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Abstract

Circadian rhythms disruption can be the cause of chronic diseases. External cues, including therapeutic drugs, have been
shown to modulate peripheral-circadian clocks. Since anthracycline cardiotoxicity is associated with loss of mitochondrial
function and metabolic remodeling, we investigated whether the energetic failure induced by sub-chronic doxorubicin (DOX)
treatment in juvenile mice was associated with persistent disruption of circadian regulators. Juvenile C57BL/6J male mice
were subjected to a sub-chronic DOX treatment (4 weekly injections of 5 mg/kg DOX) and several cardiac parameters, as
well as circadian-gene expression and acetylation patterns, were analyzed after 6 weeks of recovery time. Complementary
experiments were performed with Mouse Embryonic Fibroblasts (MEFs) and Human Embryonic Kidney 293 cells. DOX-
treated juvenile mice showed cardiotoxicity markers and persistent alterations of transcriptional- and signaling cardiac
circadian homeostasis. The results showed a delayed influence of DOX on gene expression, accompanied by changes in
SIRT1-mediated cyclic deacetylation. The mechanism behind DOX interference with the circadian clock was further studied
in vitro, in which were observed alterations of circadian-gene expression and increased BMAL1 SIRT1-mediated deacetyla-
tion. In conclusion, DOX treatment in juvenile mice resulted in disruption of oscillatory molecular mechanisms including
gene expression and acetylation profiles.
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Introduction

Cardiovascular physiology and disease, including myocar-
dial infarction and sudden cardiac death, exhibit a 24 h peri-
odicity (Litinski et al. 2009; Mistry et al. 2017; Tsimakou-
ridze et al. 2015). Rhythmic cardiac behavior indicates that
the circadian clock is a relevant factor in the development
of cardiac diseases, as well as a potential therapeutic target.

Daily oscillations are mostly controlled by transcrip-
tional- and translational feedback-loops, although they are
also driven by the interplay with cellular metabolism and
energy status. One such example is NAD"-dependent sirtuin
activity that is regulated by clock-driven NAD* biosynthesis
(Nakahata et al. 2009). For example, SIRT3-activity rhyth-
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micity is known for generating oscillations on the acetyla-
tion of key mitochondrial proteins (Peek et al. 2013), while
SIRT1 binds the core clock proteins BMAL1:CLOCK in a
rhythmic manner promoting deacetylation of clock proteins,
histones, and proteins involved in metabolic- and apoptotic
processes (Bellet et al. 2013; Nakahata et al. 2008; Sahar
et al. 2014). Recent findings demonstrate that the internal
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clocks are coordinated in their metabolism, suggesting
communication between circadian oscillators (Dyar et al.
2018). Disturbing these communication pathways and the
desynchronization between the central pacemaker, located
in the suprachiasmatic nucleus, and peripheral clocks are
associated with several diseases (Litinski et al. 2009; West
et al. 2017; Young and Bray 2007). Mice exposed to unusual
light—dark (LD) cycles, similarly to shift workers, present
altered metabolic efficiency and substrate utilization, as well
as depressed cardiac function (West et al. 2017). While cir-
cadian disruptions are deleterious for the normal heart func-
tion (Knutsson et al. 1986; Kohsaka et al. 2014), NAD" and
SIRT1 seem to protect the myocardium against aging and
oxidative stress (Alcendor et al. 2007; Mericskay 2016).

Based on these notions we sought to investigate whether
pharmaceutical alterations of the cardiac circadian machi-
nery may result in an increased incidence of cardiovascular
disease. To explore drug effects in cardiac rhythms, we used
doxorubicin (DOX) as a cardiotoxic agent.

DOX is a very efficient antineoplastic drug with severe
cardiac side-effects that limit its clinical utilization (Car-
valho et al. 2014). Children are particularly vulnerable to
post-treatment DOX side-effects and caution needs to be
taken not only during treatment or shortly after, but also
during long-term follow-up (Bansal et al. 2017). Persistent
deleterious and chronic effects of DOX on the cardiovascular
system may result in heart failure. In fact, it was estimated
that 10% of children receiving a camulative dose of 300 mg/
m? or higher eventually experience heart failure during the
20 years after anthracycline therapy (van Dalen et al. 2006).
In another cohort, the incidence of congestive heart fai-
lure associated with anthracycline treatment was more than
fivefold higher at doses of 250 mg/m? or more, compared
with survivors who have not been exposed to anthracyclines
(Mulrooney et al. 2009). The reasons for this persistency of
effects have not yet been totally clarified even though several
hypotheses have been addressed before, including mtDNA
mutations with further perpetuation of defects on respira-
tory subunits encoded by mtDNA (Lebrecht et al. 2005),
impaired-cardiac progenitor cells function and neovascu-
larization (Huang et al. 2010), persistently-altered transcript
levels (Berthiaume and Wallace 2007; Richard et al. 2011)
or even altered DNA methylation (Nordgren et al. 2017).

Accumulating evidence suggests that DOX may inter-
fere with the metabolic pathways controlled by sirtuins.
In fact, resveratrol, a sirtuin activator, has shown promis-
ing results in the prevention of DOX-induced cardiotoxic-
ity (Liu et al. 2016; Osman et al. 2013; Wang et al. 2012;
Zhang et al. 2011). Some recent in vivo and in vitro stud-
ies observed decreased SIRT1 (Wang et al. 2017; Zhu et al.
2017) and SIRT3 (Cheung et al. 2015; Pillai et al. 2016)
mRNA-expression and protein levels after DOX adminis-
tration. Additionally, the metabolic shifts resultant from
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cardiac-DOX exposure have also shown to alter mitochon-
drial pathways for ATP production that could ultimately
result in dysregulated NAD*/NADH ratios and NAD™ le-
vels, important linkers with the circadian regulation (Heart
et al. 2016; Wang et al. 2014).

