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Abstract
Cardiotoxicity remains a major limitation in the clinical utility of anthracycline chemotherapeutics. Regulator of G-protein 
Signaling 7 (RGS7) and inflammatory markers are up-regulated in the hearts of patients with a history of chemotherapy 
particularly those with reduced left-ventricular function. RGS7 knockdown in either the murine myocardium or isolated 
murine ventricular cardiac myocytes (VCM) or cultured human VCM provided marked protection against doxorubicin-
dependent oxidative stress, NF-κB activation, inflammatory cytokine production, and cell death. In exploring possible 
mechanisms causally linking RGS7 to pro-inflammatory signaling cascades, we found that RGS7 forms a complex with 
acetylase Tip60 and deacetylase sirtuin 1 (SIRT1) and controls the acetylation status of the p65 subunit of NF-κB. In VCM, 
the detrimental impact of RGS7 could be mitigated by inhibiting Tip60 or activating SIRT1, indicating that the ability of 
RGS7 to modulate cellular acetylation capacity is critical for its pro-inflammatory actions. Further, RGS7-driven, Tip60/
SIRT1-dependent cytokines released from ventricular cardiac myocytes and transplanted onto cardiac fibroblasts increased 
oxidative stress, markers of transdifferentiation, and activity of extracellular matrix remodelers emphasizing the importance 
of the RGS7–Tip60–SIRT1 complex in paracrine signaling in the myocardium. Importantly, while RGS7 overexpression in 
heart resulted in sterile inflammation, fibrotic remodeling, and compromised left-ventricular function, activation of SIRT1 
counteracted the detrimental impact of RGS7 in heart confirming that RGS7 increases acetylation of SIRT1 substrates and 
thereby drives cardiac dysfunction. Together, our data identify RGS7 as an amplifier of inflammatory signaling in heart and 
possible therapeutic target in chemotherapeutic drug-induced cardiotoxicity.
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Introduction

The anthracycline chemotherapeutic doxorubicin has been in 
clinical use since 1974 and remains among the most versatile 
and widely used drugs in the treatment of solid tumors and 
hematological malignancies. However, the clinical utility 

Madhuri Basak and Kiran Das have equally contributed this work.

 * Adele Stewart 
 stewarta@health.fau.edu

 * Biswanath Maity 
 bmaity28@gmail.com; bmaity@cbmr.res.in

1 Centre of Biomedical Research (CBMR), SGPGI, SGPGI 
Campus, Raebareli Road, Lucknow, Uttar Pradesh 226014, 
India

2 Department of Biosciences and Bioengineering, 
Indian Institute of Technology Roorkee, Roorkee, 
Uttarakhand 247667, India

3 Institute of Pharmaceutical Sciences, University of Lucknow, 
Lucknow, Uttar Pradesh 226025, India

4 Department of Chemistry, SRM Institute of Science 
and Technology, Kattankulathur, Chennai, 
Tamilnadu 603203, India

5 Department of Biomedical Science, Charles E. Schmidt 
College of Medicine, Florida Atlantic University, Jupiter, 
FL 33458, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-023-04895-5&domain=pdf
http://orcid.org/0000-0002-3239-3764


 M. Basak et al.

1 3

255 Page 2 of 20

of doxorubicin is constrained by dose-limiting and occa-
sionally life-threatening cardiotoxicity. Patients undergoing 
treatment with doxorubicin are at high risk of developing 
left-ventricular dysfunction that may remain asymptomatic 
or progress into congestive heart failure. At a cumulative 
doxorubicin dose of 400 mg/m2, the incidence of heart fail-
ure is 5%, though it increases to 48% at a dose of 700 mg/m2 
and 65% if subclinical cardiac events are included [1]. The 
time course of disease presentation is highly variable and the 
onset of detectable loss of ventricular function may occur 
months or even years following drug exposure, an observa-
tion that has proven particularly problematic for childhood 
cancer survivors [2]. The drug dexrazoxane, which com-
petes with doxorubicin for topoisomerase 2β binding [3], 
does minimize cardiac damage but also compromises the 
tumoricidal properties of anthracyclines [4]. Thus, strate-
gies aimed at mitigation of doxorubicin cardiotoxicity are 
confined to first-line heart failure medications such as ACE 
inhibitors and β blockers [5] that have been shown to nor-
malize left-ventricular ejection fraction (LVEF) in only 42% 
of patients [6] underscoring the need for more efficacious 
interventions and improved prognostic biomarkers.

The etiology of chemotherapeutic cardiomyopathy 
remains poorly understood, but several key processes have 
been implicated. Because of their high metabolic demand 
and mitochondrial volume, cardiomyocytes are particularly 
susceptible to oxidant damage [7] and doxorubicin trig-
gers rapid oxidative stress and cell death by compromising 
mitochondrial function, actions known to involve inhibition 
of topoisomerase 2β [8] as well as generation of reactive 
oxygen species (ROS) via several DNA-damage independ-
ent mechanisms [9–12]. While loss of viable myocytes 
immediately following doxorubicin exposure undoubtedly 
compromises cardiac contractility, the maladaptive fibrotic 
remodeling and inflammation triggered following repeated 
drug administration further exacerbates heart damage. 
Deficiency in several Toll-like receptors (TLRs) prevents 
doxorubicin-dependent oxidative stress, cell death, fibrosis, 
and inflammation, and improves cardiac function and sur-
vival [13–16]. These receptors play a key role in sensing 
cellular detritus released from apoptotic cells and facilitate 
further immunogenic cell death by promoting activation 
of nuclear factor kappa-light-chain-enhancer of activated 
B cells (NF-κB) and production of tumor necrosis factor 
α (TNFα) [17, 18]. TNFα receptor signaling is required for 
doxorubicin-dependent neutrophil recruitment [19], and 
depletion of neutrophils [20] or maintenance of reparative 
macrophages [21] protects against the damaging impacts of 
doxorubicin in the heart. A complex milieu of pro-apoptotic 
and pro-fibrotic cytokines are also released from transdif-
ferentiated myofibroblasts and infiltrating neutrophils and 
macrophages contributing to sustained, high-grade sterile 
inflammation [22]. Though critical for doxorubicin-induced 

cardiomyopathy, targeting the innate immune system per se 
might increase tumor burden. Thus, a more selective means 
to circumvent or prevent inflammation specifically in the 
myocardium is required.

Depletion of Regulator of G-protein signaling 7 (RGS7) 
in the myocardium improves left-ventricular function fol-
lowing chronic doxorubicin administration [23]. Prior 
work demonstrated that RGS7 functions in myocytes to 
promote mitochondrial dysfunction,  Ca2+ overload, and 
cell death, but RGS7 overexpression in heart also drives 
release of cytokines neuregulin 1 (NRG1) and transforming 
growth factor β1 (TGFβ1) [23]. In liver, RGS7 promotes 
accumulation of TNFα in response to lipotoxic stress, an 
action required for the ability of RGS7 to promote hepatic 
inflammation, fibrosis, oxidative stress, and cell death [24]. 
TNFα has also been shown to increase RGS7 phosphoryla-
tion, thereby preventing proteasomal degradation of RGS7 
in brain [25, 26], suggesting that RGS7 accumulation may 
act in a feed-forward manner to amplify cytokine action. It 
remains unclear, however, if the pro-inflammatory actions of 
RGS7 are secondary to cell loss or a direct impact of RGS7 
on signaling cascades of the innate immune system. RGS 
proteins canonically function to control signaling via G-pro-
tein-coupled receptors on the cell surface. However, RGS7 
has been shown to shuttle between the plasma membrane 
and nucleus[27] and binds to nuclear proteins, such as acti-
vating transcription factor 3 (ATF3) and histone acetyltrans-
ferase KAT5 (Tip60)[24]. Among the key targets of Tip60 is 
the NF-κB family member p65 (RelA), a pivotal transcrip-
tional mediator of the inflammatory response. Tip60 binds 
to p65 and promotes NF-κB acetylation [28], a reversible 
modification required for full NF-κB transcriptional activity 
[29]. The NAD-dependent deacetylase sirtuin 1 (SIRT1), 
which suppresses doxorubicin-dependent cardiotoxicity by 
decreasing myocyte apoptosis and induction of inflamma-
tory mediators[30–32], antagonizes NF-κB activity by dea-
cetylating the Tip60-sensitive Lys 310 residue on p65[33]. 
However, whether SIRT1-dependent p65 de-acetylation is 
involved in the ability of SIRT1 to suppress doxorubicin-
driven heart damage has yet to be established.

