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Abstract Idiopathic dilated cardiomyopathy (DCM) is
a heritable, genetically heterogeneous disorder with vari-
able age-dependent penetrance. We sought to identify the
genetic underpinnings of syndromic, sporadic DCM in a
newborn female diagnosed in utero. Postnatal evaluation
revealed ventricular dilation and systolic dysfunction, bilat-
eral cataracts, and mild facial dysmorphisms. Comprehen-
sive metabolic and genetic testing, including chromosomal
microarray, mitochondrial DNA and targeted RASopathy
gene sequencing, and clinical whole exome sequencing
for known cardiomyopathy genes was non-diagnostic. Fol-
lowing exclusion of asymptomatic DCM in the parents,
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trio-based whole exome sequencing was carried out on a
research basis, filtering for rare, predicted deleterious de
novo and recessive variants. An unreported de novo S75Y
mutation was discovered in RRAGC, encoding Ras-related
GTP binding C, an essential GTPase in nutrient-activated
mechanistic target of rapamycin complex 1 (mTORCI)
signaling. In silico protein modeling and molecular dynam-
ics simulation predicted the mutation to disrupt ligand
interactions and increase the GDP-bound state. Overex-
pression of RagC3">Y rendered AD293 cells partially insen-
sitive to amino acid deprivation, resulting in increased
mTORCI1 signaling compared to wild-type RagC. These
findings implicate mTORCI1 dysregulation through a gain-
of-function mutation in RagC as a novel molecular basis
for syndromic forms of pediatric heart failure, and expand
genotype—phenotype correlation in RASopathy-related
syndromes.

Introduction

Dilated cardiomyopathy (DCM), a progressive heritable
disorder leading to heart failure and premature death, is the
most common indication for cardiac transplantation (Olson
and Chan 2013). The mean age at diagnosis is 45 years
(Michels et al. 1992), but a subset of patients become
clinically symptomatic in childhood. Furthermore, some
children develop DCM and advanced heart failure in the
absence of myocardial disease in their adult parents (Long
et al. 2015a; b). Diagnosis of sporadic DCM in an infant
or child should prompt a broad differential diagnosis and
testing for reversible causes of heart failure, yet it remains
an idiopathic disorder in 66 % of children (Towbin et al.
2006). DCM gene discovery has traditionally depended
on locus mapping in familial cases (Brauch et al. 2009),
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posing a challenge to decipher the role of genetics in the
pathogenesis of sporadic DCM (Hershberger et al. 2010).
Mutations in over 50 genes are known to cause DCM (Her-
shberger et al. 2013; Olson and Chan 2013), yet the yield
of commercial genetic testing panels in DCM is only 37 %
(Pugh et al. 2014). Whole exome sequencing (WES) is a
transformative technology with the potential to accelerate
novel gene discovery in children with sporadic DCM.

Methods
Study subjects

Subjects provided written informed consent under a
research protocol approved by the Mayo Clinic Institu-
tional Review Board and were phenotypically classified
by transthoracic echocardiography. Diagnostic criteria
for DCM were left ventricular diastolic and/or systolic
short-axis chamber dimension Z-score >2.0, and left
ventricular ejection fraction <50 %. Genomic deoxyribo-
nucleic acid (DNA) was isolated from peripheral-blood
white cells.

Whole exome sequencing and bioinformatics

WES and variant annotation were performed on DNA
samples from the family trio, utilizing the Mayo Clinic
Medical Genome Facility and Bioinformatics Core. The
Agilent SureSelect Human All Exon v5+UTRs capture
kit (Agilent) was used for exome capture. Samples were
multiplexed on a single lane and 101 base pair, paired-
end sequencing was performed on Illumina’s HiSeq 2000
platform (Illumina, Inc). Reads were aligned to the hgl9
reference genome with Novoalign (http://novocraft.com)
followed by sorting and marking of duplicate reads using
Picard (http://picard.sourceforge.net). Local realignment of
insertions/deletions (INDELSs) and base quality score recal-
ibration were then performed using the Genome Analysis
Toolkit (GATK) (McKenna et al. 2010). Single nucleotide
variants (SNVs) and INDELs were called across all three
samples simultaneously using GATK’s UnifiedGenotyper
with variant quality score recalibration (DePristo et al.
2011). The resultant variant call format files were ana-
lyzed with QIAGEN’s Ingenuity® Variant Analysis™ soft-
ware. To identify true-positives, WES and whole genome
sequencing (WGS) data from 115 in-house individuals
not affected with DCM were utilized. To determine rar-
ity of variants, minor allele frequencies from three pub-
licly available databases were used: 1000 Genomes (WGS
data from 1092 individuals). (The 1000 Genomes Consor-
tium 2012), Exome Variant Server (EVS, WES data from
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6503 individuals) (http://evs.gs.washington.edu/EVS/),
or the Exome Aggregation Consortium (ExAC, WES data
from 60,706 individuals) (http://exac.broadinstitute.org).
Non-paternity was excluded by calculating the identity by
decent (IBD) probabilities with Prest-plus (Sun and Dim-
itromanolakis 2014) using a set of 43,700 autosomal SNVs
with a read depth of at least 10 and a 1000 Genomes minor
allele frequency of 30 % or greater.

