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Abstract
The clinical use of multiple classes of cancer chemotherapeutics
is limited by irreversible, dose-dependent, and sometimes lifethreatening cardiotoxicity. Though distinct in their mechanisms
of action, doxorubicin, paclitaxel, and 5-FU all induce rapid
and robust upregulation of atypical G protein Gb5 in the myocardium correlating with oxidative stress, myocyte apoptosis, and
the accumulation of proinﬂammatory and proﬁbrotic cytokines.
In ventricular cardiac myocytes (VCM), Gb5 deﬁciency provided
substantial protection against the cytotoxic actions of chemotherapeutics, including reductions in oxidative stress and simultaneous
attenuation of ROS-dependent activation of the ATM and CaMKII
proapoptotic signaling cascades. In addition, Gb5 loss allowed
for maintenance of Dym, basal mitochondrial calcium uniporter
expression, and mitochondrial Ca2þ levels, effects likely to preserve
functional myocyte excitation–contraction coupling. The deleterious effects of Gb5 are not restricted to VCM, however, as Gb5
knockdown also reduces chemotherapy-induced release of proinﬂammatory cytokines (e.g., TNFa), hypertrophic factors (e.g.,

ANP), and proﬁbrotic factors (e.g., TGFb1) from both VCM and
ventricular cardiac ﬁbroblasts, with the most dramatic reduction
occurring in cocultured cells. Our experiments suggest that Gb5
facilitates the myoﬁbroblast transition, the persistence of which
contributes to pathologic remodeling and heart failure. The convergence of Gb5-mediated, ROS-dependent signaling pathways in
both cell types represents a critical etiological factor in the
pathogenesis of chemotherapy-induced cardiotoxicity. Indeed,
intracardiac injection of Gb5-targeted shRNA allowed for heartspeciﬁc protection against the damaging impact of chronic
chemotherapy. Together, our results suggest that inhibition of
Gb5 might represent a novel means to circumvent cardiotoxicity
in cancer patients whose treatment regimens include anthracyclines, taxanes, or ﬂuoropyrimidines.
Signiﬁcance: These ﬁndings suggest that inhibiting an atypical
G-protein might provide a strategy to limit the cardiotoxicity in
cancer patients treated with anthracyclines, taxanes, or ﬂuoropyrimidines. Cancer Res; 78(2); 528–41. 2017 AACR.

Introduction

chemotherapy, and/or additional targeted, hormonal, or
immunological therapies to remove cancerous tissue and prevent further dissemination of malignant cells. Though proven
to improve patient survival over a 20-year period (1), the utility
of many chemotherapeutics, including anthracyclines, taxanes,
and ﬂuoropyrimidines, is limited by adverse effects, among
them, dose-dependent and often irreversible cardiac damage
that can result in eventual heart failure (2).
Anthracyclines, including the widely used drug doxorubicin,
induce dilated or restrictive cardiomyopathy, left ventricular
dysfunction, and congestive heart failure (3). Indeed, the risk of
cardiac death in childhood cancer survivors receiving high-dose
anthracycline chemotherapy is increased 4-fold (4). Antimicrotubule agents such as paclitaxel, in contrast, are associated with
dysregulations of the cardiac conduction system including
sinus bradycardia, atrioventricular block, and ventricular tachycardia, in addition to chronic congestive heart failure (3).
Cardiotoxicity induced by 5-ﬂuorouracil (5-FU), though less
frequently observed, is characterized by arrhythmias, myocardial infarction, and risk for sudden cardiac death (5). In many
cases, the only course of action to prevent further heart damage
is dose limitation or complete cessation of chemotherapy.
Though speciﬁc mechanisms have been described for individual drugs, a unifying theory that could lead to the development
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of versatile therapeutics aimed at ameliorating the cardiotoxic
effects of cancer chemotherapy remains elusive. It is possible, in
fact, that the very mechanisms that contribute to the cancer
cell killing actions of these drugs also lead to off target tissue
damage. Among these mechanisms are the activation of the
DNA damage signaling cascade and mitochondrial dysfunction–triggered oxidative stress that can lead to cellular apoptosis and immunological reactions (6, 7).
The cardiotoxic actions of doxorubicin are best characterized.
Though many mechanisms have been described, the accumulation of reactive oxygen species (ROS) within cardiomyocytes
appears to be a key pathogenic nexus for doxorubicin-induced
cardiac damage. Production of free radicals can occur following doxorubicin exposure through dysregulation of the mitochondrial electron transport chain (8, 9), direct interaction with
endothelial nitric oxide synthase (10), and activation of
NADPH oxidase (Nox) complexes (11, 12). ROS scavengers
attenuate cardiac activation of the proapoptotic ATM/p53 pathway following doxorubicin exposure (13). p53 activity is critical
for doxorubicin-induced contractile dysfunction as genetic disruption or inhibition of p53 protects against doxorubicininduced myocardial cell apoptosis (14, 15). Dox-induced,
Ca2þ/Calmodulin-dependent protein kinase (CaMKII)–dependent leak of Ca2þ from the sarcoplasmic reticulum also contributes to cardiomyocyte Ca2þ overload, actions that require
ROS accumulation (16). Given the demonstrated importance of
CaMKII in multiple models of cardiac injury (17), it seems
likely that CaMKII upregulation, possibly through oxidative
means (18), functions as a central mechanism for myocyte
dysfunction and death following doxorubicin treatment. Following death of cardiac myocytes, a complex adaptation process
begins whereby resident ﬁbroblasts attempt to repair structural
damage to the myocardial wall and maintain cardiac output. In
the face of extrinsic stress, such as repeated chemotherapy
exposure, this remodeling can often turn maladaptive, wherein
cytokines released by ﬁbroblasts feedback to further promote
oxidative stress in myocytes (19). The challenge then, for
therapeutics aimed at amelioration of chemotherapy-induced
cardiac damage, lies in identifying upstream targets responsible
for activation of a number of parallel signaling cascades all
contributing to and dependent on chemotherapy-induced cardiac oxidative stress.
The atypical G protein Gb5 forms costabilizing complexes with
R7 subfamily regulators of G protein signaling (RGS) proteins
(20–22). One member of this family, RGS6, upregulated following doxorubicin exposure in cancer cells and heart (23, 24), has
recently been identiﬁed as a mediator of doxorubicin-induced
ROS generation, activation of p53, and myocardial cell apoptosis
(23). Because deletion of Gb5 results in complete elimination of
RGS6 expression in heart (25), it is likely that Gb5 also plays a key
role in mediating doxorubicin-induced cardiac damage. There
remain, however, fundamental gaps in our understanding of how
RGS6/Gb5 heterodimers promote doxorubicin-induced, ROSdependent cardiac damage. For example, though RGS6 appears
to be a critical mediator of doxorubicin-induced p53 activation,
inhibition of the p53 pathway is insufﬁcient to protect against
doxorubicin-dependent cardiac ﬁbrosis (26). Manipulation of
Gb5 expression, then, represents an opportunity to investigate
the importance of the RGS/Gb5 complexes in cardiac damage
induced by multiple chemotherapeutic drugs and the speciﬁc
mechanism(s) involved. In this work, we provide evidence impli-
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cating Gb5 in chemotherapy-induced cardiac damage. By promoting ROS generation following drug exposure, Gb5 facilitates
activation of multiple proapoptotic signaling cascades in myocytes while simultaneously promoting pathologic cross-talk
between cardiomyocytes and surrounding ﬁbroblasts contributing to heart hypertrophy and ﬁbrosis. Given these ﬁndings, we
postulate that targeting of the RGS/Gb5 interaction interface
might be a viable means to protect the heart from the deleterious
impact of chemotherapeutic drugs.

