mMTORC1 suppresses autophagy induction mainly by phosphorylating ULK1/2, thereby
inhibiting the cascade of autophagy induction. mTORCL activity, in turn, is tightly
controlled by availability of nutrients (e.g. amino acids), growth factors, and energy status as
sensed by AMP-activated protein kinase (AMPK). AMPK also regulates autophagy by
inhibiting mTORC1 and by phosphorylating Beclin 1 [15]. Further, phosphorylation of
Bcl-2 and Bcl-X|_ disrupts their interaction with Beclin 1, leading to release of Beclin 1 for
autophagy induction [16, 17].

Though less well characterized, autophagosome turnover, the second half of autophagy, is
fundamental to the process. Disruption of autophagosome turnover has been observed in
various human diseases, including Danon cardiomyopathy [18, 19]. Recent studies have
shown that late events in autophagosome processing are regulated. Transcription factor EB
(TFEB) induces expression of genes coding for both autophagic and lysosomal proteins. As
a consequence, TFEB governs autophagic initiation, autophagosome-lysosome fusion, and
lysosomal degradation of internal cargo [20, 21]. Other proteins, such as UVRAG [22],
Rubicon [23], Rab7 [24], and Lamp2 [18], have also been suggested to play important roles
in autophagosome-lysosome fusion.

Monitoring autophagy

There are multiple ways to measure autophagy, including assays using for both in vitro and
in vivo studies [25]. Atg8/LC3 detection either by Western blot or by cellular imaging, and
protein turnover assays, are commonly used.

Atg8/LC3 detection assays serve as a measure of autophagosomes abundance. Conversely,
conversion of cytosolic LC3-I to phosphotidylethanolamine-conjugated LC3-11 is used as a
marker for autophagosome formation. However, it is critical to bear in mind that autophagy
is a highly dynamic process; abundance of autophagosomes can reflect either induction of
autophagosome formation or a defect in downstream autophagosome degradation (or both
occurring together). Obviously, the implications of these two different events are vastly
dissimilar. Therefore, it is of critical importance to assess autophagic flux, as opposed to
relying on a single “snapshot in time” of autophagosomes levels within the cell.

Turnover of long-lived proteins is the oldest and “classical” means of assessing autophagic
activity. More recently, however, assays of long-lived protein degradation have been
supplanted largely by monitoring degradation of protein p62. However, given this protein’s
multiple biological functions [26, 27], its transcriptional regulation by stress [28], and its
decreased solubility in some contexts [25], p62 levels cannot be used reliably in every
scenario as a reflection of autophagic flux.
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Another common method to probe autophagic flux involves autophagosome quantification
in the presence versus absence of pharmaceutical manipulations to block autophagic
degradation. E64D, pepstatinA, chloroquine and bafilomycin A are commonly used for this
purpose.

A third method to quantify autophagic flux involves usage of tandem fluorescence probes of
LC3, such as mRFP/mCherry-GFP-LC3 [29]. As GFP fluorescence is selectively quenched
in the acidic environment of the lysosome, autolysosomes emit a red signal and
autophagosomes shine yellow (red + green).

Autophagy in cardiovascular disease

The heart is a dynamic organ marked by a high metabolic rate, requiring continuous
production of ATP to maintain a healthy contractile state. Under conditions of nutrient
insufficiency, autophagy is required for energy production [30]. Viewed from another angle,
the cardiomyocyte’s abundance of mitochondria and high levels of oxidative
phosphorylation render it susceptible to accumulation of ROS and injury from oxidative
damage. Accumulation of ROS can lead to protein and membrane oxidation, organelle
dysfunction, and ultimately cell injury and death. Working in concert with anti-oxidant
enzymes, autophagy serves as an efficient housekeeper, eliminating misfolded proteins and
damaged mitochondria.

Defective cardiomyocyte autophagy can result in cardiomyopathy and clinical heart failure,
as well as premature cardiac aging [12]. Danon disease in humans is a well characterized
example in which defective autophagic flux arising from Lamp2 deficiency leads to
accumulation of autophagic vacuoles and ultimately heart failure [18, 19]. In addition, mice
with cardiomyocyte-specific deletion of Atg5 (aMHC-Cre, Atg5 flox/flox) develop dilated
cardiomyopathy in adulthood, again consistent with the notion that basal autophagic flux is
critical for maintaining normal cardiomyocyte homeostasis and functional integrity [12].