Molecular dynamics simulations

Generalized Born implicit solvent molecular dynamics
(isMD) simulations were carried out using NAMD (Phillips
et al. 2005) and the CHARMM?22 with CMAP (Mackerell
et al. 2004) force field. An interaction cutoff of 15A and
time step of 1 fs was used in all simulations with conforma-
tions recorded every 2 ps. Due to increased kinetics from
lack of solvent friction and occlusion, time is functionally
accelerated in isMD.

The PDB structure 3LLU (Nedyalkova et al. 2010)
was utilized for the initial conformation. Conformations
for S75Y and S75L were generated from 3LLU by com-
putational mutagenesis, selecting the rotamer with least
steric clash. GDP and GTP ligand parameters were gath-
ered from the ZINC database (ZINC IDs 8215481 and
53684323, respectively) (Irwin et al. 2012) and aligned to
the GNP (non-hydrolyzable GTP analog) of 3LLU using
PyMOL (The PyMOL Molecular Graphics System. Ver-
sion 1.5.0.3: Schrodinger, LLC). Combinations of the
three sequence contexts (WT, S75Y, and S75L) and three
ligand states (apo, GDP, and GTP) made for nine inde-
pendent simulations. Each of these nine initial conforma-
tions was energy minimized for 10,000 steps followed by
heating to 300 K over 300 ps via a Langevin thermostat.
They were equilibrated for 21 ns and a further 80 ns was
used in analysis.

Trajectory analysis

All trajectories were first aligned to the initial apo-WT
conformation using C, atoms. Root mean squared devia-
tion (RMSD) was calculated using only C, atoms. Due to
the large number of frames/conformations analyzed, all
distributions differed from each other with statistical sig-
nificance (p < 10712). Therefore, we generated conservative
p values for comparing RMSD distributions by randomly
subsampling each trajectory to 100 frames and compared
them using ¢ tests, utilizing the least significant p value
observed across 10,000 random iterations. Principal com-
ponent (PC) analysis was performed in Cartesian space.
Analysis was carried out using custom scripts, leveraging
the Bio3D R package (Grant et al. 2006).


http://novocraft.com
http://picard.sourceforge.net
http://evs.gs.washington.edu/EVS/
http://exac.broadinstitute.org

Hum Genet (2016) 135:909-917

911

Cell culture and immunoblotting

AD293 cells (Agilent) were cultured in DMEM medium in
the presence of 10 % FBS and 100 U/mL penicillin/100 g/
mL streptomycin. Human RRAGC cDNA was synthesized
from total RNA of normal human adult heart (Biochain)
by RT-PCR and cloned into a pshuttle-IRES-GFP vector
(Agilent). The S75Y missense mutation was introduced
into RRAGC cDNA according to the GeneArt site-directed
mutagenesis system (Thermofisher). AD293 cells were
transfected with plasmid constructs expressing control-GFP
(empty vector), wild-type (WT) RagC, or RagCS75Y using
Lipofectamine 2000 (Thermofisher). Forty-eight hours
after transfection, cells were starved of amino acids and
FBS for 50 min, and then re-stimulated in DMEM alone for
20 min. Protein samples were prepared from treated cells
using lysis buffer containing protease inhibitors (Sigma).
After adjustment of protein concentration, cell lysates
were loaded and separated in an SDS-PAGE gel, which
was transferred onto a polyvinylidene difluoride membrane
(Bio-Rad Laboratories). Membranes were blocked in 5 %
non-fat milk and incubated with primary antibodies over-
night at 4 °C. The following primary antibodies were used:
RagC (#5466; Cell Signaling Technology), Phospho-p70
S6Kinase (T389, #9234; Cell Signaling Technology), p70
S6Kinase (#2708; Cell Signaling Technology), Phospho-S6
ribosomal protein (S40/244, #2215; Cell Signaling Tech-
nology), S6 ribosomal protein (#2217; Cell Signaling Tech-
nology), P-actin (#A3854; Sigma), and GFP (#240141;
Agilent). Membranes were incubated with appropriate
secondary antibodies conjugated to horseradish peroxidase
(HRP) (Santa Cruz) and signals were visualized by Chemi-
luminescence (GE Healthcare). Three independent experi-
ments were conducted and densities of the immunoreactive
bands were evaluated using NIH Image software. Statistical
analysis was performed using Student’s ¢ test.

