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ARTICLE INFO ABSTRACT

Keywords: Dose limiting cardiotoxicity remains a major limiting factor in the clinical use of several cancer chemothera-
RGS proteins peutics including anthracyclines and the antimetabolite 5-fluorouracil (5-FU). Prior work has demonstrated that
Chemotherapy chemotherapeutics increase expression of R7 family regulator of G protein signaling (RGS) protein-binding
girij;::lzzss partner Gfs, which drives myocyte cytotoxicity. However, though several R7 family members are expressed in
Cell death heart, the exact role of each protein in chemotherapy driven heart damage remains unclear. Here, we demon-
strate that RGS11, downregulated in the human heart following chemotherapy exposure, possesses potent anti-
apoptotic actions, in direct opposition to the actions of fellow R7 family member RGS6. RGS11 forms a direct
complex with the apoptotic kinase CaMKII and stress responsive transcription factor ATF3 and acts to coun-
terbalance the ability of CaMKII and ATF3 to trigger oxidative stress, mitochondrial dysfunction, cell death, and
release of the cardiokine neuregulin-1 (NRG1), which mediates pathological intercommunication between
myocytes and endothelial cells. Doxorubicin triggers RGS11 depletion in the murine myocardium, and cardiac-
specific OE of RGS11 decreases doxorubicin-induced fibrosis, myocyte hypertrophy, apoptosis, oxidative stress,
and cell loss and aids in the maintenance of left ventricular function. Conversely, RGS11 knockdown in heart
promotes cardiac fibrosis associated with CaMKII activation and ATF3/NRG1 induction. Indeed, inhibition of
CaMKII largely prevents the fibrotic remodeling resulting from cardiac RGS11 depletion underscoring the
functional importance of the RGS11-CaMKII interaction in the pathogenesis of cardiac fibrosis. These data
describe an entirely new role for RGS11 in heart and identify RGS11 as a potential new target for amelioration of

chemotherapy-induced cardiotoxicity.
1. Introduction Irrespective of the specific malignancy, chemotherapy remains a critical
component of cancer therapy and has been shown to significantly
According to the International Agency for Research on Cancer improve patient survival over a 20-year period [1]. However, the clin-
(IARC), there were 9.5 million deaths from cancer in 2018, numbers ical utility of many of these drugs is limited by life-threatening side ef-
expected to rise in the coming decades due to the aging population and fects, which include chemotherapy-induced cardiotoxicity characterized
increasing prevalence of risk factors for malignant transformation. by compromised left ventricular function, structural heart damage,
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conduction deficits, and/or vascular abnormalities. The most common
causative agents are anthracyclines (e.g. doxorubicin) and the antime-
tabolite 5-fluorouracil (5-FU) with incidence rates of doxorubicin- and
5-FU-dependent heart damage estimated at 9% [2] and 1-19% [3],
respectively. Though administration schedule, patient age, cancer type,
and cumulative drug dose influence risk of cardiotoxicity, impacts of
chemotherapy on the heart may not be appparent for or even years after
the initial drug exposure [4]. Further, there are no adjuvants available to
treat or prevent chemotherapy-driven cardiotoxicity. Thus, detection,
risk assessment, and treatment of chemotherapeutic-dependent cardiac
damage remain areas of active research.

Though several intracellular signaling cascades are altered in car-
diomyocytes following chemotherapy exposure, several common cyto-
toxic mechanisms have emerged. Among the most frequently described
are free radical generation, oxidative stress, mitochondrial dysfunction,
and the result initiation of apoptotic cascades as well as disruptions in
calcium (Ca®") homeostasis and activation of cellular stress responses
[5]. Myocytes are particularly sensitive to oxidative damage due to their
high metabolic demand and mitochondrial volume [6] and chemo-
therapeutic drugs such as doxorubicin triggers oxidative stress via
several mechanisms including secondary to mitochondrial dysfunction
[7,8] and via activation of NADPH oxidase (Nox) complexes [9,10].
Ultimately, accumulating reactive oxygen species (ROS) overwhelm the
cells antioxidant defense and lead to induction of intrinsic mitochondrial
cell death pathways [11,12]. ROS generation also drives induction of
Ca2+/Calmodulin—dependent protein kinase (CaMKII), which has been
shown to contribute to Ca?* leak from the sarcoplasmic reticulum and
Ca?* overload in cardiomyocytes following anthracycline exposure [13,
14]. Though its function remains unclear, the profile of signal trans-
ducers recruited in the myocardium following doxorubicin treatment
includes activating transcription factor 3 (ATF3) [15], a hub in the
adaptive  stress response that has been implicated in
doxorubicin-induced cytotoxicity [16,17].

Though 5-FU metabolites also damage myocyte mitochondria, 5-FU
also targets vascular endothelial cells (ECs) and has been specifically
associated with myocardial ischemia secondary to coronary spasm [18].
Mechanisms of 5-FU-induced vascular toxicity also involve ROS gener-
ation and mitochondrial-dependent apoptosis [19-22] suggesting that
5-FU may have a shared molecular target in ECs and cardiomyocytes
that drives oxidative stress. Alternatively, release of autocrine or para-
crine factors from one cell type might propagate cellular stress signals
throughout the cardiovascular system. Indeed, doxorubicin drives
release of several paracrine factors from the vascular endothelium that
can influence the viability and function of cardiomyocytes [23]. Among
these cytokines is the cardioactive growth factor neuregulin-1 (NRG1)
[23], which may protect against acute doxorubicin-induced cardiotox-
icity [24,25]. Indeed, NRG1 haploinsufficiency exacerbated
doxorubicin-dependent cardiac damage following a single drug bolus
[26], though the role of NRG1 in the chronic phase where sustained
growth factor production often turns maladaptive driving ongoing
fibrotic remodeling and compromising cardiac contractility remains
unclear.  Regardless, it is likely that mitigation of
chemotherapy-dependent cardiotoxicity might require the targeting of
several critical myocyte-intrinsic and -extrinsic cytotoxic signals.

The atypical G protein Gfs is up-regulated in the myocardium in
response to several cancer chemotherapeutics including doxorubicin
and 5-FU, a result that can be replicated in isolated ventricular car-
diomyocytes (VCM) or fibroblasts (VCF) [27]. Indeed, knockdown (KD)
of Gfs in heart ameliorates doxorubicin-induced hypertrophy and
fibrosis [27]. Rather than mediating signal transduction via G protein
coupled receptors, Gfs forms a requisite co-stabilizing complex with
members of the R7 subfamily of Regulators of G protein Signaling (RGS)
proteins [28], 3 of which are expressed in heart (RGS6, RGS7, and
RGS11) [29,30]. Like Gfs, RGS6 is up-regulated following doxorubicin
exposure [27,31], and the RGS6-Gfs complex has been shown to ATM
serine/threonine kinase (ATM)-dependent apoptotic signaling [27,31,
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32]. However, the function of RGS11 in heart remains unknown.

We now demonstrate that chemotherapy exposure in human cancer
patients is associated with down-regulation of RGS11 in heart, an
outcome opposite to that observed for RGS6 in the murine myocardium
[31]. Further, while knockout (KO) of RGS6 protects against
chemotherapy-induced cardiac dysfunction [31], cardiac-specific
RGS11 depletion exacerbates doxorubicin-dependent cardiotoxicity
and RGS11 overexpression (OE) in heart is protective. Notably, RGS11
appears to have a unique function in modulating both myocyte-intrinsic
and paracrine mechanisms of chemotherapy-driven cardiac damage.

