
RalGDS-Dependent Cardiomyocyte Autophagy is Required for
Load-Induced Ventricular Hypertrophy

Oktay F. Rifki1, Brian O. Bodemann2, Pavan K. Battiprolu1, Michael A. White2, and Joseph
A. Hill1,3,*

1Department of Internal Medicine (Cardiology), University of Texas Southwestern Medical Center,
Dallas, TX, USA
2Department of Cell Biology, University of Texas Southwestern Medical Center, Dallas, TX, USA
3Department of Molecular Biology, University of Texas Southwestern Medical Center, Dallas, TX,
USA

Abstract
Recent work has demonstrated that autophagy, a phylogenetically conserved, lysosome-mediated
pathway of protein degradation, is a key participant in pathological cardiac remodeling. One
common feature of cell growth and autophagy is membrane biogenesis and processing. The
exocyst, an octomeric protein complex involved in vesicle trafficking, is implicated in numerous
cellular processes, yet its role in cardiomyocyte plasticity is unknown. Here, we set out to explore
the role of small G protein-dependent control of exocyst function and membrane trafficking in
stress-induced cardiomyocyte remodeling and autophagy. First, we tested in cultured neonatal
cardiomyocytes (NRCMs) two isoforms of Ral (RalA, RalB) whose actions are mediated by the
exocyst. In these experiments, mTOR inhibition in response to starvation or Torin1 was preserved
despite RalA or RalB knockdown; however, activation of autophagy was suppressed only in
NRCMs depleted of RalB, implicating RalB as being required for mTOR-dependent
cardiomyocyte autophagy. To define further the role of RalB in cardiomyocyte autophagy, we
analyzed hearts from mice lacking RalGDS (Ralgds−/−), a guanine exchange factor (GEF) for the
Ral family of small GTPases. RalGDS-null hearts were similar to wild-type (WT) littermates in
terms of ventricular structure, contractile performance, and gene expression. However, Ralgds−/−

hearts manifested a blunted growth response (p<0.05) to TAC-mediated pressure-overload stress.
Ventricular chamber size and contractile performance were preserved in response to TAC in
Ralgds−/− mice, and load-induced cardiomyocyte autophagy was suppressed. Interestingly, TAC-
induced activation of the fetal gene program was similar in both genotypes despite the relative
lack of hypertrophic growth in mutant hearts. Together, these data implicate RalGDS-mediated
induction of autophagy and exocyst function as a critical feature of load-induced cardiac
hypertrophy.
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1. Introduction
In response to pathological stress such as neurohormonal activation, hypertension, or
myocardial injury, the heart is capable of robust changes in cardiac mass [1]. From a
teleological perspective, the early phases of cardiac hypertrophy may be a compensatory
response to increased workload, serving to normalize wall stress and thereby minimize
oxygen consumption. In the long run, however, pathological hypertrophy is a milestone in
the pathogenesis of heart failure [2]. Numerous signaling pathways have been implicated in
the regulation of cardiac hypertrophy [3]. More recently, autophagy has emerged as critical
process involved in cardiac hypertrophy [4].

Autophagy, or more precisely, macroautophagy, is an evolutionarily conserved, near-
ubiquitous mechanism for the degradation of long-lived proteins and clearance of organelles
[5]. Autophagy is involved in numerous disease processes, including neurodegeneration,
cancer, and infectious disease [6]. Our group and others have demonstrated a role for
autophagy in a variety of forms of cardiovascular disease, as well. A major question that
remains largely unanswered about autophagy in the heart is whether autophagy is an
adaptive or maladaptive response to stress [7, 8]. Our findings point to a maladaptive role of
robust activation of autophagy in the setting of severe pressure overload stress [9].
Conversely, inactivation of Atg5, a gene required for autophagy, points to an adaptive role
for autophagy [10]. These seemingly contradicting results imply that autophagic activity
exists on a continuum, where too little or too much autophagy in response to stress is
maladaptive, but a minimum amount of constitutive autophagic activity is required for cell
survival.