Altered levels of autophagy have been observed in a wide spectrum of cardiac diseases.
Whether autophagy is adaptive or maladaptive in these cases is unclear and likely depends
on the context, extent of flux activation, efficiency of downstream lysosomal processing,
and other aspects of the biology [7].

Increased numbers of autophagic vacuoles have been observed in heart samples from
patients with dilated cardiomyopathy and heart failure [31]. However, due to technical
limitations in assessing the dynamics of the autophagic cascade in human endomyocardial
biopsy samples, it is not known whether the accumulation of vesicles within cardiomyocytes
is due to increased activation of autophagic flux, defective downstream lysosomal
degradation of autophagic cargo, or both. Also, whether autophagy is a culprit that promotes
disease progression, or rather a failed compensatory strategy arising in response to disease-
related stress, is not known. Finally, as heart failure is a syndrome defined on clinical terms
and stemming from a wide range of cardiovascular diseases, it is likely that autophagy plays
different roles in heart failure deriving from different etiologies.
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Autophagy and chemotherapy-induced cardiomyopathy

Chemotherapeutic drugs induce cardiotoxicity via a variety of mechanisms, some with direct
toxicity to the cardiomyocyte, while others affect other cell types (e.g. endothelial cells), or
indirectly disrupt cardiac function by affecting blood pressure or the coagulation system.
However, here we focus on potential direct effects of various drugs on cardiomyocyte
autophagy and how autophagy might play a role in drug-induced cardiomyopathy. Clear
conclusions have not been drawn so far in many cases. Yet, a handful of studies provide
hints that autophagy may be important in this process.

Anthracyclines

Anthracyclines, including doxorubicin and epirubicin, are among the most efficacious anti-
cancer chemotherapeutics. Anthracyclines are used in treatment of a variety of solid and
liquid tumors, including hematologic malignancies, carcinoma of the breast, sarcomas, and
more. However, clinical use of anthracycline is limited by dose-dependent and cumulative
cardiotoxicity [32]. The incidence of cardiomyopathy is reported to be 5% at a cumulative
dose of 400 mg/m?, 26% at 550 mg/m?, and 48% at 700 mg/m2. Subclinical cardiac
dysfunction can be observed at low cumulative exposures, as well [32].

Despite extensive studies of anthracycline-induced cardiomyopathy, critical aspects of
underlying mechanisms remain unclear. Generally ROS production is considered a major
culprit of cardiomyocyte damage triggered by doxorubicin [33]. One recent study
demonstrated that topoisomerase 11p-dependent DNA damage in cardiomyocytes is critical
in doxorubicin-induced cardiomyocyte damage [34]. Also, in recent years a number of
studies have emerged focusing on the role of autophagy in doxorubicin-induced
cardiotoxicity. However, studies employing either in vitro or in vivo platforms have
generated conflicting results. Overcoming the challenges inherent to experimental models of
doxorubicin cardiotoxicity will be required to facilitate emergence of new clinically relevant
insights (Table 1).

In vitro studies

Involvement of autophagy in doxorubicin cardiotoxicity has been tested in a variety of cell
types in vitro, including neonatal rat ventricular myocytes (NRVMs), adult rat ventricular
myocytes (ARVMs), and H9c2 cells (rat embryonic myoblast cell line) [35-37]. In general,
ratios of LC3-11/LC3-1 and p62 protein abundance were evaluated as the major criteria of
autophagic activation. Kobayashi et al [35] and Dimitrakis et al [36] reported an increase in
autophagy in doxorubicin-treated NRVMs (1 uM for 18 hours) and ARVMs (10-20 uM for
48 hours) respectively. In contrast, Sishi et al reported that LC3-11/LC3-I ratios in H9c2 cells
were not altered by doxorubicin treatment (3 uM for 24 hours) [37]. However, autophagic
flux was not rigorously studied in the latter two studies. Thus, involvement of autophagy in
doxorubicin-exposed cardiomyocytes and cardiomyocyte-like cell lines remains
inconclusive.