We hypothesized that RGS7 may directly activate 
NF-κB by facilitating Tip60-driven NF-κB acetylation and/
or suppressing the actions of SIRT1. Here, we describe a 
critical role for RGS7 in doxorubicin-dependent cardiac 
inflammation and fibrosis, actions that involve differential 
complex formation between RGS7 and Tip60 or SIRT1.
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Materials and methods

Materials

The source/catalog information for all reagents (Table S1), 
antibodies (Table S2), assay kits (Table S3), and cell lines 
(Table S4) can be found in Supplementary Tables 1–4.

Animals

Male Swiss albino mice (25–30 g) were reared on a bal-
anced laboratory diet [Nutrimix STD – 1020; Nutrivet 
Life Sciences, Pune, Maharashtra, India] as per NIN, 
Hyderabad, India and given tap water and food ad libitum. 
Male mice were used due to their enhanced susceptibil-
ity to doxorubicin-induced cardiotoxicity [34]. They were 
kept at 20 ± 2 °C, 65–70% humidity, and day/night cycle 
(12 h/12 h).

In vivo RGS7 knockdown (KD) and doxorubicin 
treatment

To achieve cardiac knockdown of RGS7 1-week-old wild-
type (WT) mice received a single intraventricular injection 
of 4.5 X  108 lentiviral vectors containing scramble or RGS7-
targeted small hairpin RNA (shRNA; Santa Cruz Biotech-
nology, Dallas, TX, USA) in a 40 µl volume and packaged 
for delivery with Invivofectamine 3.0 (ThermoFisher Scien-
tific). Lentiviral particles were generated in AC-16 cells as 
per a standard protocol. After injection, mice were returned 
to their mothers until weaning and allowed to age to adult-
hood (8–10 weeks) for subsequent experiments. For chronic 
chemotherapy treatment, mice received multiple doses 
of doxorubicin (cumulative dose of 45 mg/kg i.p.; 9 mg/
kg every other week) or saline over a period of 10 weeks 
(n = 10/group). 1 week after the final drug dose mice were 
euthanized by cervical dislocation and blood/tissues were 
collected for downstream analysis. The dose of doxorubicin 
used for chronic administration was calculated from a typical 
doxorubicin treatment schedule (40–75 mg/m2 intravenously 
every 21 days) by adjusting for the relative body surface 
area of a human versus mouse [35]. To correct the bioavail-
ability of doxorubicin when administered via intraperitoneal 
injection versus intravenously (~ 44%) [36], we altered the 
schedule to biweekly administration. RGS7 knockdown was 
verified via immunoblotting. Following intra-cardiac injec-
tion, body weight (1X/week) and food intake (1–2X/week) 
were monitored. No notable alterations in animal weight, 
food intake, or general well-being were found.

Cardiac RGS7 overexpression and resveratrol 
treatment

Generation of constructs for viral RGS7 overexpression has 
been previously described [23]. Lentiviral particles were 
generated in AC-16 cells as per a standard protocol. For 
RGS7 overexpression, 70 μL of lentivirus containing 2 ×  108 
particles of either mRGS7-Lenti or a control empty vector 
virus were packaged for delivery with Lipofectamine 2000 
(Thermo Fisher Scientific) and administered via intra-car-
diac injection when WT mice were 9–10 weeks old. Follow-
ing RGS7 overexpression, the animal cohort was divided 
with half receiving saline and half resveratrol (20 mg/kg, 
i. p., 2 times per week, 3 weeks) beginning 15 days after 
viral injection (n = 10/group). Resveratrol dose was chosen 
based on prior studies investigating the protective actions 
of the drug in doxorubicin-induced cardiotoxicity [37–39]. 
Animals were sacrificed 3 days after the final resveratrol 
injection and tissues were isolated for downstream analyses.

Cardiac phenotyping

We used two-dimensional echocardiography to determine 
cardiac function in vivo. Using an ultrasound system (Vivid 
S5 system, GE Healthcare, USA), we measured the left-
ventricular parameters (left-ventricular end-diastolic and 
systolic pressure; LVEDP and LVESP) and LVEF on lightly 
sedated mice treated with chemotherapeutic drugs and/or 
RGS7KD as described earlier.

Histology and immunohistochemistry

Paraffin-embedded formalin-fixed mouse and human heart 
tissue sections were stained with Masson trichome (Sigma, 
St. Louis, MO) to detect tissue collagen deposition. Regents 
were utilized as per the manufacturer’s protocols. The blue-
stained collagen in tissue section image stained with Mas-
son trichrome was processed using the “Threshold” tool of 
Image J software (NIH, USA) and the fraction of the total 
area that was stained blue was quantified. Immunohisto-
chemical staining of both mouse and human tissue sections 
was performed as per a standard protocol [40]. For RGS7, 
Ac-p65, Tip60, and SIRT1 staining, 7–10 sections were 
stained from each animal with 5 pictures randomly selected 
from each slide for quantification using Image J.

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 phos-
phatase inhibitors (Sigma), quantified, and probed as previ-
ously described [40]. Twenty µg of protein per sample was 
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subjected to SDS-PAGE and immunoblotting using standard 
techniques. Immunoblots were developed using the chemi-
luminescence method with HRP-labeled secondary antibod-
ies. Antibody dilution and catalog information can be found 
in Table S2. Densitometric quantification of western blots 
was performed utilizing Image J software (NIH). Protein 
expression was normalized to loading control (β-Actin) and 
expressed relative to control conditions.

Cell isolation and culture

Primary ventricular cardiomyocytes (VCM) and fibroblasts 
(VCF) were isolated from 8 to 10-week-old adult mice 
according to a published protocol [41]. The human car-
diomyocyte cell line AC-16 (Merck, Darmstadt, Germany) 
was cultured in DMEM and 10% FBS (Gibco, Waltham, 
MA, USA) in a 37  °C incubator at 5%  CO2 with 10% 
FBS. Cells were transduced with lentiviral vectors encod-
ing shRGS7 or control shRNA (Santa Cruz Biotechnol-
ogy) according to the manufacturer's instructions. Cells 
were transduced with constructs encoding the full-length 
RGS7 protein or mutants lacking the Gγ-like (GGL)/RGS, 
Disheveled, Egl-10 and Pleckstrin homology (DEP), GGL 
only, or RGS domains (Δ251-469, Δ1-136, Δ256-315, and 
Δ327-446, respectively). Drug treatments were initiated 
16 h after construct introduction.