The dichotomous roles of cardiac hypertrophy and cardiomyocyte autophagy led us to
consider a common feature of the two processes: membrane biogenesis and processing. A
plausible nexus for these two processes lies in the exocyst, an octomeric protein complex
involved in vesicle trafficking. This complex serves a necessary role in the targeting of
Golgi-derived vesicles to the basolateral membrane of polarized epithelial cells and to the
growth cones of differentiating PC12 cells [11–13]. Recent work has demonstrated a role for
the exocyst in autophagosome assembly as well; the small G protein, RalB, and an Exo84-
dependent subcomplex of the exocyst were demonstrated to be critical for nutrient starvation
and pathogen-induced autophagosome formation [14]. While many small GTPases have
critical effects on cardiac plasticity [15], the role of small G protein-dependent membrane
trafficking in stress-induced cardiomyocyte remodeling and autophagy remains largely
unexplored.

Whereas previous studies have suggested a role for the Ral family of small GTPases in
cardiac hypertrophy [16], underlying mechanisms remain unknown. Here, we set out to test
the role of these enzymes and their associated guanine exchange factor (GEF), RalDGS (Ral
GDP dissociation stimulator), in the control of membrane trafficking in stress-induced
cardiomyocyte remodeling and autophagy.
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2. Materials and methods
2.1. Animal models and echocardiography

Male C57/BL6 mice (8–10 weeks old) were subjected to thoracic aortic constriction (TAC)
[17] for 3 weeks as previously described [18]. Control animals underwent sham operations.
The Animal Care and Use Committee of the University of Texas Southwestern Medical
Center approved all animal care and procedures. Echocardiograms were performed on
conscious, gently restrained mice using a Vevo 2100 system with a MS400C scanhead.
LVEDD and LVESD were measured from M-mode recordings. Fractional shortening (FS)
was calculated as (LVEDD - LVESD)/LVEDD and expressed as a percentage. All
measurements were made at the level of the papillary muscles.

2.2. Primary culture of neonatal cardiomyocytes, siRNA transfection and adenovirus
infection

Neonatal rat cardiomyocytes were isolated and cultured as described previously [19]. After
24 hours, NRCMs were transfected with Silencer Select Pre-designed siRNA constructs
(Ambion) using Lipofectamine RNAiMax (Invtirogen) in Optimem (Gibco) for 4 hours, and
then switched to basal media: DMEM supplemented with 3% fetal bovine serum (FBS),
BrdU, and antibiotics. After 48 hours, cells were infected with adenovirus (MOI 10) for 1
hour in Optimem and then switched to basal media. Torin1 and Bafilomycin A1 (LC
Laboratories) were used at a concentration of 50 nM.

2.3. Real-time RT-PCR
Total RNA was harvested from NRVMs or mouse LV using TRIzol (Invitrogen) according
to the manufacturer's protocol. cDNA was prepared from RNA using a high capacity cDNA
reverse transcription kit (Applied Biosystems). Real-time PCR was performed using SYBR
green on an ABI 7000 Prism Sequence Detection System (Applied Biosystems). To confirm
amplification specificity, the PCR products were subjected to melting curve analysis.
Negative controls containing water instead of cDNA were run concomitantly. Data for each
transcript were normalized to reactions performed 18S rRNA primers, and fold change was
determined using the comparative threshold method [20].

2.4. Immunoblot analysis
Tissues were either homogenized immediately or quick frozen in liquid nitrogen and stored
at −80 °C for later use. To harvest protein, tissues were homogenized at 4°C in M-PER®
mammalian protein extraction reagent (Thermo Scientific) supplemented with protease
inhibitors (Roche), and phosphatase inhibitors (Roche). Whole cell lysates from cultured
neonatal myocytes were prepared by directly harvesting cells in M-PER®. Homogenates
were passed over glass wool to remove DNA. Proteins were separated by SDS/PAGE,
transferred to a supported nitrocellulose membrane, and immunoblotted. The following
antibodies were used: rabbit anti-LC3 (described previously [9]); mouse anti-p62 (Abnova);
RalA (BD Biosciences); mouse anti-RalB (provided by Larry Feig, Tufts University); mouse
anti-S6 Ribosomal Protein (Cell Signaling); rabbit anti-Phospho-S6 Ribosomal Protein
(Ser235/236) (Cell Signaling); mouse anti-mTOR (Cell Signaling); rabbit anti-Phospho-
mTOR (Ser2448) (Cell Signaling); mouse monoclonal anti-gapdh (Fitgerald Industries Int.);
rabbit anti-α-tubulin (Abcam); mouse anti-α-tubulin (Sigma). Blots were scanned, and
bands were quantified using an Odyssey Licor (version 3.0) imaging system. Immunoblots
from a representative experiment are shown. The graphs shown indicate mean ± SD for 3
experiments.
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2.5. Histology
All tissues were fixed in 4% paraformaldehyde overnight at 4°C, rinsed, and transferred to
PBS followed by paraffin embedding. Terminal deoxynucleotidyltransferase-mediated UTP
end labeling (TUNEL) staining for apoptotic cells was performed by labeling with
fluorescein, and the sections were counterstained with propidium iodide.