2. Materials and methods
2.1. Materials

The source/catalog information for all reagents (Table S1), anti-
bodies (Table S2), assay kits (Table S3), and cell lines (Table S4) can be
found in Supplementary Tables 1-4. Table S2 provides information on
antibody dilutions (immunoblotting, immunohistochemistry, and
immunoprecipitation).

2.2. Animals

Male Swiss albino mice (25-30 g) were reared on a balanced labo-
ratory diet as per NIN, Hyderabad, India and given tap water and food ad
libitum. They were kept at 20 + 2 °C, 65-70% humidity, and day/night
cycle (12 h/12 h). For all animal experiments, analyses were performed
by an observer blinded to drug treatment.

2.3. Chemotherapy drug treatment regimens

Eight-to ten-week-old animals were subjected to either the acute or
chronic chemotherapeutic drug regimens. Mice on the chronic treatment
regimen received multiple doses of doxorubicin (cumulative dose of 45
mg/kg i. p.; 9 mg/kg every other week), 5-FU (cumulative dose of 200
mg/kg i. p.; 40 mg/kg every other week), oxaliplatin (cumulative dose
of 45 mg/kg i. p.; 9 mg/kg every other week), irinotecan (cumulative
dose of 175 mg/kg i. p.; 35 mg/kg every other week), or saline over the
period of 10 weeks. Mice on the acute treatment regimen received a
single dose of doxorubicin (20 mg/kg i. p.), 5-FU (150 mg/kg i. p.),
oxaliplatin (30 mg/kg i. p.), irinotecan (50 mg/kg i. p.), or saline
administrated via i. p. injection. 9 weeks after the final drug dose mice
were euthanized by cervical dislocation and blood/multiple tissues were
collected for downstream analysis. A second cohort of mice treated with
doxorubicin were given a single dose of doxorubicin (20 mg/kg i. p.) and
sacrificed 2, 4 or 8 weeks later after performing cardiovascular pheno-
typing. Doxorubicin dosing for the acute treatment paradigm was cho-
sen based on prior reports [33]. The dose of doxorubicin used for chronic
administration was calculated from a typical doxorubicin treatment
schedule (40-75 mg/m? intravenously every 21 days)by adjusting for
the relative body surface area of a human versus mouse [34]. To correct
for the bioavailability of doxorubicin when administered via intraperi-
toneal injection versus intravenously (~44%) [35] we altered the
schedule to biweekly administration. Doses of 5-FU, oxaliplatin, and
irinotecan were estimated based on the proportionate drug dose
administered clinically.

2.4. In vivo RGS11KD in heart

To achieve cardiac KD of RGS11 1-week-old wild type (WT) mice
received an intra-cardiac injection of 4.5 x 10° lentiviral vectors con-
taining scramble or RGS11-targeted small hairpin RNA (shRNA) ac-
cording to a previously published protocol [27]. Mice were then
returned to their mothers until weaning and allowed to age to adult-
hood. At 8-10 weeks of age animals were exposed to chemotherapeutic
drug treatment regimens as outlined above. RGS11KD was verified via



K. Das et al.

immunoblotting and immunohistochemistry. Following shRNA admin-
istration, body weight (1X/week) and food intake (1-2X/week) were
monitored. No notable alterations in animal weight, food intake or
general wellbeing were found.

2.4.1. Cloning and construct generation

The full-length RGS11 and CaMKIIS coding sequences were ampli-
fied by PCR from human blood ¢cDNA according to our published method
[36]. RGS11 and CaMKII$ deletion & point mutation sequences were
generated by overlapping primer-based PCR amplification and cloned
into the pEGFP-N1 vector or pCMV-HA-N vectors, respectively. Infor-
mation regarding the primers utilized for all construct generation has
been included in Table S5.

To generate viral constructs for RGS11O0E in vivo, the full-length
mouse RGS11 sequence was isolated from mouse brain and cloned
into the pMD20T vector as above. The lentiviral vector for mRGS11 was
generated via subcloning into the pLenti CMV Puro DEST cloning vector
(Addgene, Watertown, MA, USA) and packaged using the pMD2. G VSV-
G envelope expressing plasmid (Addgene) and psPAX2 (Addgene).
Lentiviral particles were generated in AC-16 cells as per a standard
protocol. 70 pL of lentivirus containing 2 x 10® particles of either
mRGS11-Lenti or a control empty vector virus were packaged for de-
livery with Invivofectamine 3.0 (ThermoFisher) and administered via
intracardiac injection as described above. Mice received injections of
saline or KN-93 (8 mg/kg, 2 doses every 4 days), a dose previously
shown to alter the pathogenesis of heart failure following pressure
overload [37], beginning 15 days after the viral injection. Animals were
sacrificed 2 days after the final KN-93 injection and tissues isolated for
downstream analyses.

2.5. Histology and immunohistochemistry

Paraffin-embedded formalin-fixed mouse and human heart & liver
tissue sections were stained with Hematoxylin and Eosin (H&E) or
Masson trichome (Sigma, St. Louis, MO) to detect tissue architecture or
collagen deposition, respectively. Reagents were utilized as per the
manufacturers’ protocols. Immunohistochemical staining of both mouse
and human tissue sections was performed as per a standard protocol
[32]. For RGS11, 4-Hydroxynonenal (4HNE), and CaMKII staining, 7-10
sections were stained from each animal with 5 pictures randomly
selected from each slide. The blue-stained collagen in tissue section
image stained with Masson trichrome was processed using the
"Threshold" tool of ImageJ software (NIH, USA) and the fraction of the
total area that was stained blue was quantified. Average myocyte area
was estimated by quantifying apparent myocyte area with ImageJ. 7-10
sections were quantified per animal with 5 myocytes randomly selected
per slide. Quantification was done by an individual blinded to group.

2.6. Immunoblotting

Tissues were rapidly dissected from mice and flash frozen in liquid
nitrogen. Tissue homogenates and cell lysates were prepared in RIPA
buffer containing protease and phosphatase inhibitors (Sigma), quanti-
fied, and probed as previously described [38]. Twenty pug of protein per
sample was subjected to SDS-PAGE and immunoblotting using standard
techniques. Immunoblots were developed using chemiluminescence
method with HRP-labeled secondary antibodies. Antibody dilution and
catalog information can be found in Table S2. Densitometric quantifi-
cation of western blots was performed utilizing Image J software (NIH).
Protein expression was normalized to loading control (B-Actin) and
expressed relative to control conditions.

2.7. Cardiovascular phenotyping

We used two-dimensional echocardiography to determine cardiac
function in vivo. Using an ultrasound system (Vivid S5 system,
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GEHealthcare, USA) in M-mode, we measured the left ventricular pa-
rameters (left ventricular end diastolic and systolic pressure; LVEDP and
LVESP) and left ventricular ejection fraction (LVEF) on lightly sedated
mice treated with chemotherapeutic drugs and/or RGS11O0E as
described earlier.

2.8. Murine VCM, VCF, and EC isolation and culture

Primary VCM and VCF were isolated from 8 to 10-week-old adult
mice according to a published protocol [39]. Cardiac ECs were isolated
from 8-week-old mice hearts following previously published protocol
[40]. Briefly, mice hearts were rinsed with chilled PBS thoroughly to
remove blood and minced into small pieces for EC culture. The pieces
were transferred to 8 ml of DMEM containing 10% FBS, 0.16 mg/ml
gentamycin, 4 mM 1-glutamine and 0.3 units/ml of collagenase A and
incubated at 37 °C for at least 60 min with periodical shaking. Cell
clumps were separated initially through a sterile 18G needle, the cell
population was filtered through a 30-pm filter, and the resultant
single-cell suspension was washed thrice in DMEM. The solution was
spun once more at 400xg for 6 min and cell pellet was collected. The
cells were re-suspended in 5 ml of DMEM. Next, 8 pl of Dynabeads
(Invitrogen) coated with a CD31 antibody was added to the cell sus-
pension as per the manufacturer’s instructions. After 15 min at room
temperature, the unbound cells were removed from the mixture using a
magnet. Dynabead-bound cells were further washed 5 times with DMEM
and immuno-selected cells were plated either on petri dishes or chamber
slides with HiEndoXLTM EC expansion medium (Himedia) supple-
mented growth factors.