Materials and Methods
Materials
Doxorubicin hydrochloride, paclitaxel, and 5-FU were purchased from Abcam as were kits for detection of cleaved caspase-3, myeloperoxidase (MPO), annexin V/propidium iodide–
positive cells, superoxide dismutase (SOD) and calcium (Ca2þ)
and antibodies for Gb5, CaMKII, p-CaMKII, ATM, p-ATM, p53, pp53, b myosin heavy chain (b-MHC), atrial natriuretic peptide
(ANP), and b-actin. Diphenyleneiodonium chloride (DPI), Nacetyl cysteine (NAC), dimethylthiourea (DMTU), N-Nitro-L-arginine methyl ester (L-NAME), Ruthenium 360 (RU360), cyclosporine A, KN93, KU55933, CM-H2DCFDA, Oil Red O stain,
Masson trichrome stain, cycloheximide, polyethylene glycol-SOD
(Peg-SOD), and polyethylene glycol-catalase (Peg-Cat) were procured from Sigma. The ELISA Kit for analyses of TGFb1, TNFa,
and IL10 was obtained from Thermo Fisher Scientiﬁc. The TUNEL
Kit was from Biovision, GW788388 was from Tocris Biosciences,
and the hydrogen peroxide (H2O2) assay Kit was from Cayman
Chemicals. Antibodies for mitochondrial calcium uniporter
(MCU), Bax, and phosphorylated (p)-STAT3 were procured from
Cell Signaling Technology, and Ox-CaMKII antibody was purchased from GeneTex. The cell death detection Kit was from
Roche. Lentiviral vectors encoding small hairpin RNA (shRNA)
targeting Gb5, ATM, Nox4, CaMKIId, and STAT3 were purchased
from Santa Cruz Biotechnology.
Animals and in vivo Gb5 knockdown
Mice experiments were performed at the Department of
Pharmaceutical Sciences, Babasaheb Bhimrao Ambedkar University in association with S.D. College of Pharmacy and
Vocational Studies, Uttar Pradesh, India. Animals were procured after obtaining clearance from the Animal Ethics Committee (SDCOP& VS/AH/CPCSEA/01/0021) and were handled
following International Animal Ethics Committee Guidelines.
Male Swiss albino mice (25–30 g) were reared on a balanced
laboratory diet as per NIN, Hyderabad, India, and were kept at
20  2 C, 65% to 70% humidity, on a 12/12 hour day/night
cycle. Animals were given tap water and food ad libitum
throughout the study. Twelve- to 14-week-old animals were
subjected to both acute and chronic chemotherapeutic drug
regimens wherein they received multiple doses of doxorubicin
(cumulative dose of 45 mg/kg i.p.; 9 mg/kg every other week),
paclitaxel (cumulative dose of 85 mg/kg i.p.; 17 mg/kg every
other week), 5-FU (cumulative dose of 200 mg/kg i.p.; 40 mg/kg
every other week), or saline over the period of 10 weeks
or a single dose of doxorubicin (20 mg/kg i.p.), paclitaxel
(50 mg/kg i.p.), 5-FU (150 mg/kg i.p.), or saline administrated
via i.p. injection. In a separate study, 1-week-old WT mice
received an intracardaic injection of 4.5  108 lentiviral vectors
containing control or Gb5-targeted shRNA according to a
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previously published protocol (27) before being returned to
their mothers until weaning. These animals were then exposed
to chemotherapeutic drugs according to the protocols outlined
above. For all animal experiments, analyses were performed by
an observer blinded to drug and repeated at least 3 times.
Ventricular cardiomyocyte and ﬁbroblast 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 (28). Twenty-four hours after
isolation, cells were treated with doxorubicin (3 mmol/L),
paclitaxel (100 nmol/L), or 5-FU (500 mmol/L) for different
time points in the presence or absence of DPI (1 mmol/L), NAC
(5 mmol/L), RU360 (50 mmol/L), cyclosporine A (0.2 mmol/L),
KN93 (50 mmol/L), KU55933 (10 mmol/L), or GW78838
(2 mmol/L) where indicated. Cells were transduced with lentiviral vectors encoding shGb5 or control shRNA according to the
manufacturer's instructions.
Measurement of ROS generation and apoptosis
ROS generation was estimated in the tissues and primary
cells using the cell-permeable oxidation-sensitive probe, CMH2DCFDA, as described previously (23). Brieﬂy, cells were
harvested by centrifugation, washed 3 times with ice-cold PBS,
resuspended in PBS, and incubated with 5 mmol/L CMH2DCFDA for 20 minutes at 37 C. After incubation, cells were
again washed and lysed in PBS with 1% Tween 20. ROS level
was determined as the ratio of dichloroﬂuorescein excitation
at 480 nm to emission at 530 nm. H2O2 was measured via
ELISA. Cell lysates and cardiac tissue lysates were used to
measure apoptosis and caspase-3 activity using ELISA kits
according to the manufacturer's protocols. Apoptotic cells were
also detected by measuring phosphatidylserine exposure in
the outer membrane using an annexin V/propidium iodide
kit according to the manufacturer's protocol. Annexin V–positive cells relative to total number of cells were counted using a
ﬂuorescent microscope.
Masson trichrome, terminal deoxynucleotidyl transferase–
mediated dUTP nick end, and hematoxylin–eosin staining
Formalin-ﬁxed, parafﬁn-embedded heart tissue sections
were prepared. Masson trichrome staining kit was purchased
from Sigma, and staining was performed according to the
manufacturer's protocol. Terminal deoxynucleotidyl transferase–mediated dUTP nick end (TUNEL) and hematoxylin &
eosin staining were performed as described previously (27).
Immunoblotting
Tissues were rapidly dissected from mice and ﬂash frozen in
liquid nitrogen. Tissue homogenates and cell lysates were prepared in RIPA buffer containing protease and phosphatase inhibitors (Sigma), quantiﬁed and probed as previously described
(29). Twenty micrograms of protein per sample was subjected to
SDS-PAGE and immunoblotting using standard techniques.
Immunoblots were developed using a chemiluminescence method with horseradish peroxidase–labeled secondary antibodies.
Densitometric quantiﬁcation of Western blots was performed
utilizing Image J software (NIH). Protein expression was normalized to loading controls and expressed relative to control
conditions.
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Assays of enzyme activity, oxidative stress, and cytokine levels
SOD and MPO activity as well as levels of TGFb1, TNFa, IL10,
and Ca2þ were assayed from cardiac tissue homogenates and
cellular lysates using ELISA kits according to the manufacturer's
protocol. GPX activity was measured using the method of Flohe
and Gunzler (30).
Statistical analyses
Data were analyzed by the Student t test or one or two-way
ANOVA with the Bonferroni post hoc adjustment as appropriate.
Statistical analyses were performed using Origin software. Results
were considered signiﬁcantly different at P < 0.05. Values are
expressed as mean  SEM.

