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ARTICLE INFO ABSTRACT

Keywords: The clinical use of the DNA damaging anticancer drug doxorubicin (DOX) is limited by irreversible cardiotox-
Anthracyclines icity, which depends on the cumulative dose. The RAS-homologous (RHO) small GTPase RAC1 contributes to
Cardiotoxicity DOX-induced DNA damage formation and cardiotoxicity. However, the pathophysiological relevance of other
E:i S;nljz;s RHO GTPases than RAC1 and different cardiac cell types (i.e., cardiomyocytes, non-cardiomyocytes) for DOX-

triggered cardiac damage is unclear. Employing diverse in vitro and in vivo models, we comparatively investi-
gated the level of DOX-induced DNA damage in cardiomyocytes versus non-cardiomyocytes (endothelial cells
and fibroblasts), in the presence or absence of selected RHO GTPase inhibitors. Non-cardiomyocytes exhibited
the highest number of DOX-induced DNA double-strand breaks (DSB), which were efficiently repaired in vitro.
By contrast, rather low levels of DSB were formed in cardiomyocytes, which however remained largely unre-
paired. Moreover, DOX-induced apoptosis was detected only in non-cardiomyocytes but not in cardiomyocytes.
Pharmacological inhibitors of RAC1 and CDC42 most efficiently attenuated DOX-induced DNA damage in all cell
types examined in vitro. Consistently, immunohistochemical analyses revealed that the RAC1 inhibitor
NSC23766 and the pan-RHO GTPase inhibitor lovastatin reduced the level of DOX-induced residual DNA damage
in both cardiomyocytes and non-cardiomyocytes in vivo. Overall, we conclude that endothelial cells, fibroblasts
and cardiomyocytes contribute to the pathophysiology of DOX-induced cardiotoxicity, with RAC1- and CDC42-
regulated signaling pathways being especially relevant for DOX-stimulated DSB formation and DNA damage
response (DDR) activation. Hence, we suggest dual targeting of RAC1/CDC42-dependent mechanisms in multiple
cardiac cell types to mitigate DNA damage-dependent cardiac injury evoked by DOX-based anticancer therapy.

DNA damage response

1. Introduction

The anthracycline family of anticancer drugs is extensively used in
the treatment of breast cancer, sarcoma, lymphoma and various child-
hood malignancies [1]. Anthracyclines act as topoisomerase II (TOP2)
poisons, which inhibit the re-ligation activity of the enzyme, thus
leading to the formation of DNA double-strand breaks (DSB) [2]. DSB

are highly cytotoxic DNA lesions and potent triggers of the DNA damage
response (DDR), which plays a key role in the regulation of cell survival
and death [3]. In addition, generation of reactive oxygen species (ROS),
DNA intercalation, inhibition of DNA helicases and chromatin damage
also contribute to the cytotoxicity of anthracyclines [4,5]. Irreversible
cardiotoxicity that can lead to cardiomyopathy and congestive heart
failure (CHF) is the clinically most relevant dose-limiting adverse effect

Abbreviations: a-SMA, smooth muscle actin; BW, body weight; CDC42, cell division cycle 42; CHF, congestive heart failure; CHK1/2, checkpoint kinase 1/2; ¢Tnl/
T, cardiac troponin I/T; DAPI, 4°,6-diamidino-2-phenylindole; DDR, DNA damage response; DOX, doxorubicin; DSB, DNA double-strand breaks; ETO, etoposide;
GAP, GTPase activating proteins; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GEF, guanine nucleotide exchange factors; YH2AX, phosphorylated histone
H2AX (serine 139); HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; ICsy, inhibitory concentration 50%; IR, ionizing radiation; KAP1, KRAB-associated protein-
1; MAPK, mitogen-activated protein kinase; MEF, mouse embryonic fibroblasts; NF-kB, nuclear factor kappa B; RAC1, RAS-related C3 botulinum toxin substrate 1;
RHO, RAS-homologous; ROS, reactive oxygen species; TOP2, topoisomerase II; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; WGA, wheat

germ agglutinin.
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of anthracyclines, which depends on their cumulative dose and may
occur early or late after treatment [1]. Due to its diverse toxic mecha-
nisms of action, the pathophysiology of DOX-induced cardiotoxicity is
rather complex. As concluded from the low antioxidative capacity of
cardiomyocytes, the generation of ROS by mitochondria-related iron--
dependent and -independent mechanisms are likely to play a significant
role in the pathophysiology of DOX-induced cardiac damage, involving
the activation of NF-kB-related pro-inflammatory and pro-fibrotic stress
responses, inhibition of pro-survival AKT signaling and stimulation of
p53-regulated mechanisms of senescence and cell death [6-10]. Hence,
studies aiming to develop cardioprotective strategies mainly focused on
the prevention of anthracycline-mediated ROS production and oxidative
stress responses [9-11]. However, it appears that antioxidants do not
have a substantial protective effect against cardiac damage caused by
anthracyclines [4,12,13]. By contrast, efficient prophylaxis of
anthracycline-induced cardiotoxicity can be achieved by use of dexra-
zoxane [14]. As concluded from experiments using chemical derivatives
of dexrazoxane, it is hypothesized that the prevention of
anthracycline-induced cardiotoxicity by dexrazoxane is independent of
its iron chelating activity, but rather is mediated by inhibition of TOP2,
in particular the TOP2B isoform [15,16]. In line with this hypothesis,
genetic knockout of TOP2B prevented anthracycline-induced -car-
diotoxicity in vivo [15]. Due to increased incidence of secondary leu-
kemias [17] and possible impairment of the anticancer efficacy of
anthracyclines [18], the clinical use of dexrazoxane was restricted by the
FDA in 2011. Hence, there is a clear clinical need for novel and
well-tolerated drugs that lower the risk of cardiac dysfunction in the
context of anthracycline-based anticancer therapy.

HMG-CoA (3-hydroxy-3-methylglutaryl-coenzyme A) reductase in-
hibitors (statins) have been reported to protect against the cardiotoxic
effects of anthracycline derivatives (e.g., doxorubicin (DOX)) in in vitro
and in vivo model systems [19,20] and, moreover, have also been re-
ported to be effective in clinical trials [21]. Statins inhibit cholesterol
biosynthesis through depletion of isoprene precursors, which are
required for posttranslational modifications of small GTP-binding pro-
teins of the RAS-homologous (RHO) family [22]. Particularly RAC1
(RAS-related C3 botulinum toxin substrate 1) was shown to be a relevant
target for the pleiotropic (i.e., cholesterol-independent) car-
dioprotective effects of statins [20,22,23]. This might be related to the
involvement of RACI in the regulation of the activity of NADPH oxidase,
protein kinases (e.g., MAPK, AKT), transcription factors (e.g., NF-kB,
AP1, STATs) as well as cell adhesion and cell death-related factors
[24-27]. In addition, DOX-induced activation of NF-kB-regulated
expression of pro-inflammatory and pro-fibrotic cytokines was attenu-
ated by lovastatin [28-30]. Similar to statins, RAC1-specific small--
molecule inhibitors, such as NSC23766 [31] and EHT1864 [32]
mitigated DOX-induced geno- and cytotoxicity in vitro, as well as car-
diac damage in vivo [20,23,33,34]. It has been hypothesized that this is
due to an interference of RACl-signaling with the DOX-induced for-
mation of the TOP2-DNA cleavable complex [33,35]. Overall, the
available preclinical data suggest that RAC1-regulated mechanisms are
promising therapeutic targets for the prevention of cardiac damage
evoked by anthracyclines. However, the contribution of other RHO
GTPases than RAC1 to DOX-triggered cardiotoxicity is still unknown.
Moreover, it is still largely unclear which cardiac cell types are of
particular relevance for the pathophysiology of anthracycline-induced
damage and the geno- and cytoprotective effects mediated by statins
or RAC1 inhibitors. To our best knowledge, a detailed comparative
analysis of the anthracycline response of cardiomyocytes versus
non-cardiomyocytes is not yet available. Noteworthy in this context, a
cardiomyocyte specific genetic deletion of Racl partially attenuated
subacute cardiac damage observed at a later time point after repeated
anthracycline treatment but not acute injury as detected at early time
point after single exposure [36]. Hence, it is feasible that the involve-
ment of certain cardiac cell types and RAC1-regulated pathophysiolog-
ical mechanisms in anthracycline-induced cardiotoxicity depend on the
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time period and the doses applied [37]. Accordingly, it is tempting to
speculate that the extent of DOX-induced DNA damage formation at
early time point after anthracycline exposure, resulting in a
time-dependent development of cardiac dysfunction, involves multiple
cardiac cell types and different RHO-regulated signaling pathways.

