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Abstract 

Background Prior evidence demonstrated that Regulator of G protein Signaling 6 (RGS6) translocates to the nucleo-
lus in response to cytotoxic stress though the functional significance of this phenomenon remains unknown.

Methods Utilizing in vivo gene manipulations in mice, primary murine cardiac cells, human cell lines and human 
patient samples we dissect the participation of a RGS6-nucleolin complex in chemotherapy-dependent cardiotoxicity.

Results Here we demonstrate that RGS6 binds to a key nucleolar protein, Nucleolin, and controls its expression 
and activity in cardiomyocytes. In the human myocyte AC-16 cell line, induced pluripotent stem cell derived cardio-
myocytes, primary murine cardiomyocytes, and the intact murine myocardium tuning RGS6 levels via overexpression 
or knockdown resulted in diametrically opposed impacts on Nucleolin mRNA, protein, and phosphorylation.RGS6 
depletion provided marked protection against nucleolar stress-mediated cell death in vitro, and, conversely, RGS6 
overexpression suppressed ribosomal RNA production, a key output of the nucleolus, and triggered death of myo-
cytes. Importantly, overexpression of either Nucleolin or Nucleolin effector miRNA-21 counteracted the pro-apoptotic 
effects of RGS6. In both human and murine heart tissue, exposure to the genotoxic stressor doxorubicin was associ-
ated with an increase in the ratio of RGS6/Nucleolin. Preventing RGS6 induction via introduction of RGS6-directed 
shRNA via intracardiac injection proved cardioprotective in mice and was accompanied by restored Nucleolin/miRNA-
21 expression, decreased nucleolar stress, and decreased expression of pro-apoptotic, hypertrophy, and oxidative 
stress markers in heart.

Conclusion Together, these data implicate RGS6 as a driver of nucleolar stress-dependent cell death in cardiomyo-
cytes via its ability to modulate Nucleolin. This work represents the first demonstration of a functional role for an RGS 
protein in the nucleolus and identifies the RGS6/Nucleolin interaction as a possible new therapeutic target in the pre-
vention of cardiotoxicity.

Keywords Cardiotoxicity, G-protein, RGS proteins, Chemotherapy, Nucleolar stress

Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Journal of 
Translational Medicine

*Correspondence:
Biswanath Maity
bmaity@cbmr.res.in; bmaity28@gmail.com
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-3239-3764
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-024-04985-3&domain=pdf


Page 2 of 18Sengar et al. Journal of Translational Medicine          (2024) 22:204 

Introduction
Ribosome biogenesis wherein ribosomal RNA (rRNA) 
is generated, processed, assembled with ribosomal pro-
teins, and exported to the cytoplasm is a highly evolu-
tionarily conserved biological process essential to life 
[1]. In eukaryotic cells this process occurs in a special-
ized nuclear sub-compartment, the nucleolus, which 
contains ribosomal DNA (rDNA) and ribonucleopro-
teins necessary for rDNA transcription [2]. Nucleo-
lar architecture dynamically reacts to the demand for 
ribosome production, and, as a result, it is becoming 
increasingly clear that the cellular impacts of genotoxic 
and oxidative stress as well as nutrient deprivation 
and hypoxia are reflected in the nucleolus, which also 
participates in stress responsive signal transduction 
[3, 4]. Importantly, several disease states are associ-
ated with disruptions in nucleolar function including 
heart disease [5], which remains the leading cause of 
death worldwide. Indeed, the hearts of human patients 
with ischemic or dilated cardiomyopathy displayed 
increased nucleolar size, fibrillar centers, perinucleolar 
chromatin, and dense fibrillar components indicative of 
ongoing nucleolar stress [6]. However, a comprehensive 
understanding of the role of nucleolar dysfunction in 
the pathogenesis of heart disease or delineation of the 
molecular mechanisms linking cardiotoxic stressors to 
the nucleolus has yet to be achieved. Doxorubicin, an 
anthracycline, anti-tumor drug is one of such stressors 
which is associated with cardiotoxicity that limits the 
use of this drug in long term [7].

Nucleolar proteins, which vastly outnumber those nec-
essary for ribosome biogenesis [8], shuttle in and out of 
the nucleolus under certain stress conditions [9–11]. In 
cardiac cell types, nucleolar proteins Nucleostemin and 
Nucleophosmin promote cell survival and prolifera-
tion and their depletion can induce cell death [12, 13]. 
Similarly, decreased expression of Nucleolin has been 
observed in mouse heart following ischemia–reperfusion 
injury and during hypertrophy and heart failure [14, 15]. 
Nucleolin knockdown in the myocardium was associated 
with increased mortality and compromised systolic and 
diastolic cardiac function [15], while Nucleolin overex-
pression is cardioprotective [14, 16]. Though the under-
lying mechanisms remain unclear, Nucleolin has been 
implicated in hypoxia- or  H2O2-induced cardiomyocyte 
death [14, 17] and recent evidence has linked the anti-
apoptotic actions of Nucleolin to regulation of cardiac 
microRNA-21 (miRNA-21) [16, 18, 19], whose targets 
include several genes involved in cell death signaling such 
as PTEN, BCL2, FASL, TP63, and PPARA  [20]. Impor-
tantly, Nucleolin expression correlates with left ventric-
ular function in patients with ischemic cardiomyopathy 
[6]. Thus, in cardiac disease states, nucleolar proteins 

may play a key role in balancing repair and regeneration 
with elimination of functionally compromised cells.

The canonical function of Regulators of G protein Sign-
aling (RGS) proteins is in stabilization of the transition 
state of GTP hydrolysis by the Gα subunit of the hetero-
trimeric G protein complex thereby accelerating termi-
nation of G protein signal transduction [21]. However, 
recent efforts to characterize the diverse functions of the 
nearly 40 members of this protein family have revealed 
novel, G protein independent functions for RGS proteins. 
For example, the R7 family member RGS6 is potently 
pro-apoptotic in myocytes and other cell types [22–25]. 
Indeed,  RGS6−/− mice are protected against the car-
diotoxic impacts of the chemotherapeutic drug doxoru-
bicin [23], known to induce nucleolar stress in vivo [13]. 
RGS6 is also required for doxorubicin-dependent acti-
vation of ATM serine/threonine kinase (ATM) and p53 
[23, 24], and RGS6 forms a co-precipitable complex with 
both ATM [25] and the nuclear transcriptional regulator 
DNA methyltransferase 1 (DNMT1) [26] suggesting that 
RGS6 may localize to the nucleus in response to geno-
toxic stress. In fact, a prior report noted that mild heat, 
proteotoxic stress, and inhibition of rDNA transcription 
induce nucleolar trafficking and accumulation of RGS6 
[27] though the functional significance of this phenom-
enon remains unknown. However, the observation that 
RGS6 binding partner ATM also triggers nucleolar reor-
ganization [28] lends credence to the idea that nucleolar 
accumulation of RGS6 might play a critical role in cellu-
lar stress signaling.