The present study investigates whether DOX exposure
in young mice could persistently interfere with the long-
term transcriptional- and signaling circadian homeostasis,
and how the metabolic- and energetic failure induced by a
sub-chronic DOX treatment is integrated at the level of the
circadian machinery.

Methods
Animal care

Animals and protocols were reviewed and approved by the
Institutional Animal Care and Use Committee of the Uni-
versity of California, Irvine.

Wild-type male C57BL/6J mice of three weeks of age
were obtained from Jackson Laboratory (Bar Harbor, ME,
USA) and acclimated for 1 week prior the initiation of
experiments. Animals were housed with ad libitum stan-
dard chow- and water access, under controlled temperature
(24-25 °C), humidity, and 12 h artificial light/dark cycle
(12:12 LD). Animals were monitored daily by both the lab-
oratory and University Lab Animal Resources veterinary
staff. Cages (5 mice per cage) were cleaned weekly to main-
tain a clean environment.

Experimental design

C57BL/6J mice were randomly divided into two groups:
SAL- and DOX treatment. One group received a total of
20 mg/kg of DOX (intra-peritoneal injection of 5 mg/kg in
0.9% saline solution, for 4 weeks), while the other control
group received the equivalent volume of the vehicle saline-
solution. Animals were injected during the light phase (~ZT
5), considering that the best tolerability to DOX in mice has
been shown to be near the middle of the light phase (Granda
et al. 2001; Sothern et al. 1989), and were weighed weekly
before the injections. Two weeks prior sacrifice, the cages
were moved into a strict 12:12 LD room. The animals were
sacrificed by CO, inhalation followed by cervical disloca-
tion 6 weeks after the final DOX injection, at 4 different
time-points (ZT 3, ZT 9, ZT 15, and ZT 21) (Supplemental
Figure 1). Extraction of the heart was quickly performed,
hearts were washed in PBS, weighed, the left ventricle care-
fully extracted, and flash frozen in liquid nitrogen. Heart
ventricles were then kept at — 80 °C. No mortality was
observed during the experiment.
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Cell culture and transfection

HEK (Human Embryonic Kidney) 293 cells were cultured
in 25 mM glucose DMEM supplemented with 10% FBS and
1% Penicillin-Streptomycin, in 0.1% gelatin-coated dishes.
The culture was maintained at 37 °C in a humidified atmos-
phere of 5% CO, and cells were passaged when reaching
80-90% of confluence. One day after seeding (2.5 x 10*
cells/cm?), cells were transfected with the indicated plasmids
using BioT Transfection agent according to the manufac-
turer’s recommendations. Further description of transfec-
tion and DOX treatments is available in the Supplemental
Material. Mouse Embryonic Fibroblasts (MEFs) wild-type
and SIRTI —/—- were cultured in 25 mM glucose DMEM
supplemented with 10% FBS and 1% Penicillin/Streptomy-
cin and under standard-cell culture conditions. These MEFs
were previously generated from wild-type or homozygous
SIRT1 —/- sibling mice (Nakahata et al. 2008). Details on
cell treatment are given in the Supplemental Material.

Sulforhodamine B assay

HEK 293 were seeded in 48 well-plates at a concentration of
2.5%x10* cells/cm?. At the end of DOX treatment (0.053, 0.5,
and 1 pM; 20 h), cells were fixed overnight and then incu-
bated with 200 pL 0.05% (w/v) SRB solution. WT MEFs
were seeded at 1.1x 10* cells/cm? and exposed to dexameth-
asone (DEX) for 1 h followed by DOX (up to 1 uM) incuba-
tion for 12 h, after which cells were fixed or kept in culture
for 30 h in DOX-free medium before fixation. Dye bound to
cellular proteins was extracted with 1 mL Tris (10 mM, pH
10) and absorbance was read at 530 nm (Silva et al. 2016).

RNA extraction

Total RNA was extracted from MEF cells and frozen left-
ventricles with TRIzol reagent, as described in the Supple-
mental Material.

cDNA preparation and quantitative real-time PCR

For gene expression-analysis by qRT-PCR, 1 pg mRNA
was retrotranscribed into cDNA using iScript RT supermix
according to manufacturer’s instructions. Further details are
available in Supplemental Material.

Protein extraction

Cells and tissues were lysed in RIPA buffer. Briefly, 1 mL
of RIPA supplemented with inhibitors (0.5 mM PMSF, 1
pl/ml protease inhibitor cocktail, 20 mM NaF, 10 mM NAM,
330 nM TSA, and 0.5% DOC) was added either directly to
the cell culture, after a first wash with PBS, or to~20 mg

ventricular tissue. Cell lysates were then transferred to tubes
and placed at 4 °C, rocking for 30 min and vortexed every
5 min. Lysates were then sonicated 3 X 10 s and centrifuged
at 18,000xg for 20 min (4 °C) and the pellet was discarded.
Protein content was measured using BCA assay and using
bovine serum albumin as standard. Protein was kept at
— 80 °C until use.

Immunoprecipitation

Protein extracts from HEK 293 cells co-transfected with
flag-SIRT1, myc-BMAL1 and myc-CLOCK were immuno-
precipitated with an anti-myc antibody, as described in Sup-
plemental Material. Acetylated BMALI levels in the pres-
ence or absence of DOX were assessed by Western Blotting.