Several in vitro studies have yielded conflicting data regarding whether autophagy alters the
cardiomyocyte response to doxorubicin. The Kobayashi group suggested that autophagy
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activation increased cell injury and death in doxorubicin-treated NRVMs [35]. However,
Sishi et al reported opposite results in H9c2 cells [37].

Apart from the obvious differences in cell type, discrepancies observed among these studies
might be explained by: 1) differing treatment strategies: co-incubating rapamycin or SMA
simultaneously with doxorubicin versus pre-stimulating autophagy before doxorubicin
exposure; 2) Off-target effects of compounds used to modulate autophagy: rapamycin, 3-
MA, chloroquine, and bafilomycin Al all have biological actions beyond their effects on
autophagy [38]. Even beclinl 1 levels affect events well beyond autophagosome formation,
such as autophagosome/endosome maturation and endosome trafficking [39]. Therefore,
further analyses with rigorous controls are required.

From another point of view, discrepancies observed in multiple studies may also reflect the
complexity of studying drug-induced cardiotoxicity. No cell line optimally mimics human
cardiac biology [40]. H9c2 cells do not resemble cardiomyocytes morphologically, and they
actively proliferate; hence, they could be more prone to doxorubicin-induced cytotoxicity
and cell death. NRVMs, although widely used and well characterized, differ from adult
cardiomyocytes in many ways. Doxorubicin at 1-3 pM, a concentration used in many in
vitro studies and reflective of plasma drug concentrations in patients receiving doxorubicin,
triggers robust cell death in NRVMs and H9c2 cells within 24 hours, but a much higher
concentration of doxorubicin (>20 uM) is required to induce cell death in ARVMs [41].
Indeed, acute cardiomyocyte death is not a frequent event in animal hearts even on exposure
to lethal-dose doxorubicin, suggesting that cell death assays may not be accurately reflective
of doxorubicin-induced cardiotoxicity.

In vivo studies

In vivo studies of doxorubicin-induced cardiomyopathy have employed rabbits, rodents, and
zebrafish. In general, two modes of drug administration have been studied in rodent models:
high-dose drug (10 mg/kg-20 mg/kg x 1-2 injections) and chronic exposure to serial low-
dose drug (1-5 mg/kg x 3-15 injections). While early studies employed intravenous (i.v.)
injections, some more recent studies have employed intraperitoneal (i.p.) injections, largely
for sake of convenience. One limitation of i.p. doxorubicin exposure is local peritoneal
inflammation which might alter bowel function and food intake, confounding the evaluation
of autophagy.

Multiple in vivo studies arrived at dissimilar conclusions regarding how autophagy is
regulated by doxorubicin in animal hearts. Several studies reported increases in LC3-11/LC3-
I ratios in heart tissue after doxorubicin exposure, yet autophagic flux was not rigorously
evaluated [42-44]. In contrast, Kawaguchi et al [45] reported that whereas steady state
levels of LC3-11/LC3-1 increased, inhibition of downstream lysosomal processing with
bafilomycin Al failed to increase those ratios further, suggesting a defect in downstream
autophagosome processing. Interestingly, early studies reported that doxorubicin affects
lysosome function in mouse heart chronically exposed to doxorubicin [46], which highlights
the importance of evaluating autophagosome turnover and lysosome function in
doxorubicin-treated hearts.
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In a zebrafish model of doxorubicin cardiomyopathy [47], steady state LC3-11 levels
increased acutely upon doxorubicin exposure and later declined. It is plausible that the
autophagic response differs in the acute phase relative to later phases. In aggregate, it is still
debatable whether cardiac autophagy is up-regulated or rather blocked by doxorubicin.
While maladaptive autophagy exacerbates cardiac function under stress [48], perturbed
downstream autophagosome processes will also lead to cellular damage resulting from the
accumulation of damaged mitochondria as well as ROS-damaged proteins [9].

The functional role of autophagy in the pathogenesis of doxorubicin cardiotoxicity has been
explored in multiple in vivo studies. However, a wide range of sometimes-conflicting
conclusions has been drawn. Lu et al [42] reported that 3MA treatment minimized
mitochondrial damage and preserved cardiac function after exposure to high-dose
doxorubicin. However, several studies have reported that boosting autophagy by either
rapamycin or fasting is protective of doxorubicin-induced cardiac dysfunction. Other studies
reported correlations between autophagic levels and the severity of doxorubicin
cardiotoxicity [43, 44]; again, these studies cannot be used to infer causal mechanisms. In
light of mMTORC1’s regulation of autophagy, two studies evaluated mMTORC1’s role in
doxorubicin cardiotoxicity in rodents and zebrafish respectively, but also with conflicting
results [43, 47].