Here, we demonstrate that RGS6 binds to nucleolar 
protein Nucleolin and that the ability of RGS6 to sup-
press Nucleolin phosphorylation and expression and 
control miRNA-21 levels underlies, at least in part, the 
pro-apoptotic actions of RGS6 in cardiomyocytes and the 
murine myocardium.

Materials and methods
Reagents
A complete list of reagents utilized to generate the data 
in the manuscript can be found in Additional file  1: 
Table S1.

Mice
Male Swiss albino mice (25–30  g) were reared on a 
balanced laboratory diet usually given tap water and 
food  ad libitum  throughout the study as per NIN, 
Hyderabad, India, and were kept at 20 ± 2  °C, 65% to 
70% humidity, on a 12/12-h day/night cycle. Animals 
were handled following International Animal Eth-
ics Committee Guidelines. 12–14-week-old animals 
were subjected to chronic chemotherapeutic drug 
regimens. Unless otherwise noted, experiments have 
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been performed using animals between 2–3  months 
of age. The entire study was performed & analyzed by 
a blinded observer. Exact numbers of animals used 
for each experiment can be found in the Data Supple-
ment. Unless otherwise noted, experimental mice were 
euthanized using inhalation anesthesia followed by 
cervical dislocation and disposed of following CCSEA 
guidelines.

Doxorubicin treatment
To approximate human chemotherapy treatment we uti-
lized a chronic, low-dose doxorubicin treatment para-
digm [29, 30]. Briefly, 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. 
One week after the final drug dose mice were euthanized 
by cervical dislocation and blood/multiple tissues were 
collected for downstream analysis.

RGS6 knockdown or over expression in vivo
To achieve Cardiac RGS6 knockdown 1-week-old wild 
type (WT) mice received intra-cardiac single dose of at 
least 5X  108 Scramble or RGS6-targeted lentiviral vec-
tor ShRNA particles (Santacruz Biotechnology, Paso 
Robles, CA, USA) essentially as previously described 
[29] in a 40  µl volume and packaged for delivery with 
invivofectamine 3.0 (ThermoFisher Scientific, Waltham, 
MA, USA). AC-16 cells were used for the generation of 
lentiviral particles as manufacturers’ protocol (Santacruz 
Biotechnology, Paso Robles, CA, USA).Immunoblotting 
was performed to assess the efficiency of in  vivo deliv-
ered shRNA. Following shRNA administration, body 
weight (1X/week) and food intakes (1–2X/week) were 
monitored. No alterations in animal weight, food intake 
or general wellbeing were noted (data not shown). Doxo-
rubicin treatment (as above) was initiated in a subset of 
animals for 8–10 weeks following intra-cardiac injection.

In a separate experiment, a lentiviral construct encod-
ing murine RGS6 or vector-only control was introduced 
to the murine heart via intracardiac injection (n = 6/
group) when mice were aged 8–10  weeks old. Mice 
were euthanized by cervical dislocation and blood/mul-
tiple tissues were collected for downstream analysis 
10  weeks after viral transduction. Viral constructs uti-
lized for mRGS6 overexpression in vivo have been previ-
ously described [25]. Lentiviral particles were generated 
in AC-16 cells and 70 μL of lentivirus containing 2 ×  108 
particles of either mRGS6-Lenti or a control empty vec-
tor virus were packaged for delivery with invivofectamine 
3.0 (Thermo Fisher Scientific) and administered via intra-
cardiac injection.

Cell isolation and culture
Primary ventricular cardiomyocytes (VCM) were iso-
lated from 8–10-week-old adult mice according to a pub-
lished protocol [31]. The human cardiomyocyte 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. Human induced pluripotent 
stem cell derived cardiomyocytes (cell artis cardiomyo-
cytes, Takara Bio, San Jose, CA, USA) were cultured in 
cell artis CM culture base medium and 10% FBS (Gibco) 
in a 37 °C incubator at 5%  CO2and < 90% humidity. Cells 
were transduced with vectors encoding scramble, RGS6-, 
or Nucleolin-targeting shRNA (Santacruz Biotechnology) 
or viral overexpression constructs for RGS6 (full length, 
deletion and point mutation constructs) or Nucleolin. 
miRNA21 OE was achieved using Lipofectamine 2000 
(Thermo Fisher Scientific).Catalog information for pur-
chased cell lines is available in Additional file 1: Table S2.

Immunohistochemistry
Immunohistochemical staining of both mouse and 
human tissue sections was performed as per a standard 
protocol [32]. For RGS6, Nucleolin staining, 7–10 sec-
tions were stained from each animal with 5 pictures ran-
domly selected from each slide for quantification using 
Image J.

Cloning and construct generation
We have previously described generation of constructs 
encoding full-length RGS6 and truncation mutants [25]. 
Here, we utilized a similar approach to clone human or 
mouse Nucleolin from human blood or mouse braincD-
NAinto the pMD-20T vector later sub-cloning into 
the pLenti CMV Puro DEST cloning vector (Add gene, 
Watertown, MA, USA). The miRNA-21 overexpression 
constructs for both the human and mouse sequence were 
cloned into the pmR-ZsGreen1 vector (Takara Bio) after 
obtaining the pre-miRNA-21 sequence from genomic 
DNA. Each construct contains the miRNA-21 sequence 
along with upstream and downstream sequence extended 
up to 100–150 bp to ensure efficient processing by Dro-
sha. A negative control construct was also generated 
by cloning a nonspecific sequence. All the information 
pertaining to primers utilized in the study for construct 
preparation has been included in Additional file  1: 
Table S5.

Drug treatment of cultured cells
Cells were allowed to reach 80–85% confluence in stand-
ard culture media prior to drug treatments. The media 
was then replaced with serum-free DMEM, and doxoru-
bicin (3 µM) or actinomycin D (5 µM) were then added 
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and FBS added back to the media after 6  h. After 16 
(actinomycin D) or 18 h (doxorubicin) cells were washed 
twice with PBS and harvested by centrifugation for 
downstream analyses. 50  nM anti-miRNA-21(miRNA-
21i; AcceGen, Fairfield, NJ, USA)were introduced into 
the cells by using Lipofectamine2000 (Thermo Fisher 
Scientific) according to the manufacturer’s protocol. The 
mouse sequence was used for experiments in primary 
VCM and the human sequence for AC-16 cell experi-
ments. The transfection efficiency was assessed by qPCR.

Immunoblotting
Tissues were rapidly dissected from mice and flash fro-
zen in liquid nitrogen. Cells were washed in PBS and har-
vested via centrifugation. Tissue homogenates and cell 
lysates were prepared in RIPA buffer containing protease 
and phosphatase inhibitors (Sigma, St. Louis, MO, USA), 
quantified, and probed as previously described [32]. 
Twenty µg of protein per sample was subjected to SDS-
PAGE and immunoblotting using standard techniques. 
Immunoblots were developed using chemiluminescence 
with HRP-labeled secondary antibodies and visualized 
using the UVP Chemstudio system (Analytik Jena, Jena, 
Germany). Antibody dilution and catalog information 
can be found in Additional file 1: Table S3. Densitometric 
quantification of western blots was performed utilizing 
Image J software (NIH). Protein expression was normal-
ized to loading control (β-Actin) and expressed relative 
to control conditions.

