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Abstract

Heart failure is a major side effect of doxorubicin (DOX) treatment in patients with cancer. However, the mechanisms
underlying the development of DOX-induced heart failure need to be addressed. This study aims to test whether the serine/
threonine kinase MST1, a major Hippo pathway component, contributes to the development of DOX-induced myocardial
injury. C57BL/6J WT mice and mice with cardiomyocyte-specific dominant-negative MST1 (kinase-dead) overexpression
received three weekly injections of DOX, reaching a final cumulative dose of 18 mg/kg. Echocardiographic, histological
and biochemical analyses were performed six weeks after the first DOX administration. The effects of MST1 inhibition on
DOX-induced cardiomyocyte injury were also tested in vitro. MST1 signaling was significantly activated in cardiomyocytes
in response to DOX treatment in vitro and in vivo. Wild-type (WT) mice treated with DOX developed cardiac dysfunction
and mitochondrial abnormalities. However, these detrimental effects were abolished in mice with cardiomyocyte-specific
overexpression of dominant-negative MST1 (DN-MST1) or treated with XMU-MP-1, a specific MST1 inhibitor, indicat-
ing that MST1 inhibition attenuates DOX-induced cardiac dysfunction. DOX treatment led to a significant downregulation
of cardiac levels of SIRT3, a deacetylase involved in mitochondrial protection, in WT mice, which was rescued by MST1
inhibition. Pharmacological inhibition of SIRT3 blunted the protective effects of MST1 inhibition, indicating that SIRT3
downregulation mediates the cytotoxic effects of MST1 activation in response to DOX treatment. Finally, we found a sig-
nificant upregulation of MST1 and downregulation of SIRT3 levels in human myocardial tissue of cancer patients treated
with DOX. In summary, MST1 contributes to DOX-induced cardiomyopathy through SIRT3 downregulation.
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Abbreviations SIRT3 Sirtuin 3
Ad Adenovirus TEM Transmission electron microscopy
DCM Doxorubicin-induced cardiomyopathy
DN-MST1 Overexpressing the K59R dominant-nega-
tive form of MST1 Introduction
DOX Doxorubicin
MST1 Mammalian ste20 kinase Doxorubicin is a drug belonging to the class of anthracy-
OXPHOS CI  Oxidative phosphorylation complex I clines, which is primarily used as a chemotherapeutic agent
ROS Reactive oxygen species in several malignancies. However, its therapeutic use is asso-

ciated with severe adverse effects that have been reported
over the past decades [1]. Doxorubicin-induced cardio-
myopathy is a potentially lethal condition that hardly ben-
Giacomo Frati and Sebastiano Sciarretta are joint senior authors of efits from available therapies and may manifest acutely or
this work. chronically [2]. Cardiotoxicity has emerged as a significant
side effect of doxorubicin (DOX) treatment, affecting nearly
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30% of patients within five years after chemotherapy [3].
Remarkably, heart failure is the first non-cancer cause of
death in DOX-treated patients [3]. Unfortunately, the sign-
aling mechanisms underlying DOX-induced cardiotoxicity
remain largely unclear.

MST1 is a major Hippo pathway component, a transduc-
tion signaling cascade that negatively regulates cell survival
and growth [4]. The importance of MST1 in the regulation
of cardiac stress response was demonstrated in various
works that highlighted its role in the development of myo-
cardial injury during stress [5, 6]. Cardiac overexpression of
MSTT1 results in dilated cardiomyopathy without compen-
satory ventricular myocyte hypertrophy. MST1 activation
also contributes to cell death and tissue injury in response
to myocardial ischemia/reperfusion injury and chronic myo-
cardial infarction. On the other hand, MST1 activation in
response to pressure overload appears to be in part physi-
ological by restraining cardiomyocyte dedifferentiation and
proliferation [7]. To date, the role of MST1 in the genesis of
cardiac derangements induced by DOX is unknown.

Therefore, this study aimed at exploring for the first
time the role of MST1 in the development of DOX-induced
cardiomyopathy.

Materials and methods

The expanded version of the methods section is reported in
Online Resource 1.

Animal models

C57BL/6J transgenic mice with cardiomyocyte-specific
DN-MST1 overexpression driven by a-myosin heavy chain
promoter were previously described '!. Littermate wild-type
animals were used as genetic controls of DN-MST1 mice.
3-5 months aged male and female mice were used for the
experiments and were randomly allocated to different treat-
ment groups. No a priori exclusion criteria were set. Car-
diac function analyses were blinded. Commercially-available
C57BL/6J animals (Charles River) were used for pharmaco-
logical MST1 inhibition experiments.

4’-Br-Resveratrol was purchased by R&S Chemicals, Inc.
(Kannapolis, NC 28081 USA). A concentration of 0.2 mM
was used in vitro. Mice were injected i.p. three times every
week for six weeks with a dose of 10 mg/kg of 4’-Br-Res-
veratrol suspended in saline solution. XMU-MP-1 (Sigma)
0.1 mg/ml was injected i.p. three times every week for six
weeks at a 1 mg/kg dose. At the end of the treatments, mice
were anaesthetized and euthanised by cervical dislocation to
harvest the hearts for post-mortem analyses (see details in
supplemental material).
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Antibodies

Antibodies used for immunoblots were purchased
from the indicated companies: MST1 (BD-611052 and
HO00006789-M02), GAPDH (CS-2118), P-LATS (CS-8654),
LATS (SC-398560), Histone H3 (CS-9715), cl-CAS3 (CS-
9661), cl-CAS9 (CS-9509), Actin-p (SC-69879), SIRT3
(SC-365175 and CS-5490), Vinculin (sc-25336), H2B (CS-
12364), P,..,~-H2B(CS-6959), Tri-Methyl-Histone (Lys27)
H3 (CS-9733), Cardiac Troponin T (Thermo MAS5-12,960),
COX IV (CS- 4850) [BD =Bio-Rad; CS =Cell Signaling;
H =Invitrogen; SC=Santa Cruz]. Anti-mouse and anti-
rabbit HRP-linked antibodies were purchased from Bio-Rad
and Cell Signaling Technology. All antibodies were diluted
in 5% non-fat dry milk powder in 0.05% Tween 20 Tris-
buffered saline (TBST) or 3% BSA in TBST.