2.9. Culture of human cell lines

The human cardiomyocyte cell line AC-16 (Merck, Darmstadt, Ger-
many) was cultured in DMEM and 10% FBS (Gibco, Waltham, MA, USA)
in a 37 °C incubator at 5% CO,. The human umbilical vein ECs (HUVEC,
Himedia) cell line was cultured in HiEndoXLTM EC expansion medium
with 3% FBS in a 37 °C incubator at 5% COs.

2.10. Generation of RG11 KO AC-16 cells using CRISPR/Cas9

Guide RNA (gRNA) targeting human RGS11 gene exon 15 were
designed using tools available from Integrated DNA technologies (IDT,
Newark, NJ, USA). High on target and low off target gRNAs were chosen
without a PAM sequence, cloned into the PX459 CRISPR system plasmid
(Addgene) using standard methods and confirmed via sequencing. The
resulting construct was transfected into AC-16 cells using lipofectamine
3000 (Thermo Fisher). Cells were re-plated 48 h post-transfection and
subjected to puromycin selection. After 14 days, puromycin selected
colonies were plated at 1 cell/well. 21 colonies were picked, and each
colony was pelleted down separately for subsequent genomic DNA
isolation by phenol/chloroform/isoamyl alcohol extraction for
sequencing and protein detection by western blotting. We successfully
knocked out RGS11 in one colony (#4). The T7 endonuclease 1 (T7E1)
mismatch detection assay was used for validation (Fig. S1).

2.11. Drug treatment in cultured cells and conditioned media experiments

Isolated cells were not disturbed for at least 16-24 h before experi-
mentation. Cells were then transduced with lentiviral vectors according
to the manufacturer’s instructions with RGS11-targeted or scramble
shRNA (Santa Cruz Biotechnology) or shRNA for ATF3, RGS7, or
CaMKII5 (Santacruz Biotechnology). Full length RGS11, RGS11 deletion
constructs, WT CaMKII, or CaMKII mutants were transfected where
indicated. Cells were treated with doxorubicin (3 pM, 16 h), oxaliplatin
(0.06 mM, 16 h) or 5-FU (500 pM, 16 h) in the presence or absence of
pre-treatment with Ru360 (50 pM, 1 h), cyclosporin A (0.2 mM, 45 min),
KN93 (50 pM, 1 h), or cI-1033 (2 pM, 1 h) to block mitochondrial
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calcium uniporter, mitochondrial permeability transition pore, CaMKII,
or NRG1 receptors erbB2/erbB4, respectively, where indicated. N-acetyl
cysteine (NAC; 5 mM, 12 h) was used as a non-specific ROS scavenger
due to its function as a glutathione donor [41]. Doses of chemothera-
peutic drugs used in cultured cells were chosen based on prior reports
investigating the toxic actions of these drugs in human cardiomyocytes
[23,42-44]. Inhibitor doses were chosen to exceed reported ICsq values
for each target [45,46]° while also ensuring minimal off target effects on
myocyte viability [47]. To determine whether ECs, typically located
adjacent to cardiomyocytes in the capillary rich myocardium are
capable of releasing cardiotoxic factors capable of damaging myocytes,
we employed a conditioned media-based paradigm. This experimental
design allowed us to manipulate RGS11 expression in each cell type in
isolation while also isolating the chemokine signal facilitating this
EC-VCM communication. For conditioned media experiments, cells were
initially cultured in standard culture media until cells were 80-85%
confluent. The media was then replaced with serum-free DMEM, and
drugs were added for 36 h. After replacing the media again and rinsing,
cells were incubated for an additional 8 h in drug/serum-free media.
This “conditioned media” was collected from donor cells and then used
to replace standard media on recipient cells. Recipient cells were
collected for further processing after 12-16 h.

2.12. Immunoprecipitation

AC-16 cells (3 x 10% were lysed, and protein concentration
measured via BCA protein assay. 600 pug of protein was equilibrated in IP
lysis buffer (50 mM Tris, 5 mM EDTA, 250 mM NaCl and 0.1% Triton X-
100) and bait antibodies (GFP, RGS11, CaMKII, ATF3 or control mouse
IgG) for 12 h on a rotor at 4 °C. 30 pl of Protein G sepharose beads
(Abcam) were pre-cleared, equilibrated and then added to lysate. After a
2-h incubation, bead slurries were centrifuged and washed 3X with IP
buffer. Inmunocomplexes were eluted in non-reducing laemmli buffer
at 95 °C and subjected to SDS-PAGE and immunoblotting with prey
antibody (CaMKII or RGS11).

2.13. Measurement of ROS generation

ROS generation was estimated in the tissues and primary cells using
the cell-permeable oxidation-sensitive probe, CM-H;DCFDA as
described previously [27]. Briefly, cells were harvested by centrifuga-
tion, washed three times with ice-cold PBS, re-suspended in PBS and
incubated with 5 pM CM-H2DCFDA (Sigma) for 20 min at 37 °C. After
incubation cells were again washed and lysed in PBS with 1% Tween 20.
ROS level was determined at the ratio of dichlorofluorescein excitation
at 480 nm to emission at 530 nm. Imaging of CM-H2DCFDA retention in
cells was done after 30 min of incubation. The CM-H;DCFDA assay is
utilized as a general oxidative stress indicator and not as a detector of a
specific oxidant due to known limitations of the probe.

2.14. ELISAs and enzymatic assays

A summary of commercially available kits used to measure super-
oxide dismutase (SOD), caspase-3 activity, levels of mitochondrial ca’t,
cell death (apoptosis; cytoplasmic histone-associated DNA fragments),
NRG beta 1 and Terminal deoxynucleotidyl transferased UTP nick end
labeling (TUNEL) is available in Table S3. Cells were harvested and
samples processed according to the manufacturer’s instructions.

2.15. Cell viability

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) reduction assay was used to monitor cell viability. 5 x 10*
cells/well were seeded in 48 well plates with DMEM +10% FCS. The
constructs were transfected into the cells using lipofectamine and cells
were harvested after 36 h. The MTT (Sigma) solution was prepared at 1
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mg/mL concentration in medium without phenol red, and 200 pL of
MTT solution was added into each well. The cells were incubated for 2 h
at 37 °C 200 pL of DMSO was then added into each well for solubiliza-
tion of the formed formazan crystals. The optical density of the wells was
determined at a wavelength of 550 nm (Biotek Instruments).

2.16. YASARA homology modelling of RGS11 & in-silico molecular
docking and molecular dynamics (MD) simulations

As there is no reported experimental X-ray or solution NMR structure
of RGS11 in the international protein data bank (PDB) repository
(https://www.rcsb.org), the 3D structural model of RGS11 was
modelled using software program YASARA (http://www.yasara.org).
The amino-acid sequence of RGS11 was used as an input (in FASTA
format) and the default homology modelling macro of YASARA struc-
ture was executed to generate the structural model of RGS11 [48].