At present, a consensus has not emerged regarding how cardiomyocyte autophagy is altered
by doxorubicin or its possible role in the pathogenesis of anthracycline cardiomyopathy. To
address this, additional assays in vitro, beyond simple cell death, are required: measurements
of ROS levels and mitochondrial function should be examined. Further, it is critical to probe
autophagic flux by inhibiting lysosomal processing, especially given that p62 expression can
be induced by oxidative stress [28]. Tandem fluorescence probes can be informative, as well
[29]. For in vivo models, it is critical to avoid the systemic effects of doxorubicin exposure,
including lethargy, anorexia, and weight loss, as these are likely to alter autophagy
secondarily. Careful time course analyses are needed, as acute responses may differ from
more chronic events. As with in vitro experiments, autophagic flux must be tested.

Tyrosine kinase inhibitors

The advent of tyrosine kinase inhibitors (TKIs) has revolutionized cancer therapy.
Compared with classical chemotherapeutics that target highly proliferating cells, TKIs are
more selective of cancer cells that often manifest aberrant tyrosine kinase activities [49].
However, clinical use of several TKIs has uncovered negative cardiac side effects. Whereas
cardiotoxicity is seen less frequently and is often less severe relative to doxorubicin-induced
cardiotoxicity [50], it can be clinically meaningful in patients with comorbidities or
receiving combination therapies.

TKIs fall into two categories: monoclonal antibodies, such as trastuzumab, and small
molecules, such as imatinib and sunitinib. To date, cardiotoxicity has been reported with
trastuzumab, lapatinib, imatinib, sorafenib, sunitinib, dasatinib, and bevicizumab in clinical
trials and clinical practice [50]. Many of the TKIs are reported to alter autophagy in various
tumor cell types as well as in noncancerous mammalian cells.
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1. Abl inhibitors: imatinib and dasatinib

Initially developed to target the Bcr-Abl fusion protein for treating chronic myelogenous
leukemia (CML), imatinib was eventually found to target multiple other kinases, including
c-Abl, Arg, c-Kit, and the PDGF receptor [51]. Dasatinib and nilotinib are more recently
developed Abl inhibitors that target the same kinases, and cardiotoxicity has been reported
in clinical trials of each agent [50, 51]. It remains controversial whether cardiotoxicity is due
specifically to Abl inhibition or suppression of other kinases vital to cardiomyocyte
homeostasis.

Imatinib has been reported to induce autophagy in multiple human cancer cell lines, as well
as in several mammalian cell lines, possibly by increasing lysosomal activity [52].
Furthermore, it has been suggested that autophagy promotes survival in CML cells, allowing
them to evade imatinib-induced apoptosis [53]. However, exposure of neonatal
cardiomyocytes to imatinib results in an increase in p62 levels along with autophagosome
accumulation, together suggesting inhibition of autophagosome degradation [54]. Some
evidence suggests that imatinib accumulates in lysosomes, perturbing their function and
thereby blocking autophagy [54]. However, in the absence of careful measures of
autophagic flux, the molecular effects of imatinib on autophagy remain unknown.

In a rat model of imatinib-induced cardiomyopathy [55], increased levels of LAMP-2
immunoreactivity were reported, hinting at a possible increase in lysosome function and
autophagic flux. In other studies, imatinib has been reported to promote calcium-induced
opening of the mitochondrial permeability transition pore, mitochondrial dysfunction, and
compromised ATP production in mouse heart [51]. As autophagy is strongly induced by
energy depletion, increases in flux in this context may be entirely secondary.

2. Multi-kinase inhibitors: sunitinib and sorafenib

Multi-kinase inhibitors target multiple tyrosine kinases that govern both angiogenesis and
tumor proliferation. Sunitinib and sorafenib improve survival in patients with renal cell
carcinoma and gastrointestinal stromal tumors [56]. However, both were associated with left
ventricular dysfunction and congestive heart failure during clinical trials [56, 57].