Results

Clinical presentation of syndromic, fetal dilated
cardiomyopathy

A 22-month-old female of white European ancestry was
diagnosed with fetal cardiomegaly at 30 weeks gestation
and delivered 1 week later for fetal hydrops. Postnatal
echocardiography revealed severe biventricular and bia-
trial chamber enlargement, severe systolic dysfunction (left
ventricular ejection fraction (LVEF) 25 %; normal >50 %),
a small apical ventricular septal defect, and a moderate
secundum atrial septal defect. Mild facial dysmorphism
(wide-set eyes, down-slanted palpebral fissures, prominent
forehead, mild macrocephaly, low-set ears) and bilateral

cataracts were also identified. Her Minnesota newborn
screen for inborn errors of metabolism was negative. An
extensive diagnostic workup was performed, including fur-
ther metabolic pathway testing (plasma lactate and pyruvic
acid, plasma uric acid, plasma carnitine and acylcarnitine
profile, glycosylation profile, urine organic acids, creatine
kinase, peroxisomal panel), karyotyping, chromosomal
microarray, mitochondrial DNA and targeted RASopathy
gene sequencing, and ultimately clinical WES, none of
which uncovered the molecular basis for her DCM. Paren-
tal screening echocardiograms excluded asymptomatic
DCM (father: 33 years; mother: 33 years). The patient was
hospitalized for 2 months for treatment of prematurity and
heart failure, with gradual improvement in systolic function
on medical therapy (LVEF 50 %) enabling transition from a
continuous milrinone infusion to oral digoxin and captopril
therapy. At 4 months of age, a gastrostomy tube was placed
for oral aversion and failure to thrive. The patient suffered a
gradual decline in cardiac function, necessitating two hos-
pital admissions at 21 months of age for decompensated
heart failure (LVEF 22 %) with severe biatrial enlargement
indicative of restrictive physiology. A potential metabolic
disorder was suspected due to hypoglycemia (nadir glu-
cose 13 mg/dL, normal 70-140) and elevated lactate (peak
lactate 5.4 mmol/L, normal 0.6-3.2) and hepatic transami-
nase levels (peak AST 7319 U/L, normal 8-50; peak ALT
3290 U/L, normal 7-45) upon each admission, yet skin
and skeletal muscle biopsies excluded abnormalities in res-
piratory chains (Table S1), mitochondrial DNA sequence
and content, and tissue ultrastructure. These laboratory
derangements, which were transient and had not been pre-
sent in the neonatal period, were ultimately attributed to
low cardiac output and congestive hepatopathy. The patient
was enrolled in our research study for DCM gene discovery
and died shortly thereafter at 22 months of age with intrac-
table multisystem organ failure due to severe, end-stage
heart failure.

Exome sequencing uncovers de novo RRAGC mutation

Prior to enrollment in our study, patient-only WES was per-
formed in a clinical diagnostics laboratory, utilizing paren-
tal DNA to test for inheritance by Sanger sequencing. All
known disease genes related and unrelated to the patient’s
clinical phenotype were interrogated (Richards et al. 2007),
but no actionable mutations were reported. Trio-based WES
(Fig. 1a) was then carried out on a research basis to identify
rare protein coding variants among all genes, regardless of
previous disease associations. Parent—proband relationships
were confirmed with Prest-plus (Table S2) (Sun and Dim-
itromanolakis 2014). All 3 samples had over 97 % of reads
map to the hgl9 reference genome and, on average, 96 %
of the 74.86 megabase capture region had >20x coverage.
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Fig. 1 Whole exome sequencing reveals de novo RagC S75Y
mutation. a Family pedigree of sporadic DCM. Square male, circle
female, solid affected, open unaffected, slash deceased. b Iterative
filtering identified ten candidate variants in six genes. /000G 1000
Genomes, DCM dilated cardiomyopathy, EVS Exome Variant Server,
ExAC the Exome Aggregation Consortium, MAF minor allele fre-