Drug treatment of cultured cells

Cells were treated with doxorubicin (3 μM, 16 h) in the 
presence or absence of pre-treatment with resveratrol 
(20 μM, 4 h), the Tip60 inhibitor NU9056 (5 μM, 3 h), 
or the TNFα inhibitor adalimumab (7 μg/ml, 1 h) where 
indicated. The doxorubicin dose used in cultured cells 
was chosen based on prior reports investigating the toxic 
actions of doxorubicin in human cardiomyocytes [23, 42, 
43]. Drug concentrations were chosen based on levels suf-
ficient to block doxorubicin-dependent cellular signaling 
in prior reports or sufficient to activate/block the target 
protein [44–47]. In a separate experiment, co-cultured 
murine VCM and VCF were treated with control serum, 
serum from patients with a history of chemotherapy but 
without cardiac fibrosis, or 10% serum from patients with 
cardiac fibrosis for 12 h. For conditioned media experi-
ments, 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. After replacing the media again and rinsing 
the cells, cells were incubated for an additional 16 h in 
drug/serum-free media. This “conditioned media” (CM) 
was collected from donor cells and then used to replace 

standard media on recipient cells. Recipient cells were col-
lected for further processing after 16 h.

Immunoprecipitation

AC-16 cells (3 ×  106) were lysed, and protein concen-
tration was measured via BCA protein assay. 600 µg of 
protein was equilibrated in IP lysis buffer (50 mM Tris, 
5 mM EDTA, 250 mM NaCl, and 0.1% Triton X-100) 
and pre-cleared with 30 µl of Protein G Sepharose beads 
(Abcam, Cambridge, UK). Next, bait antibodies (GFP, 
RGS7, Tip60, SIRT1, or control mouse IgG) were added 
and samples incubated for 12 h on a rotor at 4 °C. 30 µl 
of Protein G Sepharose beads (Abcam) were equilibrated 
in IP buffer and then added to lysate. After a 2-h incuba-
tion, bead slurries were centrifuged and washed 3X with 
IP buffer. Immunocomplexes were eluted in non-reducing 
laemmli buffer at 95 °C and subjected to SDS-PAGE and 
immunoblotting with prey antibody (Tip60, SIRT1, or 
RGS7).

Measurement of ROS generation

ROS generation was estimated in tissue and primary cell 
lysates using the cell-permeable oxidation-sensitive probe, 
CM-H2DCFDA (2′,7′-dichlorodihydrofluorescein diacetate) 
as described previously [48]. Cells were harvested by cen-
trifugation, washed three times with ice-cold phosphate 
buffered saline (PBS), re-suspended in PBS, and incubated 
with 5 μM CM-H2DCFDA (Sigma) for 20 min at 37 °C. 
After incubation cells were again washed and lysed in PBS 
with 1% Tween 20. Tissue lysates were prepared in a stand-
ard RIPA buffer. ROS level was determined at the ratio of 
dichlorofluorescein excitation at 480 nm to emission at 
530 nm. The CM-H2DCFDA 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 [49].

ELISAs and enzymatic assays

A summary of commercially available kits used to measure 
cell death (apoptosis; cytoplasmic histone-associated DNA 
fragments), NF-kB activity, and MMP-9 activity is avail-
able in Table S3. Cells/tissues/samples were harvested, and 
samples were processed according to the manufacturer’s 
instructions.

Cell viability

The MTT reduction assay was used to monitor cell via-
bility. 5 ×  104 cells/well were seeded in 48-well plates 
with DMEM + 10% FCS. The MTT (Sigma) solution was 
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prepared at 1 mg/mL concentration in medium without phe-
nol red, and 200 μL of MTT solution was added to each 
well. The cells were incubated for 2 h at 37 °C. 200 μL of 
DMSO was then added into each well for solubilization of 
the formed formazan crystals. The optical density of the 
wells was determined at a wavelength of 550 nm (Biotek 
Instruments).

YASARA homology modeling of RGS7 & in‑silico 
molecular docking and molecular dynamics (MD) 
simulations

The amino-acid sequence of RGS7 was used as an input (in 
FASTA format) and the default homology modeling macro 
of YASARA structure was executed to generate the struc-
tural model of RGS7. First, the binary complex between 
homodimeric RGS7 and KAT5 was generated using the 
ZDOCK web server application (https:// zdock. umass med. 
edu) [50]. Next, the SIRT1 structure was docked on binary 
RGS7-KAT5 complex again using the ZDOCK server. 
RGS7/KAT5 (Tip60) binary and ternary structures were 
simulated for 200 ns using GROMACS 2020.5. The gromacs 
structure was prepared using gmx pdb2gmx module, and 
topologies were defined using Charmm36 force field and 
TIP3P water model. The protein was solvated in a 1.0 nm 
cubic box and neutralized with chloride ions. Energy mini-
mization was performed using the steepest descent algorithm 
for 5000 steps until the maximum force reaches < 1000 kJ/
mol/nm to remove any steric clashes in the system. Equi-
libration phase was further carried out for 5 ns at pH 7, 
respectively. During both NVT and NPT ensembles, the 
system temperature was maintained at 300 K using Berend-
sen’s weak coupling method. The pressure was maintained 
at 1 bar using the Parrinello–Rahman barostat during the 
NPT ensemble. The final MD production was carried out 
for 200 ns using a time step of 2 fs and the LINCS algo-
rithm. For trajectory analysis, root-mean-square deviations 
(RMSD), radius of gyration (Rg), chain-wise root-mean-
square fluctuations (RMSF), Solvent accessible surface area 
(SASA), and Hydrogen bonding between protein and solvent 
were analyzed. For the analysis of amino-acid residues pre-
sent on protein-protein interaction interface, the SASA cal-
culations were performed using the InterProSurf Webserver 
(http:// curie. utmb. edu/ userc omplex. html) [51]. 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.

Study approval

Mouse experiments were performed at the Aryakul College 
of Pharmacy & 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 International Animal Ethics Com-
mittee 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 Bio-
medical Research Ethics Committee (Ref: IEC/CBMR/
Corr/2020/16/6). For the ‘no fibrosis’ group, serum was 
taken after a minimum of 8 months of chemotherapy treat-
ment after verification that no clinical fibrosis symptoms 
were present. For the ‘fibrosis’ group, serum was taken 
after endocardial biopsy (EMB) confirmed the presence 
of fibrosis after chemotherapy treatment. The presence of 
myocardial fibrosis was confirmed by either the presence of 
a fragmented QRS complex on electrocardiogram (ECG) or 
by measuring fractional collagen volume. Information on the 
sex, age, cause of death, co-morbid conditions, and chemo-
therapy history for all heart autopsy samples is available 
in Table S5. To stratify patient samples based on cardiac 
health, tissues from patients with a history of chemotherapy 
were stained with Masson Trichrome (as above) to detect 
fibrotic remodeling. In collaboration with a pathologist, sec-
tions were scored on the following scale: 0–1, no fibrosis 
or a very small ischemic scar; 2, moderate sized ischemic 
scar; 3, moderate ischemic scar and collagen deposition in 
the extracellular space; 4, widespread collagen deposition. 
Samples with scores ≤ 1 were categorized as “chemotherapy 
-fibrosis” and samples with scores ≥ 2 were categorized as 
“chemotherapy + fibrosis”. Patients classified as “heart fail-
ure” patients had an LVEF < 40, the newly accepted univer-
sal cutoff for heart failure with reduced EF [52]. We should 
also note that we do not have complete dosing/schedule 
information for anticancer regimens or additional pharma-
cological interventions for co-morbid conditions used for 
each patient, and this is a limitation of our analysis of post-
mortem human cardiac tissue.