Chromatin immunoprecipitation (ChiIP)

ChIP was performed using a previously described protocol
[8]. All the buffers used for chromatin immunoprecipita-
tion were supplemented with protease inhibitors (Roche).
In brief, 10x 10° HOC2 cells (ATCC® CRL-1446™) were
infected with ad-LacZ or ad-DN-MST1 for 48 h and then
treated with DOX 1 uM for four hours. Afterward, these
were fixed with 1% formaldehyde for 10 min at room tem-
perature (RT) and then sonicated in ice-cold lysis buffer (1%
SDS, 10 mM EDTA, 50 mM Tris—HCI, pH 8.1) to obtain
chromatin fragments of ~300 bp in length. The sheared
chromatin was diluted tenfold in ‘dilution buffer’ (1% Triton
X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris—HCI, pH
8.1) and precleared with protein A-Sepharose (GE-Health-
care). The 5% of the supernatant was collected as the ‘input’.
Chromatin was incubated with 5 pg Tri-Methyl-Histone H3
antibody at Lys 27 (CS-9733) or 5 pg normal goat IgG anti-
bodies (Millipore). The immunoprecipitated complexes were
recovered with protein A-Sepharose and washed with ice-
cold buffers with the following protocol: one wash in buffer
1 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 150 mM
NaCl, 20 mM Tris—HCI, pH 8.1), four washes in buffer 2
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 500 mM NaCl,
20 mM Tris—HCI, pH 8.1), one wash in buffer 3 (250 mM
LiCl, 1% NP-40, 1% sodium deoxycholate, ]| mM EDTA,
10 mM Tris—HCI, pH 8.1) and three washes in TE buffer
(10 mM Tris-HCI, pH 7.5, 1 mM EDTA). The immuno-
complexes were then reverse crosslinked, and the DNA was
purified and amplified by PCR for 30 cycles, run on a 1.5%
agarose gel. Images were acquired using a ChemiDoc (Bio-
Rad) and quantified for band intensity using ImageJ.

Sirt3 promoter fw (agagctgggaacacaaatac) and rev
(caagaacgcggttacctt) were used as primers to amplify the
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promoter of sirt3 in the proximity of the transcription
starting site (TSS).

Human samples

We analysed sections from human subjects who died of
non-cardiac causes (n=3) and subjects who underwent
doxorubicin treatment and developed cardiomyopathy
(n=3). Ventricular samples were acquired during routine
post-mortem investigations for the patients who died of non-
cardiac causes and during the post-transplant evaluation of
the native heart from oncological patients treated with DOX.
Then, the samples were archived in the anatomical collection
of the Institute of Pathological Anatomy of the University of
Padova. Samples were anonymous to the investigators and
used by the directives of the national committee of Bioeth-
ics and Recommendation (2006) of the Committee of the
Ministers of member states of the EU on the use of samples
of human origin for research and conform to the principles
outlined in the Declaration of Helsinki.

Immunofluorescence analysis of the human
myocardium.

Three um thick formalin-fixed paraffin-embedded human
heart sections underwent antigen retrieval and IF staining
following the protocol described [9]. Sections were analysed
at the confocal microscope (Leica TCS SP5), and MST1
and SIRT3 fluorescence intensity were analysed using the
software FiJi.

Statistical analyses

All data are presented as mean + SEM. A two-sided t-test
was used to compare two independent groups for continu-
ous variables. A one-way ANOVA analysis followed by
a Bonferroni post hoc test was used when more than two
independent groups were compared. Survival was analysed
with a logrank (Mantel-Cox) test. Non-normal distributed
measurements were analysed with a Mann—Whitney test.
All statistical analyses were conducted with Prism statistical
software (GraphPad, La Jolla, CA).

Results

MST1 upregulation mediates cardiomyocyte
cytotoxicity in response to DOX

Neonatal rat ventricular cardiomyocytes (CMs) were treated
with 50 uM of doxorubicin (DOX) for two and four hours.
MST1 expression levels are significantly increased in CMs
treated with DOX, as compared to control cells (Fig. la,