To address these issues in more detail, we investigated (i) the sus-
ceptibility of different cardiac cell types to anthracycline-induced DNA
damage as well as (ii) the relevance of different RHO GTPase-regulated
signaling pathways in these cell types. To this end, we comparatively
analyzed the formation of DNA damage (i.e., DSB) and its repair in
different established and primary murine cardiac cell types (i.e., car-
diomyocytes, endothelial cells, fibroblasts) following DOX treatment.
Furthermore, we investigated the modulatory effects of selective phar-
macological inhibitors of RHO GTPases on DOX-induced DNA damage
formation and related cellular stress responses as reflected by the acti-
vation of selected DDR factors. The in vitro studies were complemented
by in vivo analyses, where the influence of pharmacological inhibition of
RHO GTPase signaling on DNA damage formation evoked by DOX
treatment was comparatively investigated in cardiomyocytes versus
non-cardiomyocytes.

2. Methods
2.1. Cell lines

Immortalized HL-1 cardiomyocytes from W.C. Claycomb (New
Orleans, LA, USA) [38] were grown on gelatine (2 mg/ml)/fibronectin
(1 mg/ml) (Sigma Aldrich, Darmstadt, Germany) coated dishes and
maintained in Claycomb medium, supplemented with 10% FBS and
100 pM norepinephrine (Sigma Aldrich, Darmstadt, Germany). Immor-
talized H5V cardiac endothelial cells from A. Vecchi (Rozzano, Italy)
[39] were maintained in DMEM supplemented with 10% FBS. Mouse
embryonic fibroblasts (MEF (C57BL/6) [MEF-BL/6-1]) were purchased
from ATCC® (SCRC1008™) and maintained in DMEM supplemented
with 15% FBS. All cell cultures were maintained at 37 °C with 5% CO,
containing humidified atmosphere. Experiments were performed with
the cell lines at maximum passage number 40 for HL-1, 15 for H5V and
20 for MEF cells.

2.2. Isolation and culture of primary cardiac cell types

Primary cardiac cells were isolated from 8 to 12 weeks old C57BL/6
mice using Langendorff perfusion system as previously described [40].
Briefly, isolated hearts were cannulated to a blunted 23 G needle via the
aorta and perfused with perfusion buffer (113 mM NacCl, 4.7 mM KCl,
0.6 mM KH3PO4, 0.6 mM NayHPOj4, 1.2 mM MgSO4, 12 mM NaHCOs,
10 mM KHCOs, 10 mM HEPES, 30 mM taurine, 10 mM glucose, 0.01 mM
blebbistatin (MedChemExpress, Monmouth Junction, NJ, USA), pH 7.2)
at 37 °C with a flow rate of 3 ml/min for 5 min and subsequently
perfused with enzyme buffer containing 300 U/ml collagenase II
(Worthington Biochemical Corporation, Lakewood, NJ, USA) and
0.013 mg/ml protease XIV (Sigma Aldrich, Darmstadt, Germany) for
10 min. After enzymatic digestion, hearts were minced into small pieces
and pipetted several times using a plastic Pasteur pipette to facilitate cell
dissociation. Cell suspension was transferred to 50 ml tubes through a
300 pm cell strainer (pluriSelect Life Science UG, Leipzig, Germany).
Ca?" was reintroduced gradually to reach a concentration of 1 mM. Cells
were centrifuged at 30 xg for 3 min. The cardiomyocyte containing
pellet was resuspended and maintained in M199 medium (Thermo
Fisher Scientific, Waltham, MA, USA) containing 5 mM creatine, 2 mM
carnitine, 5 mM taurine, 0.01 mM blebbistatin, 1%
insulin-transferrin-selenium (Thermo Fisher Scientific, Waltham, MA,
USA) and 1% lipid mixture (Sigma Aldrich, Darmstadt, Germany) and
seeded on 25 pg/ml laminin (Sigma Aldrich, Darmstadt, Germany)
coated petri dishes. Supernatant consisting of non-cardiomyocytes was
transferred to new falcon tubes and centrifuged at 300 xg for 5 min. For
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the enrichment of endothelial cells, non-cardiomyocytes were resus-
pended in endothelial cell growth medium (PromoCell, Heidelberg,
Germany) and seeded on laminin-coated culture dishes. For fibroblast
cultures, cells were resuspended in DMEM F12 (Thermo Fisher Scienti-
fic, Waltham, MA, USA) supplemented with 10% FBS. Cell types were
characterized by immunocytochemical analyses using cell type-specific
antibodies, i.e., anti-cardiac troponin T (cTnT) (#564766, BD Bio-
sciences, Franklin Lakes, NJ, USA) or anti-cardiac troponin I (cTnl)
(#ZRB1355, Sigma Aldrich, Darmstadt, Germany) (1:2000) for car-
diomyocytes, anti-CD31 for endothelial cells and anti-alpha smooth
muscle actin (a-SMA) (#ab124432, Abcam, Cambridge, UK) or
anti-vimentin (#5741, Cell Signaling, Beverly, MA, USA) (1:200) for
fibroblasts.

2.3. Animal experiments

C57BL/6 mice were maintained in the central animal facility of the
Heinrich Heine University Diisseldorf (ZETT). Animal experiments were
conducted in accordance with the European Guidelines for the Care and
Use of Laboratory Animals (2010/63/EU) and were approved by the
national authority (North Rhine-Westphalia State Agency for Nature,
Environment and Consumer Protection (approval reference number:
84-02-04.2011.A183)). 8-10 weeks old male and female mice (20-25 g
BW) were used at a group size of 3-6 animals per experimental group.
Mice were treated with repeated low doses (i.e., subacute) of DOX, in the
presence or absence of RHO GTPase inhibitors. Treatment scheme was
performed as follows: NSC23766 (5 mg/kg BW, i.p.) (Tocris, Wiesbaden-
Nordenstadt, Germany) or lovastatin (10 mg/kg BW, p.o.) (Calbiochem,
Darmstadt, Germany) were administered at three consecutive days
before repeated DOX treatments (6 x3 mg/kg BW, i.p.), and three times
a week during DOX treatments. DOX or saline were injected twice a
week for a total of three weeks. Six days after the last DOX injection,
necropsy was performed under ketamine (100 mg/kg BW, i.p.) (Zoetis,
NJ, USA) / xylazine (10 mg/kg BW, i.p.) (Bayer, Leverkusen, Germany)
anesthesia. Hearts were isolated and fixed in formalin and embedded in
paraffin for immunohistochemical analyses [34].

2.4. Analysis of cell cycle distribution

Analysis of cell cycle distribution was performed 24 h after DOX
pulse-treatment (1 pM, 2 h). After trypsinization, cells were washed with
PBS and fixed in 70% ethanol. Nuclear DNA was stained with propidium
iodide (PI) (5 pg/ml) (Sigma Aldrich, Darmstadt, Germany), containing
RNase A (100 mg/ml) (Serva Electrophoresis, Heidelberg, Germany) in
PBS. Cell cycle distribution was assessed by flow cytometry using BD
Accuri™ C6 (Becton Dickinson, NJ, USA) flow cytometer. The per-
centage of cells present in the different phases of the cell cycle were
calculated. Moreover, SubGl fraction was analyzed as marker of
apoptotic fraction.