The binding modes of RGS11 in complex with CaMKII were gener-
ated using the inbuilt VINA docking method in YASARA software [49].
The highest energy RGS11-CamKII complex was further evaluated for
solution stability under biological conditions by performing 116.50 ns
molecular dynamics (MD) simulation in explicit water solvent using
YASARA Dynamics software (20.7.4.W.64 employing the AMBER14
force field) [50]. The MD simulation was performed as per the details
and parameters described previously [51,52]. The MD snapshots were
saved every 250 ps and 467 MD trajectories were generated during the
MD simulations andanalyzed using YASARA macro “md_analysis.mcr”.
Energy terms were calculated using AMBER14 force field parameters
[53,54]. For the analysis of amino acid residues present on the
protein-protein interaction interface, the solvent accessible surface area
(SASA) calculations were performed using the InterProSurf Webserver
(http://curie.utmb.edu/usercomplex.html) [55]. The analysis involves
the SASA calculation of residues in the complex and in the isolated
subunits; the residues showing significant change in the SASA value
were considered most likely to be on the interaction interface. The
CaMKII-RGS11 complex structure with highest binding energy was en-
ergy minimized (first using YASARA software) and used as an input for
the SASA calculation.

2.17. Study approval

Mouse experiments were performed at the Aryakul College of Phar-
macy & Research, Lucknow, India. Animals were procured after
obtaining clearance from the college Animal Ethics Committee (1896/
PO/Re/S/16/CPCSEA/2021/5) and were handled following Interna-
tional Animal Ethics Committee Guidelines and in agreement with the
Guide for the Use and Care of Laboratory Animals (NIH). Post-mortem
human tissue samples and serum samples were acquired from the
Department of Forensic Medicine, Sagore Dutta Medical College &
Hospital, Kolkata, West Bengal after obtaining the ethical clearance
from the Centre of Biomedical Research Ethics Committee (Ref: IEC/
CBMR/Corr/2020/16/6). Information on the sex, age, cause of death,
and chemotherapy history for all heart autopsy samples is available in
Table S6. Cancer patients had a treatment history that included 5-FU,
anthracyclines, and/or oxaliplatin. Samples taken from individuals
with who died of cancer-related complications (e.g., metastasis) were
classified as “Chemotherapy — Fibrosis”. Samples taken from individuals
who died of cardiac complications (e.g., fibrosis, atrial fibrillation,
myocardial infarction, or heart failure) were classified as “Chemo-
therapy + Fibrosis”. Cardiac fibrosis in all samples was quantified uti-
lizing Masson Trichrome staining.

2.18. Statistical analyses
Immunoblots generally contain a minimum N of 3 and experiments

were repeated at least twice with data pooled from each set. Mouse data
was generated from two independent cohorts. Data were analyzed by
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student’s t-test or one- or two-way ANOVA with the Bonferroni post hoc 3. Results

adjustment as appropriate. Statistical analyses were performed using

Prism software (San Diego, CA, USA). Results were considered signifi- RGS11 down-regulation correlates with cardiac fibrosis in patients
cantly different at P < 0.05. Values are expressed as means + S.E.M. receiving cancer chemotherapy — We obtained cardiac tissue samples from

patients exposed to cancer chemotherapy (Table S6) and unexposed
controls. Chemotherapy exposure was associated with increased cardiac
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Fig. 1. — RGS11 is downregulated in the human heart following chemotherapy exposure. We collected post-mortem heart tissue samples from individuals with a
history of chemotherapeutic treatment with regimens containing 5-FU or an anthracycline.(A) Representative cardiac staining for fibrosis (Masson Trichrome) and
immunohistochemistry of troponin T or (B) RGS11 in a control or chemotherapy exposed patients (n = 10) [scale bar = 100 pm]. (C) Correlation between RGS11
histoscores and fibrosis or cardiac troponin levels in control or chemotherapy exposed patients (n = 10). (D) Samples from chemotherapy-exposed patients were
stratified based on cardiac health and classified into 2 groups: no heart phenotype and heart phenotype with fibrosis. Protein immunoreactivity was determined via
western blotting in cardiac tissue (n = 4-10). f-Actin serves as a loading control for western blots. Inmunoblots are accompanied by a densitometric quantification
wherein expression is normalized to the corresponding control group. (E) Representative cardiac staining for 4HNE with quantification (n = 10) [scale bar = 100
pm]. Data were analyzed by student’s t-test or one- or two-way ANOVA with Sidak’s post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001 ****P < 0.0001. ns = not
significant. Data are presented as mean + SEM.



K. Das et al.

fibrosis and accumulation of cardiac troponin T, a marker of heart
damage (Fig. 1A). Surprisingly, though doxorubicin triggers up-
regulation of both Gps and RGS6 in the murine myocardium [27,31],
RGS11 levels in the heart were significantly lower in the chemotherapy
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group (Fig. 1B), and there was a significant negative correlation between
RGS11 protein expression and both fibrosis and troponin levels
(Fig. 1C). Similarly, RGS11 expression was lower in patients with a
history of myocardial infarction (Fig. S2, Table S7). When we divided
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Caspase-3 cleavage (n = 5). (G) Apoptosis (cytoplasmic histone-associated DNA fragments; n = 5). (H) Annexin V+ cells (n = 5). f-Actin serves as a loading control
for western blots. Immunoblots are accompanied by a densitometric quantification wherein expression is normalized to the corresponding control group. Data were
analyzed by one-way ANOVA with Sidak’s post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns = not significant. Data are presented as mean

+ SEM.



K. Das et al. Redox Biology 57 (2022) 102487

samples from chemotherapy patients based on history of cardiac com- These observations stimulated our interest in a potential role for RGS11
plications, we noted a unique molecular signature in individuals with as a cardioprotective molecule in the myocardium.

detectable cardiac remodeling that was characterized by low RGS11 and RGS11 OE protects human cardiomyocytes against chemotherapy-
high Troponin T (Fig. 1D). In contrast, markers for myofibroblast dif- dependent mitochondrial dysfunction and cell death — Doxorubicin, 5-FU
ferentiation (a smooth muscle actin, aSMA) (Fig. 1D) and oxidative and oxaliplatin also decreased RGS11 protein expression in the human
stress (4HNE; Fig. 1E) were up-regulated irrespective of cardiac fitness. cardiomyocyte cell line AC-16 (Fig. 2A). Clues to the potential impact of
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RGS11 depletion on cardiomyocyte function were gleaned from studies
of RGS11 binding partner Gfs, which drives oxidative stress, mito-
chondrial dysfunction, and cell death in murine myocytes [27]. RGS11
appears to participate in these same signaling cascades, though with a
diametrically opposite outcome. More specifically, RGS11 OE in AC-16
cells, which blocks doxorubicin-dependent RGS11 depletion (Fig. 2B),
decreased doxorubicin-induced recruitment of antioxidant defense
mechanisms such as glutathione peroxidase (GPX) and SOD (Fig. 2C)
and protected the cells against mitochondrial calcium overload
(Fig. 2D), loss of mitochondrial membrane potential (Ayy) (Fig. 2E),
caspase cleavage (Fig. 2F), and cell death (Fig. 2G and H). Similar results
were obtained in cell treated with either 5-FU or oxaliplatin
(Figs. S3A-S3C). In addition to promoting chemotherapeutic
drug-dependent ROS generation, RGS11 depletion in cardiomyocytes
also appears to be driven by accumulating oxidative stress as RGS11
down-regulation could be mitigated via glutathione supplementation
with the donor NAC (Fig. S4).