Western Blotting

Protein semi-quantification was performed by western blot-
ting, according to the protocol described in the Supplemen-
tal Material.

RNA sequencing

RNA was extracted from ZT 9- and ZT 21 left ventricles
of 3 animals per group (group 1: SAL ZT 9; group 2: SAL
ZT 21; group 3: DOX ZT 9; group 4: DOX ZT 21), using
the standard PureZOL protocol, as described in the Sup-
plemental Material.

Histological staining

Mice hearts were quickly harvested, rinsed with PBS,
embedded in cryomatrix and frozen in liquid nitrogen. Later,
frozen hearts were sliced 10 pum thick in a Leica CM 1950
cryostat at — 20 °C. Sections were stored at — 80 °C. Histo-
logical sections were processed as detailed in Supplemental
Material.

Results

Juvenile mouse model of persistent DOX-induced
cardiac dysfunction

Animal mass and indicators of cardiac injury

Four-week old juvenile mice received injections of saline
or DOX during 4 consecutive weeks. Six weeks after the
final injection, animals were sacrificed and hearts collected.
Although both groups gained weight during the period of
study, DOX sub-chronic treatment caused a significant
slower-weight gain over time, as seen by the differences of
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body mass values between groups (Table 1; Fig. 1a). While
saline animals presented a ~ twofold increase in body mass
from the beginning to the end of the experiment, mice in
the DOX group displayed an increase of only ~ 1.7-fold. An
11% reduction of heart mass was observed at the end of the
experiment in DOX-injected animals compared to controls
(Table 1; Fig. 1b). However, heart mass over body mass ratio
showed a significant increase in DOX-treated animals (1.13-
fold) (Table 1; Fig. 1c), mostly resulting from the lower body
weight. Hearts from saline- and DOX animals were har-
vested and processed for histochemical analysis. Sections
stained with HE appeared morphologically normal with no
obvious signs of damage, even though gross observations
suggested mild fibrotic changes (Fig. 1d). The analysis of
the expression of the cardiac injury biomarkers, brain natriu-
retic peptide (BNP) and atrial natriuretic peptide (ANP),

showed increased transcription levels in DOX-treated ani-
mals (Fig. le, f). While ANP mRNA levels significantly
increased 2.8-fold in DOX animals (Fig. le), no statistically
relevant difference was observed in total BNP levels between
saline- and DOX groups (1.4-fold difference) (Fig. 1f). Inter-
estingly, BNP transcript levels exhibited a daily oscillatory
profile, with DOX animals showing significantly increased
BNP expression at ZT 21 (Fig. 1f).

Persistent DOX effects on gene expression

To explore whether the sub-chronic DOX early exposure
leads to persistent alteration of gene expression, we inves-
tigated the circadian oscillations and total transcript levels
of clock and metabolic genes by qRT-PCR (Fig. 2). Saline
and DOX-treated mice were sacrificed every 6 h over the

Table 1 Body and heart mass

. . Treatment Initial body mass ~ Final body mass (g) Heart mass HM:BM (x100)
profile of mice subjected to (@
DOX sub-chronic protocol
Mean SEM Mean SEM Mean SEM Mean SEM
Saline (n=20) 14.050 0486  28.695 0.430  0.145 0.003 0.499 0.008
DOX (n=20) 13.555 0375  23.073**%*  (0.447  0.129%** 0.003 0.563%%#* 0.013
HM:BM heart mass to body mass ratio, SEM standard error of the mean
*##%p <0.001 vs saline group
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Fig. 1 Weight, histochemical- and transcriptional analysis of saline-
and DOX-injected young mice. a Mice body weight recorded along
the 10-weeks experiment (four weeks of treatment plus 6 weeks of
recovery). Lines represent the weight curve based on the means of
each group over time. b Heart weight in grams and ¢ heart-to-body-
weight ratio in saline- and DOX-injected animals 6 weeks after the
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end of treatment. d Representative images of heart sections stained
with HE. Scale bar represents 100 um. e Total ANP and f total and
circadian BNP mRNA levels were assessed by qRT-PCR. Error bars
indicate SEM. *p<0.05, ***p<0.001 DOX vs saline. n=20 per
group, n=5 per group and ZT (zeitgeber time, light—dark cycle)
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Fig.2 Impact of DOX treatment on the expression of circadian
molecular clock, metabolic- and mitochondrial-related genes in the
heart. a—f Circadian expression levels of the core clock-genes (Bmall,
Clock, Per2, Cryl, Rev-erba, Dbp), g Nampt and h Cptla were deter-

circadian cycle (ZT 3, 9, 15, 21) and left ventricles were
subjected to gene expression-analysis. While expression
of clock genes Bmall, Clock, Per2, Cryl and clock-con-
trolled gene Dbp was virtually unaffected by the treatment
(Fig. 2a—d, f), Rev-erba gene expression showed a significant
dampening at ZT 9 (Fig. 2e). Nampt and Cptla (carnitine
palmitoyl transferase 1 alpha) genes also showed an oscil-
latory expression pattern, as previously described (Filiano
et al. 2013; Nakahata et al. 2009). While Nampt expression
appeared unalteratered, DOX led to a Cptla peak in expres-
sion at ZT 3 (Fig. 2g, h). The Cptla enzyme is involved in
long-chain fatty acids transport across the outer mitochon-
drial membrane and its availability is related with fatty acid
oxidation capacity (Bonnefont et al. 2004). Considering the
described effects of DOX on mitochondrial function and
oxidative stress in the cardiac tissue, mRNA expression
of genes belonging to mitochondrial biogenesis, electron

mined by qRT-PCR. I) Total mRNA levels of important metabolic-
and mitochondrial genes were assessed by qRT-PCR. Error bars
indicate SEM. **p <0.01 DOX vs saline. n=20 per group, n=>5 per
group and ZT (zeitgeber time, light—dark cycle)

transport chain and antioxidant pathways was analyzed, as
well as the expression of Sirt/, Sirt3 and Sirt7 (Fig. 2i). The
analyzed genes presented no significant total or rhythmic
gene expression-alteration.