Results

RGS7 up‑regulation is associated with inflammation 
in the hearts of patients with a history 
of chemotherapy

In our prior report, we demonstrated that chemotherapy 
exposure is associated with RGS7 up-regulation in the 
heart [23]. Paralleling alterations in RGS7 expression and 
induction of fibrosis and heart failure markers, such as atrial 
natriuretic peptide (ANP), β myosin heavy chain (β-MHC), 

https://zdock.umassmed.edu
https://zdock.umassmed.edu
http://curie.utmb.edu/usercomplex.html)
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and α smooth muscle actin (αSMA), and human patients 
with a history of chemotherapy, display increased levels of 
monocyte chemoattractant protein-1 (MCP-1), interleukin 
1β (IL-1β), TNFα, and NF-κB cascade components p65, 
acetylated p65, and phosphorylated IκBα indicative of ongo-
ing inflammation (Fig. 1A, B). We also noted an increase in 
indicators of oxidative stress, such as the lipid peroxidation 
markers 4-hydroxynonenal (4HNE) and malondialdehyde 

(MDA) (Fig. 1B). An increase in RGS7 expression was also 
found in human cardiac tissue following myocardial infarc-
tion implicating RGS7 as a universal indicator of cardiac 
damage (Fig. S1A). Notably, while IL-1β, TNFα, p-IκBα, 
total p65, and MDA expression were elevated in patients 
with a history of chemotherapy and detectable fibrosis 
but no evidence of congestive heart failure, we noted that 
RGS7, p65 acetylation, and apoptosis executioner caspase 3 

Fig. 1  RGS7 up-regulation is accompanied by increases in inflamma-
tory mediators in the hearts of patients with a history of chemother-
apy. A Representative staining and quantification of cardiac RGS7, 
MCP-1, and Masson trichrome levels in control (black circles, n = 10) 
or patients with a history of chemotherapy (white circles, n = 10) 
[scale bar = 100  μm]. B Representative immunoblots and quantifi-
cation of RGS7, ANP, β-MHC, αSMA, IL-1β, TNFα, p-IκBα, p65, 
ac-p65, 4HNE, MDA, and cleaved caspase 3 expression in heart tis-
sue lysates from patients with a history of chemotherapy and controls 
(n = 10/group). C Representative immunoblots and quantification of 

cardiac RGS7, IL-1β, TNFα, p-IκBα, p65, ac-p65, 4HNE, MDA, and 
cleaved caspase 3 expression in controls and patients with a history 
of chemotherapy stratified based on cardiac function (no heart fail-
ure or heart failure; n = 8–10/group). A detailed history of chemo-
therapy patients and controls is provided in Table S5. β-Actin serves 
as a loading control for immunoblots. Data were analyzed by Stu-
dent’s t test or 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
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induction were further exacerbated in individuals with heart 
failure (Fig. 1C). As we cannot control for the influence of 
variables such as co-morbid pathological conditions, specific 
cause of death, and additional pharmacological interventions 
in the history of each patient, this prompted us to explore a 
possible causative role for RGS7 in cardiac inflammation in 

a controlled manner using a combination of in vitro human 
and murine cells as well as in vivo in mice.

Cardiac RGS7 knockdown ameliorates 
doxorubicin‑dependent inflammation in heart

When co-cultured murine VCF and VCM were exposed 
to serum isolated from patients with a history of 

Fig. 2  Cardiac-specific RGS7 knockdown ameliorates chemother-
apy-dependent inflammation and fibrosis in mice. A–G Follow-
ing administration of scramble or RGS7-shRNA via intra-cardiac 
injection (P7), mice were treated with doxorubicin (9  mg/kg, i.p. 
biweekly; cumulative dose of 45  mg/kg) or saline beginning when 
mice were 9 weeks of age. Samples were collected 1 week after the 
last dose later for biochemical and histological analyses. A Repre-
sentative immunostaining for RGS7, acetylated p65 (Ac-p65), and 
MCP-1 and Masson Trichrome staining in heart tissue sections [scale 

bar = 100 μm]. Quantification of B RGS7, C Ac-p65, D MCP-1, and 
E Masson trichrome was performed (n = 10). F CM-H2DCFDA fluo-
rescence in cardiac lysates (ROS; n = 6). G Representative immunob-
lots and quantification of cardiac RGS7, 4HNE, MDA, IL-1β, TNFα, 
p-IκBα, p65, and ac-p65 expression (n = 6). β-Actin serves as a load-
ing control for immunoblots. Diagram was created using Biorender.
com. Data were analyzed by two-way ANOVA with Sidak’s post hoc 
test. **P < 0.01, ***P < 0.001, ****P < 0.0001. ns not significant. 
Data are presented as mean ± SEM
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chemotherapy with detectable cardiac fibrosis, RGS7 lev-
els increased, indicating that a secreted factor, present in 
the circulation of individuals with a history of chemo-
therapy, drives RGS7 induction in cardiac cell types (Fig. 
S1B). These data beg the question as to whether RGS7, 
previously implicated in chemotherapy-dependent myo-
cyte apoptosis [23], drives inflammation or is simply a 
secondary consequence of ongoing pro-fibrotic and inflam-
matory cytokine release. To test this hypothesis, we uti-
lized RGS7-targeted shRNA delivered directly to the heart 
via intra-cardiac injection to deplete RGS7 levels in the 
myocardium prior to doxorubicin treatment. As expected, 
chronic, low-dose doxorubicin exposure triggered RGS7 
up-regulation (Fig. 2A, B), acetylation-dependent p65 
activation (Fig. 2A, C, G), MCP-1 accumulation (Fig. 2A, 
D), collagen deposition (Fig.  2A, E), ROS generation 
(Fig.  2F), lipid peroxidation (Fig.  2G; 4HNE, MDA), 
and inflammatory cytokine induction (Fig. 2G; TNFα, 
IL-1β) in the heart. Importantly, all these endpoints were 
improved by 50% or more in doxorubicin-treated mice fol-
lowing RGS7 knockdown in the heart (Fig. 2A–G).

RGS7 forms a complex with Tip60 and SIRT1 
in myocytes and modulates their expression

Having identified RGS7 as a key driver of doxorubicin-
dependent cardiac inflammation, we next sought to identify 
the mechanism by which RGS7 influences immune system 
activation in heart. RGS proteins canonically function to 
control signaling via G-protein-coupled receptors (GPCRs). 
However, RGS7 subserves several GPCR-independent func-
tions in non-neuronal cell types having been identified as 
a binding partner for the acetyltransferase Tip60, actions 
required for the ability of RGS7 to promote lipotoxic stress 
and inflammation in liver via a mechanism requiring TNFα 
production [24]. How the RGS7/Tip60 complex drives 
inflammatory cytokine production remains unknown. Given 
the close correlation between RGS7 and p65 acetylation in 
human heart, we hypothesized that RGS7 might promote 
inflammation by controlling acetylation of p65 by Tip60. 
Indeed, Tip60 expression is increased following chemo-
therapy exposure in the human heart as assessed by either 
immunohistochemistry (Fig. 3A) or immunoblot (Fig. S2). 
Notably, a diametrically opposed trend was observed for the 
deacetylase SIRT1 (Fig. 3A, S2) indicating a likely shift in 
acetylation probability. In fact, we found that RGS7 can be 
co-immunoprecipitated with both Tip60 and SIRT1 and that 
doxorubicin treatment shifts the relative abundance of RGS7 
complexes from those containing SIRT1 to those contain-
ing Tip60 (Fig. 3B). Mapping of the Tip60/SIRT1-binding 
interface on the RGS7 protein revealed that elimination of 
either the DEP or RGS domains impaired complex formation 

with both Tip60 and SIRT1, indicating that they may bind to 
the same portion of the RGS7 protein (Fig. 3C).