RGS11 interacts with CaMKII in heart and blocks CaMKII-dependent
myocyte damage — In human chemotherapy patients, CaMKII levels
were also elevated (Fig. 3A) and closely correlated with cardiac fibrosis
(Fig. 3B). Notably, as we observed for RGS11, CaMKII phosphorylation
but not oxidation levels were specifically altered in hearts from
chemotherapy patients with detectable cardiac fibrosis (Fig. 3C). In
prior work investigating the role of Gfs in chemotherapy-dependent
cardiotoxicity, we noted that KD of Gfs was sufficient to prevent
doxorubicin-dependent recruitment of both ATM and CaMKII [27].
While RGS6 has been linked to ATM regulation in myocytes [31], the R7
family member(s) responsible for CaMKII modulation remains un-
known. In fact, RGS11 and CaMKII form a co-precipitable complex in
cardiomyocytes (Fig. 3D) that can be abolished via deletion of the RGS
domain in RGS11 (Fig. 3E). In silico modeling of the CaMKII-RGS11
complex revealed a tight association supported by hydrogen bonding
and hydrophobic and ionic interactions (Fig. 3F, S5A-C). Doxorubicin,
oxaliplatin, and 5-FU also increased CaMKII phosphorylation and
oxidation in AC-16 cells (Fig. S6A), and CRISPR-mediated KO of RGS11
exacerbated doxorubicin-dependent ROS generation and cell death, ef-
fects reversed via treatment with the CaMKII inhibitor KN-93 (Fig. S6B).
Either KN-93 pre-treatment, KD of the cardiac CaMKII5 isoform or
RGS11 OE also decreased cleavage of executioner caspase 3 and cell
death in AC-16 cells exposed to doxorubicin (Fig. S6C), 5-FU (Fig. S6D),
or oxaliplatin (Fig. S6E). Notably, CaMKII inhibition had no impact on
cell death in cells containing excess RGS11 suggesting that RGS11
counteracts the ability of CaMKII to drive chemotherapy-dependent
myocyte death. RGS11 KO alone also increased oxidative stress,
compromised cell viability, and induced cell death in AC-16 cells via a
mechanism sensitive to CaMKII inhibition (Fig. 3G). OE of WT CaMKII in
AC-16 cells exacerbatedthe impact of RGS11 KO on metrics of cytotox-
icity (Fig. 3H). However, expression of oxidation (M281/282 V)- or
phosphorylation (T287A)-deficient CaMKII mutants failed to enhance
cell death and, rather, mitigated the effect of RGS11 depletion on ROS
generation and cell death (Fig. 3H). No differences in expression level of
WT CaMKII vs phosphorylation- or oxidation-deficient mutants were
observed in control or RGS11 KO cells (Fig. S7A), and, importantly,
mutation of these sites failed to abolish CaMKII-RGS11 binding indi-
cating that post-translational modification of CaMKII is not required for
RGS11 recruitment to the CaMKII-containing macromolecular complex
(Fig. S7B).

RGS7 is up-regulated following RGS11 depletion but fails to counteract
the CaMKII phosphorylation, oxidative stress, or cell death resulting from
RGS11 loss — As multiple R7 family RGS proteins are expressed in heart
and, presumably, compete for a shared pool of Gfs, we next investigated
the impact of manipulating RGS11 levels on expression of other family
members. We noted an increase in RGS7 in AC-16 cells following RGS11
KD or KO that likely accounts for intact Gfs expression (Fig. S8A).
Consistent with the co-stabilizing relationship between the two proteins,
Gps levels did increase following RGS11 OE (Fig. S8A). The impact of
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RGS11 depletion on CaMKII activation (Fig. S8B), ROS generation
(Fig. S8C), and cell death (Fig. S8D) could not, however, be counteracted
by knocking down RGS7. Thus, the phenotypes observed in RGS11
deficient cells cannot be explained by compensatory actions of RGS7.

RGS11 prevents ATF3-dependent oxidative stress and cardiokine release
— Robust up-regulation of the transcription factor ATF3 was also evident
in the myocardium of chemotherapy patients particularly those will
detectable cardiac fibrosis and elevated cardiac troponin (Fig. 4A). Like
RGS11 and CaMKII, aberrations in ATF3 levels were unique to chemo-
therapy patients with detectable cardiac fibrosis (Fig. 4B). Given the
correlation in protein levels, we hypothesized that RGS11, CaMKII, and
ATF3 might be functionally linked. Doxorubicin, 5-FU, and oxaliplatin
increased ATF3 expression in AC-16 cells (Fig. S9A), and ATF3 KD
provided modest protection against chemotherapeutic-dependent cas-
pase 3 cleavage and cell death but proved less efficacious than RGS11
OE (Figs. S9B-D). However, similar to results obtained following CaM-
KII inhibition, ATF3 depletion did prevent the increased sensitivity to
doxorubicin-induced oxidative stress (Fig. 4C) and cell death (Fig. 4D)
resulting from RGS11 KO. Consistent with RGS11 blocking ATF3 action,
we noted that doxorubicin driven ATF3 induction increased in AC-16
cells lacking RGS11 (Fig. 4E). We identified two potential targets of
ATF3 in chemotherapy exposed myocytes. Doxorubicin increased
expression of cardiokine NRG1 as well as the constitutively active and
transcriptionally regulated Nox isoform Nox4, effects that could be
exacerbated by depleting RGS11 and prevented via ATF3 KD (Fig. 4E).
RGS11 KO also triggered an ATF3-dependent increase in the Nox2
subunit gp91P"%* (Fig. S10A) whose activation is dependent on phos-
phorylation and membrane localization of accessory subunits. Either
ATF3 KD or Nox inhibition with diphenyleneiodonium (DPI) decreased
doxorubicin-dependent ROS generation (Fig. S10B) and NRG1 release
(Fig. S10C) in AC-16 cells. Similarly, DPI counteracted the effect of
RGS11 KO on doxorubicin driven oxidative stress (Fig. 4F). Either ATF3
KD (Fig. 4G) or DPI (Fig. 4H) also decreased NRG1 production from
doxorubicin exposed RGS11 KO AC-16 cells. Together, these data indi-
cate that ATF3/Nox drive chemotherapy-driven ROS generation and
that RGS11 provides a break on this pathway. As a secondary conse-
quence of increased oxidative stress, NRG1 is also released from
chemotherapy-exposed AC-16 cells and functions in an autocrine
manner to promote cell death. Indeed, the tyrosine kinase inhibitor cI-
1033, which blocks NRG1 receptors erbB2 and erbB4, decreases doxo-
rubicin-, 5-FU- and oxaliplatin-dependent apoptosis with RGS11 OE
providing no additive benefit (Fig. S10D). Inhibition of NRG1 signal
transduction also decreased cell death in doxorubicin treated RGS11 KO
myocytes (Fig. 4I). Thus, RGS11 functions upstream of ATF3 to block
Nox induction, oxidative stress, NRG1 release, and apoptosis following
chemotherapy exposure.

CaMKII regulates ATF3— We now had evidence that RGS11 negatively
regulates both CaMKII and ATF3 in cardiomyocytes. However, it
remained unclear if these mechanisms act in parallel or are, rather, a
linear cascade wherein RGS11 dependent regulation of ATF3 requires
CaMKIL. In fact, ATF3 can be co-immunoprecipitated with both RGS11
and CaMKII suggesting that the three proteins exist in a complex in
cardiomyocytes (Fig. 5A). OE of WT CaMKII increased ATF3 expression
and NRG1 production in cardiomyocytes, effects that were absent for
CaMKII mutants lacking the potential for oxidation or phosphorylation
(Fig. 5B). Notably, CaMKII failed to significantly impact either ATF3 or
NRG1 expression in cells lacking RGS11. Again, both CaMKII inhibition
and ATF3 KD decreased doxorubicin dependent NRG1 production
(Fig. 5C), ROS generation (Fig. 5D), and cell death (Fig. 5E), and,
importantly, these interventions are non-additive suggesting that CaM-
KII and ATF3 lie in the same pathway.