Increased autophagosome number as well as increased LC3-11 levels on Western blot are
observed in H9c2 cells treated with sunitinib [58], although autophagic flux measurements
were not performed. Sunitinib provokes energy compromise in NRVMs [59], which could
trigger autophagy. Endomyocardial biopsy specimens from a patient with sunitinib-induced
congestive heart failure revealed widespread swollen mitochondria, hinting at opening of the
mitochondria permeability transition pore and ATP compromise [57]. Hence, the induction
of autophagy could derive as a secondary consequence of energy compromise. Sorafenib, on
the other hand, has been reported to up-regulate autophagy in multiple cancer cell types [60-
62], but its effects on cardiomyocyte autophagy remain unknown.

3. Trastuzumab and lapatinib

These drugs target the human epidermal growth factor receptor 2 (HER-2), which is
amplified in a subset of breast cancer cells. Trastuzumab is a recombinant monoclonal
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antibody against HER-2, while lapatinib is a dual TKI inhibiting both HER-2 and the
epidermal growth factor receptor (EGFR) pathway. Due to robust clinical efficacy,
trastuzumab has emerged as a key adjuvant therapeutic for both early and advanced stage
breast cancer. However, cardiotoxicity ranging from subclinical functional declines to overt
congestive heart failure has been observed in 0.4-4.1% of breast cancer patients receiving
trastuzumab [63]. Moreover, when combined with anthracycline, the incidence of cardiac
toxicity increases substantially. It is well established that neuregulin signaling through
HER-2 plays an important role in cardiomyocyte homeostasis and survival; mice with
cardiomyocyte-specific knockout of ERBB2, the gene coding for HER-2, develop dilated
cardiomyopathy and heart failure [64]. However, lapatinib manifests much less
cardiotoxicity relative to trastuzumab [65]. The difference in cardiotoxicity between the two
drugs might be at least partially explained by AMPK activation: lapatinib activates AMPK
in cardiomyocytes while trastuzumab does not [66].

Again, the possible role of autophagy here is unknown, although it is intriguing to speculate
that it plays a differential role. First, AMPK, activated by lapatinib, is a robust regulator of
autophagy. Consistent, lapatinib activates autophagy in breast cancer cells [67] and leukemic
cells [68], whereas this has not been reported for trastuzumab. Second, recent work has
revealed that HER-2 physically interacts with Beclin 1 in breast cancer cells, although the
biological significance of this interaction is unclear [69].

Autophagy-targeting cancer therapies

In recent years, autophagy has emerged as a “hot topic” in cancer biology, even though its
role remains incompletely characterized: it may promote tumorigenesis, or it could serve a
protective mechanism promoting tumor cell survival, depending on the context and stage of
the tumor.

On one hand, autophagy appears to suppress tumorigenesis. Beclin1*/~ mice develop
multiple neoplasms spontaneously [70]. Also, both hepatocyte-specific Atg7 knockout mice
and mosaic Atg5-deficient mice develop benign hepatic adenomas [71]. One potential
mechanism could be that defective autophagy leads to accumulation of p62, which promotes
toxic accumulation of ROS, chromosomal instability, and activation of NF-xB [72]. On the
other hand, autophagy promotes cancer cell survival by antagonizing metabolic stress.
Tumor cells typically experience metabolic stress, such as hypoxia, ROS accumulation, and
nutrient deprivation due to rapid growth, lack of blood supply, and a metabolic switch to
glycolysis [73]. Each of these is capable of activating autophagy, which could replenish
bioenergetic substrates and clear damaged organelles and misfolded protein aggregates.
Therefore, cancer cells, especially the ones with defects in apoptosis, rely heavily on
autophagy for survival. It is also speculated that autophagy is a key mechanism whereby
cancer cells withstand chemotherapeutic attack and might account for cancer relapse after
anti-cancer therapy [74].

As autophagy is a universal biological process, autophagy-targeting therapy is likely to have
untoward actions in other systems, including the heart. As discussed, autophagy is vital in
sustaining cardiomyocyte homeostasis and serves a protective role in response to multiple
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cardiac stresses; inhibiting autophagy might have detrimental cardiac effects, especially in
patients with pre-existing heart disease. Thus, future development of drugs targeting
autophagy warrants careful evaluation of cardiac effects.