To gain structural insights into the protein-protein inter-
actions between RGS7 and Tip60/SIRT1, we performed an 
MD simulation of the binary (RGS7/Tip60) and ternary 
(RGS7/Tip60/SIRT1) complexes. 3D structures of the high-
est binding energy for the binary (RGS7-Tip60) and ternary 
(RGS7–Tip60–SIRT1) complexes (Fig. 3D) were used to 
perform the MD simulation. The RMSD plots revealed that 
both binary and ternary complexes are exquisitely stable in 
solution as reflected by the virtually invariant RMSD values 
over the simulation, a metric that reflects the average dis-
tance between atoms in each protein (Fig. 3E). However, the 
average RMSD for the ternary complex was found to be less 
than that of binary complex indicative of a more compact and 
stable ternary structure. The Rg of the RGS7–Tip60–SIRT1 
complex was also more stable across the simulation (Fig. 3F) 
and lacked the decrease in Rg observed after 100 ns with 
RGS7–Tip60 alone, which may represent a structural transi-
tion of the complex toward a more compact globular state. 
The improved structural stability of the RGS7–Tip60–SIRT1 
complex over the RGS7–Tip60 complex alone was further 
confirmed by the time stability of SASA values (Fig. S3A) 
and the number of H-bonds (Fig. S3B), which lacked major 
fluctuations likely because all monomers present in the com-
plexes are tightly bound to each other and the quaternary 
structure of the complexes is preserved and stable over the 
course of simulation time. Similarly, the RMSFs were lower 
for the ternary vs binary complex (Fig. S4). When SASA 
calculations were performed to identify the amino acids 
present at the protein-protein interaction interfaces, several 
RGS7 residues were identified that underwent a significant 
change all of which lay within the RGS domain (aa 324–450; 
Table S6). Consistent with a role for RGS7 in controlling 
Tip60/SIRT1 action, cardiac RGS7 knockdown decreased 
Tip60 expression and increased expression of SIRT1 fol-
lowing doxorubicin exposure when measured via either 
immunohistochemistry (Fig. 3G) or immunoblot (Fig. 3H).

RGS7 regulates the abundance of Tip60 and SIRT1 
and activation of inflammatory signaling in cardiac 
myocytes

We recapitulated the molecular signature observed in 
human and murine tissue in a culture system, showing that, 
as observed in vivo, doxorubicin treatment increased pro-
tein expression of RGS7 and Tip60, decreased SIRT1, and 
increased inflammatory markers, such as IL-1β, TNFα, p65, 
phospho-IκBα, and acetylated p65 in both murine VCM 
(Fig. S5A) and the human cardiomyocyte cell line AC-16 
(Fig. S5B). Importantly, RGS7 knockdown in either AC-16 
cells (Fig. 4A) or murine VCM (Fig. S6A) completely pre-
vented these changes, indicating that the ability of RGS7 to 
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promote inflammation following doxorubicin exposure is, 
at least in part, due to myocyte-intrinsic mechanisms. We 
also found that myocytes in which RGS7 had been depleted 
were resistant to doxorubicin-induced ROS generation 
(Fig. 4B, S6B), NF-κB activation (Fig. 4C, S6C), and cell 
death (Fig. 4D, S6D).

Tip60 activation and SIRT1 inhibition are required 
for RGS7‑dependent inflammatory signaling 
in myocytes

In AC-16 cells, RGS7 overexpression phenocopied several 
key impacts of doxorubicin treatment, including increased 
p65 acetylation, production of TNFα and IL-1β, and 
increased expression of lipid peroxidation marker 4HNE 

Fig. 3  RGS7 forms a complex with SIRT1 and Tip60 in VCM. A 
Representative staining and quantification of cardiac Tip60 and 
SIRT1 expression in control (n = 10) or patients with a history of 
chemotherapy (n = 10) [scale bar = 100 μm]. B Co-IP of RGS7 with 
SIRT1 or Tip60 from human AC-16 cardiomyocytes ± doxorubicin 
(3  μM, 16  h). Data were quantified from five independent experi-
ments (right panel). C Co-IP SIRT1 and Tip60 with RGS7 deletion 
constructs from human AC-16 cardiomyocytes. D In silico modeling 
of RGS7–Tip60–SIRT1 complex support a direct RGS7 interaction. 
Tip60 protein (Lys178-Pro452) on the surface of RGS7 (homodi-
meric form, Ser318-Ala458) (left) and SIRT1 (Sirtuin-1) on the sur-

face of binary RGS7–Tip60 complex (right). Plot showing E RMSD 
and F Radius of gyration (Rg) values for the binary RGS7––Tip60 
(in black) and ternary RGS7–Tip60–SIRT1 (in red) complexes evalu-
ated as a function of simulation time. Representative images and 
quantification of G immunohistochemical staining (n = 10) [scale 
bar = 100  μm] and H immunoblotting (n = 6) for cardiac Tip60 and 
SIRT1 in mice (± doxorubicin, ± RGS7 shRNA) treated as in Fig. 2. 
β-Actin serves as a loading control for immunoblots. Data were ana-
lyzed by Student’s t test or two-way ANOVA with Sidak’s post hoc 
test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns not sig-
nificant. Data are presented as mean ± SEM
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(Fig. 5A) as well as increased ROS generation (Fig. 5B), 
activation of NF-κB (Fig. 5C), and cell death (Fig. 5D). To 
test if the pro-inflammatory, pro-oxidant, and pro-apop-
totic actions of RGS7 could be attributed to differential 
protein acetylation, we treated AC-16 cells with either the 
Tip60 inhibitor NU9056 or sirtuin activator resveratrol. As 
anticipated, either Tip60 inhibition (Fig. 5A–D) or sirtuin 
activation (Fig. 5E–H) decreased p65 acetylation, NF-κB 
activation, ROS generation, and cell death by 50% or more 
following RGS7 overexpression. Nearly identical results 
were obtained in murine VCM (Fig. S7A–F), emphasizing 
that the mechanism(s) driving RGS7-dependent inflamma-
tory cytokine production and trigger cell death are conserved 
across species. Together, these data indicate that the ability 
of RGS7 to drive inflammation requires Tip60 activation 
and/or SIRT1 suppression.