Results
Pharmacologically distinct cancer chemotherapeutics
damage cardiac tissue via common pathologic mechanisms
correlating with upregulation of Gb5
We ﬁrst sought to investigate the impact of cardiotoxic chemotherapeutics on Gb5 expression in heart. All three drugs
(doxorubicin, paclitaxel, and 5-FU) disrupted myoﬁlament architecture following chronic exposure (Fig. 1A) with detectable
ﬁbrotic remodeling, increased myocyte area, and heart hypertrophy (Fig. 1B). These pathologic changers were associated with
early elevations in the inﬂammatory cytokine TNFa (Fig. 1C) and
a later accumulation of TGFb1 (Fig. 1D). Multiple reports have
suggested that biphasic changes in cytokine levels, particularly
TGFb1, are seen across multiple heart failure and cardiomyopathy
models. A large increase in apoptotic nuclei in TUNEL stained
cardiac tissue sections detectable as soon as 24 hours after acute
drug exposure and further increased 3 and 7 days after injection
(Fig. 1E). Similarly, total ROS levels exhibited a time-dependent
elevation following chemotherapy challenge (Fig. 1F). By day 5
after drug administration, we observed a 3-fold increase in Gb5
protein (Fig. 1G). Protein levels of Gb5 were reduced but
remained elevated at day 5 (Fig. 1H). Importantly, at no time
did we observe robust increases in Gb5 mRNA (Supplementary
Fig. S1A), but we were able to block drug-induced Gb5 upregulation using cycloheximide, an inhibitor of translation (Supplementary Fig. S1B), indicating that Gb5 induction likely requires
new protein synthesis. The apparent correlation between Gb5
expression and pathologic sequelae that follow chemotherapy
exposure in the heart led us to test whether Gb5 represents a
previously undiscovered mediator of cardiac damage induced by
chemotherapeutic drugs.
Gb5 is required for chemotherapy-induced, ROS-dependent
apoptosis
We tested the efﬁcacy of multiple Gb5-targeted lentiviral
shRNA constructs, identifying two capable of reducing both
basal and chemotherapeutic-dependent Gb5 expression in
VCM (Supplementary Fig. S2A and S2B). Viral knockdown of
Gb5 led to a reduction in doxorubicin-induced ROS (Fig. 2A).
The impact of Gb5 knockdown was comparable with the
amelioration of ROS generation resulting from uncoupling
of mitochondrial electron transport using the drug rotenone
or inhibition of active NADPH complexes with DPI with no
additive effects observed for the various drug combinations
(Fig. 2A). Similar results were obtained in cells treated with
either paclitaxel or 5-FU (Supplementary Fig. S3A–S3E).
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Figure 1.
Pharmacologically distinct cancer chemotherapeutics damage cardiac tissue via common pathologic mechanisms correlating with upregulation of Gb5.
WT mice were treated chronically with doxorubicin (cumulative dose of 45 mg/kg i.p.), paclitaxel (cumulative dose of 85 mg/kg i.p.), 5-FU (cumulative
dose of 200 mg/kg i.p.), or saline control over a period of 10 weeks. On the second day following the ﬁnal injection, tissues were harvested for subsequent
analyses. A, Hematoxylin and eosin (H&E) staining (myoﬁbrillar architecture) of cardiac tissue (day 7; scale bar, 20 mm; black arrows, areas of myoﬁlament
disarray), masson staining (ﬁbrosis) of cardiac tissues (day 5; scale bar, 20 mm; black arrows, areas of collagen deposition), or representative hematoxylin and
eosin–stained heart sections (day 10; scale bar, 50 mm) depicting myocyte hypertrophy. B, Heart weight normalized to body weight in animals (n ¼ 6) treated
with chemotherapeutics as in A. In a separate study, WT mice were given a single dose of doxorubicin (20 mg/kg i.p.), paclitaxel (50 mg/kg i.p.), 5-FU (150
mg/kg i.p.), or saline control. On days 1, 3, 5, 7, or 10 after injection, tissues were harvested for subsequent analyses. TNFa (C; n ¼ 6) or TGFb1 (D; n ¼ 6)
levels in serum collected on days 1, 3, and 7 after injection. E, TUNEL staining was performed using formalin-ﬁxed, parafﬁn-embedded cardiac tissue
sections (n ¼ 6/group). Apoptotic cell nuclei were quantiﬁed from 10 random microscope ﬁelds. F, ROS generation (CM-H2DCFDA ﬂuorescence) was
measured in cardiac tissue lysates (n ¼ 6/group) and expressed relative to control. G and H, Representative Western blot probing for Gb5 expression (day 5)
and quantiﬁed in H (n ¼ 3; days 3, 5, and 10).  , P < 0.05;   , P < 0.01;    , P < 0.001 compared with untreated control group. Data were analyzed by one-way
ANOVA, with post hoc tests where appropriate. Data are presented as mean  SEM.