1. mTORCL1 inhibitors

A myriad of tumors manifest aberrant activation of the mTORC1 pathway [75]. Allosteric
inhibitors of MTORC1, such as sirolimus/rapamycin, exert significant anti-tumor effects
[76]. Temsirolimus and everolimus are derivatives of sirolimus and have been approved to
treat advanced renal cell carcinoma and mantle cell lymphoma. As mTORCL1 is a major
regulator of autophagy, it is plausible that cardiac autophagy is regulated by these
mTORC1-targeting agents. In fact, both temsirolimus and everolimus have been reported to
increase cardiac autophagy in lamin A/C gene mutation-induced cardiomyopathy and
cardiac remodeling postmyocardial infarction, respectively [77, 78]. Cardiotoxicity has not
been reported in clinical trials of mMTORCL inhibitors; on the contrary, sirolimus and
everolimus have also been used for immunosuppression after heart transplantation as well as
in drug eluting coronary stents (although this delivery is highly localized within the coronary
artery). In addition, temsirolimus and everolimus have been suggested to ameliorate
cardiomyopathy caused by lamin A/C gene mutation in mice and left ventricular remodeling
after Ml in rats [77, 78].

2. Chloroquine and hydrochloroquine

Experience with the autophagy-targeting drugs chloroquine (CQ) and hydrochloroquine
(HCQ) is informative of how autophagy-targeting cancer drugs might affect cardiac biology.
Standard therapy for malaria and rheumatic diseases, both drugs permeate into and
accumulate within lysosomes after protonation; as weak bases, they alter lysosomal pH and
inhibit the activities of lysosomal enzymes, leading to suppression of autophagosome
turnover. CQ enhances cytotoxicity of some chemotherapeutic drugs, such as SAHA and
imatinib, in cancer cell lines [53, 79]. HCQ promotes tumor cell death triggered by
alkylating drugs in a mouse model of myc-driven lymphoma [80]. Finally, in a small clinical
trial, adding CQ to conventional therapy improved mid-term survival of patients with
glioblastoma multiforme [81]. Presently, several clinical trials are underway to assess CQ
and HCQ’s effects in various cancers, including lung (NCT00809237), prostate
(NCTO00786682), and breast (NCT00765765).

While CQ and HCQ are promising therapeutics for various cancers, cardiac concerns have
been well described in long-term use of these drugs. Long-term exposure to CQ/HCQ can
lead to damage in the cardiac conduction system and conduction block; less commonly,
cardiomyopathy, either dilated or restrictive, has been reported [82]. In cases of CQ/HCQ-
induced cardiomyopathy, the duration of drug use ranged from 4 months to 27 years, and the
cumulative dosage ranged from 100g to >9,000g for CQ and 290g to >4,000g for HCQ[83].
Electron microscopy of endomyocardial biopsy samples from patients with CQ/HCQ-
induced cardiomyopathy revealed myelin figures, large lysosomes, and curvilinear bodies,
features consistent with perturbed autophagy [83]. Cardiotoxicity has been reported in lupus
patients, suggesting higher risk of CQ/HCQ-induced cardiomyopathy in the setting of
preexisting cardiac damage, auto-immune related or not. In a phase Il clinical trial testing
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CQ for glioblastoma [81], it was used at 150 mg daily for 12 months; in a phase | study,
HCQ was recommended at 1,000 mg per day. Persistent use of CQ/HCQ in cancer patients,
therefore, could ultimately reach a range associated with CQ/HCQ cardiotoxicity.

Another concern is combination chemotherapy. Since synthetic lethality is an established
mechanism in cancer treatment, combination therapy with autophagy inhibitors and other
chemotherapeutic agents appears to be an attractive and promising strategy for the future.
However, with combined therapy, autophagy levels in the heart could be altered extensively,
posing increased risk of cardiac side effects.