2.6. Myocyte cross-sectional Area
Images of tissues stained with wheat germ agglutinin were paraffin fixed (Vector
Laboratories), and images were acquired on a confocal microscope (TCS SP5; Leica) with
Leica LAS AF software. The following lenses were used: HC PL APO 20×/0.70, HCX PL
APO 40×/1.25–0.75 oil, and HCX PL APO 63×/1.40–0.60 oil. All images were taken at
room temperature and processed in ImageJ for CSA analysis. Occasionally, images were
linearly rescaled to optimize brightness and contrast uniformly without altering, masking, or
eliminating data.

2.8. RalB activity assay
Assays were performed according to the recommended protocol for the Active Ras Pull-
Down and Detection Kit (Thermo Scientific). Briefly, 1 mg protein from flash frozen heart
lysates was subjected to affinity purification with GST-RalBP1-RBD, a domain with affinity
for the activated GTP-RalB. This purified aliquot was then subjected to immunoblot analysis
as above.

2.7. Statistics
Data are presented as mean ± SD. The unpaired Student's t test was used for comparison
between two groups, and ANOVA with Bonferroni correction was used for comparison
among multiple groups. Values of p < 0.05 were considered significant.

3. Results
3. 1. RalB is necessary for cardiomyocyte autophagy

To test whether Ral small GTPases are required for cardiomyocyte autophagy, we
selectively depleted NRCMs of RalA or RalB using RNAi. The siRNA constructs were
specific for their respective isoform and were able to selectively deplete their target protein
48 hours after transfection and without a compensatory increase in the abundance of the
other isoform (Fig. 1 A). To evaluate autophagy, we incubated NRCMs in Earle's Balanced
Salt Solution (EBSS) for 2 hours, thereby simulating starvation, a powerful inducer of
autophagy [5]. Nutrient deprivation led to increased levels of the faster migrating, lipidated
form LC3-II, indicating an accumulation of autophagosomes (Fig. 1 B). Concomitant
treatment with the lysosomal inhibitor Bafilomycin A1 led to a further increase in LC3-II,
demonstrating that the increase in LC3-II reflects induction of autophagic flux and is not
simply a block in degradation of autophagosomes. When RalB levels were depleted by
RNAi, the expected increase in LC3-II in response to starvation was abrogated. However,
the autophagic response to starvation in NRCMs lacking RalA remained intact (Fig. 1 B).
Degradation of the autophagy substrate p62 was observed in response to starvation in
NRCMs, as well. When RalB was depleted, however, p62 degradation was attenuated. In
fact, treatment with the lysosomal inhibitor failed to increase p62 in these cardiomyocytes,
consistent with diminution of autophagic flux in RalB-depleted NRCMs. These results
suggest that RalB is necessary for cardiomyocyte autophagy in response to starvation.

Autophagic activation is governed by tonic inhibition by mTOR, and the autophagic
response to starvation, or more specifically amino acid withdrawal, is mediated by release of
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mTOR-dependent repression [21]. To test whether the inhibition of starvation-induced
autophagy in the setting of RalB knockdown occurred because of persistent mTOR
activation, we examined phosphorylation of mTOR and its substrate s6 (ribosomal protein
s6). NRCMs exposed to EBSS showed diminished phosphorylation of mTOR at serine 2448
and marked loss of phosphorylation of s6 at serines 235 and 236 as well (Fig. 1 C). This
response was similar when cells were depleted of either RalA or RalB, demonstrating that
autophagy inhibition observed with loss of RalB was not due to a block in the mTOR
response to starvation.