2.5. Immunofluorescence microscopy

For immunocytochemical analyses, cells were fixed on glass cover-
slips using 4% paraformaldehyde in PBS and were permeabilized with
0.5% Triton X-100 in PBS. After blocking with 5% bovine serum albumin
(BSA) in PBS, cells were incubated with primary antibodies (1.5 h; RT)
and subsequently with Alexa Fluor™-conjugated secondary antibodies
(#A11008, #A11001 or #A21428 Invitrogen, Waltham, MA, USA)
(1:600) for 1 h at RT. For immunohistochemical analyses, formalin-fixed
paraffin-embedded heart tissues were cut into 3 pm sections using a
Hyrax M25 microtome (Carl Zeiss, Jena, Germany), de-paraffinized and
rehydrated in a graded series of ethanol. Sections were subjected to
antigen retrieval with citrate buffer and blocked for 2 h with protein
block (Dako, Hamburg, Germany) prior to incubation with primary
antibody (overnight; 4 °C). After incubation with secondary antibody
(2 h; RT), Alexa Fluor™-conjugated WGA (wheat germ agglutinin; 10
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pg/ml) (Sigma Aldrich, Darmstadt, Germany) was used to stain cell
membranes in order to morphologically distinguish between car-
diomyocytes and non-cardiomyocytes. Cells or tissue sections were
mounted using the blue fluorescent DNA stain DAPI (4°,6-diamidino-2-
phenylindole) containing PromoFluor antifade mounting medium
(PromoKine, Heidelberg, Germany). Microscopical analysis was per-
formed using an Olympus BX 43 microscope (Olympus, Hamburg,
Germany).

2.6. Analysis of DOX-induced DNA damage formation

Induction and repair of DNA double-strand breaks (DSB) was
monitored by microscopical analysis of nuclear foci formed by Ser139
phosphorylated histone H2AX (yH2AX foci) as surrogate marker of DSB
[41]. Immortalized cells were pulse-treated with DOX (0.2-1 pM) or
etoposide (ETO) (2-10 pM) (Sigma Aldrich, Darmstadt, Germany) for
1 h. Subsequently the cell layer was washed with PBS and cells were
further incubated in drug-free medium. In case of ionizing radiation
(IR), cells were irradiated with 2-5 Gy IR in Gammacell® 1000 Elite
(Cs'¥ source) and analyses were performed 0.5 h after exposure. DSB
formation and repair were assessed in primary cardiac cells after 2 h
DOX pulse-treatment (1 pM DOX), followed by a post-incubation period
of up to 24 h in drug-free medium. For the inhibition of RHO GTPases,
cells were pre-treated with following inhibitors: EHT1864 (30 pM),
NSC23766 (100 uM), rhosin (100 pM) (Tocris, Wiesbaden-Nordenstadt,
Germany), EHop-016 (10 pM), ML141 (100 pM), Y-27632 (10 pM)
(Sigma Aldrich, Darmstadt, Germany), Azal (10 pM) (MedChemEx-
press, Monmouth Junction, NJ, USA) for 3 h; lovastatin (20 pM) over-
night, prior to DOX treatment for 2 h. Specificity and mode of action of
RHO GTPase inhibitors are shown in Supplementary Table 1. Nuclear
yH2AX and/or 53BP1 foci were detected by immunofluorescence mi-
croscopy using anti-phospho-H2AX (Ser139) antibody (#05-636)
(Merck Millipore, Darmstadt, Germany) (1:1000) or anti-phospho-H2AX
(Ser139) antibody (#9718) and anti-53BP1 antibody (#4937) (Cell
Signaling, Beverly, MA, USA) (1:500).

2.7. Knockdown of Racl and Cdc42 by siRNA transfection

To confirm data obtained by use of pharmacological inhibitors of the
RHO GTPases RAC1 and CDC42, their mRNA expression was down-
regulated by siRNA-based genetic approach as previously described
[42]. To this end, cells were transfected with siRNA directed against
Racl and Cdc42 (QIAGEN, Hilden, Germany), using Lipofectamine
RNAIMAX (Thermo Fisher Scientific, Waltham, MA, USA) as trans-
fection reagent. siRNA sequences are given in Supplementary Table 2.
Control samples were transfected with scrambled siRNA. 72 h after
siRNA transfection, cells were treated with 1 pM DOX for 2 h. Subse-
quently, cells were fixed for immunofluorescent detection of yH2AX foci
and proteins were extracted to analyze the protein expression of RAC1,
CDC42 and selected factors of the DDR by western blot.

2.8. Analysis of cell viability and apoptosis

Established cell lines and primary cardiac cells were treated with
DOX (0.1-5 pM) for 24-72 h. In case of pharmacological RAC1 inhibi-
tion, cells were pulse-treated with EHT1864 (30 pM) for 3 h. After
washing with PBS, DOX was administered, and cells were incubated in
the absence of EHT1864 before cell viability was analyzed using the
AlamarBlue™ assay. To this end, cells were incubated with 44 yM
resazurin sodium salt in DMEM w/o phenol red (Sigma Aldrich, Darm-
stadt, Germany) for 2-4 h and the reduction of non-fluorescent resazurin
to fluorescent resorufin was measured at 535 nm excitation/590 nm
emission using Infinite F200 microplate reader (TECAN, Mannedorf,
Switzerland). Resorufin fluorescence intensity of untreated controls was
set to 100%. Apoptotic cell fraction was quantified by TUNEL (terminal
deoxynucleotidyl transferase dUTP nick end labeling) assay (Roche
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Diagnostics, Mannheim, Germany) after 1 pM DOX treatment for 48 h,
with or without EHT1864 pulse-treatment (30 pM; 3 h). Briefly,
fluorescein-conjugated dUTP nucleotides were transferred to the free 3'-
OH groups in fragmented DNA in apoptotic cells by terminal deoxy-
nucleotidyl transferase enzyme. TUNEL positive cells were visualized by
immunofluorescence microscopy.

2.9. Determination of cellular ROS levels by 2°,7"-dichlorofluorescin
diacetate (DCFDA) assay

Established cell lines were treated with 20 yM DCFDA (Abcam,
Cambridge, UK) for 45 min prior to EHT1864 (30 pM) treatment for 3 h
and subsequent DOX (1 uM and 10 pM) co-treatment for 2 h. The level of
fluorescent 2", 7" -dichlorofluorescein (DCF), which is indicative of the
formation of ROS, was measured at 485 nm excitation/535 nm emission
using Infinite F200 microplate reader. For positive control, cells were
treated with tert-butylhydroperoxide (TBHP) (250 puM). DOX-induced
increase in fluorescence was related to that of untreated control which
was set to 100%.

2.10. Western blot analyses

After pre-treatment with RHO GTPase inhibitors (or siRNA trans-
fection) and DOX co-treatment for 2 h, as described above, proteins were
extracted with RIPA lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 2 mM
EDTA, 1% NP-40, 0.1% sodium dodecyl sulphate (SDS), 1% sodium
deoxycholate, 1 mM sodium orthovanadate, 50 mM sodium fluoride,
1 mM phenylmethanesulfonylfluoride and 1% protease inhibitor cock-
tail (Cell Signaling, Beverly, MA, USA)). Samples were sonicated and
protein concentration was determined by the DC™ Protein Assay (Bio-
Rad Laboratories, Hercules, CA, USA). Protein samples were diluted in
loading buffer (Roth, Karlsruhe, Germany) and denatured at 95 °C for
5 min. Proteins were separated by SDS-PAGE and transferred onto
nitrocellulose membranes (GE Healthcare, Freiburg, Germany). After
blocking with 5% BSA in 0.1% Tween 20 (Sigma Aldrich, Darmstadst,
Germany) in TBS, membranes were incubated with primary antibodies:
anti-phospho-p53 (S15) (#9284); anti-phospho-CHK1 (S345) (#2341);
anti-phospho-CHK2 (T68) (#2661); anti-GAPDH (#2118) (Cell
Signaling, Beverly, MA, USA) (1:1000); anti-phospho-H2AX (Ser139)
(#05-636); anti-Racl (#05-389) (Merck Millipore, Darmstadt, Ger-
many) (1:1000); anti-Cdc42 (#sc-8401) (Santa Cruz Biotechnology,
Dallas, TX, USA) (1:200); anti-phospho-KAP1 (S824) (#A300-767A)
(Bethyl Laboratories, Montgomery, TX, USA) (1:1000) overnight at 4 °C
and subsequently with HRP-conjugated secondary antibodies
(#610-1302 or #611-1302) (Rockland Immunochemicals, Limerick,
PA, USA) (1:2000). Protein expression of GAPDH was used as loading
control. Chemiluminescence imaging was performed using the Chem-
iDoc™ Imaging System (Bio-Rad Laboratories, Hercules, CA, USA).