RGS7‑dependent release of pro‑fibrotic 
and pro‑inflammatory factors from myocytes drives 
fibrosis

We hypothesized that RGS7-dependent release of pro-
fibrotic and inflammatory cytokines from damaged and 
dying myocytes might play a key role in promoting VCF 

transdifferentiation and fibrotic remodeling in the myo-
cardium following a cardiotoxic insult. To test this idea 
in a controlled manner, we first exposed VCM trans-
duced with scramble or RGS7-targeted shRNA to doxo-
rubicin, removed the drug, and collected the media from 
the damaged cells. Presumably, any cytokines produced 
by these myocytes in response to doxorubicin treatment 
would be excreted into the media and could then be col-
lected and used to activate fibroblast cultures. Indeed, 
exposure of VCF to this conditioned media was sufficient 
to increase oxidative stress (Fig. 6A), compromise cell 
viability (Fig. 6B), and induce activation of the matrix 
remodeling protein matrix metalloproteinase 9 (MMP-
9) (Fig. 6C). We also noted that markers of fibroblast 
transdifferentiation (αSMA) and fibrosis (collagen 1α; 
Col1α) as well as inflammatory mediators phospho-IκBα, 
p65, TNFα, and IL-1β were increased in VCF following 
exposure to conditioned media from doxorubicin-treated 
VCM (Fig. 6D). Consistent with a loss of cytokine pro-
duction from VCM following RGS7 depletion, introduc-
tion of RGS7 shRNA to VCM was sufficient to mitigate 
these impacts (Fig. 6A–D). We observed a similar impact 
of RGS7 knockdown in AC-16 cells on subsequent VCF 
activation (Fig. S8A–D). Finally, as RGS7 overexpression 
alone drives inflammatory cytokine production by VCM, 

Fig. 4  RGS7 knockdown protects against doxorubicin-induced 
inflammatory cytokine production in human AC-16 cardiomyo-
cytes. AC-16 cells were treated with doxorubicin (3 μM, 24 h) 24 h 
following administration of scramble or RGS7-specific shRNA. A 
Immunoblotting for RGS7, SIRT1, Tip60, p65 acetylation, TNFα, 
and IL-1β with quantification (n = 3). B CM-H2DCFDA fluorescence 

(ROS; n = 5). C NF-kB activity (n = 5). D Apoptosis (cytoplasmic 
histone-associated DNA fragments; n = 5). 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
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Fig. 5  Tip60 inhibition or SIRT1 activation prevents RGS7-depend-
ent oxidative stress, inflammatory signaling, and cell loss in human 
cardiomyocytes. A–D AC-16 cells were transduced with vector con-
trol or RGS7-GFP (RGS7 overexpression, OE) ± Tip60 inhibitor NU 
9056 (50  μM, 1  h pre-treatment) or vehicle control and harvested 
36  h after transduced. A Immunoblotting for RGS7, 4HNE, Tip60, 
acetylated p65, TNFα, and IL-1β with quantification (n = 6). B CM-
H2DCFDA fluorescence (ROS; n = 5). C NF-kB activity (n = 5). D 
Apoptosis (cytoplasmic histone-associated DNA fragments; (n = 5). 
E–H AC-16 cells were transduced with vector control or RGS7-GFP 

(RGS7 overexpression, OE) ± SIRT1 activator resveratrol (20  μM, 
4 h pre-treatment) or vehicle control and harvested 36 h after trans-
duction. E Immunoblotting for RGS7, 4HNE, SIRT1, acetylated 
p65, TNFα, and IL-1β with quantification (n = 6). F CM-H2DCFDA 
fluorescence (ROS; n = 5). G NF-kB activity (n = 5). H Apoptosis 
(cytoplasmic histone-associated DNA fragments; (n = 5). 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
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Fig. 6  RGS7 drives release of pro-inflammatory and pro-fibrotic 
factors from VCM via a mechanism involving Tip60 activation and 
SIRT1 inhibition. A–D Murine VCMs were transduced with scramble 
or RGS7-specific shRNA and treated with doxorubicin (3 μM, 16 h) 
18  h after transduction. Media was replaced and 16  h later media 
was removed and added to VCF cultures for 16  h at which point 
VCF were harvested. A CM-H2DCFDA fluorescence (ROS; n = 6). B 
Cell viability as determined by MTT assay (n = 6). C MMP-9 activ-
ity (n = 6). D Immunoblotting for 4HNE, p-IκBα, p65, TNFα, IL-1β, 
αSMA, and Col1α with quantification (n = 6). E–H Murine VCMs 
were transduced with RGS7 (RGS7 overexpression, OE) or vector 
control and treated with Tip60 inhibitor NU9056 (5  μM, 3  h treat-

ment) or SIRT1 activator Resveratrol (20 μM, 4 h) 18 h after trans-
duction. Media was replaced and 16 h later media was removed and 
added to VCF cultures for 16 h at which point VCF were harvested. E 
CM-H2DCFDA fluorescence (ROS; n = 6). F Cell viability as deter-
mined by MTT assay (n = 6). G MMP-9 activity (n = 6). H Immunob-
lotting for 4HNE, p-IκBα, p65, TNFα, IL-1β, αSMA, and Col1α with 
quantification (n = 6). β-Actin serves as a loading control for immu-
noblots. Diagrams were created using Biorender.com. Data were 
analyzed by one- or two-way ANOVA with Sidak’s post hoc test. 
**P < 0.01, ***P < 0.001, ****P < 0.0001. ns not significant. Data are 
presented as mean ± SEM
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we were not surprised to note that, like doxorubicin, RGS7 
overexpression in VCM triggered release of factors capa-
ble of driving oxidative stress (Fig. 6E), cell loss (Fig. 6F), 
MMP-9 activation (Fig. 6G), and pro-inflammatory and 
pro-fibrotic cytokine release (Fig. 6H) in VCF. Treatment 
of VCM with an inhibitor of TNFα prevented the increased 
oxidative stress (Fig. S8E), cell loss (Fig. S8F), MMP-9 
activation (Fig. S8G), and accumulation of fibrotic and 
inflammatory factors (Fig. S8H) observed in VCF treated 
with conditioned media from VCM in which RGS7 was 
overexpressed. Thus, VCM releases TNFα in an RGS7-
dependent manner that is capable of damaging neighbor-
ing VCF. Next, we wished to establish if modulation of 
protein acetylation would mitigate the detrimental VCM-
VCF crosstalk driven by overexpression of RGS7 in VCM. 
Indeed, treatment of VCM with the Tip60 blocker NU9056 
or SIRT1 activator resveratrol decreased oxidative stress 
(Fig. 6E), lessened MMP-9 activation (Fig. 6F), improved 
cell viability (Fig.  6G), and prevented production of 
inflammatory and fibrotic factors (Fig. 6H) in VCF that 
were exposed to media collected from VCM transfected 
with RGS7. These data demonstrated that the ability of 

RGS7 in VCM to promote VCF dysfunction requires, at 
least partially, a disruption in the relative activity of Tip60 
and SIRT1.

Activation of sirtuins prevents RGS7‑dependent 
cardiac inflammation in vivo

Finally, we wished to establish the relative importance of 
protein acetylation in the pro-inflammatory and pro-fibrotic 
actions of RGS7 in the heart. To do this, we introduced a 
viral vector for RGS7 overexpression into mice via intra-
cardiac injection resulting in an approximately twofold 
increase in RGS7 expression in heart (Fig. 7A, B). As we 
observed in cultured cells, RGS7 overexpression in heart 
decreased SIRT1 expression (Fig. 7A, C), increased p65 
acetylation (Fig. 7A, D), and triggered fibrosis (Fig. 7A, E). 
These histological changes were accompanied by increased 
protein levels of Tip60, phospho-IκBα, p65, TNFα, IL-1β, 
and 4HNE (Fig. S9) as well as increased oxidative stress 
(Fig. 7F). Remarkably, activation of sirtuins with resveratrol 
was sufficient to rescue or significantly mitigate the pro-
inflammatory impacts of RGS7 overexpression on the heart 