Quantitative PCR
RNA was isolated from the tissue or cells using the 
TRIzol reagent (Invitrogen, Waltham, MA, USA) 
and concentration as well as purity (A260/A280 ratio) 
was measured using a Nanodrop spectrophotometer 
(BioTEK, Winooski, VT, USA).cDNA was generated from 
RNA the Verso cDNA synthesis kit (ThermoFisherSci-
entific) and cDNA was stored at − 20  °C. Realtime PCR 
assays were performed using a SYBR green master mix 
(Bio-Rad, Hercules, CA, USA) and QuantStudio3 ther-
mocycler (ThermoFisher Scientific). Data was analyzed 
using the comparative  CT2−ΔΔC

T method. All values were 
normalized against a calibrator gene (U6 for miRNA-21 
and GAPDH for all others) and expressed relative to gene 
expression in control samples. Synthesis of Pre-rRNA in 
samples was determined by previously published proto-
col [13]. A complete list of the primers used is included in 
Additional file 1: Table S5.

Co‑immunoprecipitation (Co‑IP)
AC-16 cells (3 X  106) were lysed, and protein concen-
tration measured withtheBCA protein assay. (Thermo 
Fisher Scientific) as per manufacturers’ protocol. 500 µg 

of protein was equilibrated in IP lysis buffer (50 mM Tris, 
5 mM EDTA, 250 mM NaCl and 0.1% Triton X-100) with 
bait antibodies (anti-GFPor control mouse IgG) for 12 h 
on a rotor at 4  °C. 30 µl of Protein AG sepharose beads 
(Abcam, Waltham, MA, USA) were pre-cleared, equili-
brated and then added to lysate. After a 2-h incubation, 
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 (anti-GFP or HA).

Measurement of ROS generation
The cell-permeable oxidation-sensitive probe, CM-
H2DCFDA was used to estimate ROS generation in the 
primary or secondary cells as described previously [33]. 
Briefly, cells were harvested by centrifugation, washed 
three times with ice-cold 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. ROS level was deter-
mined 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 limita-
tions of the probe [34].

Cell viability
The MTT reduction assay was used to monitor cell via-
bility. 6 ×  104 cells/well were seeded in 96 well plates with 
DMEM + 10% FCS. The constructs were introduced into 
the cells as above and cells were harvested after 36 h. The 
MTT (Sigma) solution was prepared at 1  mg/mL con-
centration in medium without phenol red, and 200  μL 
of MTT solution was added into 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 
measured at a wavelength of 550 nm (Microplatereader, 
Biotek Instruments).

ELISAs and enzymatic assays
A summary of commercially available kits used to isolate 
mitochondria, measure levels of mitochondrial  Ca2+, and 
estimate cell death (apoptosis; cytoplasmic histone-asso-
ciated DNA fragments), is available in Additional file  1: 
Table  S4. Cells were harvested, and samples processed 
according to the manufacturer’s instructions.

In‑silico molecular docking and molecular dynamics (MD) 
simulations
To generate the protein–protein interaction model 
between RGS6 and Nucleolin, the alpha-fold 3D struc-
tures available on Uniprot database for human RGS6 
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(ID: P49758|https:// www. unipr ot. org/ unipr otkb/ 
P49758/ entry) and Nucleolin (710 amino acids|ID: 
P19338|https:// www. unipr ot. org/ unipr otkb/ P19338/ 
entry) were used. Before molecular docking experi-
ments, the flexible unstructured N- and C-terminal 
fragments were removed from the alpha-fold structure 
of human Nucleolin protein and the truncated Nucle-
olin structure from Gly300-Trp644 was used for fur-
ther computational work. Next, the binding modes of 
RGS6 in complex with Nucleolin were generated using 
the ZDOCK webserver application (https:// zdock. 
umass med. edu) [35, 36]. The molecular complex 
between RGS6 and Nucleolin with the highest bind-
ing energy was further evaluated for solution stability 
under biological conditions by performing a 127.25 ns 
molecular dynamics (MD) simulation in an explicit 
water solvent using YASARA Dynamics software 
(20.7.4.W.64 employing the AMBER14 force field) [37]. 
The MD simulation was performed as per the details 
and parameters described previously [38, 39]. As both 
proteins are large, the molecular structures were trun-
cated prior to performing the MD simulation (RGS6 
residues Met1-Arg254, Nucleolin residues Arg561-
Trp644). The MD snapshots were saved after every 
250  ps and a total of 510MD trajectories were gener-
ated during the MD simulations which were analysed 
using the YASARA macro “md_analysis.mcr”. Energy 
terms were calculated using AMBER14 force field 
parameters [40, 41]. The MD simulation and trajec-
tory analysis was performed on a Dell Precision T7810 
Tower Workstation (16  GB of RAM, 2.40  GHz Intel® 
Xeon® Processor E5-2630 v3 and 64 bit Windows 10 
operating system). The trajectories generated after 
MD simulation experiments were used to estimate the 
root mean square deviations (RMSD) and radius of 
gyration (Rg), chain-wise root mean square fluctua-
tions (RMSF), solvent accessible surface area (SASA), 
and hydrogen bonding between protein and solvent. 
For the analysis of amino acid residues present on pro-
tein–protein interaction interface, the solvent acces-
sible surface area (SASA) calculations were performed 
using the InterProSurf Webserver (http:// curie. utmb. 
edu/ userc omplex. html) [42]. The residues showing 
significant change in the SASA value were considered 
most likely to be on the interaction interface.

Statistical analysis
All the statistical analysis was performed by GraphPad 
Prism9 software. Data was analyzed using student’s 
two-tailed t-test and one- or two-way ANOVA with 
Sidak’s post hoc tests. Differences were considered sta-
tistically significant at P < 0.05.

Results
RGS6 binds to Nucleolin and regulates Nucleolin 
expression in myocytes
RGS6 translocates to the nucleolus in response to sev-
eral cellular stressors [27], but what function, if any, 
RGS6 has in this subcellular compartment remained 
unknown. In fact, RGS6 forms a co-precipitable complex 
with nucleolar protein Nucleolin, which controls riboso-
mal synthesis and maturation, in the AC-16 cardiomyo-
cyte cell line (Fig.  1A). MD simulations of a theoretical 
complex between RGS6 and Nucleolin revealed several 
amino acids that underwent a significant change in sol-
vent accessibility upon protein–protein binding indi-
cating that these residues form an interaction interface 
(Fig. 2A, Additional file 1: Table S6). The change in MD 
simulation variables Rg and RMSD (Additional file 1: Fig. 
S1B) are also consistent with a stable complex further 
supported by hydrophobic and ionic interactions particu-
larly between Nucleolin and RGS6 Tyr117 and its adja-
cent residues (Additional file 1: Fig. S1A). The key RGS6 
residues identified by the MD simulation lie within and 
adjacent to the Dishevelled, Egl-10 and Pleckstrin (DEP) 
homology domain, previously shown to be required for 
nucleolar trafficking of RGS6 [26]. Indeed, deletion of the 
DEP domain but not the Gγ-like (GGL) or catalytic RGS 
domain decreased the interaction between RGS6 and 
Nucleolin confirming the veracity of our in silico analysis 
(Fig. 1C).