Combined use of autophagy inhibitors and proteasomal inhibitors is intriguing, given their
synergy in protein degradation and maintenance of cellular homeostasis. In cancer cells,
inhibition of the proteasome activates autophagy, possibly due to ER stress and
accumulation of aggregated misfolded protein. Autophagy serves a compensatory function
in the setting of proteasome inhibition. Therefore, dual targeting of both the proteasome and
autophagy may be particularly lethal to cancer cells, especially ones with high metabolic
rate. However, the same phenomenon may exist in cardiomyocytes. Accumulation of
ubiquitinated proteins and ER stress are observed in mouse hearts with afterload-induced
failure, with increased proteasomal activity and autophagy levels [84]. Inhibition of the
proteasome also induces autophagy in cardiomyocytes in vitro [84, 85]. Collectively, these
facts suggest that both autophagy and the proteasome are critical to protein quality control,
particularly in the stressed heart. In addition, cardiotoxicity has been reported in the
literature, albeit rarely, with the use of the proteasome inhibitor bortezomib [86]. Therefore,
the possibility exists that combination therapy with autophagy inhibitors and proteasome
inhibitors could manifest cardiotoxicity.

Conclusion and perspective

Mounting evidence points to a vital role of autophagy in normal heart physiology and in a
wide spectrum of cardiac diseases. Meanwhile, autophagy has emerged as a promising target
for cancer therapy, as it has been shown to be a mechanism whereby various cancer cells
withstand metabolic stress and cancer therapy cytotoxicity. Many of the chemotherapeutics
currently in clinical use alter autophagy levels in cancer cells and/or cardiomyocytes, and it
is quite plausible that autophagy plays an important role in cardiotoxicity caused by these
drugs. Elucidation of this biology may help prevent or treat chemotherapy-induced
cardiotoxicity. Additionally, development of future autophagy-targeting anti-cancer drugs
warrants caution for cardiac side effects, especially when used in combination with other
drugs known to affect autophagy levels.

The limitations and complexities of both in vitro and in vivo models of heart disease have
plagued this field, leading to a literature replete with conflicting results. As we move this
biology forward, new state-of-the-art experimental strategies must be harnessed to determine
the functional role of autophagic flux in chemotherapy-stressed cardiomyocytes. While
quantification of LC3-11 and p62 levels and autophagosome numbers in imaging studies has
revolutionized the study of autophagy, this is not sufficient to assess flux. Rigorous
strategies to evaluate and modulate autophagic flux will be critical to elucidation of these
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complex biological questions and assist in advancing this biology to achieve enhanced
clinical efficacy and minimal cardiac complications.
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Figure 1. Regulation of autophagy
Autophagy starts with nucleation of an intracellular membrane structure termed the phagophore. Elongation and closure of the

phagophore leads to the formation of the autophagosome which harbors cytoplasmic material, such as protein aggregates or a
mitochondrion. Subsequent fusion of the autophagosome with a lysosome (maturation) leads to degradation of the
autophagosomal cargo and inner membrane by lysosomal enzymes. Initiation of the autophagic cascade is regulated by multiple
elements, including mTORC1 and AMPK. Beclinl, a core component of the class |11 phosphatidylinositol 3-kinase VPS34
complex, can be sequestered by its binding to BCL-2 or BCL-X|, leading to inhibition of autophagy. Autophagosome
maturation can also be regulated. TFEB, a transcription factor that governs lysosomal biogenesis as well as expression of genes
coding for multiple autophagic proteins, promotes autophagic flux. Binding of Beclinl to UVRAG promotes autophagosome
maturation, while the Rubicon-Beclin1-UVRAG complex acts oppositely.
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Figure 2. Possible roles of autophagy in chemotherapy-induced cardiomyopathy
A. Chemotherapies (e.g. imatinib, sunitinib) induce cellular stress, such as hypoxia, ER stress, organelle damage, etc., which

trigger autophagy. Autophagy functions as a protective mechanism in both cancer cells and cardiomyocytes. B. Anti-cancer
agents inhibit autophagy directly (e.g. chloroguine) in both cancer cells and cardiomyocytes, causing damage to both cell types.
C. Anti-cancer agents (e.g. possibly doxorubicin) have no clear effect on cancer cell autophagy but might block autophagy in
cardiomyocytes, promoting cardiomyopathy. D. anticancer agents (e.g. possibly doxorubicin) might stimulate maladaptive
autophagy in cardiomyocytes, promoting cardiomyopathy.
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