Further, we were able to replicate results obtained via pharmacologic inhibition with shRNA-speciﬁc knockdown of Nox4
(Fig. 2B) implicating this particular isoform in chemotherapyinduced cardiac ROS generation. Together, these data indicate
that Gb5-mediated ROS generation likely involves Nox activation and/or production of mitochondrial-dependent ROS.
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Because there are several limitations to the use of CMH2DCFDA ﬂuorescent probes in detecting total ROS from
cells or tissue (31), among them an inability to differentiate
between the various reactive species, we extended our analysis
of Gb5-dependent ROS generation to include direct measurement of H2O2. We observed a dramatic reduction in
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Figure 2.
Gb5 promotes chemotherapeutic drug–induced oxidative stress in isolated VCM. Isolated primary VCM were transduced with lentivirus shRNA targeting
the Gb5 gene (GNB5). Gb5 knockdown (Gb5KD) and control cells were then treated with doxorubicin (3 mmol/L, 24 hours), paclitaxel (100 nmol/L, 24 hours),
or 5-FU (500 mmol/L, 24 hours). A, Total ROS generation (CM-H2DCFDA ﬂuorescence) measured from cellular lysates (n ¼ 4) treated with
chemotherapeutic drugs with or without a 1-hour pretreatment with DPI (1 mmol/L) or rotenone (200 nmol/L) to inhibit NADPH oxidase or decouple
the mitochondrial electron transport chain, respectively. VCM treated with ROS inducer H2O2 (200 mmol/L, 24 hours) were used as positive control. B, ROS
generation was measured in VCM (n ¼ 6) transduced with viral constructs encoding shRNA targeting Gb5 and/or Nox4 and treated with chemotherapeutic
drugs as in A. Hydrogen peroxide (H2O2) levels (C; n ¼ 4); NO synthase activity (D; n ¼ 3), and nitrite levels (E; n ¼ 5) in VCM treated as above with
doxorubicin, paclitaxel, and 5-FU in the presence or absence of Gb5 knockdown. F, Isolated primary VCM transduced with lentivirus containing Gb5 or
control shRNA were pretreated with the ROS scavenger NAC (5 mmol/L) prior to challenge with chemotherapeutic drugs as in A. Cellular lysates (n ¼ 6)
were then processed to measure apoptosis via detection of Annexin V–positive cells or caspase-3 activity. G, Control or Gb5 knockdown VCM were
challenged with doxorubicin  ROS scavenger pretreatment (Peg-SOD, 1,000 m/mL; Peg-Cat, 200 m/mL; L-NAME, 1 mmol/L; DMTU, 1 mmol/L) for 1 hour.
Lysates (n ¼ 6) were processed to measure apoptosis expressed as the fold increase in cytoplasmic histone-associated DNA fragments (enrichment
factor).  , P < 0.05;   , P < 0.01;   , P < 0.001 compared with untreated control group; #, P < 0.05; †, P < 0.01; z, P < 0.001 compared with drug-treated group.
Data were analyzed by one or two-way ANOVA, with post hoc tests where appropriate. Data are presented as mean  SEM.

chemotherapeutic-induced H2O2 production (Fig. 2C). In addition to direct toxic effects, superoxide can also react with nitric
oxide (NO) to produce damaging reactive nitrogen species.
Gb5-deﬁcient VCM were largely protected from increased NO
synthase activity (Fig. 2D) and accumulation of the NO precursor
nitrite (Fig. 2E), actions likely to lessen overall production of
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toxic peroxynitrite. In the presence of increasing ROS accumulation, multiple antioxidant mechanisms are also recruited to
reduce oxidative stress. Gb5 knockdown reduced chemotherapy-induced upregulation of antioxidant enzymes glutathione
peroxidase (GPX; Supplementary Fig. S4A), involved in reduction
of H2O2, and SOD, responsible for dismutation of superoxide
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(Supplementary Fig. S4B). The diminution in antioxidant mobilization in cardiomyocytes lacking functional Gb5 expression is
likely due to a reduction in overall ROS levels.
In the face of overwhelming cellular stress, including accumulation of toxic ROS levels, damaged cells undergo apoptosis.
We observed a signiﬁcant reduction in chemotherapeutic drug–
induced apoptosis and activation of the executioner caspase-3
(Fig. 2F) in VCM lacking Gb5. These actions of Gb5 were entirely
dependent on ROS generation as the ROS scavenger NAC
failed to provide additive protection against chemotherapeutic-induced apoptotic cell death (Fig. 2F) implicating Gb5 as a
critical mediator of ROS-dependent apoptosis in heart. Given
Gb5 knockdown appeared to affect multiple ROS pathways, the
question became which pathways were critical to chemotherapy-induced cell death. We found that scavenging of either
superoxide or H2O2 but not hydroxyl radicals or NO reduced
doxorubicin-induced apoptosis in a Gb5-dependent manner
(Fig. 2F and G) consistent with activation of NADPH oxidase–
and mitochondrial-dependent ROS generation leading to cell
death following drug treatment. Similar results were obtained
in VCM exposed to paclitaxel (Supplementary Fig. S3D) or 5FU (Supplementary Fig. S3E).

Gb5 promotes chemotherapeutic-induced activation of DNA
damage signaling
Multiple apoptotic signaling cascades are believed to mediate ROS-induced cardiac damage including the ATM/p53
pathway (32). Given that Gb5 binding partner RGS6 has
been implicated in doxorubicin-induced ATM/p53 activation
(23, 24), we investigated the impact of Gb5 knockdown on
mobilization of ATM/p53 in VCM. In cells where druginduced Gb5 upregulation was blocked via shRNA-mediated
knockdown, phosphorylation-dependent activation of ATM
and p53 as well as upregulation of p53 and the proapoptotic
Bcl-2 family member Bax were largely absent (Fig. 3A and B).
Despite evidence that p53 is required for doxorubicininduced heart damage (14), we observed only a modest
reduction in chemotherapy-induced VCM apoptosis in cells
treated with the ATM inhibitor KU55933 (Fig. 3C) or cells in
which ATM had been knocked down with targeted shRNA
(Fig. 3D). Importantly, combined inhibition of ATM and Gb5
produced no additional protection against chemotherapeutic
toxicity than Gb5 knockdown alone (Fig. 3C and D), indicating these proteins function in the same pro-apoptotic
pathway in VCM.