RGS11 modulates VCM to EC communication — While NRG1 is released
from cardiomyocytes, the primary source of NRG1 in the cardiovascular
system is the vascular endothelium. RGS11 levels are highest in VCM,
but expression is also detectable in VCF and ECs (Fig. 6A). Thus, we next
wished to establish if RGS11 played a functional role in non-cell
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Fig. 4. RGS11 regulates ATF3 in cardiomyocytes. (A) Representative cardiac staining for ATF3 in a control or chemotherapy exposed patients [n = 10, scale bar =
100 pm] and correlation between ATF3 histoscores and fibrosis or cardiac troponin levels in control or chemotherapy exposed patients (n = 10). (B) Inmunoblotting
for ATF3 and NRG1 protein expression in heart tissue from chemotherapy exposed patients with or without fibrosis or matched controls (n = 4-5). (C-E) Control or
RGS11 CRISPR KO AC-16 cells were treated with doxorubicin (3 pM, 16 h) + ATF3 shRNA for 12 h. (C) CM-H,-DCFDA fluorescence (total ROS; n = 5). (D) Apoptosis
(cytoplasmic histone-associated DNA fragments; n = 5). (E) Protein immunoreactivity was determined via western blotting (n = 6). (F-I) Control or RGS11 KO AC-16
cells were treated with doxorubicin (3 pM, 16 h) + pre-treatment with ATF3 shRNA for 12 h or Nox blocker DPI (1 pM) or pan-ErbB blocker cI-1033 (2 pM). (F) CM-
H,-DCFDA fluorescence (total ROS; n = 5). (G-H) NRG1 concentration in cell culture media (n = 5). (I) Apoptosis (cytoplasmic histone-associated DNA fragments; n
= 5). B-Actin serves as a loading control for western blots. Immunoblots are accompanied by a densitometric quantification wherein expression is normalized to the
corresponding control group. Data were analyzed by student’s t-test or one- or two-way ANOVA with Sidak’s post-hoc test. *P < 0.05, **P < 0.01,***P < 0.001,
**%%P < 0.0001. ns = not significant. Data are presented as mean + SEM.

autonomous regulation of myocyte viability. Intriguingly, we detected with doxorubicin decreased CaMKII activation in AC-16 cells following
robust RGS11 down-regulation in VCM treated with conditioned media transplantation of conditioned media (Fig. 6D). Finally, having already
from doxorubicin treated EC (Fig. 6B). Consistent with a role for RGS11 established that RGS11 regulates NRG1 production from myocytes, we
in EC to VCM communication, RGS11 OE in AC-16 cardiomyocytes hypothesized that NRG1 might represent a viable candidate cardiokine
prevented CaMKII phosphorylation/oxidation, inducible nitric oxide mediating intercommunication between the myocardium and the
synthase (iNOS) induction, and NRG1 production following trans- endothelium. RGS11 OE decreased doxorubicin dependent NRG1
plantation of media from doxorubicin treated human ECs (HUVEC) expression in HUVEC cells (Fig. 6E) and inhibition of NRG1 signaling
(Fig. 6C). Thus, RGS11, acting in myocytes, counteracts the potentially was sufficient to decrease ROS generation (Fig. 6F) and cell death

deleterious action of paracrine factors released by EC. We next wished to (Fig. 6G) in AC-16 cells exposed to culture media from doxorubicin
establish whether RGS11 played a role in the production of these treated HUVEC cells. Thus, RGS11-dependent NRG1 production plays a
paracrine factors facilitating EC and VCM intercommunication. To do key role in propagating cellular stress signaling between ECs and
this we overexpressed RGS11 in HUVEC cells (Fig. 6D), treated the cells myocytes.

with doxorubicin, harvested the culture media, and transplanted the RGS11 OE mitigates doxorubicin-dependent hypertrophy, fibrosis,

media onto cultures of AC-16 cells. RGS11 OE in HUVEC cells treated oxidative stress, cell death, and loss of ventricular function — Having
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Fig. 5. RGS11-dependent regulation of ATF3 requires CaMKII. (A) Co-immunoprecipitation of ATF3 with RGS11or CaMKII in AC-16 cells. (B) Control or RGS11 (n =
3) CRISPR KO AC-16 cells were transfected with control plasmid (vector) &+ CaMKII (HA-tagged) or phosphorylation (T287A) or oxidation (M281/282 V) deficient
CaMKII (HA-tagged) where indicated. (C-E) Control (scramble shRNA) or ATF3 KD VCM were treated with doxorubicin (3 pM, 16 h) + pre-treatment with CaMKII
inhibitor KN-93 (50 pM, 1 h). (C) NRG1 concentration in cell culture media (n = 5). (D) CM-H,-DCFDA fluorescence (total ROS; n = 5). (E) Apoptosis (cytoplasmic
histone-associated DNA fragments; n = 5). Immunoblots are accompanied by a densitometric quantification wherein expression is normalized to the corresponding
control group. B-Actin serves as a loading control for western blots. Data were analyzed by student’s t-test or one- or two-way ANOVA with Sidak’s post-hoc test. *P
< 0.05, **P < 0.01, ****P < 0.0001. ns = not significant. Data are presented as mean + SEM.

detected robust down-regulation of RGS11 in the heart of chemotherapy
patients and established a role for RGS11 in both myocyte-intrinsic and
-extrinsic mechanisms of chemotherapeutic drug driven cardiotoxicity
in vitro, we next sought to test whether manipulating RGS11 levels
impacted cardiotoxicity in vivo. Doxorubicin, 5-FU, and oxaliplatin
exposure leads to cardiac hypertrophy (Fig. S11A) accompanied by
RGS11 depletion (Fig. S11B) and a molecular signature characterized by
increased CaMKII phosphorylation and oxidation, ATF3 induction, and
NRG1 production similar to that we observed in the human heart
(Fig. S11C). RGS11 down-regulation was detectable in the heart 4 weeks
after doxorubicin exposure but not at 2 weeks and was sustained
through the 8-week time point (Fig. S11D). Importantly, the loss of
cardiac function resulting from doxorubicin exposure followed an
identical timeline (Fig. S11E). Further, changes in RGS11, ATF3, and
pCaMKII were only detectable in animals exposed to multiple low doses
of doxorubicin over an extended time (chronic) and were not seen in an
acute treatment paradigm commonly employed to study mechanism(s)
underlying chemotherapy-dependent cardiotoxicity (acute) (Fig. 7A).
Thus, we utilized the chronic schedule for experiments aimed at estab-
lishing the role of RGS11 in the pathophysiology of doxorubicin-induced
heart damage. Indeed, RGS11 OE in heart (Fig. 7B and C) decreased
CaMKII expression (Fig. 7B and D), fibrotic remodeling (Fig. 7B and E),
myocyte hypertrophy (Fig. 7B and F), ROS accumulation (Fig. 7G) and

cell death (Fig. 7H) in mice exposed to doxorubicin. Importantly, RGS11
OE improved cardiac function measures including LVEDP, LVESP, and
LVEF in mice administered doxorubicin (Fig. 7).