Next, we wished to establish the impact of RGS6 on 
Nucleolin expression and activity. Overexpression of 
RGS6 in murine VCM (Fig.  1D), human iPSC-derived 
cardiomyocytes (Additional file  1: Fig. S2A), or AC-16 
cells (Additional file  1: Fig. S2C) resulted in decreased 
Nucleolin expression while RGS6 depletion triggered 
Nucleolin up-regulation. Nucleolin activity is modified 
at the transcriptional, and post-translational level [43, 
44], and altering RGS6 levels triggered corresponding 
changes in Nucleolin mRNA levels in mouse and human 
myocytes (Fig. 1E, Additional file 1: Fig. S2D). Similarly, 
Nucleolin phosphorylation at two threonine residues 
(T76 and T84) known to be involved in Nucleolin’s cyto-
protective actions [19] was increased following RGS6 
knockdown in VCM (Fig. 1F, Additional file 1: Figs. S2B, 
E).

Nucleolar stress‑induced cell death requires RGS6
Nucleolar stress is a well characterized consequence of 
the cancer chemotherapeutic Actinomycin D, which 
intercalates into rDNA and stalls rRNA synthesis by 
blocking RNA Polymerase I. Actinomycin treatment 
leads to rapid depletion of Nucleolin, phospho-Nucleolin 
(T76), and Nucleophosmin in murine VCM (Fig. 2A) and 
AC-16 cells (Additional file  1: Fig. S3A). Notably, RGS6 

https://www.uniprot.org/uniprotkb/P49758/entry
https://www.uniprot.org/uniprotkb/P49758/entry
https://www.uniprot.org/uniprotkb/P19338/entry
https://www.uniprot.org/uniprotkb/P19338/entry
https://zdock.umassmed.edu
https://zdock.umassmed.edu
http://curie.utmb.edu/usercomplex.html
http://curie.utmb.edu/usercomplex.html
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knockdown partially mitigated the impact of Actinomy-
cin D on nucleolar protein expression (Fig.  2A, Addi-
tional file 1: Fig. S3A). RGS6 depletion was also sufficient 
to increase synthesis of pre-rRNA, a critical step in ribo-
some biogenesis that occurs in the nucleolus [45], and 
prevent Actinomycin D-driven suppression of pre-rRNA 

generation (Fig.  2B, Additional file  1: Fig. S3B). Finally, 
while Actinomycin D treatment triggered apoptosis in 
mouse (Fig. 2C) and human (Additional file 1: Fig. S3C) 
myocytes, introduction of RGS6 shRNA decreased cell 
death by approximately 50% (Fig.  2D, Additional file  1: 
Fig. S3D). These data demonstrate that RGS6 is necessary 

Fig. 1 RGS6 forms a complex with Nucleolin in VCM. A Co-immunoprecipitation (Co-IP) of RGS6 with Nucleolin from human AC-16 cardiomyocytes. 
B In silico modeling of the RGS6-Nucleolin supports direct interaction.The best docking pose for the RGS6-Nucleolin (NCL) complex predicted using 
the ZDOCK webserver. The residues present on the protein–protein interaction interface are highlighted in red. C Co-IP of Nucleolin with RGS6 
deletion constructs transfected into human AC-16 cardiomyocytes. D–F Mice VCM were transduced with RGS6-pEGFP (RGS6 OE) or RGS6 specific 
shRNA (RGS6 KD) or vector control and harvested 36 hours after transduction. D Representative immunoblots and quantification for RGS6, 
Nucleolin, Nucleophosmin (n = 8). E Fold change in Nucleolin and Nucleophosmin mRNA (n = 3). F Immunoblots and quantification for Nucleolin 
pT76 and Nucleolin pT84 (n = 4). β-Actin serves as a loading control for immunoblots. 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
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for myocytes to initiate apoptosis following nucleolar 
stress.

Next, we wished to establish if RGS6 up-regulation was 
sufficient to promote nucleolar stress in cardiomyocytes. 
Indeed, overexpression of RGS6 in murine VCM trig-
gered the intrinsic mitochondrial apoptosis pathway as 
indicated by loss of mitochondrial membrane potential 
(ΔΨM) (Fig.  2D), increased mitochondrial calcium flux 
(Fig.  2E), oxidative stress (Fig.  2F), and an increase in 
cytoplasmic histone-associated DNA fragments charac-
teristic of cell death (Fig. 2G). These functional readouts 
were accompanied by increased expression of DNA dam-
age indicator γH2AX, pro-apoptotic proteins Bax and 
PUMA, and markers of lipid peroxidation and oxidative 
stress 4-Hydroxynonenal (4-HNE) and malondialdehyde 
(MDA) (Fig.  2I). RGS6 overexpression also decreased 
pre-rRNA levels, and, importantly, the impact of RGS6 
on nucleolar stress and apoptotic signaling in VCM 

could be counteracted by restoring Nucleolin expres-
sion (Fig. 2D–I) indicating that RGS6-mediated Nucleo-
lin regulation is critical for the pro-apoptotic actions 
of RGS6 in myocytes. Virtually identical results were 
obtained in AC-16 cells (Additional file  1: Fig. S3D–G) 
demonstrating that regulation of cell death pathways by 
the RGS6/Nucleolin complex is conserved across species.

RGS6 promotes apoptosis in myocytes by decreasing 
miRNA‑21
Prior work demonstrated that the anti-apoptotic 
actions of Nucleolin can be attributed to its ability to 
induce miRNA-21 [16, 18, 19]. Given that RGS6 con-
trols Nucleolin expression, we hypothesized that 
RGS6 might function to suppress the accumulation of 
miRNA-21 in myocytes thereby promoting cell death. 
Indeed, RGS6 overexpression in murine VCM (Fig. 3A) 
or AC-16 cells (Additional file  1: Fig. S4A) resulted 

Fig. 2 RGS6 promotes nucleolar stress-driven cell death by down-regulating Nucleolin. A–C Murine VCMs were transduced with scramble 
or RGS6 specific shRNA ± Actinomycin D (5 µM 16 h). A Representative immunoblots with quantification for Nucleolin, pNucleolin (pT76), 
and Nucleophosmin (n = 6). B Fold change in pre-rRNA levels (n = 3). C Apoptosis (cytoplasmic histone-associated DNA fragments; n = 5). (D-H) 
Murine VCMs were transduced with Nucleolin-HA (Nucleolin OE), RGS6-pEGFP (RGS6 OE), both constructs, or vector control and harvested 36 
hours after transduction. D Mitochondrial membrane potential (ΔΨM; n = 5). E Mitochondrial  Ca2+ Flux (n = 5). F CM-H2-DCFDA fluorescence (ROS; 
n = 5). G Apoptosis (cytoplasmic histone-associated DNA fragments; n = 5). H Fold change in pre-rRNA levels (n = 3). I Representative immunoblots 
and quantification for γH2AX, Bax, PUMA, 4-HNE and MDA.β-Actin served as a loading control for immunoblots. 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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in decreased miRNA-21 levels and counteracted the 
induction of miRNA-21 resulting from overexpres-
sion of Nucleolin (Fig. 3A, Additional file 1: Fig. S4A). 
RGS6 overexpression also altered expression of known 
miRNA-21 target genes leading to increased levels of 
TP63, FASL, and PPARα mRNA as well as decreased 
BCL2 and PTEN mRNA (Fig.  3B, Additional file  1: 
Fig. S4B–F). Expression of miRNA-21 target genes 

following RGS6 overexpression was largely restored 
by buffering Nucleolin expression with the notable 
exception of BCL2 mRNA (Fig.  3B, Additional file  1: 
Fig. S4B–F). In support of a critical role for miRNA-
21 suppression in the cytotoxic impacts of RGS6, 
RGS6-dependent apoptotic signaling (Fig.  3C, E) and 
oxidative stress (Fig. 3C, F) could be mitigated via over-
expression of miRNA-21 (Fig. 3D).