To better characterize the delayed effects of DOX on mice
transcriptome, RNA sequencing was performed in 4 different
groups of mice (saline ZT 9, saline ZT 21, DOX ZT 9 and
DOX ZT 21) to unveil alterations on saline vs DOX animals
and to detect changes on gene oscillation between those 2
time-points. Global transcriptome profiling identified 54 tran-
scripts differentially expressed in DOX mice compared to the
vehicle control (FDR <0.05). From these 54 genes, only 5
were downregulated after DOX treatment (Tmem150c, Inmt,
Pfkfbl, Aldob and Ppl) (Fig. 3a). The biological process most
significantly enriched among the upregulated transcripts
included innate immune response (p < 10~%), indicative of
inflammatory response. In this category, interferon regulatory
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Fig.3 RNA sequencing-analysis and identification of oscillatory
transcripts upon DOX treatment. a MA plot of DOX-differentially
expressed genes compared with vehicle-treated mice (red dots: over-
expressed genes; green dots: under-expressed genes). log2FC: log2
fold change; avg log2exp: average log2 expression. b Gene expres-
sion-heatmap view of saline and DOX mice groups (n=6). Each row
represents a gene, and each column represents each of the 12 animals

factor 7 (Irf7), interferon-induced protein with tetratricopep-
tide repeats (Ifitl-3), toll-like receptor 12 (71ri3), 2'-5' oli-
goadenylate synthetase 1A (Oasla) or 2'-5' oligoadenylate
synthetase-like 1 (Oasll) were overexpressed. Hierarchical
clustering and heatmap analysis of the 6 replicates indicated
the reproducible nature of the analysis and highlighted the
transcriptional changes between the treatments (Fig. 3b).
However, it was possible to observe variability between the
6 DOX animal patterns, possibly due to different individual
recovery responses during the following period. To identify
alterations on the oscillation patterns between ZT 9 and ZT
21, a comparison of gene expression was performed between
both ZT for the same condition (saline ZT 9 vs saline ZT
21, and DOX ZT 9 vs DOX ZT 21). While in the saline
group 116 genes presented significant oscillation between
both time-points, this number was lower for DOX-treated
mice, with 80 genes oscillating (FDR <0.05). Within these
genes, 41 were commonly detected in both groups, while 39
and 75 were found to oscillate exclusively in DOX and saline
groups, respectively (Fig. 3c). Gene ontology analysis of the
commonly oscillating genes showed a strong enrichment
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analyzed. ¢ Venn diagram of detected oscillators between ZT 9 and
ZT 21, for saline and DOX. d—f Enrichment analysis (gene ontology,
biological process) of oscillating genes in both conditions d, uniquely
in salines e and uniquely in DOX-treated mice f, represented as nega-
tive of loglO of p-value after Bonferroni correction (colour figure
online)

for circadian rhythms, followed by circadian-related path-
ways, including regulation of glucocorticoid receptor signal-
ing pathway, regulation of transcription, response to redox
state and regulation of cell cycle (Fig. 3d), indicating that
the peripheral core clock machinery was not affected by the
treatment. Saline oscillators were enriched for biological
processes including cell adhesion, regulation of MAPK cas-
cade, response to organic substances, inflammatory response,
regulation of blood vessel size and vasoconstriction or posi-
tive regulation of heart rate (Fig. 3e). On the other hand, the
top DOX specific oscillating pathways included cytoskeleton
organization, anterior/posterior pattern specification, regula-
tion of membrane depolarization and ion transport (Fig. 3f).
While differences in gene expression between 2 time-points
is not sufficient to categorize a gene as circadian, several
oscillating genes in the murine left ventricle were already
described as circadian according to Circadian Expression
Profiles Data Base (CircaDB, https://circadb.hogeneschl
ab.org/). Among the differentially expressed genes, mRNA
levels of some particular genes were confirmed by qRT-PCR
using the same RNA samples used for RNA-sequencing
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analysis (Fig. 4). Prg4 and cytll loss of oscillation after
DOX treatment was confirmed, even though not statisti-
cally significant (n=3) (Fig. 4a, c¢). However, pdk4, found
to have increased oscillation in DOX mice, did not show this
same pattern when analyzed by qRT-PCR (Fig. 4b). Interest-
ingly, cdknla (involved in cell cycle arrest and DNA damage
response) and Irf7 (involved in immune system processes)
mRNA analysis reinforced RNA sequencing-results as these
were both shown to be overexpressed by 1.7-fold and 6.0-
fold, respectively, in DOX-treated animals in comparison to
saline mice (Fig. 4d, e).