RGS11 KD in heart triggers cardiac fibrosis and exacerbates doxorubicin-
driven cardiac remodeling — Given that RGS11 depletion correlated with
measures of cardiac fibrosis in humans and mice, we hypothesized that
KD of RGS11 might be sufficient to damage the heart. To test this hy-
pothesis, we administered RGS11 shRNA to mice via intracardiac in-
jection (Fig. 8A). RGS11 KD resulted in fibrotic collagen deposition
(Fig. 8B) and led to increased CaMKII phosphorylation/oxidation as well
as increased ATF3, NRG1, atrial natriuretic peptide (ANP), and aSMA
expression in heart (Figs. 8C and S12A). Importantly, inhibition of
CaMKII with KN-93 largely blocked the impact of RGS11 KD on cardiac
fibrosis (Fig. 8B/C, S12A). Further, as we observed in cultured cardiac
cells, RGS11 depletion in heart exacerbated doxorubicin-dependent
CaMKII up-regulation, fibrosis, and NRG1 release into the circulation
(Figs. 8D and S12B). These data indicate that RGS11 plays a key role in
preventing CaMKII-dependent heart damage in vivo.

4. Discussion

Despite decades of research, the pathophysiological mechanisms
contributing to chemotherapy-induced heart damage remain elusive,
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Fig. 7. Cardiac-specific RGS11 OE protects against doxorubicin cardiotoxicity in mice. (A) Mice were treated with doxorubicin (cumulative dose of 45 mg/kg i. p.) or
saline control over 8 weeks (chronic) or mice were given a single dose of doxorubicin (20 mg/kg i. p.) or saline and sacrificed after 3 days (acute). Cardiac tissues
were collected from both the sets for protein expression analyses of RGS11, p-CaMKII, ox-CaMKII, CaMKII and ATF3 (n = 8). (B-G) An RGS11 encoding viral
construct or control (Ad-p-gal) was introduced into the myocardium. After 15 days, animals were given saline or doxorubicin (cumulative dose of 45 mg/kg i. p.) over
8 weeks. After 8 weeks cardiac phenotyping was performed, and tissues samples collected 1 week later for biochemical and histological analyses. (B) Representative
images [scale bar = 100 pm] of RGS11 and CaMKII immunohistochemistry and cardiac fibrosis (Masson Trichrome staining). Quantification of (C) RGS11 and (D)
CaMKII histoscores (n = 10). (E) Quantification of collagen deposition (fibrosis, n = 10). (F) Average myocyte cross sectional area (n = 10). (G) CM-H,-DCFDA
fluorescence (total ROS; n = 5). (H) TUNEL positive cells (n = 5). (I) Cardiac parameters (n = 6). f-Actin serves as a loading control for western blots. Immunoblots
are accompanied by a densitometric quantification wherein expression is normalized to the corresponding control group. Data were analyzed by two-way ANOVA
with Sidak’s post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns = not significant. Data are presented as mean + SEM.

and cardiotoxicity remains a key factor limiting cumulative chemo-
therapeutic drug dose. Given the number of cancer patients is only ex-
pected to rise in the coming decades, identifying novel means to
circumvent off target actions of cancer chemotherapeutics is of para-
mount importance. Here, we demonstrate that the G protein regulator
RGS11 is down-regulated in the myocardium of individuals with a his-
tory of cancer chemotherapy that included cardiotoxic agents such as 5-
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FU or anthracyclines. Notably, RGS11 depletion correlated with cardiac
damage markers and was most pronounced in patients with detectable
fibrotic remodeling. While other members of the R7 family of RGS
proteins (e.g., RGS6 and RGS7) are also expressed in the heart, RGS11
has a unique function acting in both cardiomyocytes and neighboring
ECs to prevent oxidative stress, mitochondrial dysfunction, and cell
death (Fig. 8E). In heart, RGS11 forms a direct complex with the pro-
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Fig. 8. RGS11 KD in heart triggers CaMKII-dependent cardiac fibrosis. A viral construct encoding RGS11 shRNA or control (scramble) was introduced into the
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apoptotic kinase CaMKII and transcription factor ATF3 both of which
contribute to myocyte-intrinsic mechanisms of cytotoxicity and facili-
tate pathogenic crosstalk between the heart and the vascular endothe-
lium. Cardiac-specific RGS11 OE provided marked protection against
doxorubicin-dependent left ventricular dysfunction. On the other
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hand, RGS11 KD in heart was sufficient to drive fibrosis that could be
mitigated via inhibition of CaMKIIL. Together these data demonstrate
that RGS11 depletion in heart is a requisite step in the pathogenesis of
chemotherapy-associated cardiotoxicity.

The atypical G protein Gfis5, which fails to dimerize with Gy and,



K. Das et al.

instead, forms a co-stabilizing complex with members of the R7 family of
RGS proteins (RGS6, RGS7, RGS9, RGS11), has been previously impli-
cated in regulation of multiple signal transduction cascades recruited
upon exposure of cardiomyocytes to cancer chemotherapeutics [27].
More specifically, GBsKD in murine VCM blocks doxorubicin- and
5-FU-driven phosphorylation of both ATM and CaMKII. RGS6, which
forms a direct complex with ATM [36] is required for activation of the
ATM/p53 signaling cascade in VCM exposed to doxorubicin [31], but
the R7 family member responsible for CaMKII regulation had yet to be
identified. Indeed, the fact that Gps expression is not completely absent
from the hearts of RGS6/~ mice [56,57] indicates that another R7
family member is also present in the myocardium. Here we show that
RGS11 forms a complex with CaMKII and  blocks
chemotherapeutic-dependent CaMKII activation. However, it is impor-
tant to note that the impact of RGS11 depletion is opposite in direction
to that observed for KD of Gfs or RGS6. The implications of this
observation are two-fold. First, it is likely that another R7 family
member collaborates with Gfs to increase CaMKII activity in response to
cytotoxic drug exposure. One potential candidate is RGS7 whose
expression increases in myocytes following RGS11 depletion. However,
we demonstrated that RGS7 KD could not counteract the cytotoxic
impact of RGS11 KO in myocytes. Second, as all R7 family members
present in the heart require Gps for stability, they must compete for a
shared pool of available Gfs. One potential hypothesis to explain the
direct opposition of RGS6 and RGS11 action in heart might posit that
RGS6/RGS11 exist in a dynamic equilibrium such that increased
expression of one protein decreases the expression of the other. Such
directly antagonistic actions of R7 family members might also explain
the distinct phenotypes of G5/~ vs GBs’/* mice, which would have
different levels of R7 family members depending on the relative affinity
of each protein for Gf5[58].

Doxorubicin-dependent oxidative stress, mitochondrial dysfunction,
and cell death were all decreased in the presence of RGS11 OE. There are
several potential sources of ROS in the failing myocardium including
uncoupling of mitochondrial respiration, impaired antioxidant capacity,
or stimulation of enzymatic sources such as xanthine oxidase, cyclo-
oxygenase, nitric oxide synthase (NOS), and NAD(P)H oxidase (Noxs)
[59,60]. Nox4 is unique amongst the members of the Nox superfamily as
its activity is primarily controlled at the transcriptional level and it
closely associates with the mitochondrial inner membrane [61].
Importantly, Nox4 is up-regulated in response to multiple hypertrophic
factors [62] and represents a major source of superoxide production in
the failing heart [63]. Though prior work has only tangentially linked
activation of the adaptive stress responder ATF3 to Nox4 expression [64,
65], our data demonstrate that ATF3 promotes Nox4 induction in
response to chemotherapeutic drugs and that RGS11 antagonizes this
process. Similarly, we noted that RGS11 depletion increased expression
of the gp91P"°* subunit of the Nox2 complex, previously implicated in
doxorubicin cardiotoxicity [10], in a ATF3-dependent manner. Indeed,
inhibition of Nox activity completely prevented the enhanced ROS
accumulation observed in RGS11 KO cardiomyocytes exposed to doxo-
rubicin. Thus, while the ability of RGS11 to maintain mitochondrial
Ca?t homeostasis and prevent loss of Ayy would be expected to
decrease cellular oxidative stress, targeting of ATF3-dependent Nox in-
duction likely also contributes.