As another method for probing autophagic activation, we evaluated LC3 accumulation on
autophagosomes as formation of GFP-tagged LC3 puncta (Fig. 1 D). NRCMs were infected
with adenovirus harboring a GFP-LC3 transgene and subsequently exposed (2h) to EBSS.
This short-term starvation stress triggered accumulation of GFP-LC3 puncta, indicative of
increases in autophagosome abundance. The number of GFP-positive puncta per cell was
significantly elevated in NRCMs exposed to EBSS (Fig. 1 D). RNAi-dependent depletion of
RalA did not alter the autophagic response in NRCMs, as GFP-positive puncta were
similarly increased in response to EBSS exposure (Supp. Fig. 1 A). By contrast, NRCMs
depleted of RalB did not manifest a starvation-induced increase in GFP-positive puncta (Fig.
1 D). These results provide additional evidence that RalB is required for cardiomyocyte
autophagy.

As an alternative method for inducing autophagy, we turned to pharmacological suppression
of mTOR. Similar to the effects of nutrient deprivation, direct mTOR inhibition by exposure
to Torin1 [22] (2h) provoked increases in LC3-II and declines in p62 (Fig. 1 E). With
lysosomal inhibition, LC3-II was further increased and p62 degradation blocked, consistent
with increases in autophagosome biogenesis induced by Torin1. In NRCMs depleted of
RalB, however, autophagy flux was suppressed as indicated by a failure to increase LC3-II
and attenuated degradation of p62 (Fig. 1 E). Exposure to Torin1 (2h) similarly induced
localization of GFP-LC3 to distinct puncta in control NRCMs. This response was abrogated
in NRCMs depleted of RalB (Fig. 1 F), but remained intact in NRCMs lacking RalA (Supp.
Fig. 1 B). Together, these results lend further support to a model wherein RalB is necessary
for cardiomyocyte autophagy triggered by nutrient deprivation or mTOR suppression.

3. 2. RalGDS is necessary for autophagy
GTPases function as molecular switches that cycle between an inactive GDP-bound state
and an active state that binds GTP. GTP is hydrolyzed to GDP through the intrinsic GTPase
activity of these proteins, rendering them inactive. GEFs (guanine nucleotide exchange
factors) facilitate GTP loading and thereby activate the small G protein. To determine
whether the GEF for the Ral family GTPases, RalGDS, is necessary for autophagy, we
depleted NRCMs of RalGDS by means of RNAi knockdown using two sequence-
independent siRNA constructs. After 48 hours, we quantified RalGDS mRNA by RT-PCR,
because no commercially available anti-RalGDS antibody is available, confirming efficient
knockdown of RalGDS (Fig 2 A).

To determine whether RalGDS is required for starvation-induced autophagy, we exposed
NRCMs to EBSS (2h), in the presence/absence of lysosomal inhibition by Bafilomycin A1.
As expected, NRCMs treated with control siRNA were competent for autophagic flux,
responding to 2 hours of starvation with an increase in LC3-II accumulation and a further
increase when Bafilomycin A1 was added (Fig. 2 B). In contrast, NRCMs treated with
siRNA for RalGDS exhibited blunted autophagic flux. Only modest increases in LC3-II
accumulation were observed when the NRCMs were additionally challenged with lysosomal
inhibition (Fig 2 B), consistent with blunted flux. Similar results were obtained when we
assayed for GFP-LC3 puncta formation; NRCMs depleted of RalGDS manifested
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significantly diminished numbers of GFP-LC3 puncta in response to 2 hours of starvation,
as compared with cells exposed to scrambled RNAi (Fig. 2 C).

To determine whether the attenuated autophagic flux response in RalGDS-depleted cells was
a consequence of alterations in the mTOR pathway, we probed for phosphorylation of
mTOR and its substrate s6. NRCMs starved for 2 hours manifested diminished
phosphorylation of mTOR (serine 2448) and marked loss of phosphorylation of s6 (serines
235 and 236) despite depletion of RalGDS (Fig. 2 D). Together, these results demonstrate
that nutrient depletion-dependent inhibition of mTOR remains intact despite depletion of
RalGDS, situating this mechanism downstream of mTOR. They further suggest that the
dependence of autophagic flux on RalGDS occurs through its action on RalB.

As a further test of a RalGDS requirement for cardiomyocyte autophagy, we examined
whether this protein is necessary for autophagy induced by pharmacological blockade of
mTOR. NRCMs were treated with Torin1 for 2 hours with or without Bafilomycin A1. In
NRCMs depleted of RalGDS, autophagic flux triggered by Torin1 was inhibited as
evidenced by lack of an increase in LC3-II abundance in response to Torin1 or an additional
increment of LC3-II accumulation when lysosomal degradation was inhibited (Fig. 2 E).