SIRT1 levels and SIRT1-mediated oscillatory deacetylation

A reduction in SIRT1 protein and mRNA levels in in vitro and
in vivo models of DOX-induced cardiac injury was previously
reported (Cui et al. 2017; Wang et al. 2017; Zhu et al. 2017).
However, DOX effects on SIRT1 deacetylase activity have not
been elucidated yet. SIRT1 interacts with a number of pro-
teins, including PGC-1a (Nemoto et al. 2005), LKB1 (Wang
et al. 2017), p53 (Cheng et al. 2003), Per2, H3 and BMALI
(Masri and Sassone-Corsi 2014). We investigated whether the
early DOX treatment would mediate changes in the acetyla-
tion levels of two SIRT1 targets, H3K9 and BMALI, both

crucial in the maintenance of circadian processes. Western
blotting results in saline and DOX samples collected at ZT 9
and ZT 21 showed that the acetylation levels of H3K9 were
altered in response to DOX treatment (Fig. 5a, b). While in
saline samples the levels of H3K9 acetylation were similar for
both time-points, DOX-induced significant changes between
ZT 9 and ZT 21, with higher acetylation at ZT 21 (Fig. 5b).
Circadian acetylation of BMALI at Lys538 was significantly
inverted by DOX treatment when compared to saline controls
(Fig. 5a, d). Importantly, BMAL1 protein levels presented dif-
ferent patterns in both groups (Fig. 5a, ¢). SIRT1 levels did
not change between conditions for the respective time-points,
although a significant difference was observed in DOX ZT 21
as compared with saline ZT 9 (Fig. 5e).

In vitro effects of DOX on the circadian expression
and SIRT1-mediated acetylation

DOX effects on the circadian clock in Mouse Embryonic
Fibroblasts

To obtain mechanistical insights to the effects of DOX
treatment on the circadian clock, MEFs from WT mice
were incubated with DOX for mRNA expression and
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Fig.4 Gene expression-profiles in saline- and DOX mouse-heart.
Total- and oscillating (ZT 9 and ZT 21) mRNA levels of Prg4 (a),
Pdk4 (b), Cytll (c), Cdknla (d), and Irf7 (e), determined by qRT-

PCR. Error bars indicate SEM. *¥p <0.01 DOX vs saline. n=6 per
group, n=3 per group and ZT (zeitgeber time, light—dark cycle)
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Fig.5 Western blotting analysis
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protein analysis. The corticosteroid DEX is commonly
used to synchronize the circadian clock in cultured cells
(Balsalobre et al. 2000). Circadian-gene expression in cul-
tured cells was proven to be induced by serum shock (Bal-
salobre et al. 1998) and by DEX (Balsalobre et al. 2000),
which was shown to induce Perl expression. Given the
cytotoxicity of DOX and considering that gene expression-
analysis should be performed before triggering severe-cell
death events, SRB was used to assess the suitable DOX
concentration to be used in the assay. After the 1 h pre-
incubation with DEX (Supplemental Figure 3), cells were
incubated with DOX (10 nM-1 pM) for 12 h. No effects
were observed on cell mass after 12 h incubation (Fig. 6a).
However, after 30 h of recovery time in drug-free medium,
a very significant decrease in cell mass in DOX-treated
cells was observed, possibly by affecting cell prolifera-
tion (Fig. 6a). Although significantly decreasing cell mass,
50 nM DOX was chosen for the following assays since
it seemed an adequate concentration to affect cell func-
tion while still allowing cell proliferation during the 30 h
period. DEX incubated alone or in combination with DOX
did not alter cell viability. Cells were initially collected
after DOX incubation period, which means 12 h after
DEX synchronization, and then collected every 6 h dur-
ing a 30 h period. Gene expression-analysis of core clock
and metabolic genes was performed for all time-points
(Figs. 6, 7). Overall, the circadian patterns confirmed the
efficacy of DEX synchronization. From the clock mRNA
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ac-BMAL1/BMALT1 (fold change) Q.

zT9 ZT21
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transcripts, including Bmall, Dbp, Rev-erba, Cryl, Perl,
Per2, and RORa, only Dbp and Rev-erba presented an
increased peak of expression at CT 24 compared with the
respective controls, whereas Per2 expression showed a
prolonged peak in mRNA levels that instead of declining
at CT 30 continued at maximal levels (Fig. 6b—h). Since
no differences in Bmall expression were observed after
treatment, the circadian- and total BMAL1 protein levels
were confirmed by western blotting (Fig. 6i, j). Neither
the total BMALI protein levels (DOX 0.1 and 0.5 puM)
nor the differential protein expression over time (DOX
0.1 uM) were affected by DOX treatment. Interestingly,
we observed multiple alterations in gene expression of
metabolic genes (Fig. 7). The more notable were the up-
regulations of Cptla and Ppara, both related with fatty
acid metabolism (Fig. 7c, 1). Additionally, Acadl suffered
a phase-shift, Ugcrg was up-regulated at CT 24 and TFAM
was overall under-expressed with a significant alteration
at CT 36.