b). Phosphorylation levels of LATS, a downstream target of
MST1, are also significantly increased after four hours of
DOX treatment (Fig. lc, d). Overall, this data demonstrates
that MST1 signaling is rapidly activated in response to DOX
treatment in CMs in vitro. Then, we evaluated whether
MST]1 activation contributes to DOX-induced cytotoxicity.
Cardiomyocytes (CMs) were infected with either an adeno-
virus overexpressing a ‘kinase-dead’” form of MST1 (K59R)
with a dominant-negative effect (ad-DN-MST1) or a con-
trol adenovirus overexpressing -Galactosidase (ad-LacZ)
48 h before DOX treatment. Effective MST1 inhibition was
achieved, as indicated by reduced LATS phosphorylation
in ad-DN-MST-infected CM treated with DOX compared
to cells with LacZ overexpression (Online Resource 2—
Supplementary Fig. la-b). DOX treatment significantly
increases apoptosis, as indicated by increased TUNEL-
positive CMs. However, MST1 inhibition by DN-MST1
overexpression significantly reduces TUNEL-positive cells
after DOX treatment, as compared to LacZ overexpression
(Fig. le, f, Online Resource 2—Supplementary Fig. 1c).
Furthermore, MST1 inhibition significantly attenuates the
increase of cleaved-Caspase 3 levels induced by DOX treat-
ment with respect to control CMs (Fig. 1g, Online Resource
2—Supplementary Fig. 1d). In addition, DOX treatment
significantly reduces the viability of control CMs with
LacZ overexpression with respect to untreated samples, as
assessed by an MTS assay. In contrast, MST1 inhibition
by DN-MST1 overexpression preserves CM viability in
response to DOX treatment (Fig. 1h). Overall, these data
demonstrate that upregulation of endogenous MST1 con-
tributes to the cytotoxic effects of DOX treatment in CMs.

MST1 activation contributes to DOX-induced
mitochondrial oxidative stress and SIRT3
downregulation

Previous work demonstrated that DOX induces mitochon-
drial damage and mitochondrial-derived oxidative stress
by the interaction of a metabolized semiquinone form of
DOX with cardiolipin at the mitochondrial membrane,
thereby producing high levels of reactive oxygen species
(ROS) [10]. Similarly, previous work demonstrated that
MST1 contributes to mitochondria-dependent apoptosis
in response to oxidative stress in CMs [11]. Therefore, we
hypothesized that MST1 inhibition might be beneficial in
response to DOX treatment by reducing mitochondrial dam-
age. CMs were infected with ad-LACZ or ad-DN-MST1 for
48 h and then treated for four hours with DOX. Transmission
electronic microscopy (TEM) observations at baseline and
in response to four hours of DOX treatment showed that
DOX significantly induces mitochondrial structural damage
and swelling. Conversely, MST1 inhibition by DN-MST1
overexpression preserves mitochondrial morphology after
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«Fig.1 MST1 upregulation mediates cardiomyocyte cytotoxicity in
response to DOX in vitro, a—b MST1 expression profile after two and
four hours of treatment with 50 pM of doxorubicin in primary cardio-
myocyte cultures. Densitometric data normalized by loading control
represent mean +SEM (n="7 independent samples); c—d P-LATS and
LATS expression profiles after two and four hours of treatment with
50 pM of doxorubicin. Densitometric data normalized by loading
control and expressed as P-LATS/LATS ratio+SEM (n =5 independ-
ent samples); e-f TUNEL (green) staining of cardiomyocyte cultures
infected with ad-LacZ or ad-DN-MST1 for 48 h, and then treated
with doxorubicin (50 pM) for four hours. Nuclei were counterstained
with DAPI. Data represent mean+SEM (n=4 independent samples).
Scale bar=200 pm; g Cl-Caspase 3 protein profile from cardiomyo-
cyte cultures infected with ad-LacZ or ad-DN-MST1 for 48 h, then
treated with doxorubicin (50 pM) for four hours. Representative
images of five independent experiments; h MTS colorimetric assay
of cardiomyocyte cultures infected with ad-LacZ or ad-DN-MST1
for 48 h and then treated with doxorubicin (50 pM) for 24 h. Data
represent mean+SEM (n=11 independent samples). Data were ana-
lysed with a two-tailed Student’s t-test (b, d) or one-way ANOVA with
Bonferroni post-hoc test (f~h). *P<0.05; **P<0.01; ***P<0.001;
#kxEP <0.0001; ns=not significant (P> 0.05)

DOX treatment (Fig. 2a, b, Online Resource 2—Supplemen-
tary Fig. 2a). No significant changes were observed in their
numerosity (Online Resource 2—Supplementary Fig. 2b).
Similarly, mitochondrial oxidative stress was assessed
by using mitoSOX™ and mitoTracker Green™ fluores-
cent dyes, and we found that DOX treatment significantly
increases mitochondrial ROS with respect to untreated CMs.
In contrast, mitochondrial ROS production is attenuated
considerably in DOX-treated CMs with DN-MST1 over-
expression, indicating that MST1 activation in response to
DOX treatment contributes to mitochondrial oxidative stress
(Fig. 2c, d, Online Resource 2—Supplementary Fig. 2c).
Lastly, we observed a reduced mitochondrial complex I
(OXPHOS CI) assembly in primary CMs treated with DOX
and ad-LacZ. Differently, samples transduced with ad-DN-
MST1 show preserved levels of intact OXPHOS CI (Fig. 2e,
f). No significant changes were found in complexes III, IV
and V (Online Resource 2—Supplementary Fig. 2d-e).
Previous studies showed that DOX treatment promotes
cardiotoxicity through the downregulation of SIRT3, a mito-
chondrial deacetylase that preserves a variety of essential
mitochondrial functions, including ROS scavenging, mito-
chondrial pore opening and electron transport chain oxida-
tive function [12]. MST1 was previously found to inhibit
SIRT3 in response to cellular stress [13]. Therefore, we
assessed the levels of SIRT3 in CMs with ad-LACZ, ad-
MST1 or ad-DN-MST1 overexpression with or without four
hours of DOX treatment. We found a significant downregu-
lation of SIRT3 protein levels in LACZ-overexpressing CMs
in response to DOX treatment. In contrast, SIRT3 levels are
preserved in CMs transduced with ad-DN-MST1 (Fig. 2g,
h), suggesting that MST1 contributes to DOX-induced
SIRT3 downregulation in CMs. We then checked whether
the preservation of SIRT3 levels mediates the beneficial

effects of MST1 inhibition on CM survival and apoptosis in
response to DOX treatment. For this purpose, we checked
whether the administration of 4’-Br-Resveratrol, a novel
pharmacological competitive inhibitor of SIRT3, suppresses
the beneficial effects of DN-MST1 overexpression in DOX-
treated CMs. We found that SIRT3 inhibition abrogates the
protective effects of ad-DN-MST1 on cell viability (Online
Resource 2—Supplementary Fig. 1le), indicating that MST1
inhibition reduces DOX-induced cytotoxicity partly through
SIRT3-dependent mechanisms.