On average, 75,000 SNVs and 9300 INDELs were identi-
fied in the coding region of each sample, which was within
an expected range for our standard variant calling work-
flow. To identify a pathogenic mutation, an iterative vari-
ant filtering approach was then employed (Fig. 1b). Vari-
ants that mapped to the coding region and passed quality
score recalibration were filtered to exclude those outside
the top 5.0 % of most exonically variable 100-base win-
dows in healthy public genomes (The 1000 Genomes Con-
sortium 2012) and those present in three or more in-house,
non-DCM controls. Variants were then filtered for rarity,
excluding those with a minor allele frequency >1.0 % in
1000 Genomes, EVS, or EXAC. Next, all missense, trunca-
tion, and canonical splice-site variants were retained. Fil-
tered data from the patient were analyzed in conjunction
with parental WES data to model all potential modes of
inheritance for sporadic DCM, including de novo, homozy-
gous recessive, compound heterozygous, and uniparental
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quency. ¢ Sanger sequencing of RRAGC confirmed the c.224C>A,
p.S75Y de novo mutation. d The GTPase domain, comprising G1-
G5, is highly conserved. S75 resides within G1, also known as the
P-loop. Dashes conserved residues, blue GTPase domain, red switch
I region, purple switch II region (color figure online)

disomy, culminating in a candidate list of ten variants in
six genes (Table S3). Systematic examination of each vari-
ant/gene (Supplementary Information) revealed a de novo
missense mutation in RRAGC (Online Mendelian Inherit-
ance in Man #608267), encoding Ras-related GTP-binding
protein C that functions as a molecular switch for nutrient-
activated mTORCI signaling (Fig. la—c). While synergis-
tic heterozygosity involving one or more of the identified
candidate variants cannot be excluded as contributing to
the disease phenotype, the resultant c.224C>A, p.S75Y
(NM_022157.3) substitution in RRAGC, predicted damag-
ing by SIFT and PolyPhen2 (Adzhubei et al. 2010; Kumar
et al. 2009), remained as the single most plausible candi-
date. The de novo missense mutation occurred in the highly
conserved GTPase-binding domain (Fig. 1d) and was
absent in the ExAc database. Further, there was complete
absence of missense and truncating variants in the GTPase-
binding domain of RRAGC among ExAC controls.
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RagCS7%Y disrupts ligand interactions

Previous random mutagenesis studies of the small GTPase,
Ras, identified a Ras®PP-bound mutant, Ras®'"N, result-
ing in dominant negative inhibition of endogenous Ras
activation (Feig and Cooper 1988). Homology studies of
the invariantly conserved P-loop Serl7 residue in GTP-
binding proteins guided synthetic engineering of a RagC
P-loop mutant, RagCSt, which alters the same Ser75
residue mutated in our patient. RagC3""" is routinely used
to model the RagCGDP—bound state, necessary for amino

I) - ﬂ183”‘.:l

k791773 vg0

acid activation of mTORCI (Sancak et al. 2008). To pre-
dict the molecular impact of the RagC5”>Y mutation identi-
fied in our patient, in silico protein modeling and molecu-
lar dynamics simulations were carried out in parallel with
the functionally characterized RagC-GDPS”>" mutation.
These analyses revealed that the serine residue at position
75 modulated ion and ligand interactions. The S75 side-
chain coordinated with Mg?>* (Fig. 2a, d), but both S75Y
and S75L introduced hydrophobic residues which were
unable to coordinate Mg?* (Fig. 2b, c), resulting in local
packing rearrangements of residues coordinating ligand
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Fig. 2 In silico protein modeling and molecular dynamics simulation
of DCM-associated and engineered RagC substitutions. Face-on view
of residue 75 and Mg?* coordination in the initial state of a WT, b
S75Y, and ¢ S75L and final state of d WT, e S75Y, and f S75L RagC.
Residues are colored white to red according to increasing hydropho-
bicity. Ligand GTP and Mg?*" = green stick and sphere, respectively;
sticks sidechain non-hydrogen atoms, asterisk rearrangement of resi-
dues on the upper face, curved arrow movement of a-helix, straight

arrow compensatory movement of residues to coordinate ligand and
Mg?* after loss of S75 interaction. g Root mean square deviation
(RMSD) density profiles reveal consistent conformational expansion
of the GDP-bound form in S75Y and S75L mutants. H RMSD table.
Values represent the median + median absolute deviation. Asterisk
indicates p value <0.05 as compared to corresponding WT-ligand
state; Tindicates p value <0.05 comparing Y75 to L75 (color figure
online)
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(Fig. 2e, f; asterisks) and within the surrounding area