2.11. Statistical analyses

For statistical analyses one-way ANOVA with Bonferroni’s post-hoc
test was used (GraphPad Prism v6 (San Diego, CA, USA)). p-values
<0.05 were considered statistically significant and marked as indicated
in the legends to the figures. All data are presented as mean + SD
calculated from at least three independent experiments as specified in
the legends to the figures.

3. Results

3.1. DOX-induced cytotoxicity, DSB formation and repair in established
murine cardiac cell models in vitro

Established murine cell lines (i.e., HL-1 cardiomyocytes, H5V cardiac
endothelial cells, and mouse embryonic fibroblasts (MEF)) were
employed for initial analyses of drug-induced cyto- and genotoxicity.
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Immunocytochemical analyses showed that HL-1 cardiomyocytes, H5V
endothelial cells and MEF expressed cell type-specific protein markers (i.
e., cardiomyocytes, cTnT; endothelial cells, CD31; mouse fibroblasts,
a-SMA) as anticipated (Fig. 1a). Evaluating cell cycle distribution
following DOX treatment, we observed that HL-1 cardiomyocytes
exhibited the most pronounced G2/M arrest (~60% of cells in G2/M),
while H5V endothelial cells showed the strongest increase in the per-
centage of apoptotic cells present in the subG1 fraction (Fig. 1b). To
monitor DOX-induced cytotoxicity, cell viability was evaluated by use of
the AlamarBlue™ assay. We observed that, after short-term DOX
exposure (i.e., 24 h) as well as after extended exposure time (i.e., 72 h)
with low DOX concentration (i.e., 0.1 pM and 0.2 pM), HL-1 car-
diomyocytes were more resistant to DOX (ICsp: ~0.3 pM) than H5V
endothelial cells and MEF (ICsg: <0.1 pM each) (Fig. 1c left and right
panel). At later time point of analysis (i.e., 72 h), high concentration of
DOX (i.e., 0.5 yM and 1 pM) caused stronger cytotoxicity in HL-1 and
MEF as compared to H5V cells (Fig. 1c right panel).

DOX-induced formation and repair of DNA damage were monitored
after DOX pulse-treatment (1 uM, 1 h) by analyzing the number of nu-
clear YH2AX foci as surrogate marker of DSB. The DSB inducing TOP2
inhibitor etoposide (ETO) (10 pM) and ionizing radiation (IR) (5 Gy),
which is another prototypical DSB inducing agent, were included in the
analyses as additional controls (Fig. 1d-f). As analyzed immediately
after the DOX pulse-treatment (i.e., 0 h), HL-1 cardiomyocytes exhibited
the lowest number of DOX-induced nuclear yYH2AX foci (~5 foci per
nucleus) as compared to H5V endothelial cells and MEF (~ 15 yH2AX
foci and ~10 yH2AX foci per nucleus, respectively) (Fig. 1d-f). Similar
results were obtained following ETO or IR exposure (Fig. 1d-f). The
time-dependent reduction of YH2AX foci over a post-treatment period of
24 h, which reflects DSB repair capacity, revealed a largely impaired
repair of DOX-induced DSB in HL-1 cardiomyocytes, while both ETO-
and IR-induced DSB were efficiently repaired (Fig. 1d). By contrast, both
H5V endothelial cells and MEF repaired approximately 50-80% of DOX-
induced DSB (Figs. le and 1f). Moreover, both types of non-
cardiomyocyte cell types efficiently repaired DSB formed after ETO-
and IR-exposure (Figs. 1e and 1f). Basically, identical results were ob-
tained when the three different cell types were exposed to lower con-
centrations of DOX, ETO, or IR (Supplementary Fig. 1). Overall, the
data indicate substantial cell type-specific differences in the formation
and repair of DOX-induced DSB.

3.2. Impact of the pharmacological inhibition of RHO GTPase-regulated
signaling pathways on anthracycline-induced DNA damage response
(DDR) in established cell lines in vitro

Next, we investigated the outcome of the pharmacological inhibition
of various types of RHO GTPases with regard to DOX-induced DSB for-
mation. To this end, pharmacological inhibitors known to block RAC1-,
CDC42- or RHOA-regulated signaling pathways by different mode of
action (Supplementary Table 1) were employed. After pre-treatment
with the corresponding inhibitors, cells were exposed to DOX (1 pM,
2 h) before analyses were performed. Once more, a relatively low
number of nuclear YH2AX foci were formed in HL-1 cardiomyocytes as
compared to H5V and MEF (Supplementary Fig. 2a), supporting the
hypothesis that DOX-induced formation of DSB is particularly low in
cardiomyocytes. Among the different RHO GTPase inhibitors tested, the
pan RHO inhibitor lovastatin (20 pM) and the CDC42 inhibitor ML141
(100 pM) had the strongest inhibitory effects on the DOX-induced for-
mation of nuclear YH2AX foci in all cell types under investigation
(Fig. 2a-c). Inhibition of RAC1 GTPase-dependent signaling by EHop-
016 (10 pM), EHT1864 (30 pM) and NSC23766 (100 pM) affected
DOX-induced nuclear yH2AX foci formation only in H5V endothelial
cells (Fig. 2b). Inhibition of RHOA GTPase by rhosin (100 pM) was
ineffective in all cell types, whereas the RHO-kinase inhibitor Y-27632
(10 uM) reduced the number of DOX-induced nuclear yYH2AX foci in
both H5V endothelial cells and MEF but not in HL1 cardiomyocytes
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Fig. 1. DOX-induced cellular responses in established cardiac cell models. a Expression of cell type-specific markers was confirmed by immunocytochemistry in
established cell lines (cTnT, HL-1 cardiomyocytes; CD31, H5V cardiac endothelial cells; a-SMA, MEF). Representative pictures show each cell type stained with the
corresponding cell type-specific marker (green) and DAPI (blue); 100x objective. b Flow cytometric analysis of cell cycle distribution was performed after PI staining.
Cells were pulse-treated with DOX for 2 h followed by a 24 h incubation period in the absence of the drug. Quantitative data shown in the histogram are the mean +
SD from n=3-4 independent experiments. *p<0.05 (vs. Con); one-way ANOVA, Bonferroni’s post-hoc test. Representative results are shown in the upper part of the
figure. ¢ DOX-induced loss of cell viability was determined using the AlamarBlue™ assay after 24 h (left side) and 72 h (right side) treatment with increasing
concentrations of DOX. Data shown are the mean + SD from n=3-6 independent experiments each performed in quadruplicates. *p<0.05 (vs. Con); one-way ANOVA,
Bonferroni’s post-hoc test. d-f Cells were pulse-treated with 1 pM DOX or 1 pM ETO for 1 h or were irradiated with 5 Gy and post-incubated for 0.5 h. Analyses were
performed after a post-incubation period of up to 24 h in drug-free medium. Induction (0 h) and repair of DSB (2-24 h) were monitored by immunofluorescent
staining of nuclear YH2AX foci. Shown are representative pictures of DAPI (blue) stained nuclei with yH2AX foci (green); 100x objective. Quantitative data shown in
the lower part are the mean from two independent experiments with >100 nuclei per condition being analyzed. Data obtained from additional extensive analyses are
presented in Supplementary Fig. 1.
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Fig. 2. Effect of RHO GTPase inhibitors on the DOX-induced formation of DSB and activation of DDR factors in established cardiac cell models. a-c¢ Established cell
lines were pre-treated with various RHO GTPase inhibitors (Supplementary Table 1) (10 pM EHop-016 (EHop), 30 pM EHT1864 (EHT), 100 pM NSC23766 (NSC),
100 pM ML141 (ML) 100 uM rhosin, 10 pM Y-27632 for 3 h or with 20 uM lovastatin (Lova), overnight), followed by 1 uM DOX co-treatment for 2 h. The number of
nuclear YH2AX foci was quantified by immunocytochemistry. Quantitative data shown are the mean + SD from n=3-4 independent experiments with >50 nuclei per
condition being analyzed. *p<0.05 (vs. Con), "p<0.05 (vs. DOX); one-way ANOVA, Bonferroni’s post-hoc test. The lower panels show representative pictures of DAPI
(blue) stained nuclei with YH2AX foci (green) in each cell type after RHO GTPase inhibition and/or DOX treatment; 100x objective. For representative pictures of
mono-treatment with inhibitors see Supplementary Fig. 3. d-f Cells were pre-treated with the RHO GTPase inhibitors as described above, followed by 1 pM DOX co-
treatment for 2 h. Western blot analyses were performed using phospho-specific antibodies to detect the protein levels of yH2AX (S§139), pP53 (S15), pCHK1 (S345)
and pKAP1 (S824). Protein expression of GAPDH was used as loading control. After densitometrical analysis the signal intensity in DOX-treated samples was set to 1.0
and relative protein levels of the other experimental groups were shown as mean value from duplicate determinations. Representative pictures after mono-treatment