Similar results were obtained when we evaluated accumulation of GFP-LC3 puncta in Ral-
GDS-depleted cells subjected to mTOR inhibition (Fig. 2 F). NRCMs manifested increased
abundances of GFP puncta in response to Torin1 treatment. However, NRCMs depleted of
RalGDS did not reveal similar Torin1-induced increases, either in the absence or presence of
lysosome inhibition with Bafilomycin A1. Collectively, these results indicate that RalGDS is
required for cardiomyocyte autophagy.

3. 3. RalGDS−/− hearts manifested a blunted growth response and preserved function in
response to pressure-overload stress

We have demonstrated previously that activation of cardiomyocyte autophagy is required for
load-induced hypertrophic growth of the heart [9, 23]. Now, having established the necessity
for RalB and its GEF, RalGDS, in NRCM autophagy in vitro, we set out to test the role of
RalGDS-dependent cardiomyocyte autophagy in pathological cardiac remodeling in vivo.
To accomplish this, male mice lacking RalGDS (KO) and their wild-type (WT) littermates,
aged 8–10 weeks, were subjected to pressure overload stress by thoracic aortic constriction
(TAC), a model which in our hands induces cardiac hypertrophic growth that reaches steady
state at 3 weeks [18]. Hearts from KO mice manifested a hypertrophic growth response
which was significantly attenuated compared with WT mice subjected to TAC (Fig. 3 A).
Heart weight normalized to body weight (HW/BW) was as follows: WT Sham: 5.0 ± 0.5
mg/g, n=12; WT TAC: 6.9 ± 1.2, n=15; KO Sham: 4.7 ± 0.5, n=11, KO TAC: 5.6 ± 0.5,
n=12; p<0.05) (Fig. 3 B). Heart weight normalized to tibia length (HW/TL) was: WT Sham:
8.5 ± 1.3 mg/mm, n=12; WT TAC: 11.4 ± 1.5, n=15; KO Sham: 8.0 ± 0.8, n=11, KO TAC:
9.2 ± 1.0, n=12; p<0.05). (Fig. 3 C). Measures comparing normalized left-ventricular
weights confirmed that the KO hearts exhibited a diminished hypertrophic response to
pressure overload stress (Supp Fig. 2 A & B). These data, consistent with our in vitro
findings in NRCMs, point to a specific requirement of RalGDS in load-induced ventricular
hypertrophy.

To assess cardiac function, echocardiograms were performed 3 weeks following surgery
(Fig. 4 A). Ventricular systolic performance, assessed as % fractional shortening (%FS) on
M-mode recordings, was decreased mildly, albeit significantly, in WT mice exposed to TAC
(Fig. 4 B). By contrast, %FS was essentially unchanged in KO mice exposed to Sham
operation or TAC (WT Sham: 71 ± 5 %, n=3; WT TAC: 53 ± 8, n=5; KO Sham: 65 ± 13,
n=7, KO TAC: 61 ± 9, n=6). The decline in %FS in WT mice derived from significant
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increases in both left ventricular internal diameter in diastole (LVIDd; WT Sham: 2.8 ± 0.2
mm, n=3; WT TAC: 3.4 ± 0.5, n=5; p<0.05) (Fig. 4 C) and left ventricular internal diameter
in systole (LVIDs; WT Sham: 0.8 ± 0.2 mm, n=3; WT TAC: 1.6 ± 0.5, n=5; p<0.05) (Fig. 4
D). These increases, however, were not observed in KO mice in terms of LVIDd (KO Sham:
3.1 ± 0.8, n=7, KO TAC: 3.1 ± 0.4, n=7; p<0.05) (Fig. 4 C) or LVIDs (KO sham: 1.2 ± 0.7,
n=7, KO TAC: 1.2 ± 0.4, n=6; p<0.05) Fig. 4 D). Thus, RalGDS-depleted hearts manifested
a blunted growth response to pressure overload, in terms of both hypertrophic growth and
development of systolic dysfunction.