Fig. 7  RGS7-dependent cardiotoxicity can be mitigated by activating 
SIRT1. (A-H). An RGS7 encoding viral construct or vector control 
was introduced into the myocardium of mice (P40). After 15  days, 
animals were given DMSO (control) or resveratrol (20  mg/kg, i.p., 
two times per week) for 3 weeks at which point animals were eutha-
nized and tissues collected for downstream analyses. A Representa-
tive images [scale bar = 100  μm] of RGS7, SIRT1, and acetyl-p65 
expression and fibrosis (Masson Trichrome staining) in heart. Quan-
tification of B RGS7; C SIRT1; D Acetyl p65 histoscores (n = 10). E 

Quantification of collagen deposition (Masson Trichrome, n = 10). F 
CM-H2DCFDA fluorescence (total ROS; n = 6). G Cardiac phenotyp-
ing for left-ventricular ejection fraction (LVEF), left-ventricular end-
diastolic pressure (LVEDP), and left-ventricular end -systolic pres-
sure (LVESP) (n = 6). β-Actin serves as a loading control for western 
blots. Diagram was created using Biorender.com. Data were ana-
lyzed by two-way ANOVA with Sidak’s post hoc test. ***P < 0.001, 
****P < 0.0001. ns not significant. Data are presented as mean ± SEM
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(Figs. 7A–F, S9). Importantly, resveratrol treatment partially 
prevented the loss of left-ventricular function resulting from 
cardiac RGS7 overexpression (Fig. 7G). Together, these data 
indicate that RGS7-dependent suppression of sirtuin func-
tion drives cardiac inflammation and fibrosis and compro-
mises cardiac function.

Discussion

Despite decades of research, the etiology of chemother-
apy-dependent cardiotoxicity remains poorly defined. The 
current working theory posits that oxidant damage to car-
diomyocytes initiates a cascade of autocrine and paracrine 
signaling events that, while initially aimed at clearing cel-
lular detritus, remodeling the extracellular matrix, and fill-
ing gaps in the contractile apparatus to maintain cardiac 
output, becomes detrimental to cardiac function over time. 
Persistent sterile inflammation and release of inflammatory 
cytokines such as TNFα can lead to heart damage by disrupt-
ing calcium handling and triggering apoptosis in cardiomyo-
cytes and promoting ongoing extracellular matrix degrada-
tion, excess collagen deposition, fibrosis, and hypertrophy 
[53]. Targeting immune mediators therapeutically represents 
a unique challenge due to the biphasic role of the innate 

immune system in cardiac disease. Here, we describe a role 
for RGS7 in amplification of maladaptive cardiac inflamma-
tion following exposure to the anthracycline chemotherapeu-
tic doxorubicin. RGS7, whose expression is elevated in the 
hearts of patients with a history of chemotherapy, detectable 
fibrosis, and loss of ventricular function, forms a complex 
with the acetylase Tip60 and deacetylase SIRT1 in heart 
whose composition is influenced by doxorubicin such that 
chemotherapeutic exposure favors RGS7-Tip60 binding. 
Importantly, RGS7 expression is both necessary and suf-
ficient to promote doxorubicin-dependent acetylation and 
activation of NF-κB subunit p65 and resultant production of 
pro-inflammatory cytokines from cardiomyocytes (Fig. 8). 
RGS7-dependent production of cytokines such as TNFα and 
IL-1β as well as chemoattractants such as MCP-1 would 
likely increase recruitment of immune cell types to the heart. 
Indeed, RGS7 knockdown in heart ameliorates doxorubicin-
driven oxidative stress, inflammation, and fibrosis, while 
RGS7 overexpression triggers inflammatory cardiomyopathy 
via a mechanism requiring suppression of sirtuin function.

Simultaneous binding between RGS7 and two proteins, 
Tip60 and SIRT1, with diametrically opposed functions, 
is seemingly paradoxical especially given our molecular 
dynamics simulations heavily imply that the trimeric com-
plex is more energetically favorable and results in closer 

Fig. 8  Model depicting the role of RGS7 in doxorubicin-induced car-
diac inflammation. Our data support a model wherein RGS7 forms 
a complex with SIRT1 and Tip60 in VCM. RGS7 suppresses the 
actions of deacetylase SIRT1 while simultaneously activating Tip60 
leading to a net increase in acetylation of NF-κB subunit p65. Acti-
vated NF-κB drives release of inflammatory cytokines from dam-

aged myocytes and stimulates transdifferentiation, extracellular 
matrix (ECM) remodeling, and collagen production in neighboring 
fibroblasts, which also contribute to accumulation of inflammatory 
mediators in the myocardium. In this way, RGS7 functions to amplify 
inflammatory signaling in heart and drive chemotherapy-induced car-
diac fibrosis. The model was created using Biorender.com
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intermolecular interactions as compared to a complex 
containing only RGS7 and Tip60. Indeed, our observation 
that Tip60 and SIRT1 binding is influenced by deletion of 
the same RGS7 domains (DEP and RGS) favors a model 
whereby binding of RGS7 to each protein is mutually exclu-
sive. However, while doxorubicin treatment decreases the 
relative proportion of RGS7 complexes containing SIRT1 
and increases those containing Tip60, this may simply be 
due to the relative abundance of each protein and not a 
doxorubicin-modulated state of RGS7. Functionally, RGS7 
appears to facilitate Tip60 action while suppressing SIRT1 
as the impact of RGS7 overexpression on ROS generation, 
NF-κB acetylation and activity, cytokine production, and 
apoptosis in myocytes can be mitigated via Tip60 inhibi-
tion or sirtuin activation. It remains unclear, however, how 
exactly RGS7 influences the activity of each protein, which 
could involve modulation of acetylase/deacetylase catalytic 
activity, subcellular localization, or substrate recruitment. 
The stability and activity of Tip60 are facilitated by autoa-
cetylation at lysine 327 [54], a residue targeted by SIRT1 
for deacetylation [55, 56] supporting a hierarchical model 
whereby RGS7 controls dynamic regulation of Tip60 by 
SIRT1, thereby gating acetylation of Tip60 substrates.

Studies describing a role for Tip60 in cardiac injury are 
sparse and confined to a demonstration of cardioprotec-
tive actions for Tip60 inhibition or gene deletion follow-
ing myocardial infarction due to a decrease in cell death 
and enhanced regeneration [57, 58]. In contrast, several 
key SIRT1 targets have been identified in heart including 
the metabolic regulator peroxisome proliferator-activated 
receptor-gamma coactivator (PGC)-1α, tumor suppressor 
p53, and transcription factor nuclear factor-erythroid factor 
2-related factor 2 (NRF2) [59]. Importantly, activation of 
SIRT1 decreases doxorubicin-dependent oxidative stress, 
cell death, and induction of inflammatory mediators such as 
TNFα [30–32]. Though prior reports investigated acetylation 
of NF-κB regulators including liver kinase B1 (LKB1) [32] 
following SIRT1 modulation, they failed to look directly 
at p65 acetylation. Normally sequestered in the cytoplasm 
by IκBα, the transcription factor NF-κB translocates to the 
nucleus following pro-inflammatory cytokine-dependent 
phosphorylation and degradation of IκBα [60]. NF-κB 
activity is also controlled via post-translational modifica-
tions and, notably, acetylation of p65 at lysine 310 is critical 
for full NF-κB transcriptional activity [61] and is an indirect 
and direct target of Tip60 [28] and SIRT1 [33], respectively. 
Tip60 can also directly bind to p65, and this interaction 
enhances NF-κB activity [28]. Neonatal and adult cardio-
myocytes are resistant to the expression of pro-inflammatory 
genes due to impairment in the activation of IκB kinase [62] 
and overexpression of constitutively active IκB kinase in 
heart leads to inflammatory cardiomyopathy and heart fail-
ure [63, 64]. RGS7 overexpression in heart increased both 

phosphorylation of IκBα and acetylation of p65. Given that 
SIRT1 activation ameliorated both these impacts, it stands 
to reason that the impact of RGS7 on phospho-IκBα may be 
secondary to the reduction in cytokine production resulting 
from loss of p65 acetylation. This supposition is consistent 
with our observation that expression of p65 target genes, 
such as TNFα, IL-1β, and MCP-1 [65, 66], directly paral-
lel RGS7 expression in heart. Thus, RGS7 functions in this 
context to prime NF-κB for maximal activation following 
autocrine or paracrine cytokine release. Such sustained p65 
acetylation, facilitated by RGS7, would sensitize myocytes 
to the pro-apoptotic and pro-fibrotic actions of even low-
level cytokine production and is likely detrimental to cardiac 
function providing a viable explanation for the high expres-
sion of RGS7 and acetylated p65 in the hearts of patients 
with a history of chemotherapy and heart failure.