DOX effects on SIRT1 activity and total acetylation

To test the in vitro ability of SIRT1 to deacetylate BMALL1
after DOX treatment, expression vectors encoding flag-
tagged murine SIRT1, and myc-tagged murine BMALI
and CLOCK were co-transfected into HEK 293 cells, as
these cells are good transfection hosts (Fig. 8). DOX (0.05,
0.5 and 1 uM) cytotoxicity was first screened on HEK 293



Archives of Toxicology

a b C
12 h DOX + Bmal1 Dbp
12 h DOX 30 h recovery time c c
215 g 25 "
= g 2 -+ CTR
] aQ 5 20 -2 DOX
c x x
o 2 1.0 [}
O < < 15
& z Z
« [
& 0 05 qg) 10
e 2 2
= © ® 5 g - RO ]
8 2 (9]
0.0-1— T T “ 0
12 24 36 36
Time (hours) Time (hours)
d Rev-erba e Cry1l f Per1
c =3 c
2 4 2 3 g 25
¢ A, 4 14
S a 5 2.0
b 3 b 2 3 S
<
< < <15 r Boigy
x 2 4 = 8
€ £ E 104 ¥
¢ i v 1 o o
z 1! B B 2 05
- L § 5
“ ol . . 0L— - - < 0.0 — . .
12 24 36 12 24 36 12 24 36
Time (hours) Time (hours) Time (hours)
g h i
Per2 RORa CTR DOX
c
§ 8 p=0.06 2 8 - i | | o o= == | Bmal1
a o .
¢ B g RN i F— % (7] 17 1)}
& 6 P % 6
) FARERN
< I § <Z( CT 12 18 24 30 36 42 12 18 24 30 36 42
Z 4 z 4 L
[S iﬁ £ T
.g 2 -g 2 % 15
L K [ 2 IR
@ 0 ? T T € 0 T T T g i
12 24 36 12 24 36 2
Time (hours) Time (hours) %
2
] :23 12 18 u_0 3 a
DOX (uM) DOX (uM)
CTR 0.1 05 CTR 0.1 05

Bmal1

e B B e

’;-—--‘--— p84

Fig.6 Impact of DOX treatment on WT MEFs circadian molecu-
lar clock. a SRB analysis of MEFs synchronized with DEX (dexa-
methasone; 100 nM) and treated with DOX (10 nM-1 pM) for 12 h.
Results express protein content right after the treatment and after 30 h
of recovery time in DOX-free medium. n=3 per condition. b-h Cir-
cadian expression levels of Bmall (b), Dbp (c), Rev-erba (d), Cryl,

by SRB. Only 1 uM DOX (20 h exposure) significantly
decreased HEK 293 cell mass (Fig. 8a). BMALI acetyla-
tion levels were measured after immunoprecipitation with
anti-myc, and further western blotting with acetyl-Bmall
antibody (Fig. 8b). To measure acetylated levels of BMALL,
the acetyltransferase CLOCK was used to counteract SIRT1
deacetylase activity. The efficiency of the transfection was
confirmed by western blotting with anti-myc and anti-flag
antibodies and comparison with the input signal. SIRT1-
transfected cells presented lower levels of acetyl-BMALL,
and DOX dose-dependently reduced BMALI acetylation

Perl (f), Per2 (g), and ROR«a (h) was determined by qRT-PCR. n=3
per group and CT (circadian-time). i—j BMALI protein content was
determined by western blotting. i BMALI oscillatory protein of con-
trol and 0.1 pM DOX-treated MEFs. j Total BMALI1 protein of con-
trol and cells treated with 0.1 and 0.5 pM DOX, assayed in duplicate.
Error bars indicate SEM. *p <0.05 DOX vs control

compared with non-treated cells. To confirm these results,
WT and SIRT1~/~ MEFs were treated with DOX (1 and
2 uM) and the acetylation levels of BMALI and acetyl-CoA
synthase 1 (AceCS1), another SIRT1 target (Sahar et al.
2014), were measured (Supplemental Figure 4). Again, both
DOX treatments led to a reduction of BMALI acetylation
compared with control cells. Decreased acetyl- BMALI1
levels were also observed in DOX-treated SIRT17/~ cells,
but band-intensities were significantly higher than in WT
ME-Fs. Thus, even though SIRT1-mediated BMALI dea-
cetylation may be affected by DOX, it does not seem to be
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Fig.7 DOX effects on gene expression of metabolic and mitochon-
drial proteins in WT MEFs. a—j Circadian-gene expression of meta-
bolic genes over the circadian-time: Nampt (a), Acadl (b), Cptia

the only mechanism affecting the acetylation levels. Other
sirtuins may be involved as well, since the Ex527 inhibitor,
used at a concentration (50 uM) is not totally selective for
SIRT1 (Gertz et al. 2013). Ex527 treatment considerably
increased levels of acetyl-Bmall intensity in both WT and
SIRT17/~ cells. Similarly, acetyl-AceCS1 decreased with
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(¢), Cptip (d), Uqgcrq 1, Sdha (f), ND2 (g), TFAM (h), Ppara (i), and
NRF1 (j). Error bars indicate SEM. *p <0.05 DOX vs control. n=5
per group and CT (circadian-time)

DOX treatment in both cell lines, suggesting that SIRT1
activity may not be the only reason for the reduction of
AceCS]1 acetylation. Interestingly, BMAL1 phosphorylation
state (detected as upper- and lower bands in Bmall western
blotting) seemed to be altered with DOX exposure. Global-
lysine acetylation was not dramatically impacted by DOX,



Archives of Toxicology

Fig.8 BMALI acetylation
levels in HEK 293 cells. a

SRB analysis of HEK 293 cells
treated with DOX (0.05, 0.5 and
1 uM) for 20 h. Results express
protein content right after the
treatment. n=4 per condition.

b HEK 293 were co-transfected
with expression vectors (flag-
SIRT1, myc-BMALI, myc-
CLOCK) and treated with DOX
(0, 0.05, 0.5, 1 uM). The protein 0
extracts were immunoprecipi-

tated with an anti-myc antibody

and the levels of BMAL1

acetylated were assessed. /P
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even though some particular bands were more intense after
the treatment (Supplemental Fig. 4b). Similarly, SIRT1 abla-
tion increased some band-intensities but did not cause major
alterations in the overall profile.