Quantification of the mean cross-sectional area of 80–100 cardiomyocytes in transverse
sections of ventricular septa stained for wheat germ agglutinin in each of 3 mice per group
revealed significant increases in WT hearts exposed to TAC (Figs. 5 A, 5 B). By contrast,
the cross-sectional areas of cardiomyocytes from KO mice were not significantly increased
(CSA; WT Sham: 505 ± 20 μm2; WT TAC: 733 ± 27; KO Sham: 484 ± 14, KO TAC: 557 ±
15; p<0.05). Interestingly, TAC-induced activation of the fetal gene program was similar in
both genotypes despite the relative lack of hypertrophic growth in KO hearts (Fig. 5 C).

3. 4. Ralgds−/− mice exhibit diminished load-induced cardiomyocyte autophagy
We have found that RalB (Fig. 1) and its GEF, RalGDS (Fig. 2), are required for autophagy
in NRCMs exposed to nutrient depletion and pharmacological mTOR inhibition. To
determine whether the autophagic response triggered by pressure overload manifests a
similar requirement for RalGDS, we assessed LC3-II levels in WT and KO hearts subjected
to TAC or Sham operation. Here, we found that hearts from KO mice subjected to TAC
exhibited diminished load-induced cardiomyocyte autophagy; heart lysates from WT mice
manifested increased LC3-II abundance with TAC surgery, whereas LC3-II accumulation
was absent in TAC-exposed hearts from KO mice (Fig. 5 D). As expected, cardiomyocytes
from WT and KO mice did not display significant apoptosis in response to pressure-
overload stress as quantified by TUNEL-positive nuclei (Supp. Fig. 3 A & B).

We detected a trend for increased p62 abundance in response to TAC, which was absent in
KO hearts (Fig. 5 D). While p62 is sometimes used as a readout for autophagic degradation,
there is no clear correlation between increases in LC3-II and decreases in p62 [24]. Indeed,
increased abundance of p62 may serve as a marker of stress in the cardiomyocyte, as it has
been reported in the setting of pressure overload stress [10] and a model of cardiac
proteinopathy [25]. Interestingly, and in contrast with our findings in NRCMs, KO mice
exhibited an increased LC3-II/LC3-I ratio in response to starvation for 24 hours (Supp. Fig.
4), pointing to significant differences in the triggers of autophagy in these two models.

Expression of Rala, Ralb and Ralgds transcripts were not significantly altered in hearts
subjected to pressure-overload stress (Supp. Fig. 5 A). Also, an assay utilizing a GST-fusion
protein of the Ral-binding domain of RalBP1 (GST-RalBP1) to purify the active GTP-bound
form of RalB (GTP-RalB), did not detect a significant increase in GTP-RalB in hearts
subjected pressure-overload stress (Supp. Fig. 5 B). Thus, mechanisms governing RalB
activity in response to pressure-overload stress remain unclear.

4. Discussion
Prior to this report, the role of RalGDS/Ral signaling in cardiomyocyte remodeling and
autophagy was unexplored. Here, we report that the small GTPase RalB involved in
membrane trafficking is specifically required for cardiomyocyte autophagy and hypertrophic
growth. Its GEF, RalGDS, is similarly required. Both of these mechanisms are situated
downstream of mTOR-dependent suppression of autophagosome biogenesis and stress-
induced activation of the fetal gene program. Finally, we show that TAC-induced
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hypertrophy is attenuated in RalGDS-deficient hearts, and yet ventricular size and
performance are maintained despite the presence of elevated afterload. Together, these novel
data unveil a requirement for RalGDS in the autophagic response, and hypertrophic growth,
elicited by pressure-overload stress. In so doing, they point to the conservation of
mechanisms involving RalB signaling through the exocyst to engage autophagy, a response
required in cardiomyocyte remodeling (Fig. 6).

4. 1. RalGDS is an activator of cardiomyocyte autophagy
The small GTPase RalB and an Exo84-dependent subcomplex of the exocyst are critical for
nutrient starvation and pathogen-induced autophagosome formation in human epithelial cells
[14]. Here, we report that RalB is a necessary regulatory switch to promote autophagosome
biogenesis in the cardiomyocyte triggered by nutrient deprivation or mTOR suppression.
NRCMs lacking RalB are capable of sensing nutrient depletion, which provokes mTOR
inhibition, but they are unable to mount the necessary autophagy response.