In keeping with a model whereby RGS7 functions as an 
amplifier for inflammatory signaling, we and others have 
shown that TNFα  increases RGS7 expression [24–26]. 
Though the exact mechanism remains unclear, TNFα 
does promote RGS7 phosphorylation at Ser 434, a reside 
in the RGS domain [26]. The deletion of the RGS domain 
decreases the RGS7/SIRT1 and RGS7/Tip60 interactions, 
and this residue was identified in our molecular dynam-
ics simulation as involved in RGS7–Tip60 binding. Thus, 
it is possible that TNFα exposure may directly influence 
complex formation between RGS7 and Tip60/SIRT1 as has 
been demonstrated for 14-3-3/RGS7 binding [26]. TNFα 
production following doxorubicin exposure is also RGS7 
dependent, and we found that RGS7-dependent release of 
pro-inflammatory cytokines from VCM was sufficient to 
induce oxidative stress, MMP-9 activation, and promote 
transdifferentiation of VCF. Thus, this cyclical relationship 
between RGS7 and TNFα likely functions to both magnify 
and propagate the impact of cardiac inflammation beyond 
the initial site of injury. We should note that the impact 
of RGS7 on inflammation may not be exclusively due to 
myocyte-intrinsic actions as RGS7 expression has also been 
detected in macrophages after immune challenge [67].

Several studies have demonstrated that increasing SIRT1 
expression or activity protects against doxorubicin-induced 
cardiotoxicity by suppressing certain key targets includ-
ing NF-κB [68, 69] but also the pro-apoptotic p53 [37, 70, 
71] and p38 MAPK [39] as well as the pro-fibrotic TGF-β1 
pathways [38]. In a prior study, we demonstrated that RGS7 
promotes apoptosis in cardiac myocytes by increasing oxi-
dative stress and impairing mitochondrial function, actions 
that involve a direct and functional interaction between 
RGS7 and the  Ca2+/calmodulin-dependent kinase CaMKII 
[23]. However, inhibition of CaMKII provided only partial 
protection against RGS7-dependent cardiotoxicity, indicat-
ing that RGS7 likely has additional effectors in the myo-
cardium, a list that we now demonstrate includes SIRT1 
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and Tip60. What remains unclear is why a protein whose 
canonical role is in suppression of GPCR signaling at the 
cell membrane acts as a scaffold for cytosolic and nuclear 
signal transducers. In neurons, a palmitoylated accessory 
protein, R7 family-binding protein (R7BP), anchors R7 
family RGS proteins at the membrane and regulates mem-
brane/nuclear shuttling [72, 73], a process dependent on 
Gαi/o activity [74]. These data have underscored a prevail-
ing hypothesis that RGS7 localization in nucleus is merely 
a means to sequester the protein away from the membrane 
where its GAP activity would be employed. However, R7BP 
is not expressed outside the nervous system [75]. Thus, in 
non-neuronal cell types, it is possible that a greater propor-
tion of RGS7 may be present in the cytosol where it is free 
to interact with additional effectors. Expression of RGS7 is 
much lower in peripheral tissues as compared to the brain 
[76, 77]. However, in the presence of cytotoxic stressors 
such as doxorubicin [23] or a high-fat diet [24], RGS7 pro-
tein levels increase by several fold indicating two possible 
mechanisms underlying unique, non-G-protein-dependent 
actions of RGS7 in myocytes: dynamic regulation of RGS7 
expression and a lack of membrane sequestration due to an 
absence of R7BP.

RGS7 is not the only R7 family member present in 
heart with RGS6 and RGS11 are also expressed at detect-
able levels [43, 78]. Intriguingly, while RGS6 and RGS7 
expression increases in the myocardium in response to 
doxorubicin [23, 78], RGS11 decreases [43]. Like RGS7, 
RGS6 also promotes doxorubicin-dependent cardiac dam-
age with RGS6 knockout providing marked protection 
against oxidative stress and cell death following doxo-
rubicin exposure, actions attributed to direct binding of 
RGS6 to ATM [79] and regulation of the pro-apoptotic 
p53 signaling cascade [78]. RGS11, conversely, directly 
antagonizes the pro-apoptotic and pro-fibrotic actions of 
RGS7 in the doxorubicin-treated myocardium with RGS7 
and RGS11 having directly antagonistic impacts on myo-
cyte CaMKII activity [43]. As Gβ5, a requisite, stabilizing 
binding partner of all R7 family members [80], is pro-
apoptotic and pro-fibrotic [48], it is likely that RGS7 and 
RGS6 activity predominates in the presence of cytotoxic 
stress. Given that RGS6 and RGS7 share ~ 75% homol-
ogy, it is surprising that they appear to control distinct 
signaling cascades in heart, though both are capable of 
binding to Tip60 [81]. Most notably, RGS6[82, 83], but 
not RGS7 [23], is pro-apoptotic and required for cytotoxic 
actions of doxorubicin in cancer cells. RGS6 is a potent 
tumor suppressor particularly in breast and bladder can-
cer, diseases whose therapeutic regimens often include an 
anthracycline [81, 83–85]. RGS6 also functions to limit 
parasympathetic drive by inhibiting G-protein-coupled 
muscarinic M2 receptors in cardiac pacemaker cells [86, 
87] and RGS6 is associated with heart rate variability in 

both mice [88] and humans [89]. RGS7 inhibition, thus, 
would be expected to permit RGS11 accumulation and 
counteract doxorubicin-induced inflammation and fibrosis 
without compromising the therapeutic efficacy of doxoru-
bicin, driving de novo carcinogenesis, or interfering with 
parasympathetic tone making it a particularly attractive 
target for treatment or prevention of doxorubicin-induced 
cardiotoxicity.

Conclusions

Together, our data demonstrate that RGS7 is both neces-
sary and sufficient to drive chemotherapy-dependent cardiac 
inflammation, fibrotic remodeling, and cell loss in the heart. 
These actions of RGS7 are due, at least in part, to its abil-
ity to balance the acetylation status of p65, a key subunit 
of the ubiquitous pro-inflammatory mediator NF-κB. As 
RGS7 both drives inflammatory cytokine production and is 
up-regulated by cytokine signaling in myocytes, RGS7 acts 
as an amplifier of inflammation in the myocardium and also 
plays a key role in propagation of inflammatory signaling 
beyond the cardiomyocyte. We propose that, by inhibiting 
RGS7, it may be possible to achieve selective suppression of 
maladaptive and pathological inflammation driving cardiac 
dysfunction following exposure to cardiotoxic drugs.
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