Fig. 3 RGS6 controls expression of miRNA-21 via a Nucleolin-dependent mechanism. A, B AC-16 cells were transduced with Nucleolin-HA 
(Nucleolin OE), RGS6-pEGFP (RGS6 OE), both constructs, or vector control and harvested 36 hours after transduction. A miRNA-21 expression levels 
(n = 3). B mRNA levels of miRNA-21 target genes TP63, FASL, PPARα, BCL2, PTEN (n = 3). C–F AC-16 cells were transduced with miRNA-21 (miRNA-21 
OE), RGS6-pEGFP (RGS6 OE), both constructs, or vector control and harvested after 36 h). C Representative immunoblots with quantification 
for γH2AX, Bax, PUMA, 4HNE and MDA. β-Actin served as a loading control for immunoblots. D Validation of miRNA-21 overexpression (n = 3). E 
Apoptosis (cytoplasmic histone-associated DNA fragments; n = 5). F CM-H2-DCFDA fluorescence (ROS; 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 0.001, ± SEM
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RGS6 regulates Nucleolin/miRNA‑21 in vivo
Having established that RGS6 regulates Nucleolin 
and miRNA-21 expression in  vitro, we next wished to 
establish that these same impacts could be detected in 
an intact heart. To this end, we introduced a viral con-
struct encoding RGS6 to the heart of mice via intracar-
diac injection and confirmed that RGS6 overexpression 
in the myocardium led to decreased levels of Nucleolin, 
phospho-Nucleolin, and Nucleophosmin (Fig.  4A) that 
were accompanied by decrease miRNA-21 expression 
(Fig.  4B), suppression of pre-rRNA synthesis (Fig.  4C), 
and altered mRNA (Fig. 4D) and/or protein (Fig. 4E) lev-
els of miRNA-21 targets.

Doxorubicin alters nucleolar protein expression 
and triggers nucleolar stress via a RGS6‑dependent 
mechanism
Given prior work implicating RGS6 in doxorubicin-
dependent cardiotoxicity [23], we hypothesized that 
the ability of doxorubicin to induce RGS6 up-regula-
tion might have a secondary consequence on Nucleolin 
expression and activity. Indeed, we noted parallel RGS6 
induction and Nucleolin depletion in the hearts of human 
patients with a prior history of chemotherapy exposure 
via either histochemical (Fig. 5A) or biochemical (Fig. 5B) 

approaches. Levels of Nucleophosmin were also lower in 
the chemotherapy-exposed patient group as compared 
to matched controls (Fig. 5B). Further, chronic, low dose 
doxorubicin treatment in mice led to similar alterations 
in expression of RGS6, Nucleolin, and Nucleophosmin 
(Fig.  5C, D). Importantly, in both mouse and human 
heart samples, chemotherapy exposure led to alterations 
in protein expression of miRNA-21 targets TP63, PPARα, 
FASL, Bcl-2, and PTEN (Additional file  1: Fig. S5A, B). 
These data led us to postulate that the mechanism we 
identified linking RGS6 to Nucleolin/miRNA-21 action 
might play a role in doxorubicin-driven myocyte damage.

Indeed, we noted that knockdown of RGS6 from 
AC-16 cells completed precluded doxorubicin-depend-
ent Nucleolin and Nucleophosmin down-regulation 
(Fig. 6A). Similarly, knockdown of RGS6 in either AC-16 
cells or murine VCM restored pre-rRNA synthesis fol-
lowing doxorubicin exposure (Fig.  6B, Additional file  1: 
Fig. S6A) with a corresponding decrease in apoptosis 
(Fig. 6C, Additional file 1: Fig. S6B) and increase in cell 
viability (Fig.  6D, Additional file  1: Fig. S6C). Consist-
ent with a critical role for RGS6 in doxorubicin-driven 
myocyte toxicity, the ability of doxorubicin to alter 
expression of nucleolar proteins Nucleolin, phospho-
Nucleolin, Nucleophosmin; hypertrophy-associated 

Fig. 4 RGS6 controls expression of Nucleolin and miRNA-21 in vivo. An RGS6 encoding viral construct (RGS6 OE) or vector control was introduced 
into the myocardium of mice aged 1-week. After allowing the virus to be expressed for 10–12 days, animals were sacrificed, and tissues collected 
for downstream analyses. A Representative immunoblots with quantification for RGS6, Nucleolin, pNucleolin (pT76), and Nucleophosmin, (n = 12). 
B miRNA-21 expression (n = 3). C Fold change inpre-rRNA(n = 3). D mRNA expression of miRNA-21targetsTP63, FASL, PTEN, BCL2, and PPARα (n = 3). 
E Representative immunoblots with quantification for miRNA-21 targets TP63, FASL, PTEN, Bcl-2, and PPARα, (n = 12). β-Actin served as a loading 
control for immunoblots. Data were analyzed by two-tailed Student’s t-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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protein β myosin heavy chain (β-MHC); oxidative stress 
markers MDA and 4-HNE; and anti-apoptotic protein 
Bcl-2 was mitigated following RGS6 knockdown (Fig. 6E, 
Additional file 1: Fig. S6D).

Nucleolin depletion or miRNA‑21 inhibition phenocopies 
the cytotoxic impact of doxorubicin in myocytes
As we noted a consistent impact of doxorubicin on 
expression of Nucleolin and RGS6 across species and 
preparations, we hypothesized that RGS6 up-regulation 
and Nucleolin depletion might represent a critical mech-
anism whereby chemotherapy exposure triggers myocyte 
dysfunction and death. If true, knockdown of Nucleolin 
in VCM should be sufficient to induce cell death and/or 
sensitize cells to doxorubicin-driven apoptosis. Introduc-
tion of shRNA targeting Nucleolin successfully decreased 
Nucleolin and phospho-Nucleolin expression in murine 
VCM (Fig. 7A) or human AC-16 cells (Additional file 1: 
Fig. S7A) to levels similar to those in doxorubicin treated 
cells. Intriguingly, Nucleolin depletion also led to RGS6 
up-regulation indicating these two proteins participate 
in negative reciprocal regulation of the others’ stability 
or production (Fig.  7A, Additional file  1: Fig. S7A). As 
expected, Nucleolin knockdown decreased production 
of pre-rRNA and failed to further decrease pre-rRNA 

levels in doxorubicin treated cells (Fig.  7B, Additional 
file  1: Fig. S7B). Introduction of Nucleolin shRNA also 
increased apoptosis (Fig. 7C, Additional file 1: Fig. S7C) 
and decreased cell viability (Fig.  7D, Additional file  1: 
Fig. S7D) in myocytes with a small, but significant poten-
tiation of cell loss in myocytes treated with doxorubicin 
and Nucleolin shRNA (Fig. 7C, D, Additional file 1: Fig. 
S7C–D).