Then, we checked whether MST1 activation suppresses
SIRT3 expression levels at a transcriptional level. First, we
found that adenoviral-mediated overexpression of wild-
type MST1 protein in cardiomyocytes is sufficient to induce
SIRT3 mRNA downregulation (Fig. 3a). In addition, DOX
treatment increases Ser14 phosphorylation of histone H2B,
but this effect is reduced by MST1 inhibition (Fig. 3b, c).
Previous work demonstrated that phosphorylation of H2B by
MSTT1 is a histone modification that promotes heterochro-
matinization by recruiting epigenetic enzymatic modifiers.
Therefore, we investigated whether the promoter region of
SIRT3 is enriched with epigenetic modifications associated
with transcriptional repression in response to DOX. ChIP
assay showed that DOX treatment promotes Histone 3 (H3)
Lys27 tri-methylation in the promoter region of SIRT3 in
HI9C2 cardiomyocytes in response to DOX treatment, indi-
cating increased chromatin condensation. Conversely, MST1
inhibition by DN-MST 1 overexpression reduces the levels of
H3 tri-methylation (Fig. 3d, e). These results were consistent
with the observations that SIRT3 mRNA levels are reduced
in cells treated with DOX, whereas SIRT3 levels are restored
by MST1 inhibition (Fig. 3f). Overall, these data may sug-
gest that MSTT1 activation by DOX mediates transcriptional
inhibition of SIRT3 expression through the induction of epi-
genetic repressive histone modifications.

MST1 inhibition abrogates DOX-induced cardiac
dysfunction in vivo

We then transferred our in vitro findings to a relevant and
validated pre-clinical murine model of DOX-induced cardio-
toxicity. We studied the cardiac phenotype of a transgenic
C57BL/6J model with cardiomyocyte-specific overexpres-
sion of DN-MST1 (Tg-DN-MST1) [14] in response to DOX
treatment. Heterozygous Tg-DN-MST1 and wild type (WT)
littermate mice were treated with a final dose of 18 mg/kg
DOX, which was injected i.p. once a week for three consecu-
tive weeks (three injections of 6 mg/kg, see Material and
Methods for details). First of all, we studied MST1 cardiac
levels in WT mice after one, three and six weeks of treat-
ment and observed a significant upregulation after three and
six weeks from the first injection of DOX (Fig. 4a, b, Online
Resource 2—Supplementary Fig. 3a-b).

@ Springer
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«Fig.2 MST]1 inhibition attenuates DOX-induced mitochondrial oxi-
dative stress and preserves SIRT3 expression levels, a Representa-
tive TEM images of myocardial mitochondria from cardiomyocyte
cultures infected with ad-LacZ or ad-DN-MST1 for 48 h and then
treated with doxorubicin (50 pM) for four hours. Scale bar=0.4 pm;
b quantification of the number of mitochondria presenting severe
alterations per microscopic field. Data represent mean+SEM (n=10
microscopic fields from 5 independent samples); c¢—d MitoSOX
staining of cardiomyocyte cultures infected with ad-LacZ or ad-DN-
MST1 for 48 h, and then treated with doxorubicin (50 pM) for four
hours. Data represent mean+SEM (n=4 independent samples).
Scale bar=25 pm; (e-f) OXPHOS complexes expression profile and
complex I quantification from cardiomyocyte cultures infected with
ad-LacZ or ad-DN-MST1 for 48 h, then treated with doxorubicin
(50 pM) for four hours. Densitometric data normalized by load-
ing control represent mean+SEM (n=6 independent samples); g-h
SIRT3 expression profile in cardiomyocytes infected with ad-LacZ
or ad-DN-MST1 for 48 h, and then treated with doxorubicin (50 pM)
for four hours. Densitometric data normalized by loading control
represent mean+SEM (n=6 independent samples). Data were ana-
lysed with one-way ANOVA with Bonferroni post-hoc test. *P <0.05;
P <0.001; **¥*#P <0.0001

We confirmed the efficacy of our Hippo-deficient Tg-DN-
MST1 mouse model by observing that P-LATS level was
increased in response to DOX treatment in WT but not in
Tg-DN-MST1 mice heart lysates (Online Resource 2—Sup-
plementary Fig. 3c, d). Of interest, we found that cardiac
MSTI1 accumulates in the cytosol and, more markedly, in
the nucleus in response to DOX treatment (Online Resource
2—Supplementary Fig. 4a, b).

We also observed a significant reduction of systolic func-
tion in WT mice, as indicated by reduced fractional shorten-
ing, after six weeks since the initial injection of DOX. A sig-
nificant increase in left ventricular end-systolic diameter in
WT mice treated with DOX was also observed, whereas left
ventricular end-diastolic diameter was unchanged, consistent
with a recent onset of systolic dysfunction. Conversely, Tg-
DN-MST1 mice do not show an impairment of systolic func-
tion or an increased left ventricular end-systolic diameter
in response to DOX treatment (Fig. 4c, d, Online Resource
3—Supplementary Table 1), demonstrating that MST1
inhibition abrogates DOX-induced cardiac abnormalities.
We also observed a significant reduction of left ventricular
wall thickness in WT mice but not in Tg-DN-MST1 mice
in response to DOX treatment (Online Resource 3—Sup-
plementary Table 1).