with the inhibitors are shown in Supplementary Fig. 7.

(Fig. 2a-c). Additional evaluation of DSB formation by the analysis of co-
localized nuclear yH2AX/53BP1 foci showed similar results (Supple-
mentary Fig. 2b-d). Of note, mono-treatment with RHO inhibitors did
not affect the basal number of DSB in any of the cell lines under inves-
tigation (Supplementary Fig. 3). Summarizing, out of the three cardiac
cell types tested, RHO GTPase inhibitors attenuated the formation of
DSB by DOX treatment predominantly in H5V endothelial cells.

To gain deeper insight into the involvement of RHO GTPase-
regulated functions in the regulation of DOX-induced mechanisms of
the DDR, western blot analyses were performed. Using phospho-specific
antibodies against representative DDR factors we found that DOX
treatment increased the protein amounts of phosphorylated (activated)
H2AX, P53, checkpoint kinase 1 (CHK1) and KRAB-associated protein 1
(KAP1) in all cell lines tested (Fig. 2d-f). The pan-RHO GTPase inhibitor
lovastatin attenuated the DOX-induced increase in YH2AX, pP53 and
PKAP1 protein levels most clearly in MEF (Fig. 2f), whereas in H5V
endothelial cells DOX-induced pP53 and pCHK1 levels were preferen-
tially lowered by lovastatin (Fig. 2e). All RAC1 inhibitors (i.e., Ehop-
016, ETH1864 and NSC23766), as well as the CDC42 inhibitor ML141
and RHOA inhibitor rhosin partially decreased the DOX-induced protein
levels of yH2AX in HL-1 cells (Fig. 2d). In H5V cells both EHT1864 and
ML141 reduced DOX-stimulated yH2AX and pP53 protein levels
(Fig. 2e), while in MEF only ML141 led to a noticeable reduction in
DOX-induced yH2AX and pP53 protein levels (Fig. 2f). Overall,
comparing the inhibitory efficacy of different RHO GTPase inhibitors on
DOX-simulated factors of the DDR between the different established
cardiac cell lines, both the RAC1 inhibitor EHT1864 and the CDC42
inhibitor ML141 were most effective, especially in H5V endothelial cells.

To confirm the geno-protective effects observed after pharmacolog-
ical inhibition of RAC1 and CDC42 in H5V endothelial cells, we addi-
tionally used an siRNA-based genetic approach to transiently
knockdown Racl and Cdc42 expression, either alone or simultaneously
(Supplementary Fig. 4). Under our experimental setting, we achieved
about 72% and 98% knockdown efficacy for RAC1 and CDC42 protein,
respectively (Supplementary Fig. 4a). In line with pharmacological
inhibition of RAC1 and CDC42, both siRacl and siCdc42 moderately
lowered the DOX-induced number of YH2AX foci in H5V cells (Sup-
plementary Fig. 4b). Simultaneous Racl and Cdc42 knockdown led to
the strongest decrease in the DOX-induced yH2AX foci number (Sup-
plementary Fig. 4b). Consistent results were observed by western blot
analysis detecting the DOX-induced activation of DDR-related proteins.
SiRNA-based knockdown of Racl and Cdc42 partially reduced the DOX-
induced protein levels of YH2AX, pP53, pCHK1 and pCHK2 (Supple-
mentary Fig. 4¢). Simultaneous knockdown of both Racl and Cdc42
further reduced the protein levels, especially of yYH2AX, pP53, pCHK1
and pKAP1, in DOX-treated cells (Supplementary Fig. 4c). Hence,
together with the inhibitor-based results, this genetic data supports the
hypothesis that both RAC1 and CDC42 are involved in the regulation of
DDR mechanisms in cardiac cell types treated with DOX (Supplemen-
tary Fig. 4b-c).

Considering that oxidative damage is known to contribute to the
pathogenesis of the DOX-induced cardiac injury [9,10] and RAC1 is
involved in the ROS formation through NADPH oxidase [24], we
assessed DOX-induced ROS levels and modulation of ROS formation by

RACI1 inhibition in the different cardiac cell types (Supplementary Fig.
5). Using low concentration of DOX (i.e. 1 pM), no notable increase in
the ROS levels was found in any of the cell types as determined by the
DCFDA assay (Supplementary Fig. 5). This data indicate that ROS
formation is not of major relevance for the effects we observed under our
experimental conditions (i.e., low DOX concentrations). At high con-
centration of DOX (10 pM) a moderate increase in ROS levels was
detectable in both HL-1 cardiomyocytes and MEF, but not in H5V
endothelial cells (Supplementary Fig. 5). Of note, RAC1 inhibition by
EHT1864 preferentially decreased ROS levels induced by 10 pM DOX in
MEF (Supplementary Fig. 5), supporting the hypothesis that RACI is
involved in ROS production when high DOX concentrations are applied
[43].