Given prior work identifying miRNA-21 as the key 
mediator of the anti-apoptotic actions of Nucleolin [16, 
18, 19] we expected inhibition of miRNA-21 to also 
lead to death of myocytes while possibly bypassing the 
necessity for nucleolar stress. Indeed, introduction of 
an inhibitor of miRNA-21 had only modest impacts on 
Nucleophosmin expression and failed to alter expres-
sion of Nucleolin or phospho-Nucleolin in control or 
doxorubicin-treated VCM (Fig. 7E) or AC-16 cells (Addi-
tional file 1: Fig. S7E). However, miRNA-21 blockade did 
increase expression of RGS6 (Fig.  7E, Additional file  1: 
Fig. S7E) indicating RGS6 may be a miRNA-21 target 
gene and that Nucleolin may alter RGS6 expression via 
a miRNA-21-dependent mechanism. Finally, while the 
addition of miRNA-21 failed to alter pre-rRNA produc-
tion (Fig.  7F, Additional file  1: Fig. S7F), it did increase 
apoptosis (Fig.  7G, Additional file  1: Fig. S7G) and 

Fig. 5 Chemotherapy exposure is associated with parallel changes in RGS6 and Nucleolin/Nucleophosmin expression in heart. A Representative 
staining and quantification of cardiac RGS6 and Nucleolin expression in control (n = 10) or patients with a history of chemotherapy (n = 10) [scale 
bar = 100 μm]. B Representative immunoblots and quantification for RGS6, Nucleolin and Nucleophosmin in the heart of control patients (n = 10) 
or those with a history of chemotherapy exposure (n = 14). C, D Mice were treated with saline control (n = 10) or doxorubicin(cumulative dose 
of 45 mg/kg 9 mg/kg, i.p. every other week) for 10 weeks (C) (n = 10), (D) (n = 14). Samples were collected 1 week after the last dose for biochemical 
and histological analyses. (C)Representative staining and quantification of cardiac RGS6 and Nucleolin expression [scale bar = 100 μm]. 
D Representative immunoblots and quantification for RGS6, Nucleolin, and Nucleophosmin (n = 14). β-Actin served as a loading control 
for immunoblots. Data were analyzed by two-tailed Student’s t-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 Doxorubicin-dependent nucleolar stress requires RGS6. A immunoblots for RGS6, Nucleolin, and Nucleophosmin with quantification (n = 3), 
in Control or RGS6 KD AC-16 cells ± doxorubicin (3 µM, 16 h). B–E AC-16 cells were transduced with RGS6 specific shRNA (RGS6 KD) or scramble 
shRNA ± doxorubicin (3 μM, 16 h). B Fold change in pre-rRNA (n = 3). C Apoptosis (cytoplasmic histone-associated DNA fragments; n = 5). D MTT 
assay to determine cell viability (n = 6). E Immunoblots with quantification for RGS6, Nucleolin, pNucleolin (pT76), Nucleophosmin, β-MHC, MDA, 
4HNE, and Bcl-2 (n = 6). β-Actin served as a loading control for immunoblots. 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

Fig. 7 Inhibition of miRNA-21 or Nucleolin depletion phenocopies the impact of RGS6 on nucleolar stress. A–D Murine VCMs were transduced 
with scramble or Nucleolin specific shRNA (Nucleolin KD) ± doxorubicin (3 μM, 16 h). A Representative immunoblots and quantification for RGS6, 
Nucleolin, pNucleolin (pT76), and Nucleophosmin (n = 3). B Fold change in pre-rRNA (n = 3). C Apoptosis (cytoplasmic histone-associated 
DNA fragments; n = 5). D MTT assay to determine cell viability (n = 6). E–H Murine VCMs were transduced with scramble or miRNA-21 inhibitor 
(miRNA-21i) ± doxorubicin (3 μM, 16 h). E Immunoblots and quantification for RGS6, Nucleolin, pNucleolin (pT76), and Nucleophosmin (n = 3). F 
Fold change in pre-rRNA (n = 3). G Apoptosis (cytoplasmic histone-associated DNA fragments; n = 5). H MTT assay to determine cell viability (n = 6). 
β-Actin served as the loading control for the immunoblots. 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

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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decrease viable myocytes (Fig. 7H, Additional file 1: Fig. 
S7H) without potentiating the cytotoxic impact of dox-
orubicin. Together these data point to a critical role for 
Nucleolin and miRNA-21 in alleviation of doxorubicin-
driven cell death in myocytes.

RGS6 knockdown prevents doxorubicin‑dependent 
disruption in Nucleolin/miRNA‑21 activity
Finally, we wished to establish if RGS6 is required to 
promote disruptions in Nucleolin/miRNA-21 activ-
ity in  vivo. To this end, we introduced RGS6 shRNA 

directly to the murine myocardium in control animals or 
those exposed to a chronic, low dose doxorubicin treat-
ment paradigm. As we observed in isolated myocytes, 
RGS6 knockdown prevented doxorubicin-driven loss 
of Nucleolin, phospho-Nucleolin, and Nucleophosmin 
expression in the heart (Fig.  8A). In fact, RGS6 shRNA 
alone was sufficient to induce robust up-regulation in 
Nucleolin and Nucleophosmin levels in heart tissue 
(Fig.  8A) emphasizing, again, that RGS6 is responsible 
for controlling Nucleolin expression in the myocardium. 
Doxorubicin also increased expression of hypertrophy 