Figure 3.
Gb5 is required for chemotherapeutic drug–induced initiation of proapoptotic signaling cascades in heart. A, Isolated primary VCM were transduced with
lentiviral vectors carrying control or Gb5-targeted shRNA. Cell lysates were processed to determine expression of Gb5, p-ATM, ATM, p-p53, p53, and
Bax by Western blotting 24 hours after treatment with doxorubicin (3 mmol/L), paclitaxel (100 nmol/L), or 5-FU (500 mmol/L). B, Densitometric
quantiﬁcation of p53 phosphorylation was performed from three independent experiments. C, Isolated primary VCM transduced with lentivirus
containing Gb5 or control shRNA were pretreated with the ATM inhibitor KU55933 (10 mmol/L) prior to challenge with chemotherapeutics as in A. Cellular
lysates (n ¼ 6) were then processed to measure apoptosis via detection of Annexin V–positive cells or caspase-3 activity. D, Apoptosis (fold increase in
cytoplasmic histone fragments) was measured in VCM (n ¼ 6) transduced with viral constructs encoding shRNA targeting Gb5 and/or ATM and treated with
chemotherapeutic drugs as in A.   , P < 0.01 and    , P < 0.001 compared with untreated control group; #, P < 0.05; †, P < 0.01; z, P < 0.001 compared with drugtreated group. Data were analyzed by one or two-way ANOVA with post hoc tests where appropriate. Data are presented as mean  SEM.
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Gb5 mediates mitochondrial dysfunction in VCM exposed to
chemotherapeutic drugs
Because ATM activity accounted for only a small portion of
chemotherapeutic drug–induced apoptosis, we sought to
investigate additional mechanisms that might be involved
in Gb5 -dependent myocyte death. One potential pathway is
the intrinsic mitochondrial-dependent apoptotic signaling
cascade. We observed a dramatic loss of mitochondrial
membrane potential (Dym ) in cells exposed to all three
chemotherapeutic agents that was restored following Gb5

knockdown (Fig. 4A). Gb5 knockdown was equally as efﬁcacious in maintaining Dym as inhibition of the mitochondrial permeability transition pore (mPTP) with cyclosporin
A or blockade of MCU with Ru360 (Fig. 4A). Consistent with
maintenance Dym , Gb5 deﬁciency completely prevented chemotherapeutic-induced mitochondrial calcium accumulation (Fig. 4B), results similar to those obtained through
MCU inhibition. Indeed, MCU upregulation following chemotherapeutic exposure was abolished in VCM lacking Gb5
(Fig. 4C).