3.3. DOX-induced cytotoxicity and DDR in primary murine cardiac cells
in vitro

In the next step we employed primary cardiac cells isolated from the
hearts of adult C57BL/6 mice to corroborate the results obtained from
the use of the established cell lines. Immunocytochemical analyses
confirmed that the primary cardiac cells express the cell type-specific
markers (i.e., cardiomyocytes, cTnl; endothelial cells, CD31; fibro-
blasts, a-SMA) as anticipated (Fig. 3a). Analysis of cell viability showed
moderate differences in the DOX sensitivity between the different pri-
mary cardiac cell types (Fig. 3b). The obtained ICs( values indicate that
primary cardiac endothelial cells are slightly more resistant to high DOX
concentrations (ICsg: >5 pM) than primary cardiomyocytes and cardiac
fibroblasts (ICsp: ~2.5 pM each) (Fig. 3b). Apoptosis frequency as
determined by the TUNEL assay revealed a high percentage of TUNEL
positive cardiomyocytes (~20%) already under basal conditions, while
endothelial cells and fibroblasts showed a comparably low number (i.e.
<5%) of apoptotic cells (Fig. 3¢). Most important, a significant increase
in DOX-stimulated apoptosis frequency was detected in primary endo-
thelial cells and fibroblasts but not in primary cardiomyocytes (Fig. 3c).
Furthermore, DOX treatment caused only a minor increase in DSB levels,
as reflected by nuclear yH2AX foci, in primary cardiomyocytes (Fig. 3d).
This is fully consistent with the results observed with the established
cardiomyocyte cell line (Fig. 1d and Supplementary Fig. 2a). Note-
worthy, primary cardiac endothelial cells and fibroblasts exhibited an
approximately 2- and 4-fold stronger increase in the number of nuclear
yYH2AX foci after DOX treatment than cardiomyocytes (Fig. 3d). More-
over, only primary endothelial cells and fibroblasts showed a marked
decline in the number of YH2AX foci over a post-treatment period of
24 h, which is indicative of efficient DSB repair. By contrast, the number
of nuclear yYH2AX foci remained largely unchanged over time in primary
cardiomyocytes (Fig. 3d). Overall, the data show that primary car-
diomyocytes are characterized by the generation of lower numbers of
DSB following DOX exposure and a less efficient DSB repair as compared
to primary non-cardiomyocytes (i.e., cardiac endothelial cells and car-
diac fibroblasts).
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Fig. 3. DOX-induced cytotoxicity and DSB formation in primary cardiac cell types. a Primary cardiac cells were isolated from the hearts of C57BL/6 mice as
described in methods. Cell type-specific markers were used to confirm the successful isolation of the different cardiac cell types (cTnl, cardiomyocytes; CD31,
endothelial cells; a-SMA, fibroblasts). Representative pictures show each cell type stained with the corresponding cell type-specific marker (red), DAPI (blue); 100x
objective. b AlamarBlue™ assay was performed to assess the viability of primary cardiac cells 48 h after treatment with increasing concentrations of DOX. Data
shown are the mean + SD from n=6-12 independent experiments, each performed in biological triplicates. *p<0.05 (vs. Con), ns, not significant; one-way ANOVA,
Bonferroni’s post-hoc test. ¢ Cells were treated with 1 pM DOX for 48 h and the percentage of apoptotic cells was determined by the TUNEL assay. Data shown are the
mean + SD from n=3-8 independent experiments. *p<0.05 (vs. Con); one-way ANOVA, Bonferroni’s post-hoc test. The upper panel shows representative pictures of
each cell type stained with the corresponding cell type-specific marker (red), TUNEL (green), DAPI (blue); 20x objective. TUNEL positive cells are exemplarily
indicated by yellow arrows. d To analyze DOX-induced DSB formation and repair, cells were pulse-treated with 1 pM DOX for 2 h and further incubated up to 24 h in
the absence of DOX. The number of nuclear yH2AX foci was quantified by immunocytochemistry. Data shown in the histogram (lower panel) are the mean + SD from
n=3-11 independent experiments with >50 nuclei per condition being analyzed. *p<0.05 (vs. 0 h Con), +p§0.05 (vs. 0 h DOX), ns, not significant; one-way ANOVA,
Bonferroni’s post-hoc test. The upper panel shows representative pictures of each cell type stained with the corresponding cell type-specific marker (red), yYH2AX

(green), DAPI (blue); 100x objective.

3.4. Influence of pharmacological inhibition of RHO GTPase-regulated
signaling pathways on DOX-induced stress responses of primary cardiac
cell types in vitro

Analyzing the effect of pharmacological inhibitors of RHO GTPase-
regulated signaling on the formation of nuclear yH2AX foci after DOX
exposure in primary cardiac cells, we found that the RAC1 inhibitor
EHT1864, the CDC42 inhibitor ML141 and the dual RAC1/CDC42 in-
hibitor Azal confer the strongest protection from DOX-induced DSB
formation in all primary cardiac cell types tested, whereas rhosin and
lovastatin were only poorly effective under our experimental setting
(Fig. 4a-c).

Next, we investigated the influence of RAC1-regulated signaling on
the repair of DOX-induced DSB by comparatively monitoring the time-
dependent decline of nuclear YH2AX foci in the presence or absence of
the RAC1 inhibitor EHT1864. In these analyses we focused on RAC1

having in mind that targeting of RAC1 signaling has been repeatedly
demonstrated to protect against DOX-induced geno- and cytotoxicity
both in vitro and in vivo [19,22,23,34]. EHT1864 significantly reduced
the DOX-induced formation of yH2AX foci at early time point (i.e., after
2 h of DOX treatment) in all examined cardiac cell types (Fig. 4d-f),
whereas the number of residual YH2AX foci (i.e., 24 h post-treatment
period) remained unaffected by EHT1864 in endothelial cells and fi-
broblasts (Figs. 4e and 4f). In cardiomyocytes, the residual number of
DOX-induced yH2AX foci was significantly reduced by EHT1864
pre-treatment (Fig. 4d), indicating that inhibition of RACIl-related
signaling specifically decreases the level of persistent DNA damage in
cardiomyocytes.

To further characterize the involvement of RAC1 in the regulation of
the cell type-specific responsiveness to DOX, the level of phosphorylated
(activated) DDR-related factors was analyzed by western blot analyses in
the presence and absence of the RAC1 inhibitor EHT1864. DOX
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Fig. 4. Effect of RHO GTPase inhibitors on DOX-induced DSB formation and repair in primary cardiac cells. a-c Primary cardiac cell types were pre-treated with
different RHO GTPase inhibitors (Supplementary Table 1) (30 pM EHT1864 (EHT), 100 pM ML141 (ML) , 10 uM Azal, 100 pM rhosin for 3 h or with 20 pM
lovastatin (Lova), overnight), followed by 1 uM DOX co-treatment for 2 h. The number of DOX-induced yH2AX foci in the presence or absence of RHO GTPase
inhibitors was quantified. Data shown are the mean + SD from n=3-11 independent experiments with >50 nuclei per condition being analyzed. *p<0.05 (vs. Con),
*p<0.05 (vs. DOX); one-way ANOVA, Bonferroni’s post-hoc test. The lower panels show representative pictures of each cell type stained with the corresponding cell
type-specific marker (red), yH2AX (green), DAPI (blue); 100x objective. Control pictures of mono-treatment with RHO GTPase inhibitors treated cells are shown in
Supplementary Fig. 6. d-f Primary cardiac cells were pre-treated with 30 pM EHT for 3 h, followed by 1 pM DOX co-treatment for 2 h. To evaluate DSB induction
and repair, the number of nuclear YH2AX foci was quantified by immunocytochemistry immediately after the DOX pulse-treatment (0 h) or after post-incubation
(24 h), respectively, in the absence of EHT and DOX. Data shown are the mean + SD from n=3-11 independent experiments with >50 nuclei per condition
being analyzed. *p<0.05 (vs. corresponding Con), "p<0.05 (vs. corresponding DOX); one-way ANOVA, Bonferroni’s post-hoc test. The lower panels show repre-
sentative pictures of each cell type stained with the corresponding cell type-specific marker (red), YH2AX (green), DAPI (blue); 100x objective.

treatment induced a strong activation of DDR-related factors in endo-
thelial cells and fibroblasts, but not in cardiomyocytes (except for
PKAP1) as concluded from the elevated protein levels of YH2AX, pP53
and pKAP1 in DOX treated cells as compared to untreated controls
(Fig. 5a-c). Consistent with the results obtained from the immunocyto-
chemical yH2AX foci analysis, the DOX-induced increase in the protein

levels of the aforementioned phosphorylated DDR-related factors were
significantly attenuated by EHT1864 in primary cardiac endothelial
cells and fibroblasts (Fig. 5b-¢). In addition, EHT1864 inhibited DOX-
induced increase of pKAP1 in cardiomyocytes (Fig, 5a) and lowered
the level of pCHK2 in DOX-treated fibroblasts (Fig. 5c¢).

To investigate the influence of RAC1 inhibition by EHT1864 on the
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Fig. 5. Effect of RHO GTPase inhibitors on DOX-induced DDR activation in primary cardiac cells. a-c Primary cardiac cells were pre-treated with 30 pM EHT for 3 h,
followed by 1 pM DOX co-treatment for 2 h. Western blot analyses were performed using phospho-specific antibodies to detect the protein levels of yH2AX (S139),
pP53 (S15), pCHK1 (S345), pCHK2 (T68) and pKAP1 (S824). Protein expression of GAPDH was used as loading control. After densitometrical analysis the signal
intensity of DOX-treated samples was set to 1.0 and relative protein levels of the other experimental groups were shown as mean + SD from n=3 independent
experiments (primary cardiac cell types isolated from 3 individual animals). *p<0.05 (vs. Con), "p<0.05 (vs. DOX); one-way ANOVA, Bonferroni’s post-hoc test.