Previous studies have suggested a role for the Ral family of small GTPases in cardiac
hypertrophy [16]. Cardiotrophin-1 (CT-1) activated RalGDS mRNA expression and induced
Ral activation in an in vitro model of cardiac hypertrophy; similarly Ral activity was
elevated in hypertrophied hearts in a rat aortic banding model [16]. However, mechanisms
whereby RalGDS influences cardiac hypertrophy have remained unknown.

RalA has recently been shown to promote mTORC1 activation, potentially through PLD1
and phosphatidic acid-dependent mTORC1/2 assembly [26–28]. In the cardiomyocyte, we
observed that autophagic activity under basal conditions and in response to starvation is
increased when RalA is depleted within the cell; yet, mTOR activity remains unaffected. It
is plausible that in the setting of RalA depletion, RalGDS is increasingly available to
activate RalB and thus facilitate autophagy. This suggests a model where RalA and RalB
represent an antagonistic switch for the autophagy response.

Our work goes on to demonstrate that RalGDS, a GEF for the Ral family of small GTPases,
is itself a bona fide requirement for cardiomyocyte autophagy. Again, our results suggest
that RalGDS is a proximal regulator of autophagosome biogenesis, as mTOR inhibition in
response to starvation remains intact despite RalGDS depletion. It is likely that RalGDS
serves as a GEF that targets, and activates, RalB in its autophagy-promoting role.

An assay for RalB activity was unable to detect a significant increase in active, GTP-bound
RalB in hearts subjected to pressure-overload stress. We speculate that subcellular domains
of RalB exist within cardiomyocytes which are differentially regulated in response to
afterload stress and which escape detection by this assay.

4. 2. RalGDS is required for cardiac hypertrophy in response to pressure-overload stress
Our findings demonstrate that RalGDS is a critical requirement for load-induced cardiac
hypertrophy. Previous findings had shown that over-expression of RalGDS in NRCMs was
sufficient to activate the promoters of two fetal genes, beta myosin heavy chain and alpha
skeletal muscle actin [29]. Here, we have extended the role of RalGDS to an in vivo model
of cardiac hypertrophy in response to pressure-overload stress, observing that RalGDS-null
hearts manifested a blunted hypertrophic response to pressure stress.

4. 3. Cardiomyocyte autophagy is required for load-induced hypertrophy
In preclinical studies [18, 30] and correlative studies in patients with heart disease [31],
attenuation of load-induced hypertrophy is well tolerated; suppression of pathological
hypertrophy is well tolerated, and ventricular dilation and decompensation do not occur.
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Consistent with this now-established theme, RalGDS-null hearts manifest a blunted
hypertrophic response to pressure stress and yet ventricular size and function were preserved
even in the setting of markedly elevated afterload. Interestingly, TAC-induced activation of
the fetal gene program was preserved in the KO hearts. This suggests that the autophagy-
dependent myocyte growth pathway is independent of the previously described calcineurin-
dependent transcriptional pathway for cardiac hypertrophy [32].

We have reported that activation of autophagy is required in the remodeling responses of the
cardiac myocyte [9, 23]. Here, we uncovered an association between lack of hypertrophy
and lack of autophagy, consistent with this model, in the RalGDS-null heart. However,
further work will be required to determine whether this association reflects a causal link.

4. 4. Summary and perspective
Together, studies reported here implicate RalGDS-mediated induction of autophagy as a
critical feature of load-induced cardiac hypertrophy. As such, these findings contribute to a
growing literature pointing to stress-induced cardiomyocyte autophagy as a critical feature
of the pathological remodeling response. Given this, we posit that the autophagic process
may have relevance as a therapeutic target of clinical importance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• The small GTPase RalB is required for cardiomyocyte autophagy and
hypertrophic growth.

• Its GEF, RalGDS, is similarly required.

• Both are downstream of mTOR-dependent suppression of autophagosome
biogenesis.

• Both are downstream of stress-induced fetal gene program activation.