Likewise, gravimetric analyses showed a significant loss
of heart mass in WT mice treated with DOX, as compared to
untreated mice. In contrast, heart mass is unchanged in Tg-
DN-MST1 mice treated with DOX with respect to untreated
mice (Fig. 4e).

Similar results were also observed when MST1 was phar-
macologically inhibited in mice treated with DOX. Admin-
istration of XMU-MP-1 (XMU), a novel pharmacological
MST1 enzymatic function inhibitor [15], to C57/BL6J WT
mice treated with DOX can abrogate DOX-induced cardiac

dysfunction, thereby recapitulating the beneficial effects of
DN-MST1 overexpression (Fig. 4f, Online Resource 3—
Supplementary Table 2). Overall, these data show that either
genetic or pharmacological inhibition of MST1 reduces the
development of cardiac dysfunction induced by DOX.

Interestingly, WT mice had increased mortality in
response to DOX treatment with respect to untreated ani-
mals, but pharmacological MST1 inhibition by XMU-MP-1
administration significantly inhibited it, markedly improving
survival. Conversely, Tg-DN-MST1 mice receiving DOX
treatment did show increased survival with respect to WT
mice, despite a marked attenuation of cardiac dysfunction
(Online Resource 2 — Supplementary Fig. 4c).

MST1 inhibition attenuates DOX-induced cardiac
fibrosis and apoptosis

We performed ex vivo histological analyses to check
whether DOX treatment induces myocardial abnormali-
ties in an MST1-dependent manner. We evaluated cardiac
fibrosis through Masson’s Trichrome staining in WT and
Tg-DN-MST1 mice with or without DOX treatment and
observed that DOX treatment promotes collagen deposition
in WT mice. Conversely, cardiac fibrosis is attenuated in
heart sections of Tg-DN-MST1 mice treated with DOX with
respect to treated WT mice (Fig. 5a, b). We also measured
CM cross-sectional area (CSA) and revealed a significant
reduction in WT mice in response to DOX treatment, which
is abolished in Tg-DN-MST1 mice, as compared to untreated
controls (Online Resource 2 — Supplementary Fig. 5).

We also evaluated cardiac apoptosis by performing a
TUNEL assay and found a marked increase in TUNEL-
positive CM nuclei in DOX-treated WT mice with respect
to untreated controls. On the other hand, DN-MST1 over-
expression reduces the percentage of TUNEL-positive
nuclei in DOX-treated transgenic mice (Fig. Sc, d). These
data were also corroborated by the evidence that cardiac
cleaved-Caspase 3 and cleaved-Caspase 9 levels are signifi-
cantly increased in DOX-treated WT mice as compared to
untreated animals but not in DOX-treated Tg-DN-MST1
(Fig. 5e, f). Overall, these data indicate that DOX adminis-
tration provokes myocardial atrophy, cell death and fibrosis
through MST1-dependent mechanisms.

MST1 inhibition preserves cardiac function
through SIRT3 activation in vivo

To evaluate the impact of MST1 inhibition on mitochon-
drial structure and function in response to DOX treatment,
we performed transmission electronic microscopy (TEM)
analysis in heart samples of WT and Tg-DN-MST1 at base-
line and in response to DOX treatment. We found that DOX
treatment significantly induces mitochondrial damage in the
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hearts of WT mice, as indicated by a higher number of mito-
chondria with deranged cristae morphology and increased
mitochondrial cross-sectional area, which denotes swelling.
Conversely, the mitochondrial structure is preserved in Tg-
DN-MSTI treated with DOX (Fig. 6a, b; Online Resource
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27-dCT normalized on Actin
(Fold to LacZ NT)

2 — Supplementary Fig. 6a—c). Moreover, we measured
an increase in mitochondrial mass by COX IV quantifica-
tion in WT mice that received DOX (Online Resource 2
— Supplementary Fig. 6d-e). This result is in line with the
observed autophagy abnormalities in WT mice after three
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«Fig.3 MST1 downregulates SIRT3 through sirt3 promoter het-
erochromatinization, a SIRT3 mRNA expression profile in cardio-
myocytes infected 48 h with an adenovirus overexpressing LacZ or
MSTI. Data represent mean+ SEM (n=28 independent samples); b—c
P..14s-H2B and H2B expression profiles after 4 h of treatment with
50 pM of doxorubicin in primary cardiomyocyte cultures infected
with ad-LacZ or ad-DN-MST1 for 48 h. Densitometric data normal-
ized by loading control represent mean+SEM (n=6 independent
samples); d—e sirt3 promoter DNA amplification after chromatin
immunoprecipitation (ChIP) targeting trimethyl (Lys27) Histone
3 (H3K27) in HI9C2 cardiac cells infected 48 h with an adenovirus
overexpressing LacZ or DN-MST1. Data represent mean+SEM
(n=7 independent replicates from pulled cells); f SIRT3 mRNA
expression profile in HOC2 cardiac cells infected 48 h with an adeno-
virus overexpressing LacZ or DN-MST1. Data represent mean + SEM
(n=5-6 independent samples). Data were analysed with a two-tailed
Student’s t-test (a) or one-way ANOVA with Bonferroni post-hoc test
(b—A). *P<0.05; **P<0.01; ***P <0.001