Representative blots are shown on the left side.

cytotoxicity resulting from DOX exposure, cell viability and apoptosis
were monitored. We observed that EHT1864 does not protect primary
cardiac cells from DOX-induced loss of viability (Fig. 6a-c). Moreover,
EHT1864 mono-treatment caused a significant increase of TUNEL-
positive endothelial cells and fibroblasts (Fig. 6d), indicating that in-
hibition of RAC1 is sufficient to promote pro-apoptotic pathways in
these cardiac cell types. Taken together, the substantial protection of
cardiac cells from DOX-induced DNA damage formation by EHT1864
(Fig. 4d-f) did not manifest in relation to DOX-induced cytotoxicity, very
likely due to the stimulation of pro-apoptotic pathways by EHT1864
mono-treatment, which however appears to occur in a DNA-damage
independent manner (Fig. 6d).

3.5. DOX-induced DNA damage formation in different cardiac cell types
and the influence of RHO GTPases in vivo

In extension of our in vitro data, we employed a mouse model to
monitor the in vivo effects of DOX treatment and pharmacological in-
hibition of RHO GTPases on the formation of DNA damage in different
cardiac cell populations. For this purpose, heart tissue sections were
analyzed, which were obtained from mice treated with multiple doses of
DOX (6 x3 mg/kg BW) over several weeks + pan-RHO GTPase inhibitor
(lovastatin) or RAC1 inhibitor (NSC23766) [34]. The heart sections
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were stained with Alexa Fluor™-conjugated WGA to allow morpholog-
ical discrimination between cardiomyocytes and non-cardiomyocytes.
We observed that the percentage of yH2AX positive cardiomyocytes
was relatively high (~15%) in saline-treated control animals as
compared to non-cardiomyocytes (<5%) (Figs. 7a and 7b). DOX treat-
ment led to a significant increase in the percentage of both car-
diomyocytes and non-cardiomyocytes harboring DNA damage, which
was significantly reduced by both lovastatin and NSC23766
co-treatment in both cardiac cell types (Figs. 7a and 7b). The results of
the in vivo studies further support the hypothesis that both car-
diomyocytes and non-cardiomyocytes are susceptible to DNA damage
formation following DOX treatment in vivo and, furthermore, that
signaling mechanisms regulated as a function of RHO GTPases, espe-
cially RAC1, influence the level of DOX-induced residual DNA damage in
both cardiac cell populations.

4. Discussion

Anthracycline-induced cardiotoxicity is a multifaceted process and
emerges from diverse inter- and intracellular responses of cardiac tissue
[1,2]. Anthracyclines induce DNA damage by different mode of action,
thereby activating the complex network of the DDR, which defines the
balance between cell survival and death [3] and also influences
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Fig. 6. Effect of RAC1 inhibition on DOX-induced cytotoxicity in primary cardiac cells. a-c Primary cardiac cells were treated with 30 pM EHT1864 (EHT) for 3 h,
followed by treatment with increasing concentrations of DOX for 48 h in the absence of EHT. AlamarBlue™ assay was performed to assess the DOX-induced loss of
cell viability following RAC1 inhibition. Data shown are the mean + SD from n=3-12 independent experiments each performed in biological triplicates. *p<0.05 (vs.
corresponding Con); one-way ANOVA, Bonferroni’s post-hoc test. d Primary cardiac cells were treated with 30 pM EHT1864 (EHT) for 3 h, followed by 1 uM DOX
treatment for 48 h in the absence of EHT. Immunocytochemical TUNEL assay was performed to quantify the percentage of apoptotic cells. Data shown are the mean
+ SD from n=3-8 independent experiments. *p<0.05 (vs. Con), ns, not significant; one-way ANOVA, Bonferroni’s post-hoc test. The lower panel shows repre-
sentative pictures of each cell type stained with the corresponding cell type-specific marker (red), TUNEL (green), DAPI (blue); 20x objective. TUNEL positive cells

are exemplarily indicated by yellow arrows.

DOX-induced cardiotoxicity [44]. Although cardiomyocytes constitute
the largest part of the heart, they are outnumbered by
non-cardiomyocytes, which possess crucial functions in the maintenance
of cardiac homeostasis [45]. Hence, we hypothesize that different car-
diac cell types contribute to cardiac damage evoked by anthracyclines
with multiple RHO GTPase-regulated signaling pathways being
involved. To test this hypothesis, we employed both established and
primary cardiac cell models and investigated their response to
DOX-induced cellular stress and the impact of RHO GTPases on this
response. We observed that DOX-induced cell death, activation of cell
cycle checkpoints, as well as formation and repair of DSB considerably
varied in a cell type-dependent manner. DOX induced very low levels of
DSB in both established HL-1 cardiomyocytes and primary -car-
diomyocytes. By contrast, a robust induction of DSB was detected in
both established and primary non-cardiomyocytes (i.e., endothelial cells
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and fibroblasts). This supports the hypothesis that non-cardiomyocyte
cell types of the heart are of additional relevance for the pathophysi-
ology of DOX-induced cardiotoxicity [44,46]. This is in line with pre-
vious reports suggesting that, besides cardiomyocytes, cardiac
endothelial cells, cardiac fibroblasts, and cardiac progenitor cells also
contribute to cardiotoxicity evoked by anthracycline exposure [44]. Of
note, both HL-1 and primary cardiomyocytes failed to repair
DOX-induced DSB, whereas primary non-cardiomyocytes showed effi-
cient DSB repair activity. Since HL-1 cardiomyocytes showed an efficient
repair of DSB that were induced by IR or the TOP2 inhibitor ETO, we
speculate that the relatively low levels of DSB induced by DOX are not
sufficient to activate the DSB repair machinery in cardiomyocytes [47].
Alternatively, cardiomyocytes may suffer from a specific deficit in the
processing of DSB induced by anthracyclines. Overall, our findings
demonstrate that cardiomyocytes are least responsive to DSB induction
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following DOX treatment in vivo. a, b 8-10 weeks old C57BL/6 mice were treated with lovastatin (Lova) (10 mg/kg BW, p.o.) or the RAC1 inhibitor NSC23766
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yH2AX positive cardiomyocytes (a) and non-cardiomyocytes (b) were quantified. Data shown are the mean from 3 animals being analyzed per experimental group
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show representative pictures of heart sections stained with WGA (red), yH2AX (green), DAPI (blue); 100x objective. White arrows indicate cardiomyocytes or
non-cardiomyocytes in each corresponding panel and yellow arrows exemplarily indicate YH2AX positive cells.

by DOX and harbor the lowest DSB repair capacity at the same time.
Notably in this context, we did not observe an increase in ROS levels
following treatment with clinically relevant low concentration of DOX
(i.e., 1 uM), indicating that oxidative damage may not be of major
relevance for the effects observed under our experimental conditions
[43].

Regarding the involvement of RHO GTPase-regulated signaling in
DOX-induced stress responses in different cardiac cell types, we
observed that inhibition of various RHO GTPases significantly reduced
the formation of DSB following DOX exposure. We found a preferential
inhibitory effect of RAC1 inhibitors (i.e., EHop-016, EHT1864 and
NSC23766) on DOX-induced DSB formation in H5V cardiac endothelial
cells, while the pan-RHO GTPase inhibitor lovastatin and the CDC42
inhibitor ML141 were effective in all established cardiac cell types.
Lovastatin was less effective in primary cardiac cells as compared to
established cell lines. We speculate that this might be related to different
expression and/or activity of various RHO GTPases in established versus
primary cardiac cell models. Moreover, specific inhibition of either
RACI1 (by EHT1864) or CDC42 (by ML141) or simultaneous inhibition of
both RHO GTPases (by Azal) significantly lowered the DOX-induced
formation of DSB in all primary cardiac cells. Noteworthy, siRNA-
based simultaneous knockdown of Racl and Cdc42 clearly lowered
the DOX-induced formation of DSB and the activation of selected DDR
factors in H5V endothelial cells, supporting the results obtained from the
inhibitor-based studies. Overall, there are substantial differences be-
tween established and primary cardiac cells with regard to their
responsiveness to RHO inhibition. In this context it is also worthwhile to
note that the RHOA inhibitor rhosin protected each of the primary
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cardiac cell types from DOX-induced DNA damage, but none of the
established cell lines. However, the effect of rhosin was less pronounced
as compared to that of the RAC1 and CDC42 specific inhibitors. Alto-
gether, these findings indicate that RAC1- and CDC42-regulated
signaling probably plays a central role in the formation of DOX-
induced DSB in cardiac cells. Furthermore, inhibition of RACI1-
dependent mechanisms affects the levels of residual DNA damage in a
cell type-specific manner in vitro. To date, inhibition of RAC1 signaling
has been suggested to be of particular relevance for the protection of the
heart against anthracycline-induced cardiac damage [19,20,23,33,34,
36]. The data presented in this study provide novel evidence that, in
addition to RAC1, CDC42-regulated mechanisms also substantially in-
fluence the extent of cardiac damage evoked by DOX treatment. This is
meaningful for forthcoming in vitro and in vivo studies aiming to
develop novel cardioprotective measures in the context of DOX-based
anticancer therapy.