Discussion

Multiple lines of evidence support the role of disrupted
internal clock in the development of a number of patholo-
gies (Bechtold et al. 2010). We believe that the multiplicity
of perturbed pathways induced by DOX, which causes mito-
chondrial injury and DNA damage response, may interfere
with cellular energy state and subsequently unbalance the
circadian rhythms of the heart. DOX effects on the car-
diovascular system are particularly relevant for late onset
chronic manifestations, since cardiotoxicity can be deve-
loped as late as 15 years after treatment completion and
most of the times it is difficult to keep track of children’s
health trajectories for so long. In this sense, it is important
to clarify the impact of DOX in young hearts to understand
how to manage preventive approaches. In this study, we
investigated whether a sub-chronic DOX regimen in juvenile
mice would interfere with the normal transcriptional oscil-
lation and circadian-related acetylation patterns observed
in the murine hearts 6-weeks after finishing the treatment.
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Further assays in MEFs and HEK 293 were performed to
obtain deeper mechanistical insights.

The cumulative administration dose of 20 mg/kg DOX
in juvenile mice induced a decrease in body-weight gain
during the initial weeks, during DOX treatment, but also
during the following recovery time, never reaching the
values of the control group. Moreover, at the end of the
experimental design, heart weight in DOX group was
lower compared with saline controls, while the ratio heart/
body weight, an index of cardiac hypertrophy, was higher
in DOX animals. These persistent phenomena have been
reported by many others (Ghibu et al. 2012; Richard et al.
2011; Sacco et al. 2003). It was previously proposed that
reduced heart weight results from cardiomyocyte loss by
cell death processes, whereas the loss of body mass may be
a consequence of decreased appetite and food consumption
(Ghibu et al. 2012; Richard et al. 2011; Zhu et al. 2008).
Although other experiments should have been performed
to confirm the increased-myocardial collagen deposition in
DOX-treated animals, HE staining suggested an increase in
fibroblast number, as previously reported (O’Connell et al.
2017; Zhu et al. 2008). Other indicators of cardiac injury
included the higher mRNA levels of cardiac ANP and BNP.
Both natriuretic peptides are mainly synthesized in the
heart and increased plasma ANP and BNP concentrations
are useful predictive markers of heart failure (Langenickel
et al. 2000; Takei et al. 2011). Functionally, ANP and BNP
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possess diuretic, natriuretic, and vasodilatory properties (Del
Ry et al. 2014), and up-regulation of ANP and BNP have
previously been reported in murine models of DOX-induced
cardiotoxicity (Piotrowska et al. 2017; Yuan et al. 2018) and
in pediatric patients (Ekstein et al. 2007; Lipshultz et al.
2012). Overall, the above results allow to conclude that the
designed protocol was successful in establishing a juvenile
model of DOX-induced cardiotoxicity with persistent reper-
cussions later in life.

To address the impact of DOX exposure on the car-
diac circadian expression, mice from both groups (saline
and DOX) were sacrificed at 4 different times of the day,
two during the light phase and the other during the dark
phase. Gene expression-analysis by qRT-PCR revealed no
major alterations on the master clock. From the 6 circadian
genes analyzed, only Rev-erba was differently expressed at
ZT 9. Rev-erba works as a repressor of BMALI transcrip-
tion upon binding to the RORE region located in Bmall
promoter region (Buhr and Takahashi 2013). Additionally,
Rev-erba also regulates the expression of other metabolic
genes, coordinating the circadian rhythm and metabolism
(Cho et al. 2012). The stabilization of Rev-erba protein
seems to directly affect mitochondria by enhancing their
respiration and antioxidant defenses (Sengupta et al. 2016),
whereas conditions of oxidative stress and inflammation
modulate Rev-erba transcription (Yang et al. 2014). All
the other metabolic and mitochondrial-related genes, with
the exception of Cptla, also showed no differences in cir-
cadian and total expression compared with the respective
controls. Thus, at least for this panel of genes, the recovery
time given to the animals after the completion of the treat-
ment seemed to rebalance the normal mRNA levels. To have
a global overview of the transcriptional alterations caused
by DOX, and considering that previous studies confirmed
persistent alteration in gene expression-profiles (Berthiaume
and Wallace 2007), we next performed a deep sequencing
approach. Regardless of the ZT, DOX treatment did not
modulate metabolic pathways, including glycolysis and
fatty acid metabolism, as reported by others (Berthiaume
and Wallace 2007), but instead resulted in the up-regulation
of genes involved in the inflammatory response, including
Irf7 and Ifit1-3. The family of interferon regulatory factors,
to which IRF7 belongs, are known to be involved in host
defending mechanisms including response to viral infection
and DNA-damaging agents. IRF7 has also been associated
with TNF-related apoptosis-inducing ligands and extrinsic-
apoptotic pathway (Huang et al. 2009). In agreement with
our results, IRF7 was previously shown to be activated by
several DNA-damaging chemotherapeutic agents including
DOX (Kim et al. 2000). DOX induces IRF7 phosphoryla-
tion and translocation to the nucleus where it works as a
transcription factor and mediator of DNA damage-signaling
pathways (Kim et al. 2000). These regulatory factors are also
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implicated in cell cycle arrest and apoptosis. It is not also
surprising that cdknla (encoding p21) was also up-regulated
in DOX animals. p21 is a cyclin-dependent kinase inhibi-
tor that can interact and inactivate various cyclin-dependent
kinases that control cell cycle phase transitions, resulting in
cell cycle arrest usually to prevent the accumulation of muta-
tions or to allow the function of DNA repair machinery. p21
up-regulation in response to DOX treatment was reported
in several other studies (Lupertz et al. 2010; Maejima et al.
2008; Siu et al. 1999; Terrand et al. 2011).