weeks of treatment with DOX. In fact, we found increased
levels of both LC3B-II and p62 autophagy markers in WT
mice, which together suggest autophagy flux inhibition, in
line with previously published evidence [16]. In contrast,
no autophagy abnormalities were observed in Tg-DN-
MST]1 treated with DOX, in accordance with the known
pro-autophagic effect of MST1 inhibition [17] (Online
Resource 2 — Supplementary Fig. 7a-b). We also found that
mitochondrial function is impaired in DOX-treated WT mice
with respect to untreated controls, as indicated by reduced
mitochondrial complex IV activity, whereas it is preserved
in DOX-treated Tg-DN-MST1 mice (Fig. 6¢). Overall, these
data suggest that MST1 inhibition preserves mitochondrial
function and structure in response to DOX treatment.

Then, we wanted to investigate whether SIRT3 is involved
in the beneficial effects of MST1 inhibition in vivo. We
observed a significant reduction of SIRT3 mRNA levels
in WT mice treated with DOX, as compared to untreated
animals. On the other hand, SIRT3 levels are preserved in
Tg-DN-MST1 mice in response to DOX treatment (Fig. 6d).
SIRT3 protein levels are also reduced in WT mice treated
with DOX, whereas they are preserved in transgenic mice,
being even higher than in untreated transgenic controls
(Fig. 6e, f). We also measured SIRT3 levels in mitochon-
drial heart fractions and confirmed that SIRT3 protein lev-
els decrease in WT mice receiving DOX treatment (Online
Resource 2 — Supplementary Fig. 8a-b).

Together, these results indicate that MST1 activation in
response to DOX treatment contributes to the downregula-
tion of SIRT3 levels in a transcriptional manner, also in vivo.

We then investigated whether pharmacological inhibition
of SIRT3 by 4’-Br-Resv administration would neutralize the
cardioprotective effects of MST1 inhibition observed in Tg-
DN-MST1 mice in response to DOX treatment (Fig. 6g).
First, we found that SIRT3 inhibition does not affect basal
heart function in both untreated WT and Tg-DN-MST1
mice. In contrast, SIRT3 inhibition abrogates the protective

effects of MST1 inhibition in response to DOX treatment
since Tg-DN-MST1 mice show a significant decline in sys-
tolic function after DOX treatment, which is comparable to
the reduction of systolic function observed in DOX-treated
WT mice (Fig. 6h; Online Resource 2 — Supplementary
Fig. 8c; Online Resource 3 — Supplementary Table 3).
These data demonstrate that MST1 inhibition protects car-
diac function in response to DOX treatment by preserving
SIRT3 levels.

MST1 is upregulated in the hearts of patients
treated with doxorubicin

To translate our findings to a clinical level, we checked the
expression levels of MST1 in heart samples derived from
patients with cancer and treated with DOX who devel-
oped cardiomyopathy (Online Resource 3 — Supplemen-
tary Table 4-5). We observed that MST1 is significantly
upregulated in the hearts of patients treated with DOX with
respect to control patients (who died because of non-cardiac
causes) and is mainly localized to nuclei, as observed in
histological analysis (Fig. 7a, b, Online Resource 2 — Sup-
plementary Fig. 9). We also found that SIRT3 levels are
reduced in patients with DOX-induced cardiomyopathy, as
compared to control patients (Fig. 7c, d). This result sug-
gests that MST1 activation and SIRT3 downregulation are
involved in the detrimental cardiac effects of DOX treatment
in human subjects.

Pharmacological MST1 inhibition does not interfere
with the chemotherapeutic effects of DOX
treatment against cancer cells in vitro

Lastly, we conducted additional experiments to evaluate
whether inhibition of MST1 would impair the effectiveness
of DOX chemotherapeutic effects. We plated MCF-7 breast
cancer cells and then treated them with DOX for four hours,
with or without XMU-MP-1, a novel MST1 pharmacologi-
cal inhibitor [15]. Then, we harvested the cells and seeded
them at 100 cells/ml to evaluate the clonogenic potential
after two weeks. We observed that XMU-MP-1 does not
affect the ability of DOX treatment to suppress the clo-
nogenic potential of cancer cells, but it is actually able to
reduce clone formation itself even in the absence of DOX
treatment (Online Resource 2 — Supplementary Fig. 10a, b).

Discussion

In recent years, much effort has been devoted to developing
new preventive and therapeutic strategies for the manage-
ment of the cardiotoxic effects of anthracycline-based anti-
cancer therapies [18].
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Fig.4 MST1 mediates DOX-induced myocardial dysfunction,. (a—b)
MST1 expression profile after three weeks of treatment with 18 mg/
kg of doxorubicin in C57BL/6J mice. Densitometric data normal-
ized by loading control represent mean+SEM (n=3 independent
samples); ¢ M-mode echocardiographic analyses after six weeks of
treatment with doxorubicin (DOX) in C57BL/6J (wt) and Tg-DN-
MST1 mice; d—e echocardiographic measurements of fractional
shortening (d) and post-mortem gravimetric analyses of heart weight/
tibial length ratio (e) after six weeks of treatment with doxorubicin in