• TAC-induced hypertrophy is attenuated in RalGDS-deficient hearts.
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Figure 1. RalB is required for autophagy
(A) Immunoblot detection of NRCM lysates after 48 hour exposure to siRNA-mediated
knockdown showing isoform-specific protein knockdown (*p<0.05 compared to siControl).
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(B) Immunoblot detection of NRCM lysates after 2-hour starvation in Earle's Balanced Salt
Solution (EBSS) with or without Bafilomycin A1 showing decreased LC3-II formation with
siRalB (average of 3 independent experiments; *p<0.05). (C) Immunoblot detection of
NRCM lysates after 2-hour starvation in EBSS with or without Bafilomycin A1 showing
mTOR inhibition (average of 3 independent experiments; *p<0.05). (D) Representative
images of cardiomyocytes expressing GFP-LC3 and exposed to 2-hour starvation in EBSS
with or without BafA1 showing decreased GFP-LC3 puncta with siRalB (n=80 cells per
treatment, *p<0.05). (E) Immunoblot detection of NRCM lysates after 2-hour treatment with
Torin1 with or without Bafilomycin A1 showing decreased LC3-II formation with siRalB
(average of 3 independent experiments; *p<0.05). (F) Representative images of
cardiomyocytes expressing GFP-LC3 and exposed to 2-hour treatment with Torin1 with or
without BafA1 showing decreased GFP-LC3 puncta with siRalB (n=80 cells per treatment,
*p<0.05).
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Figure 2. RalGDS is required for autophagy
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(A) Relative RalGDS mRNA levels after 48 hour knockdown with 2 independent siRNA
constructs (*p<0.05 compared to siControl). (B) Immunoblot detection of NRCM lysates
after 2-hour starvation in EBSS with or without Bafilomycin A1 showing decreased LC3-II
formation with siRalGDS (average of 3 independent experiments; *p<0.05). (C)
Immunoblot detection of NRCM lysates after 2-hour starvation in EBSS with or without
Bafilomycin A1 showing mTOR inhibition (average of 3 independent experiments;
*p<0.05). (D) Representative images of cardiomyocytes expressing GFP-LC3 and exposed
to 2-hour starvation in EBSS with or without BafA1 showing decreased GFP-LC3 puncta
with siRalGDS (n=80 cells per treatment, *p<0.05). (E) Immunoblot detection of NRCM
lysates after 2-hour treatment with Torin1 with or without Bafilomycin A1 showing
decreased LC3-II formation with siRalGDS (average of 3 independent experiments;
*p<0.05). (F) Representative images of cardiomyocytes expressing GFP-LC3 and exposed
to 2-hour treatment with Torin1 with or without BafA1 showing decreased GFP-LC3 puncta
with siRalGDS (n=80 cells per treatment, *p<0.05).
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Figure 3. RalGDS−/− hearts manifest a blunted growth response to pressure-overload stress
Male mice lacking RalGDS (Ralgds−/−) and their wild-type (WT) littermates, aged 8 to 10
weeks, were subjected to pressure-overload stress by TAC or sham operation. After 3
weeks, hearts from Ralgds−/− mice manifested a blunted growth response as seen by
representative (A) formalin-fixed whole hearts and H&E histology sections. The blunted
growth response was quantified and normalized by (B) heart weight to body weight ratios
and (C) heart weight to tibia length ratios (*p<0.05).
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Figure 4. RalGDS−/− hearts exhibit preserved contractile function in response to pressure-
overload stress
(A) Representative M-mode tracings. (B) Fractional shortening (C) Left ventricular internal
diameter in diastole (mm). (D) Left ventricular internal diameter in systole (mm). (*p<0.05).
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Figure 5. Blunted cardiomyocyte growth and autophagy of RalGDS−/− hearts, yet preserved
activation of fetal gene program
(A) Representative sections of DAPI-labeled (blue) and wheat germ agglutinin-stained (red)
hearts. (B) Quantification of mean cross-sectional area of 80–100 cardiomyocytes in the
ventricular septum from each of 3 mice per group (*p<0.05). (C) Mean relative mRNA
expression in relation to 18s rRNA and normalized to sham +/+ levels (amhc alpha myosin
heavy chain, bmhc beta myosin heavy chain, anf atrial natriuretic factor, bnp brain
natriuretic peptide, sma smooth muscle actin, serca2a sarcoplasmic reticulum Ca(2+)
ATPase). (D) Immunoblot detection of left ventricular lysates following one week of TAC
or sham surgery and quantification of relative levels of LC3 and p62 expressed as fold
induction over WT sham surgery (*p<0.05).
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Figure 6. Working model of RalGDS-dependent cardiomyocyte remodeling
Findings reported here point to a model where growth cues activate a RalGDS-RalB
signaling axis which governs exocyst-dependent membrane trafficking required for both
cellular growth and autophagy.
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