Figure 4.
Gb5 facilitates mitochondrial dysfunction in VCM following chemotherapeutic drug exposure. Isolated primary VCM transduced with Gb5-targeted
shRNA were pretreated with Ru360 (50 mmol/L) or cyclosporin A (0.2 mmol/L) for 45 minutes to selectively block mitochondrial Ca2þ uptake or opening of
the mPTP, respectively. Cells were then challenged with doxorubicin (3 mmol/L), paclitaxel (100 nmol/L), or 5-FU (500 mmol/L) for 24 hours. Cell
lysates were used to measure mitochondrial membrane potential (Dym; n ¼ 3; A) and mitochondrial Ca2þ content (n ¼ 4; B). Immunoblots depicting protein
expression of MCU and Gb5 (C) or Gb5, total CaMKII, ox-CaMKII, and p-CaMKII (D) from isolated primary VCM transduced with control or Gb5-targeted
shRNA, followed by exposure to chemotherapeutics as in A. For all Western blots, actin served as a loading control and images depicted are representative
of three independent experiments. E, Isolated primary VCM transduced with lentivirus containing Gb5 or control shRNA were pretreated with the
CaMKII inhibitor KN-93 (50 mmol/L) prior to drug challenge as in A. Cellular lysates (n ¼ 4) were then processed to measure apoptosis via detection of
Annexin V–positive cells or caspase-3 activity. F, Apoptosis (fold increase in cytoplasmic histone fragments) was measured in VCM (n ¼ 6) transduced with
viral constructs encoding shRNA targeting Gb5 and/or CaMKIId and treated with chemotherapeutic drugs as in A.    , P < 0.001 compared with untreated
control group; #, P < 0.05; †, P < 0.01; z, P < 0.001 compared with drug-treated group. Data were analyzed by one or two-way ANOVA, with
post hoc tests where appropriate. Data are presented as mean  SEM.
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CaMKII has emerged as a critical regulator of mitochondrial
calcium, MCU activity, and mPTP in multiple models of cardiac
injury (33, 34). Because it was recently discovered that CaMKII
can be directly activated by oxidation of the enzyme's regulatory domain (35), we hypothesized that the link between Gb5
and mitochondria might lie in ROS-dependent CaMKII activation. Indeed, Gb5 knockdown prevented chemotherapeuticinduced CaMKII oxidation and phosphorylation in VCM
(Fig. 4D). Further, inhibition of CaMKII via either pharmacologic (Fig. 4E) or genetic (Fig. 4F) means produced no additional protection against chemotherapeutic-mediated VCM
apoptosis as compared with Gb5 knockdown alone, indicating
that CaMKII-dependent apoptosis requires Gb5. Together, these
data identify Gb5 as a critical regulator of CaMKII-mediated
mitochondrial dysfunction.
The proapoptotic actions of ATM and CaMKII following
chemotherapy exposure require Gb5 and ROS
Based on the recent emergence of oxidative mechanisms of
activation for both CaMKII (35) and ATM (36), we suspected that
the ability of Gb5 to promote activation of both kinases required
Gb5-dependent ROS generation. Indeed, inhibition of Noxderived ROS prevented chemotherapeutic-induced ATM phosphorylation (Supplementary Fig. S5A) and CaMKII oxidation
(Supplementary Fig. S5B) in VCM. The protective effects of Nox
blockade were equivalent to and nonadditive with results
obtained following Gb5 knockdown (Supplementary Fig. S5C
and S5D), indicating that Gb5 participates in a pathway linking
Nox-dependent ROS to ATM and CaMKII. In keeping with loss of
kinase activation in the absence of ROS accumulation, ATM
(Supplementary Fig. S6A) or CaMKII (Supplementary Fig. S6B)
inhibition in the presence of the ROS scavenger NAC failed to
reduce cellular apoptosis following chemotherapy exposure.
Thus, it is likely that oxidative stress–induced myocyte toxicity
in cells chemotherapeutic-treated requires both ATM and CaMKII.
Of particular note, though singular inhibition of either ATM or
CaMKII provided minimal protection against chemotherapeuticinduced apoptosis, combined blockade of both pathways reduced
myocyte death to levels observed in cells transduced with shGb5
(Supplementary Fig. S6C). In addition, Gb5 knockdown in cells
pretreated with CaMKII and ATM antagonists failed to further
reduce VCM apoptosis (Supplementary Fig. S6C), implicating
Gb5 as an upstream modulator of both pathways.
Gb5 deﬁciency protects cardiac cells from chemotherapyinduced cytokine accumulation and inﬂammation
Thus far, our investigation into the role of Gb5 in chemotherapy-induced cardiotoxicity focused exclusively on myocyte-intrinsic proapoptotic mechanisms. However, following
pathologic stress maladaptive remodeling occurs in the myocardium characterized by myocyte hypertrophy, dysregulated
adaptations in extracellular matrix composition, inﬂammation, and ﬁbrosis. In addition to the reduction in cell death
observed in VCM lacking Gb5 expression, the activity of MPO, a
biomarker of inﬂammation, was decreased in Gb5-deﬁcient
myocytes (Fig. 5A). We also observed a dramatic amelioration
of TNFa (Fig. 5B) release from cultured VCM lacking Gb5.
Though implicated in transcriptional regulation of multiple
cytokines and growth factors, knockdown of STAT3 in VCM
failed to affect levels of TNFa (Fig. 5B). In contrast, knockdown
of either STAT3 or Gb5 reduced secretion of TGFb1 (Fig. 5C)
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and IL10 (Fig. 5D) from VCF with the combined manipulation
providing no further reduction in cytokine levels following
chemotherapeutic drug treatment. The later result indicates
that Gb5 functions in the same pathway as STAT3 to promote
VCF cytokine release. Similarly, inhibition of Nox failed to
affect TGFb1 levels in Gb5-deﬁcient VCF (Fig. 5E), indicating
that a combined mechanism involving ROS, Gb5, and STAT3
promotes TGFb1 release from VCF exposed to chemotherapeutic drugs.
Gb5 promotes myocyte–ﬁbroblast cross-talk following
chemotherapeutic drug exposure
Irrespective of Gb5 levels, STAT3 knockdown failed to affect
chemotherapeutic drug–induced VCM apoptosis consistent with
the idea that STAT3-dependent factors contribute not to cell
death, but rather inﬂammation and ﬁbrosis following doxorubicin, paclitaxel, or 5-FU treatment (Fig. 6A). Drug-induced release
of TGFb1 was magniﬁed in cocultured VCM and VCF with a
corresponding increase in the impact of Gb5 loss (Fig. 6B),
suggesting that communication between VCM and VCF promotes
TGFb1 secretion and that these processes are regulated by Gb5.
Interestingly, although knockdown of p53 in myocytes failed to
affect doxorubicin-dependent myoﬁbroblast differentiation
(Supplementary Fig. S7A), a TGFb1-dependent process whereby
ﬁbroblasts take on characteristics of neighboring myocytes detectable utilizing myoﬁbroblast markers such as a smooth muscle
actin (aSMA; ref. 37), VCF-speciﬁc p53 knockdown reduced
aSMA levels in cocultured cells (Supplementary Fig. S7B). In
contrast, drug-induced expression of aSMA was lost in cells in
which Gb5 was knocked down in vitro (Fig. 6C) or in vivo (Supplementary Fig. S8A), and Gb5 loss in either cell type prevented
aSMA induction (Supplementary Fig. S7A and S7B). Together,
these data suggest that, unlike p53, Gb5 functions in both VCM
and VCF to promote ﬁbrosis implicating Gb5 as a modulator of
pathologic myocyte–ﬁbroblast cross-talk in the chemotherapyexposed myocardium.
In vivo, proﬁbrotic and prohypertrophic factors upregulate
fetal isoforms of genes responsible for regulation of cardiac
contractility in VCM including b-MHC and lead to the release
of ANP, a peptide used as a diagnostic and prognostic marker
in heart failure. Interestingly, all three chemotherapeutic drugs
tested failed to increase expression of ANP or b-MHC in
isolated VCM (Fig. 6D; Supplementary Fig. S8B). However,
in the presence of supportive ﬁbroblasts, ANP, b-MHC, and
TGFb1 levels were elevated, indicating that paracrine release
of factors from neighboring ﬁbroblasts is required for acquisition of this pathologic phenotype following chemotherapeutic drug exposure, a process facilitated by Gb5 as it was largely
prevented in cell lacking Gb5 expression (Fig. 6D; Supplementary Fig. S8B and S8C). The TGFb1 antagonist GW788388
also prevented chemotherapeutic-induced ANP upregulation
to a similar extent as Gb5 knockdown (Fig. 6E; Supplementary
Fig. S8D). Intriguingly, though STAT3 inhibition failed to
affect VCM apoptosis induced by chemotherapeutics, inhibition of TGFb1 signaling resulted in a modest reduction in cell
death with no additive impact of Gb5 loss (Fig. 6F), indicating
that TGFb1-dependent cell death is, again, mediated by Gb5.
Thus, Gb5 appears to function as a critical modulator of
ﬁbroblast–myocyte cross-talk, actions that likely facilitate
pathologic hypertrophy and remodeling following chemotherapy exposure.
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Figure 5.
Gb5 promotes myocardial cytokine release from VCM and VCF following chemotherapeutic drug treatment. Isolated primary VCM were transduced with
lentivirus containing Gb5 or STAT3-targeted shRNA where indicated. Cells were then treated with doxorubicin (3 mmol/L, 24 hours), paclitaxel (100 nmol/L,
24 hours), or 5-FU (500 mmol/L, 24 hours). VCM lysates were used to measure the level of MPO (n ¼ 6; A) or TNFa (n ¼ 4; B). Isolated primary
VCF were transduced with viral vectors targeting Gb5 or STAT3 where indicated. Cells were then exposed to doxorubicin (3 mmol/L, 24 hours),
paclitaxel (100 nmol/L, 24 hours), or 5-FU (500 mmol/L, 24 hours), and levels of TGFb1 (n ¼ 4; C) and IL10 (n ¼ 3; D) measured from cellular lysates.
E, In a separate experiment, VCF (n ¼ 3) were pretreated with DPI (1 mmol/L) for 1 hour prior to chemotherapeutic drug exposure and TGFb1 levels measured.

, P < 0.01 and   , P < 0.001 compared with untreated control group; #, P < 0.05; †, P < 0.01; z, P < 0.001 compared with drug-treated group.
Data were analyzed by one or two-way ANOVA, with post hoc tests where appropriate. Data are presented as mean  SEM.