Circadian homeostasis is crucial for normal body physiol-
ogy. While some extent of plasticity can be achieved under
somewhat stressing conditions, extreme situations can con-
tribute to the misalignment of normal rhythmicity. Here we
chose 2 ZT, 12 h apart, to analyze total RNA expression and
daily variation to identify possible alterations in the oscil-
latory expression patterns. We observed that the treatment
did not alter the expression of the core circadian components
but contributed to changes in the oscillation of genes par-
ticipating in important cell functions, with emphasis to cell
adhesion (stopped oscillating with DOX) and cytoskeleton
organization (started oscillating with DOX). Importantly,
these results refer to mRNA levels between ZT9 and ZT21,
which means that no full conclusions can be taken from the
overall circadian behavior. Yet, it is possible to conclude
that the cardiac damage caused by DOX significantly affects
the mRNA rhythmicity in the heart, flattening or accentuat-
ing the expression levels in the analyzed ZTs. Similarly, our
results using MEFs as an in vitro model confirmed the effect
on multiple cyclic gene expression-profiles. Obviously, the
effects on this model were more evident as compared with
the murine model, not only because of the lack of complex-
ity of the cell model but also because of the differences
between an acute treatment and a sub-chronic treatment fol-
lowed by recovery.

BMALI deacetylation mediated by SIRTI is required
for the regulation of circadian transcription, whereas H3K9
acetylation and deacetylation cycles promote rhythmic
induction of gene activation and gene silencing (Masri and
Sassone-Corsi 2014). SIRT1, in turn, functions as a meta-
bolic sensor, because of its dependency on the NAD*/NADH
ratio, helping the cell to respond to stressing conditions.
Still, when examining SIRT1 protein levels and the acetyla-
tion of H3K9 and BMAL1, we found evidence for altered
acetylation patterns and possibly acetylation-related activity
in the mouse. We have focused on SIRT1-mediated acetyla-
tion because of its role in regulating redox state, metabo-
lism, and the circadian regulation (Masri and Sassone-
Corsi 2014). SIRT1 targets, include the circadian repressor
PER2, whose deacetylation promotes PER2 degradation, and
BMALI, that requires rhythmic acetylation to recruit CRY 1
to CLOCK-BMAL1 complex and therefore promote the acti-
vation and repression of circadian transcription (Asher et al.
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2008; Hirayama et al. 2007). Also, several reports described
the benefits of SIRT1 on ameliorating DOX side-effects (Cui
et al. 2017; Liu et al. 2016), and others observed reduced
SIRT1 levels in response to DOX treatment (Cheung et al.
2015; Cui et al. 2017; Yuan et al. 2018). Corroborating the
in vivo observations, both MEFs and HEK 293 confirmed
the decreased acetylated states of BMAL1 and AceCS1. The
latter participates in the biosynthesis of acetyl-CoA, using
acetate as substrate, and its cyclic acetylation mediated by
SIRT1 contributes for the rhythmicity of acetyl-CoA cel-
lular levels (Hallows et al. 2006; Sahar et al. 2014). Since
AceCS1 deacetylation is required for AceCS1 activation,
we speculate that DOX may impact the nucleocytosolic
acetyl-CoA pool that is used for de novo synthesis of fatty
acids or histone acetylation, which would be interesting to
explore further. Additionally, SIRT3 was reported to deace-
tylate and activate the mitochondrial AceCS2, and given the
mitochondrial-targeted nature of DOX (Ferreira et al. 2017),
future studies could also elucidate the role of this drug on
AceCS2 activity (Hallows et al. 2006). In turn, the reversal
of oscillation in BMALI acetylation between ZT 9 and ZT
21 in mice and the increased BMAL1 deacetylation observed
in the cell culture treatments may eventually affect the down-
stream expression of clock-controlled genes, since Bmall
deacetylation leads to repression of target genes expression.
Importantly, even in SIRT1 knockout MEFs it was possible
to observe a reduction of acetylation in DOX-treated cells,
which suggests that other sirtuins may be involved. An over-
all increase in lysine-acetylated proteins was observed in
HO9c?2 cardiomyoblasts and in hearts of DOX-treated mice,
with those differences attributed to reduced SIRT1- and
SIRT3 levels (Cheung et al. 2015). However, although a gen-
eral increase in acetylation may be possible in response to
signaling pathways or metabolic remodeling, our results sug-
gest that DOX treatment also leads to a selective increase in
the activity of sirtuin(s). Another report observed increased
H3 deacetylation induced by DOX, suggesting activation of
SIRTI, and it was suggested that it could be a compensatory
mechanism to respond to oxidative stress (Danz et al. 2009).

In conclusion, the present study reveals that DOX treat-
ment in mice during the first weeks of age has detrimental
effects on oscillatory molecular mechanisms including gene
expression-rhythmicity and acetylation profiles, which are
biologically related. If confirmed in humans, these results
suggest that treatment with cardiotoxic agents during child-
hood may compromise the circadian mechanisms and daily
rhythmicity of the heart, which can contribute to the mani-
festation of cardiovascular disease later in life.
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