Fig. 8 RGS6 knockdown in heart prevents doxorubicin-dependent changes in Nucleolin and miRNA-21 expression and activity. Intracardiac 
injections of scramble or RGS6 specific shRNA (RGS6 KD) were administered to mice aged 1-week and followed by treatment with doxorubicin 
(cumulative dose of 45 mg/kg 9 mg/kg, i.p. every other week) or saline for 10 weeks beginning at age 8–10 weeks. Samples were collected 1 week 
after the last dose later for biochemical and histological analyses. A Representative immunoblots with quantification for RGS6, Nucleolin, pNucleolin 
(pT76), Nucleophosmin, β-MHC, ANP, Troponin T, and MDA (n = 6). B Fold change inpre-rRNA, (n = 3). C miRNA-21expression (n = 3). Expression 
of miRNA-21 target genes D TP63 and E PPARα (n = 3). F Representative immunoblots for miRNA-21 targets TP63, Bcl-2, PPARα, and PTEN (n = 6). 
β-Actin served as the loading control for the immunoblots. 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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and heart failure markers β-MHC, atrial natriuretic 
peptide (ANP), and troponin T as well as the oxida-
tive stress marker MDA via a RGS6-dependent mecha-
nism (Fig.  8A). Consistent with the impact of RGS6 on 
Nucleolin levels, we noted that RGS6 KD led to increase 
pre-rRNA synthesis (Fig. 8B) and miRNA-21 expression 
(Fig. 8C) and counteracted the impact of doxorubicin on 
these measures. Similarly, mRNA levels of miRNA-21 
targets TP63 (Fig. 8D) and PPARα (Fig. 8E) decreased fol-
lowing RGS6 KD at baseline and following doxorubicin 
exposure. Changes in mRNA expression were largely 
reflected at the protein level where, once again, RGS6 
depletion prevented the ability of doxorubicin to alter 
levels of pro-(TP63, PPARα) and anti-apoptotic (Bcl-2, 
PTEN) proteins (Fig. 8F). These data are consistent with a 
model wherein doxorubicin induces expression of RGS6 
which promotes apoptosis by suppressing the actions of 
Nucleolin/miRNA-21.

Discussion
Though the canonical functions of RGS proteins in GPCR 
regulation would require their presence in the cytosol or 
at the cell membrane, we have known for decades that 
members of this diverse protein family localize to other 
subcellular compartments. For example, members of the 
R7 subfamily, which includes RGS6, 7, 9 and 11, have 
been shown to shuttle between the plasma membrane 
and nucleus, a mechanism believed to modulate their 
GPCR regulatory capacity by sequestering R7 family 
members away from active G proteins [46–49]. Here, we 
provide evidence for a completely novel role for RGS6 in 
nucleolar function where the ability of RGS6 to bind to 
and suppress the expression and activity of nucleolar pro-
tein Nucleolin. RGS6 is both necessary and sufficient to 
alter Nucleolin levels following nucleolar stress and plays 
a key role in counteracting the anti-apoptotic actions of 
Nucleolin in response to genotoxic stressors such as the 
chemotherapeutic drug doxorubicin. Though several 
mechanisms have been proposed whereby RGS6 up-reg-
ulation could lead to cell death including via direct modu-
lation of the DNA damage signaling [24, 25] and intrinsic 
mitochondrial apoptosis pathways [22], our observation 
that overexpression of Nucleolin or Nucleolin effector 
miRNA-21 mitigates the detrimental impact of RGS6 on 
mitochondrial function, oxidative stress, and cell death 
lends credence to the idea that RGS6-dependent regula-
tion of Nucleolin/miRNA-21 is required for its pro-apop-
totic actions in myocytes. Importantly, RGS6 depletion in 
the murine myocardium largely prevented doxorubicin-
driven Nucleolin/miRNA-21 down-regulation, blockade 
of nucleolar output, and alterations in miRNA-21 tar-
get gene expression identifying RGS6 as a key regulator 
of nucleolar signaling in vivo. Thus, we propose a model 

whereby RGS6 promotes death of cardiomyocytes by pre-
venting Nucleolin-dependent production of miRNA-21 
which would otherwise target the mRNA of several pro-
apoptotic genes for degradation. Given that loss of func-
tional myocytes and the resultant pathogenic remodeling 
represent a primary contributor to eventual heart failure, 
our data point to a key role for RGS6 in the pathogen-
esis of heart disease, which remains the leading cause of 
death in both men and women worldwide. Indeed, prior 
work has demonstrated that RGS6 null mice are largely 
protected against doxorubicin-dependent cardiac injury 
[23].

In neurons, reversible palmitoylation of the membrane 
anchor R7 binding protein (R7BP) occludes two nuclear 
localization sequences and controls targeting of R7 fam-
ily RGS proteins to the plasma membrane [46–49]. How-
ever, R7BP expression is restricted to the nervous system 
and no expression has been detected in non-neuronal cell 
types [50]. Thus, whereas very little expression of R7 fam-
ily members is detectable in the nucleus of neurons in the 
absence of stimulation [51], the same may not be true in 
other cell types including cardiomyocytes. This may also 
explain why investigations into non-canonical functions 
of R7 family RGS6 proteins have primarily been confined 
to peripheral organ systems where RGS6 has been shown 
to directly interact with several nuclear proteins includ-
ing ATM [25], DNMT1 via DNMT1 associated protein 
DMAP1 [26, 52], the histone acetyltransferase Tip60 [52], 
and now Nucleolin. Intriguingly, initiation of the DNA 
damage response and ATM activation triggers nucleolar 
reorganization [28], which in turn leads to stabilization of 
p53 and facilitates apoptosis [53]. Cells lacking DNMT1 
also show altered epigenetic regulation of rDNA genes 
indicating DNMT1 localizes to the nucleolus and con-
trols ribosome biogenesis [54]. Coincidently, Tip60 also 
localizes to the nucleolus [55] and is present at sides of 
active rDNA transcription [56]. These data imply that, by 
scaffolding a diverse array of nucleolar proteins, RGS6 
may act as a master regulator of nucleolar output. In 
support of this theory, each of these interacting partners 
bind to a distinct portion of the RGS6 protein with Tip60 
and ATM binding in the RGS domain [25, 52], DMAP1/
DNMT1 binding to the GGL domain [26], and Nucleolin 
binding the DEP domain. RGS6, then, might function to 
localize these partners closer in proximity to each other 
or a yet-to-be identified target.

The lack of tight complex formation with R7BP, which 
binds to R7 family members via the DEP domain [50], 
in cardiomyocytes likely facilitates the RGS6-Nucle-
olin interaction. However, the exact means by which 
RGS6 modulates Nucleolin expression and activity 
remains unclear. Our data show a clear diminution in 
Nucleolin expression with increased RGS6 levels and a 
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corresponding Nucleolin up-regulation following RGS6 
depletion across species and in both cardiac tissue and 
isolated myocytes. This is accompanied by corresponding 
changes in Nucleolin mRNA indicating RGS6 might con-
trol Nucleolin transcription. Nucleolin phosphorylation 
at T76 and T84 is required for its ability to protect against 
apoptosis and regulate miRNA-21 in myocytes [20], and 
RGS6 also modulates Nucleolin phosphorylation lev-
els, though this may just be a secondary consequence of 
changes in the total pool of Nucleolin. One intriguing 
possibility is that, like R7 family member RGS7, which 
bidirectionally controls acetylation of p65 [57], RGS6/
Tip60 might direct Nucleolin acetylation [58], which has 
been shown to influence proteasomal Nucleolin degrada-
tion [59]. We should also note that Nucleolin knockdown 
alone was sufficient to trigger RGS6 up-regulation indi-
cating that Nucleolin and RGS6 directly antagonize the 
activity of the other. As miRNA-21 inhibition resulted in 
the same RGS6 induction without influencing Nucleolin 
levels, it is likely that RGS6 mRNA is directly degraded 
by miRNA-21 or that RGS6 transcription or translation 
is controlled by a miRNA-21 target. RGS6 expression can 
be induced by several cytotoxic stimuli including alcohol 
[60], hyperlipidemia [25], and chemotherapeutics [23], an 
effect that may be achieved or amplified by down-regula-
tion of miRNA-21.