Gb5 deﬁciency protects against cardiac damage and
hypertrophy induced by chemotherapeutics in vivo
Because constitutive, global Gb5 knockout results in a host of
neurological abnormalities, altered brain development, and
runting (38–40), we employed a targeted approach to knockdown Gb5 speciﬁcally in heart: intracardiac injection of viral
particles carrying Gb5 shRNA. Both basal (Fig. 7A) and chemotherapeutic drug–induced Gb5 expressions (Fig. 7B) were
reduced in animals infected with Gb5-targeted shRNA compared with control animals. Our methodology was speciﬁc to
heart as we could detect loss of Gb5 protein and a corresponding reduction in activation of the ATM/p53 axis following drug
treatment in heart tissue and not breast (Fig. 7C). Importantly,
elimination of cardiac Gb5 expression prevented STAT3 activation (Fig. 7D), myoﬁlament disarray (Fig. 7E), and cardiac
hypertrophy (Fig. 7F) following chronic chemotherapy exposure underscoring the importance of Gb5 in mediating the
cardiotoxic actions of doxorubicin, 5-FU, and paclitaxel in an
intact animal.

Discussion
Despite their proven capacity to improve long-term cancer
patient survival (1), the utility of anthracycline, taxane, and
ﬂuoropyrimidine chemotherapeutics is limited by irreversible
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cardiac toxicity (2). Though the ability of these drugs to
prevent the perpetuation of malignant cells relies on distinct
cytotoxic mechanisms, our work provides evidence for shared
pathologic sequelae involved in the pathogenesis of chemotherapy-induced cardiomyopathy including accumulation of oxidative stress, myocyte apoptosis, and release of proinﬂammatory
and proﬁbrotic cytokines from VCM and adjacent ﬁbroblasts.
Now, we have identiﬁed a novel molecule, the atypical G protein
Gb5, as an initiator of multiple pathologic signaling pathways
responsible for chemotherapy-induced heart damage (Fig. 7G).
For all pathologic endpoints, doxorubicin, by far the most
cardiotoxic compound, was the most potent. Differences in
dose, duration of treatment, drug half-life, and, perhaps most
importantly, the bioavailability of the drug at the site of action
may explain the relative severity of doxorubicin-induced cardiac
damage compared with other compounds. Indeed, although
doxorubicin is cleared rapidly from the circulation, it accumulates in tissue where its half-life is anywhere from 20 to 48 hours.
Both 5-FU and paclitaxel, conversely, are eliminated in minutes
to hours. Of note, both 5-FU and paclitaxel are known to induce
dysregulation in the cardiac conduction system, which could
result from transient Gb5 induction as Gb5–RGS complexes have
been identiﬁed as critical mediators of parasympathetic stimulation of heart whose loss results in increased heart rate variability (25, 41–43).
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Figure 6.
Gb5 promotes pathologic myocyte–ﬁbroblast cross-talk activated upon chemotherapeutic drug exposure. A, Cocultures of primary VCM and VCF were
transduced with control, Gb5, and/or STAT3 shRNA and then exposed to doxorubicin (3 mmol/L), paclitaxel (100 nmol/L), or 5-FU (500 mmol/L) for 24 hours.
Lysates (n ¼ 6) were processed to measure apoptosis expressed as the fold increase in cytoplasmic histone-associated DNA fragments (enrichment
factor). B, Isolated VCM or cocultured VCM and VCF were transduced with lentiviral shGb5 and treated with doxorubicin (3 mmol/L), paclitaxel (100 nmol/L),
or 5-FU (500 mmol/L) for 48 hours. TGFb1 levels were measured from cell lysates (n ¼ 3–6) via ELISA. C, VCF were transduced with control or Gb5 shRNA and
challenged with doxorubicin (3 mmol/L), paclitaxel (100 nmol/L), or 5-FU (500 mmol/L) for 36 hours. Immunoblotting was then performed probing for
induction of the myoﬁbroblast marker aSMA. D, VCM in isolation or cocultures of primary VCM and VCF were transduced with control or Gb5 shRNA
and exposed to chemotherapeutics as in B. The expressions of hypertrophy markers ANP and b-MHC were determined by Western blotting. E, Control- or
shGb5-transduced cocultures of primary VCM and VCF were pretreated with the TGFb1R inhibitor GW788388 (2 mmol/L) for 1 hour, challenged with
drugs as in A, and lysates used to probe for ANP protein levels. F, Apoptosis was measured in lysates (n ¼ 6) from shGb5-transduced cocultures of
primary VCM and ventricular VCF pretreated with the TGFb1R inhibitor GW788388 (2 mmol/L) for 1 hour and then challenged with drugs as in A. All
Western blots are representative of at least three independent experiments. Actin is shown as a loading control.   , P < 0.01 and   , P < 0.001 compared
with untreated control group; #, P < 0.05; †, P < 0.01; z, P < 0.001 compared with drug-treated group. Data were analyzed by one or two-way ANOVA, with post
hoc tests where appropriate. Data are presented as mean  SEM.

Irrespective of the compound tested, we have demonstrated
that cardiac-speciﬁc Gb5 knockdown is sufﬁcient to reduce
hypertrophy and maintain cardiac structure following chronic
chemotherapy. Gb5 participates in multiple signaling cascades
to promote chemotherapy-induced heart damage. At this stage,
it is unclear what upstream factor(s) lead to Gb5 accumulation
in heart, but our data suggest that Gb5 facilitates both acute
myocyte death and oxidative stress that immediately follow
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chemotherapy exposure as well as the process of adaptive
ﬁbrotic remodeling recruited thereafter to repair structural
damage and maintain cardiac output and associated with
release of cytokines from resident ﬁbroblasts (19). Whether or
not oxidative stress precedes Gb5 upregulation, our in vitro data
suggest that Gb5 plays a critical role in promoting Nox- and
mitochondrial-derived ROS generation following chemotherapeutic drug exposure in VCM. In so doing, Gb5 triggers
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Figure 7.
Gb5 knockdown protects against cardiac apoptosis, ﬁbrosis, and hypertrophy induced by cancer chemotherapeutics in vivo. One-week-old WT mice
received a single intracardiac injection of 4.5  108 lentiviral vectors containing control or Gb5 targeted or control shRNA, followed by the chronic treatment
of either doxorubicin (cumulative dose of 45 mg/kg i.p.), paclitaxel (cumulative dose of 85 mg/kg i.p.), 5-FU (cumulative dose of 200 mg/kg i.p.), or
saline control over a period of 10 weeks. On the second day after the last injection, tissues were harvested for subsequent analyses. On day 5 after termination
of the chemotherapy regimen, cardiac tissue lysates were collected to measure the protein expression of Gb5 in either drug na€ve (A) or drug or saline-treated
(B) animals. In a separate experiment, intracardiac injections were performed in female WT mice, followed by a single acute treatment with doxorubicin (20
mg/kg i.p.), paclitaxel (50 mg/kg i.p.), 5-FU (150 mg/kg i.p.), or saline control. On day 5 after injection, breast and cardiac tissue lysates were immunoblotted
for Gb5, p-p53, and p-ATM (C) or p-STAT3 (D). Actin served as a loading control for all immunoblots. Images shown are representative of at least three
independent experiments. E, Representative hematoxylin and eosin (H&E)-stained heart sections (scale bar, 50 mm) depicting myocyte hypertrophy.
Hematoxylin and eosin staining (myoﬁbrillar architecture) of cardiac tissue (scale bar, 20 mm; black arrows, areas of myoﬁlament disarray). F, Following
chronic drug exposure, hearts were collected and weighed with total cardiac tissue weight normalized to animal body weight. G, Mechanistic diagram
depicting the role of Gb5 in chemotherapy-induced cardiac damage.  , P < 0.05 and   , P < 0.01 compared with untreated control group; #, P < 0.05 and
†
, P < 0.01 compared with drug-treated group. Data were analyzed by one or two-way ANOVA, with post hoc tests where appropriate. Data are presented as
mean  SEM.