CS75Y

Rag alters mTORCT1 signaling

(Fig. 2e, f; curved arrow). Residues in the surrounding area

also underwent packing rearrangement to compensate for
the loss of S75 coordination with ion and ligand (Fig. 2e, f;

straight arrow).
MD trajectories were summarized using RMSD

revealed consistent conformational expansion of the GDP-
bound state for both S75Y and S75L (Fig. 2g, h). S75Y also
exhibited a greater expansion of the apo form, but stabiliza-
tion of native-like conformations in the GTP-bound state.
By contrast, S75L exhibited expansion of the GTP-bound
state. PC analysis revealed mutation-dependent dynamic
differences for S75Y and S75L (Figure S1). A significant
shift was seen for the GDP-bound form of S75L and the
GTP-bound form of both S75Y and S75L (Supplementary

Due to the predicted GDP-bound expansion of both
RagC5”Y and RagCS3"%, consistent with mTORC]1 acti-
vation in reported RagC mutations, we next determined
whether S75Y affects mTORC1 activity using a cell culture
system. The plasmids expressing empty vector, WT RagC,
or RagCS”Y were transfected into human embryonic kid-
ney 293 cells for 48 h. AD293 cells were fasted in medium
lacking amino acids/FBS and then re-stimulated in medium
with amino acids alone. mTORC1 activity was determined
by measuring phosphorylation of p70 S6Kinase (P-S6K)
and S6 ribosomal protein (P-S6), a well-established read-
out of mMTORCI1 activity (Gressner and Wool 1974). In the
fed state, S6K phosphorylation was increased in RagC57>Y,

and
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Fig. 3 Impact of RagC3”*Y on mTORCI signaling. a Immunoassay
showing overexpression of Rag
signaling in the absence of amino acids as compared to wild-type
RagC, as indicated by P-S6K and P-S6. AD293 cells overexpress-
ing control-GFP (empty vector) wild-type (WT) RagC or Rag
were starved of amino acids and FBS for 50 min, then re-stimulated
in DMEM alone for 20 min. b Quantification of P-S6K/T-S6K and
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CS75Y

resulted in increased mTORC1

CS75Y

P-S6/T-S6 levels from three independent experiments. A significant
increase in mTORCI signaling was seen in cells expressing RagCS">Y
compared to WT RagC in the absence of amino acids. C Convergence
of RAS/MAPK and mTORCI signaling. Blue RAS/MAPK genes
associated with hypertrophic cardiomyopathy. Blue/red RASopathy
gene associated with HCM and non-syndromic DCM. Red mTORC1
gene associated with syndromic DCM (color figure online)
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RagC and RagC53Y overexpression (Fig. 3a, b). In both
the fed and re-fed states, S6 phosphorylation levels did not
differ between WT RagC and RagC5”®Y overexpression
(Fig. 3a, b). However, amino acid fasting severely reduced
S6K and S6 phosphorylation levels in both control cells
and cells transfected with WT RagC. By contrast, S6K and
S6 phosphorylation levels were increased in cells trans-
fected with RagCS”>Y (Fig. 3a, b), indicating that the S75Y
mutation rendered cells partially insensitive to amino acid
deprivation and resulted in activated mTORCI1 signaling.