Three R7 family RGS proteins are expressed in heart, 
RGS6, RGS7 and RGS11, all of which compete for a 
shared pool of their co-stabilizing binding partner G 
protein β 5 (Gβ5) [23, 29, 30]. Intriguingly, doxorubicin 
treatment shifts expression of all 4 proteins in heart caus-
ing an increase in RGS6, RGS7 and Gβ5 but a decrease 
in RGS11 [23, 29, 30, 33]. Of the three R7 family mem-
bers present in the myocardium, RGS6 and RGS7 share 
the greatest homology (75%), but, nevertheless, appear 
to have unique functions. Both proteins are profoundly 
proapoptotic in cardiomyocytes [23, 29] but, while RGS6 
has been implicated in DNA damage signaling via inter-
actions with ATM [23, 25] and now in nucleolar stress 
signaling, RGS7 promotes mitochondrial dysfunction 
and cell death in cardiomyocytes by forming a com-
plex with  Ca2+/calmodulin-dependent protein kinase II 
(CAMKII) [29]. RGS7 has also been implicated in car-
diac inflammation via its ability to bidirectionally modu-
late acetylation of the p65 subunit of the nuclear factor 
κ B (NF-κB) complex [56]. RGS11 directly antagonizes 
the pro-fibrotic and pro-apoptotic actions of RGS7 [30, 
61], but, as Gβ5 knockdown protects the heart against 
doxorubicin-driven damage [33], it is likely that RGS7 
and RGS6 activity predominate in the presence of cyto-
toxic stress. These distinct and sometimes diametrically 
opposed actions of R7 family members have important 
implications in the clinical context as, while inhibition 

of either RGS6 or RGS7 may be cardioprotective, RGS6, 
but not RGS7 is required for the cancer killing actions of 
doxorubicin [24, 29] and functions as a tumor suppres-
sor in bladder and breast cancers [62, 63]. RGS6 is also 
the primary G protein activating protein (GAP) for M2 
muscarinic receptors in pacemaking portions of the heart 
where it functions as a break on parasympathetic drive 
[64, 65] and, as a result, is associated with heart rate vari-
ability in humans [66] and mice [67]. Thus, while a non-
targeted therapeutic aimed at RGS6 inhibition might be 
cardioprotective, it might also compromise the therapeu-
tic efficacy of chemotherapy, drive de novo carcinogen-
esis, or alter cardiac conduction. It is possible, however, 
that by interfering with specific RGS6 effectors, such as 
Nucleolin, more selective disruption of RGS6’s cardio-
toxic actions could be achieved.

Nucleolin levels in heart have been shown to corre-
late strongly with cardiac function with low Nucleolin 
protein levels associated with better left ventricular 
end diastolic and systolic diameters in individuals with 
ischemic or dilated cardiomyopathy [6]. From these 
data, one might infer that high Nucleolin levels drive 
cardiac damage in direct contradiction to the data 
presented in this work. However, the exact impact 
of Nucleolin on cardiac outcome likely depends on 
where Nucleolin is acting and what stage of the cardiac 
remodeling process is ongoing. For example, Nucleo-
lin is cleaved and inactivated in the early phases of 
ischemia–reperfusion (I/R) injury [14] and decreased 
immediately (24  h) following myocardial infarction 
(MI), but Nucleolin expression is elevated from day 
7–28 post-MI [15]. During the later stages of hypertro-
phy and heart failure, Nucleolin-chromatin binding is 
also enhanced [68]. In addition to our data demonstrat-
ing that Nucleolin depletion compromises the viability 
of cardiomyocytes, others have observed that Nucleolin 
protects myocytes against cell death induced by hypoxia 
or oxidative injury [14, 17] and in models of acute MI 
and I/R injury, Nucleolin down-regulation is associ-
ated with impaired cardiac function [14, 15]. However, 
Nucleolin also promotes release of pro-inflammatory 
cytokines and is required for polarization of M2 mac-
rophages, a critical pool of immune cells important 
for cardiac repair [15, 69]. As RGS6 appears to directly 
counteract the anti-apoptotic actions of Nucleolin, we 
would predict that disrupting RGS6-Nucleolin binding 
might increase myocyte resiliency toward acute car-
diotoxic insult without disrupting the cardioprotective 
actions of Nucleolin. These data add to our understand-
ing of RGS protein action away from the GPCR laden 
plasma membrane and identify the RGS6/Nucleolin 
complex as a potential target for therapeutic strategies 
aimed at preventing loss of functional myocytes. While 
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such an approach would likely have clinical utility as an 
adjuvant for individuals undergoing chemotherapy and 
at high risk for cardiac injury, it might also prove effec-
tive following ischemic injury or in disease states asso-
ciated with significant cardiac comorbidities.

Conclusions
Here we provide new evidence that RGS6 induction 
following exposure of cardiac myocytes to the chemo-
therapeutic drug doxorubicin, RGS6 suppresses the 
activity of nucleolar protein Nucleolin. Consequently, 
the production of miRNA-21, which suppresses transla-
tion of mRNAs encoding key proapoptotic proteins, is 
decreased. This mechanism represents one way in which 
RGS6 drives oxidative stress, mitochondrial dysfunction, 
and death of cardiomyocytes. Thus, decreasing RGS6 
expression in the murine myocardium provides marked 
protection against chemotherapy-dependent myocyte 
loss, actions that would be expected to help maintain car-
diac output and prevent heart failure in patients under-
going chemotherapy particularly those at high risk for 
adverse cardiac events.

Limitations and future directions
Future work will seek to more clearly define the dynamic 
interrelationship between Nucleolin and RGS6 in the 
heart. We provide one example herein of how RGS6 
induction modifies Nucleolin action, but it remains 
unclear whether  RGS6 plays a key role in modulat-
ing nucleolar output in the absence of cytotoxic stress 
or if additional disease states characterized by cardiac 
injury would result in recruitment of RGS6-dependent 
Nucleolin suppression. In addition, our in  vivo knock-
down strategy would decrease, but not eliminate, RGS6 
expression in all cell types. We focused heavily on the 
myocyte intrinsic actions of RGS6, but a critical role of 
RGS6 in myocyte apoptosis does not preclude a contri-
bution of RGS6 to cellular signaling in resident fibro-
blasts or immune cells, which play a key role in repair as 
well as maladaptive fibrosis after loss of functional myo-
cytes. We should also note that Nucleolin is not the only 
RGS6 binding partner in myocytes, and it remains to 
be determined how/when/if RGS6 senses cellular stress 
signals and directs the activity of each effector. Indeed, 
our observation that restoring expression of Nucleolin 
or miRNA-21 only partially abrogates the pro-apoptotic 
actions of RGS6 in myocytes suggests other mechanisms 
likely contribute. Systematically dissecting the web of 
signaling cascades modulated by RGS6 in heart will allow 
for the generation of therapeutics capable of selectively 
mitigating RGS6-dependent cell death.
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