Assuming that DOX-induced DNA damage that triggers the subse-
quent activation of the DDR contributes to the pathophysiology of
anthracycline-mediated cardiotoxicity, the question arises as to which
molecular mechanism of the highly complex DDR might be of particular
relevance. To this end, we characterized the influence of RHO GTPase
inhibitors on DOX-induced activation of prototypical DDR factors [48].
Summarizing the complex set of data obtained from extensive western
blot-based analyses employing different established and primary cardiac
cell types and various RHO GTPase inhibitors, we hypothesize that in-
hibition of DOX-induced functions regulated especially by P53 and
KAP1 are of utmost relevance for the genoprotective effects mediated by
RHO GTPase inhibitors. In line with this hypothesis, P53-regulated



P. Kiiciik et al.

mechanisms are reported to influence DOX-induced cardiotoxicity [20].
We speculate that the variable efficacy of the diverse RHO GTPase in-
hibitors on DOX-stimulated DDR mechanisms observed in different
cardiac cell types is due to differences in the expression level and/or
activity of RHO GTPases, RHO-regulatory factors (i.e., guanine nucleo-
tide exchange factors (GEF) and/or GTPase activating proteins (GAP)),
TOP2 isoforms, TOP2-regulatory proteins as well as DDR- and DNA
repair-related factors. Deciphering the high complexity of these poten-
tially influencing factors will be subject of future cardio-oncological
studies aiming to develop effective cardioprotective measures.

P53 plays a well-recognized key role in the regulation of DNA repair
as well as of cell survival and death pathways [49]. Bearing in mind that
DOX-induced DNA damage triggers the activation of P53-regulated
mechanisms, and this response can be modulated by RHO GTPase in-
hibitors, it is feasible that P53-related signaling determines the fate of
cardiac cell types after DOX exposure. Investigating the influence of
DOX on viability and apoptosis of primary cardiac cell types, we
observed a high apoptosis frequency in primary cardiomyocytes already
under basal conditions, which is presumably due to the fragility of pri-
mary cardiomyocytes in culture [40]. Yet, 48 h of DOX treatment did not
trigger any further increase in apoptotic fraction of primary car-
diomyocytes. By contrast, primary cardiac endothelial cells and fibro-
blasts showed relatively low basal frequency of apoptotic cells, which
however was significantly increased after DOX treatment. Accordingly,
we detected DOX-induced increase in P53 phosphorylation only in pri-
mary cardiac endothelial cells fibroblasts, but not in primary car-
diomyocytes. Noteworthy in this context, adult cardiomyocytes can
develop resistance to intrinsic apoptosis [50]. Furthermore, it was
shown that DOX stimulates either apoptosis or senescence in neonatal
cardiomyocytes depending on the DOX dose applied [51]. Hence, we
speculate that the relevant DNA damage-related toxicity pathways (e.g.,
apoptosis or senescence) and cardiac cell types involved are depending
on both the maturity of the cardiac cell types (i.e., adult or neonatal
stage), the DOX dose administered, the time point of analysis as well as
the treatment regimen used (acute or subacute treatment) [37].

Unexpectedly, we found that not only DOX, but also EHT1864
treatment significantly stimulated apoptosis in primary non-
cardiomyocytes. This indicates that RAC1 regulates mechanisms that
protect non-cardiomyocytes from undergoing apoptosis under non-
stressed conditions [52]. Of note, this pro-apoptotic effect of EHT1864
is independent of DNA damage formation as concluded from the results
obtained from nuclear YH2AX foci and western blot analyses. In line
with our data, promotion of apoptosis by EHT1864 was also reported by
others [53]. We speculate that the observed pro-apoptotic effect of
EHT1864 is related to the well-known role of RAC1 as a key regulator of
apoptosis-related pathways, including NF-kB and MAPK signaling [25,
26]. Accordingly, under the situation of co-treatment with DOX,
EHT1864 did not significantly protect primary cardiac cells from
DOX-induced apoptosis. We assume that the geno-protective effect of
EHT1864 as demonstrated by the profound attenuation of DOX-induced
DSB formation and reduced activation of DDR factors is not reflected on
the level of apoptosis because of simultaneous activation of DNA
damage-independent pro-apoptotic pathways under our experimental
setting. Having in mind that additional cell death pathways (e.g.,
autophagy, ferroptosis, pyroptosis) contribute to DOX-induced car-
diotoxicity [37], it remains feasible that RHO GTPase-signaling in-
terferes with such alternative cell death-related mechanisms [54,55].

Apart from the regulation of apoptosis, P53 is also a well-known
regulator of senescence [56]. Noteworthy in this context, persistent
DNA damage, which can be triggered by endogenous or exogenous
noxae, is associated with a premature senescence-associated phenotype
in adult cardiomyocytes [57,58]. Moreover, DOX can induce accelerated
cardiomyocyte senescence, eventually contributing to late-onset car-
diotoxicity [51,59,60]. In line with these reports, we observed a high
percentage of YH2AX positive cardiomyocytes (~15%) already under
basal conditions in vivo and a prolonged persistence of DNA damage
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evoked by DOX in cardiomyocytes in vitro. Hence, we assume that DOX
exposure evokes senescence-associated DNA damage formation in car-
diomyocytes. Moreover, our results demonstrated that pharmacological
inhibition of RHO GTPases, especially of RAC1, protected not only
cardiomyocytes but also non-cardiomyocytes from DOX-induced in-
crease in residual DSB in vivo. Of note, this geno-protective effect
resulting from RACI inhibition was observed in a subacute setting,
where repeated low dose of DOX was administered and analysis was
performed at a late time point. In line with this, we previously showed
that cardiomyocyte-specific Racl deletion provides a partial protection
against DOX-induced cardiac damage specifically in a subacute setting
[36]. Noteworthy, such subacute treatment scheme better reflects the
clinically relevant anticancer treatment regimen than the frequently
used acute models. Hence, assessing the potential cardioprotective ef-
ficacy resulting from RHO GTPase inhibition in the context of
DOX-based anticancer therapy, it is important to consider that the
adverse cardiac outcome pathways triggered by DOX treatment in vivo
are likely both dose and time dependent [51]. Collectively, the available
data suggest that inhibition of RHO GTPases, especially of RAC1, may be
clinically useful to protect cardiac cells from persistent DNA damage
that is formed as a result of repeated DOX exposure and eventually
triggers senescence [57-60].

Taken together, the results of our study support the model (Fig. 8)
that, in addition to cardiomyocytes, cardiac endothelial cells and fi-
broblasts also contribute to the irreversible cardiotoxicity evoked by
DOX treatment, with both RAC1- and CDC42-regulated signaling path-
ways being of pathophysiological relevance. We assume that signaling
pathways regulated by these RHO GTPases promote the formation of
DNA damage (i.e., low DNA damage in cardiomyocytes and robust DNA
damage in non-cardiomyocytes) and subsequent activation of DDR-
related mechanisms following DOX treatment. Therefore, we suggest
simultaneous pharmacological targeting of RAC1- and CDC42-regulated
pathways in multiple cardiac cell types as the most promising approach
to mitigate detrimental late-onset adverse effects on the heart evoked by
anthracycline-based anticancer therapy.
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