The present work extends the current knowledge about
the molecular mechanisms involved in DOX-associated car-
diotoxicity, showing for the first time the prominent role
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C57BL/6J (wt) and Tg-DN-MST1 mice. Data represent mean+SEM
(n=7-11 independent samples); f echocardiographic measurements
of fractional shortening after six weeks of treatment with doxorubicin
in C57BL/6J (wt) with or without the MST1 inhibitor XMU-MP-1
(XMU). Data represent mean+ SEM (n=8-10 independent samples).
Data were analysed with a two-tailed Student’s t-test (b) or one-way
ANOVA with Bonferroni post-hoc test (d—f). **P<0.01; ***P <0.01;
REEP < 0.0001

of MST1 signaling. We found that DOX treatment signifi-
cantly activates MST1 signaling in cardiomyocytes both
in vitro and in vivo. MST1 inhibition by overexpression of
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Fig.5 MST1 inhibition protects from DOX-induced cell death and
myocardial remodeling in vivo (a—b) Masson’s trichrome staining
of myocardial sections harvested from mice that were treated with 3
injections of doxorubicin with a final cumulative dose of 18 mg/kg,
six weeks after the first administration. Data represent mean+SEM
(n=4-5 independent samples) Scale bar=200 pm; c-d TUNEL
(green) staining was also performed in the same conditions, and
nuclei were counterstained with DAPI. TUNEL-positive nuclei
from Troponin-positive cells (i.e., CM) were counted. Data repre-
sent mean+SEM (n=11 independent samples). Scale bar=100 pm;
e—f Cl-Caspase 3 and Cl-Caspase 9 expression profiles in myocar-
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dial lysates deriving from mice treated with doxorubicin to a final
cumulative dose of 18 mg/kg and sacrificed six weeks after the first
of three 6 mg/kg injections. The arrow marks the inferior bands as
cleaved-Caspase3. Densitometric data normalized by loading con-
trol represent mean+SEM (n=5 (e) and n=4 (f) independent sam-
ples). Data were analysed with one-way ANOVA with Bonferroni
post-hoc test. *P<0.05; **P<0.01; ***P < 0.001; ****P <0.0001;
ns=P>0.05. Tg=transgenic DN-MSTI; NT=not-treated (saline-
injected) WN=wild type not-treated (sham); WD wild type doxoru-
bicin-treated, TN transgenic not-treated; TD transgenic doxorubicin-
treated
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a ‘kinase-dead’ form of this protein reduces cardiomyocyte
death and apoptosis and preserves cardiac function in vivo.
A similar result was obtained by administrating XMU-MP-1,
a pharmacological inhibitor of MST1, supporting the trans-
lational potential of our findings. These results are in line
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with previous work demonstrating the involvement of MST1
in the induction of myocardial injury in response to other
stresses such as f1-adrenergic cardiomyopathy [19], chronic
myocardial infarction [20] and ischemia/reperfusion injury
[21]. Our findings extend this concept by highlighting a
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«Fig.6 MST]1 inhibition reduces DOX-induced cytotoxic mitochon-
drial alterations by SIRT3 uperegulation in vivo, a Representative
TEM images of myocardial mitochondria from mice treated with
DOX, six weeks after the first administration. Scale bar=0.2 pm;
b quantification of the number of mitochondria presenting severe
alterations per microscopic field. Data represent mean+SEM (n=12
microscopic fields from 3 independent samples); ¢ colorimetric eval-
uation of mitochondrial complex IV enzymatic function measured
as —OD/min slope. Data represent mean+SEM (n=28 independent
samples); d SIRT3 mRNA expression profile in myocardial lysates
deriving from mice treated with doxorubicin reaching a final cumu-
lative dose of 18 mg/kg. Data represent mean +SEM (n=6-7 inde-
pendent samples); e-f SIRT3 protein expression profile in myocardial
lysates deriving from mice that were treated six weeks with doxoru-
bicin reaching a final cumulative dose of 18 mg/kg. Densitometric
data normalized by loading control represent mean+SEM (n=4
independent samples); g diagram of the experimental procedure used
for the i.p. administration of the SIRT3 inhibitor 4’-Br-Resveratrol
together with doxorubicin; h functional echocardiographic analyses
of the fractional shortening measured on mice treated with both doxo-
rubicin and 4’-Br-Resveratrol. Data represent mean+SEM (n=4-7
independent samples). Data were analysed with one-way ANOVA
with Bonferroni post-hoc test. *P<0.05; **P<0.01; ***P<0.001;
#xx¥P <0.0001; ns=not significant (P> 0.05). Tg=transgenic DN-
MSTI1; NT=not-treated (saline-injected) WN=wild type not-treated
(sham); WD=wild type doxorubicin-treated; TN=transgenic not-
treated;, TD=transgenic doxorubicin-treated; ~WNB=wild-type
4’-Br-resveratrol-treated; WDB=wild type doxorubicin- and 4’-Br-
resveratrol-treated; TNB=transgenic  4’-Br-resveratrol-treated;
TDB = transgenic doxorubicin- and 4’-Br-resveratrol-treated

novel pathophysiological context in which MST1 plays a
major role in cardiomyocyte response to stress.

We observed that the protective effects of MST1 inhibi-
tion are associated with a reduction of mitochondrial dam-
age and oxidative stress, indicating that MST1 activation
in response to DOX treatment contributes to mitochondrial
derangements. This notion is consistent with previous results
demonstrating that MST1 translocates to mitochondria in
response to oxidative stress and induces mitochondrial-
mediated apoptotic cell death by phosphorylating BCL-XL
[11].