activation of the kinases ATM and CaMKII—consistent with
reports implicating Nox as an upstream modulator of both
kinases (18, 44). Thus, in the absence of Gb5, chemotherapyinduced, ATM/CaMKII-dependent mobilization of proapoptotic machinery in cardiomyocytes is crippled. In addition to
protecting against apoptosis, Gb5 loss allows for maintenance
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of Dym and retains basal MCU and mitochondrial Ca2þ levels,
effects likely to preserve excitation–contraction coupling in the
myocardium. Gb5 knockdown also reduces the release of
proinﬂammatory cytokines (TNFa) and proﬁbrotic factors
(TGFb1, IL10) from both VCM and VCF while simultaneously
preventing the accumulation of myoﬁbroblast and hypertrophy
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markers. Though necessary to maintain structural integrity
following cell loss, the persistence of these secretory factors
causes progressive, pathologic remodeling, a hallmark of the
failing heart (45). The overall protective impact of Gb5 deﬁciency in chemotherapy-exposed cardiac tissue, thus, involves
the convergence of signaling in and between VCF and VCM
(Fig. 7G).
Gb5 appears unique in its capacity to not only act upstream of
multiple pathologic factors, but also participate in proﬁbrotic
signaling in multiple cardiac cell types. In contrast, although
cardiomyocyte-speciﬁc deletion of p53 protects against acute
doxorubicin-induced myocyte loss (14), inhibition of p53 fails
to affect doxorubicin-induced cardiac ﬁbrosis (26) and actually
exacerbates late-stage cardiac damage (46). Although our data
suggest that p53 acts in ﬁbroblasts to promote myoﬁbroblast
differentiation, it is clear that the predominant action of myocyte
p53 is in mediation of initial cell death following doxorubicin
treatment. Cardioprotective strategies aimed at amelioration of
chemotherapy-induced cardiotoxicity that focus solely on myocyte intrinsic signaling ignore the role of VCF, which also contribute substantially to the malignant secretome established following sustained chemotherapeutic drug exposure. A recent
observation that ATM deletion in VCF and not VCM provided
substantial protection against doxorubicin cardiotoxicity (47)
underscores this point. Conversely, in our study, Gb5-dependent
STAT3-mediated release of proﬁbrotic factors from VCF promoted
myoﬁbroblast differentiation, but failed to affect myocyte apoptosis. The observation that Gb5-dependent modulation of STAT3
activity is restricted to cardiac ﬁbroblasts is important as cardiomyocyte-speciﬁc ablation of STAT3 exacerbates doxorubicininduced myocyte apoptosis and worsens cardiac function (48)
while overexpression is protective (49).
Unlike other G protein b subunits, Gb5 fails heterotrimerize
with Ga/Gg proteins coupled to membrane receptors. Instead,
Gb5 forms costabilizing complexes with R7 family RGS proteins
(20–22). RGS6 is the predominant R7 RGS protein expressed in
heart (25, 43). As Gb5 expression is not completely absent in the
hearts of RGS6/ mice, another family member is likely also
expressed (25, 42). Thus, phenotypes observed in Gb5-deﬁcient
cardiomyocytes may be similar, but not identical to results
obtained from cells lacking RGS6. Indeed, although RGS6 has
been heavily implicated in doxorubicin-induced activation of the
DNA damage signaling pathway and subsequent apoptosis (23,
24), no studies have investigated participation of RGS6 in additional myocyte-intrinsic pathologic mechanisms, cardiac damage
induced by other chemotherapeutics, or myoﬁbroblast recruitment and the release of proinﬂammatory and proﬁbrotic cytokines. Thus, it is likely that Gb5 modulates chemotherapy-induced
cardiotoxicity via a combination of RGS6-dependent and -independent mechanisms.
The mechanisms described herein whereby Gb5 promotes ROSdependent cellular signaling are a novel function that does not
necessarily involve canonical G protein signaling. Identiﬁcation
of Gb5 as an essential signaling moiety in the ROS/apoptosis
pathway in cardiomyocytes as well as proinﬂammatory and
proﬁbrotic pathways in adjacent ﬁbroblasts advances our under-

stating of the pathogenesis of chemotherapy-induced cardiomyopathy and suggests that drugs designed to inhibit or destabilize
Gb5 may have some utility in adjuvant therapies designed to
mitigate the cardiotoxic actions of chemotherapeutic regimens.
It is important to note that whatever means might be employed
to disrupt Gb5 action (e.g. blockade of the costabilizing RGS
protein/Gb5 interaction interface) would be most efﬁcacious if
conﬁned to the heart as RGS6, a Gb5-binding partner, mediates
the cancer killing actions of doxorubicin in certain cancer cell
types (24, 50). Indeed, we believe it likely that the heart is
particularly sensitive to the cytotoxic actions of chemotherapeutics as it exhibits the highest expression of R7 family RGS proteins
outside of the brain (25, 43). Given the frequency with which
both RGS6 and Gb5 are downregulated in multiple human
malignancies (50–52), it is also possible that, for cancers lacking
functional Gb5, global inhibition might be a viable means of
protecting the heart against chemotherapy-induced damage.
Future studies aimed at deﬁning the exact spatial and temporal
facets of Gb5 action in chemotherapy-induced cardiotoxicity may
provide additional insight into a therapeutic window in which
targeting Gb5 may prove clinically efﬁcacious in ameliorating the
damaging actions of chemotherapeutics on nonmalignant tissues.
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