Discussion
RRAGC and mTORCT signaling

Mammalian target of rapamycin, mTOR, is an atypical ser-
ine/threonine kinase that acts as a master regulator of cell
metabolism, growth, proliferation, and survival by form-
ing two multiprotein complexes, mMTORC1 and mTORC2,
through unique interactions with adaptor proteins (Laplante
and Sabatini 2009; Sciarretta et al. 2014). mTORCI1, a
regulator of cell growth and proliferation, is required for
embryonic cardiovascular development and postnatal main-
tenance of cardiac structure and function (Sciarretta et al.
2014). Stimulation of mTORCI1 can occur through multiple
mechanisms, including presence of amino acids (Fig. 3c).
Amino acid-induced activation of mTORCI is orchestrated
through the four Rag proteins, small guanosine triphos-
phatases that heterodimerize (RagA or RagB with RagC
or RagD) and bind the raptor subunit of mTORCI, thereby
promoting activation of mTORCI1 by translocation to the
lysosomal surface for interaction with its activator, Rheb
(Sancak et al. 2008). Stimulation of mTORCI can also
occur through the canonical insulin signaling pathway, and
activation of the RAS signaling pathway by growth factors.
Specifically, stimulation of RAS/MAPK signaling inacti-
vates TSC1/2, a negative regulator of mTORCI, through
increased phosphorylation by AKT and results in activation
of mTORCI (Fig. 3c¢) (Laplante and Sabatini 2009).

Convergence of RAS/MAPK and AKT/mTORC1
signaling in syndromic cardiomyopathy

RASopathies are clinically distinct developmental syn-
dromes caused by heterozygous germline mutations that
perturb the RAS-MAPK pathway and downstream regu-
lation of key cellular processes including cellular growth,
differentiation, and senescence (Rauen 2013). The RASo-
pathy Noonan syndrome with multiple lentigines is caused
by PTNPNII mutations and results in increased AKT-
mTORCI1 pathway activation (Marin et al. 2011). While
hypertrophic cardiomyopathy is a well-established finding

in several RASopathies (Gelb et al. 2015), non-syndromic
DCM was only recently associated with mutations in the
Noonan syndrome gene RAFI, wherein rapamycin attenu-
ated downstream AKT-mTOR pathway activation and car-
diomyopathy development in a zebrafish model (Dhanda-
pany et al. 2014). Rapamycin treatment has also proved
to be beneficial in Lmna-deficient mice with enhanced
mTORCI signaling, resulting in improved cardiac and skel-
etal muscle function (Ramos et al. 2012). Indeed, aberrant
mTORCI activation in cardiomyocytes from patients with
nonischemic dilated cardiomyopathy has been associated
with myocardial fibrosis and worse prognosis (Yano et al.
2015). In contrast, muscle-specific conditional Mtor knock-
out in mice results in cardiomyocyte loss, due to apoptosis
and necrosis, and DCM (Zhang et al. 2014). These findings
indicate a delicate balance of mTOR signaling is required
in the heart, where perturbations that either increase or
decrease signaling can have drastic effects on cardiac phys-
iology. mTORCI signaling is also critical for autophagy
induction in neonates, as demonstrated by expression of
a constitutively active RagA mutant (RagA%®L) in mice
that resulted in failure to survive postnatally (Efeyan et al.
2013).

RRAGC is a novel gene for syndromic, fetal DCM

The vast majority of previously reported RASopathy muta-
tions are activating, thereby enhancing RAS/MAPK path-
way signaling, yet many of these germline mutations tend
to be more weakly activating than their somatic cancer-
associated counterparts (Rauen 2013). This distinction
in mutation potency has been attributed to intolerance of
strongly activating mutations in the germline state or early
development (Rauen 2013). These data are consistent
with our finding of partial insensitivity of mTORCI path-
way signaling to amino acid deprivation when modeling
the RagC5">Y mutation identified in our patient. Interest-
ingly, somatic RRAGC mutations were recently found to
be enriched in patients with follicular lymphoma, where
they clustered in the nucleotide-binding domain of RagC
at residues S75, T90, Y115, D116, and P118 (Okosun et al.
2015). When overexpressed in HEK293 cells, the muta-
tions, including S75F, rendered mTORCI1 signaling par-
tially or fully insensitive to leucine or arginine deprivation,
further validating an essential role of S75 in proper RRAGC
function and mTORCT1 signaling. In conclusion, we used
WES to discover a de novo mTORC1-activating mutation
in RRAGC as a novel molecular basis for sporadic, syndro-
mic DCM. Our findings may lead to improved diagnos-
tic yield of DCM genetic testing in children and provide
further rationale to repurpose rapamycin (Kushwaha and
Xu 2012), an FDA approved immunosuppressive drug,
or develop more targeted rapamycin-related mTORCI1
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inhibitors for treatment of heart failure due to excessive
mTORCI1 signaling.
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