Our study demonstrates that the beneficial effects of
MSTT inhibition in response to DOX treatment are medi-
ated by SIRT3 upregulation. In fact, the beneficial effects of
DN-MST1 overexpression on cardiac function are abrogated
by concomitant SIRT3 inhibition. SIRT3 is a gene encoding
for a mitochondrial deacetylase, whose activity is essential
for mitochondrial integrity, function and ROS handling.
It was previously demonstrated that SIRT3 is downregu-
lated in response to DOX treatment, thereby promoting the
development of cardiomyopathy [12]. We believe that our
paper significantly extends this evidence by demonstrating
that MST1 activation is responsible for SIRT3 downregula-
tion, apparently through transcriptional mechanisms. In fact,
DOX treatment reduces SIRT3 mRNA levels in the heart,
which are reversed by DN-MST1 overexpression. In this line
of evidence, MST1 inhibition reverses the effects of DOX

treatment on SIRT3 mRNA levels, whereas MST1 overex-
pression is sufficient to induce a decrease of SIRT3 mRNA
levels in cardiomyocytes in vitro. Interestingly, we found
that DOX induces H2B Ser14 phosphorylation, a known
repressive histone modification, and enriches H3 Lys27 tri-
methylation at the level of the SIRT3 promoter in an MST1-
dependent manner. These results may suggest that MST1
represses SIRT3 gene expression through the induction of
epigenetic modifications, which may reduce SIRT3 promoter
accessibility to the transcriptional machinery. Future studies
are warranted to corroborate this hypothesis.

Previous evidence also showed that SIRT3 stimulates
autophagy, whereas MST1 inhibits it. Autophagy is impaired
in cardiomyocytes by DOX treatment [16]. Our data sug-
gest that autophagy flux is inhibited in our model and that
DN-MST1 preserves it in response to DOX, fully confirm-
ing previous evidence [17]. This result further increases the
complexity of our understanding of CM responses to cyto-
toxic stresses, such as DOX, and how deeply the different
pathways associated with DCM that were identified over the
years are interconnected.

Our findings are also relevant to human disease since we
found a marked MST1 activation and SIRT3 reduction in
myocardial specimens of patients with cancer treated with
DOX-based therapy a few years earlier. This result suggests
that MST1 activation in cardiomyocytes persists for a long
time after chemotherapy, likely because of the onset of a
vicious cycle characterized by mitochondrial damage and
marked ROS production activating MST1, which in turn
further deteriorates mitochondrial damage and oxidative
stress. More remarkably, our results in human heart sam-
ples suggest that new therapies targeting MST1 may be
potentially helpful for improving the cardiac prognosis of
cancer patients treated with DOX. Our data on the improved
survival of mice receiving DOX together with the MST1/2-
inhibitor ‘XMU-MP-1" are encouraging in this sense. Of
note, this positive effect on survival was not observed in our
model of cardiac-specific Tg-DN-MST1 mice. We hypoth-
esize that this difference may be due to the multi-organ pro-
tective effect that is granted by XMU-MP-1 administration.
Future investigations are warranted to test this hypothesis.

We also conducted in vitro experiments to test whether
MSTI inhibition may interfere with the anticancer effects
of DOX. In fact, Hippo signaling is known to exert onco-
suppressive activities. However, our experiments on MCF-7
human breast cancer cells treated with DOX and XMU-
MP-1, a novel MST1 pharmacological inhibitor, showed
that MST1 inhibition does not only affect DOX cytotoxicity
at all, but it reduces the clonogenic potential of cancer cells,
also in the absence of DOX treatment. This observation
aligns with studies showing that mice with MST1 or MST2
gene deletion do not show spontaneous cancer formation
[22, 23].
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This study has some limitations to be mentioned. We
apparently used high doses of DOX for our in vitro studies.
We chose this DOX concentration based on the evidence
that the drug progressively accumulates inside the cells,
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reaching intracellular concentrations significantly higher
than circulating ones. Therefore, we thought that it was
more clinically relevant to test doses in the micromole
range. In addition, the human study was conducted on a
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«Fig.7 MST1 is upregulated in the heart of DOX-treated patients,
(a—d) Confocal IF analysis of human heart sections from healthy con-
trol and patients treated with doxorubicin, stained with an antibody
targeting MST1 (a) and SIRT3 (c). Nuclei were counterstained with
DAPI. Scale bar=10 um; (¢, d) quantifications of MST1 and SIRT3
mean fluorescence intensity in cardiomyocytes (CMs) from heart sec-
tions of control vs. DOX-treated subjects. Data represent mean + SEM
(n=84-123 CMs from three independent patients per group). Statis-
tical significance was assessed with a Mann—Whitney test; e graphi-
cal abstract of the findings of this study, showing that doxorubicin
enhances mitochondrial ROS production, thereby triggering MST1
activation (black arrows). MSTI, in turn, stimulates sirt3 promoter
heterochromatinization and, therefore, downregulates its expression,
impairing SIRT3 pleiotropic mitochondrial protective effects (dashed
red lines) and promoting cell death. This image was made in part
using tools provided by Servier Medical Arts. Data were analysed
with a two-tailed Student’s t-test. ****P <(0.0001 (color figure online)

relatively small number of patients. However, a compre-
hensive analysis was performed in heart sections, which
was sufficient to see significant differences. Finally, the
exact molecular mechanism through which MST1 inhibits
SIRT3 expression was not fully elucidated in this study
and warrants clarification in future, more focused studies.

In conclusion, we propose a mechanistic model underly-
ing DOX-induced cardiac injury in which MST1 is acti-
vated and epigenetically downregulates SIRT3 transcrip-
tion, thereby leading to mitochondrial damage and cardiac
dysfunction (Fig. 7e). Moreover, we show for the first time
that inhibiting MST1 with pharmacological agents, such as
XMU-MP-1, represents a novel translational approach to
prevent the occurrence of DOX-induced cardiomyopathy.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-023-04877-7.
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