The ability of the CaMKII inhibitor KN-93 to counteract the fibrotic
remodeling evident following RGS11 KD in heart underscores the
functional importance of the RGS11/CaMKII interaction as an essential
break on myocardial fibrosis. Notably, RGS11 depletion in heart trig-
gered both oxidation and phosphorylation of CaMKII, parallel signaling
mechanisms that promote CaMKII activation in response to elevations in
ROS [66] or intracellular Ca?*%7, respectively. The synergistic impact of
RGS11 KO and CaMKII OE on ROS accumulation and cell death can be
blocked by mutation of either the key threonine residue on the CaMKII
autoinhibitory domain (T286) responsible for auto-phosphorylation and
catalytic activation in response to calmodulin binding [67] or the pair of
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methionine residues (M281/M282) in the regulatory domain allowing
for enzyme activation in the absence of Ca?t/calmodulin [66]. Thus,
regulation of CaMKII by both oxidation and phosphorylation are
required for CaMKII-dependent cardiomyocyte apoptosis. Given that
RGS11 directly impacts ROS generation in cardiomyocytes, the effect of
RGS11 on CaMKII oxidation is not surprising. However, how RGS11
blocks CaMKII phosphorylation is less clear. Though R7/Gps complexes
have been shown to suppress GPCR-dependent intracellular Ca?* ele-
vations, RGS7/Gfs are also capable of facilitating Ca?" influx via
membrane-associated Ca?* channels [68], providing a possible mecha-
nism that may underlie RGS11-dependent inhibition of CaMKII phos-
phorylation. Given that RGS11 and CaMKII form direct complex, it is
also possible that RGS11 binding masks autophosphorylation sites in-
dependent of both ROS and intracellular ca®t.

CaMKII-driven, RGS11-modulated induction of ATF3 also promotes
doxorubicin-dependent cardiomyocyte death in our model. However,
the exact role of ATF3 in cardiac hypertrophy remains controversial. For
example, doxorubicin triggers ATF3 induction in rat neonatal car-
diomyocytes, and ATF3 OE in these cells provided protection against
doxorubicin-induced apoptosis [69]. Similarly, ATF3 deficiency in mice
promoted cardiac hypertrophy is response to pressure overload [70]. On
the other hand, transgenic mice with cardiac-specific ATF3 OE display
ventricular hypertrophy, fibrosis, and reduced cardiac contractility
[71]. Thus, it is likely that ATF3 induction is necessary to protect the
heart from pathological stimuli, but persistent ATF3 OE may be detri-
mental and accompanied by a switch in ATF3 action between tran-
scription activation and repression underscoring the critical importance
of both the magnitude and duration of ATF3 up-regulation. The role of
RGS11 in this model might then be to direct ATF3 toward protective and
away from pathological targets.

One critical ATF3 responsive gene is the growth factor NRG1 [72].
Like ATF3, NRG1 may be cardioprotective in certain contexts. Indeed,
application of NRG1 to cultures of rat cardiomyocytes decreases
doxorubicin-induced toxicity [25,73,74] and administration of recom-
binant NRG1 decreases cardiac damage following acute doxorubicin
exposure in mice [24,75]. Similarly, KO of the NRG1 receptor erbB4
[76] or NRG1 haploinsufficiency exacerbates doxorubicin-dependent
cardiotoxicity [26]. At first glance, our data appear to be in direct
contradiction to this prior work. In human AC-16 cells, doxorubicin
increases NRG1 release via an ATF3/CaMKII-dependent mechanism.
Further, inhibition of NRG1 signaling with cI-1033 provided partial
protection against doxorubicin-induced cell death. Reconciliation of
these seemingly contradictory datasets may require extended analysis of
the time course of chemotherapeutic-dependent heart damage, the
specific cell types involved, and the status of several key molecules that
act in concert to shift the balance between endurance and repair or
resignation to a catastrophic cell fate in the face of stressful stimuli. For
example, in mice, the molecular signatures associated with acute/high
dose and chronic/low dose chemotherapeutic administration are quite
distinct. While NRG1 levels are elevated in both cases, only the chronic,
low dose doxorubicin treatment leads to CaMKII phosphorylation, ATF3
induction, and RGS11 depletion similar to that we observed in the
human heart following chemotherapy exposure. Prior work investi-
gating the role of NRG1/erbB4 in doxorubicin-induced heart damage
have been confined to a single dose regimen that may not faithfully
recapitulate the clinical condition for patients who receive several
rounds of chemotherapy over the course of weeks or even months.
Though increasing NRG1 action in the acute phase might prove bene-
ficial in the short term, it is possible that prolonged application of
exogenous NRG1 would be detrimental as has been observed for other
pro-fibrotic factors such as transforming growth factor f1 (TGFp1)[77].

RGS11 modulates NRG1 production and release from car-
diomyocytes, which functions in an autocrine manner to increase
myocyte death. However, this is another source of NRG1 in the car-
diovascular system. Indeed, NRG1 is also generated in the vascular
endothelium and facilitates intercommunication between the
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vasculature and heart [78]. Disruption of NRG1 signaling in ECs also
exacerbates myocardial hypertrophy and fibrosis in mice [78]. Intrigu-
ingly, RGS11 OE impacts NRG1 release from ECs, propagation of cellular
stress signals from doxorubicin-treated ECs to untreated myocytes, and
the ability of myocytes to respond to these signals by increasing oxida-
tive stress. Importantly, inhibition of erbBs prevented ROS generation
and cell death in myocytes exposed to culture media of
doxorubicin-treated ECs. Together, these data indicate that NRG1
released from ECs is detrimental to the viability of neighboring myo-
cytes and that RGS11 functions to suppress this pathogenic intercellular
communication.

There are no therapeutics currently approved for the treatment of
chemotherapy-induced cardiotoxicity. Though typical heart failure
therapies such as angiotensin converting enzyme (ACE) inhibitors, beta-
blockers, and loop diuretics are commonly employed in these patients
these interventions have been shown to normalize LVEF in only 42% of
patients [79,80], underscoring the need for more efficacious in-
terventions. RGS6 is required for the chemotherapeutic actions of Dox in
cancer cells [81] and possess potent anti-tumor actions particularly in
breast and bladder cancers whose therapeutic regimens often utilize
doxorubicin and/or 5-FU [82-85]. Thus, it is probable that, though in-
hibition of RGS6 may protect the heart against chemotherapy-induced
damage, such an intervention might also compromise the therapeutic
efficacy of chemotherapy. In contrast, there is only a single report
implicating RGS11 in carcinogenesis where it appears to selectively in-
fluence cell migration in vitro [86]. Maintenance of RGS11 levels in heart
might then prove a viable means to mitigate myocardial fibrosis and loss
of ventricular integrity following extended exposure to cardiotoxic
chemotherapeutic drugs without exacerbating carcinogenesis.

5. Conclusions

Given that the burden of cancer incidence and mortality is rapidly
growing worldwide, the need for efficacious drugs to counteract ma-
lignant cell transformation and proliferation continues to expand.
However, for several of the most efficacious anti-tumor agents, their use
is limited by potentially life-threatening cardiotoxicity. Our data
demonstrate that RGS11 depletion is both necessary and sufficient to
drive chemotherapy-dependent heart damage. Thus, identifying a
means to maintain RGS11 expression in heart might represent a viable
means to counteract the detrimental impact of cancer chemotherapeu-
tics on the myocardium.
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