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Biventricular hypertrophy (BVH) is a disease state characterized
by the thickening of the ventricle walls. The differential diagnosis
of BVH with other congenital and familial diseases in which
increased ventricle wall thickness is a prominent clinical feature
is fundamental due to its therapeutic and prognostic value,
mainly during infancy. We describe a 2-month-old infant pre-
senting BVH. Using exome sequencing, we identified a novel de
novo 3-bp deletion in the RAF1 gene that is located in the binding
active site for the 14-3-3 peptide. Based on docking calculations,
we demonstrate that this novel mutation impairs protein/target
binding, thus constitutively activating Ras signaling, which is a
dysregulation associated with Noonan syndrome. Finally, our
study underlines the importance of molecular modeling to
understand the roles of novel mutations in pathogenesis.
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INTRODUCTION

Biventricular hypertrophy (BVH) is defined as a disease state
characterized by thickening of the left and right ventricle walls in
a non-dilated ventricular chamber [Jain et al., 1999]. BVH can
occur as a phenotype in a number of inherited syndromes with
defects that produce systemic as well as cardiac manifestations. In
this heterogeneous group, RASopathies are developmental syn-
dromes caused by germline mutations in genes that encode com-
ponents or regulators of the Ras/mitogen-activated protein kinase
(MAPK) pathway [Tidyman and Rauen, 2009]. The diagnoses of
various RASopathies, such as Noonan syndrome (OMIM
#163950), LEOPARD syndrome (Noonan syndrome-multiple len-
tigines) (OMIM #151100) and related disorders [Schubbert
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etal., 2007], present an important challenge during the first months
of life, as different etiologies may have different treatments and
prognoses [Rauen, 2013]. Moreover, these syndromes are charac-
terized by phenotypic heterogeneity and overlapping clinical man-
ifestations that make differential diagnosis difficult.

We report on a 2-month-old male who was originally diagnosed
with biventricular hypertrophy, mild dysmorphic features and
without a family history of cardiovascular diseases. Exome sequenc-
ing revealed a novel de novo heterozygous in-frame 3-bp deletion in
the RAFI gene, which encodes the serine-threonine kinase RAF1,
one of the direct downstream effectors of Ras. Germline mutations
in the RAFI gene account for approximately 3-5% of cases of
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Noonan syndrome [Wu et al., 2011]. In particular, sixteen different
causative RAFI mutations, all missense, have been reported
[Kobayashi et al., 2010]. Furthermore, hypertrophic cardiomyop-
athy occurs as a clinical feature in 95% of patients with mutations in
the RAFI gene [Pandit et al., 2007; Razzaque et al., 2007]. Interest-
ingly, this deletion falls in the C-terminal region of the RAF1
protein. Functional studies revealed that the amino-terminal region
of the RAF1 protein interacts with 14-3-3 adaptor-scaffold proteins
that are essential for the maintenance of Raf-1 phosphorylation and
kinase activity [Fantl et al., 1994; Thorson et al., 1998; Kobayashi
et al., 2010]. Molzan et al. [2010] demonstrated that C-terminal
RAF1 mutations impaired binding to 14-3-3 proteins in patients
with Noonan syndrome. To assess the role of this mutation in the
structure and function of the protein, computational modeling
calculations were performed.

The patient was the first child of healthy, nonconsanguineous Italian
parents, whose family history was unremarkable with respect to
cardiovascular diseases. Polyhydramnios had been present during
pregnancy. He was born at 37 weeks and weighed 3,080 g, with a one
minute Apgar score of 9. He was breastfed, grew normally and
exhibited constant weight gain. At 1 month, diagnostic assessment
revealed systolic heart murmur, and echocardiography showed
biventricular hypertrophy, mainly on the left side (left wall thickness
18 mm; right wall thickness 14 mm; interventricular septum
11 mm). He was hemodynamically stable under beta-blocker ther-
apy. Theleft ventricular outflow tract (LVOT) pressure gradient was
22 mmHg as measured by continuous-wave Doppler echocardiog-
raphy; the ejection fraction was 90%, and fractional shortening was
30%. Moreover, the patient had mildly dysmorphic features con-
sisting of low-set posteriorly rotated ears, ocular hypertelorism, and
prognathism. No café-au-lait spots or lentigines were observed.
Bilateral cryptorchidism was also present. Neurobehavioral assess-
ment was normal for his age. Since clinical features overlap and
differential diagnosis was critical, exome sequencing was performed.

After written informed consent, exome sequencing was performed
ongenomic DNA isolated usingstandard techniques from the patient
and parents blood. Using this method, exons from all isoforms of
2,761 known disease-causing genes were assessed using the Illumina
TruSight Exome enrichment kit and sequenced using a 2 x 150-bp
paired-end protocol on an Illumina MiSeq following the manufac-
turer’s instructions (Illumina, San Diego, CA). The raw data were
analyzed usinga standard pipelinebased on the current best practices
[DePristo et al., 2011], as previously reported [Sana et al., 2011;
Tascone et al., 2012]. The threshold for mapping quality and base
quality was set to a minimum Phred score=20 [Ewing and
Green, 1998; Ewing et al., 1998], which implies that, on average, 1
in 100 bases is not correct. Variants identified by sequencing were
classified based on their potential effect on protein translation
(splicing, missense, nonsense, and frameshift). The Human Gene
Mutation Database (HGMD) Professional (Release2013.2) [Stenson
etal., 2009] was used to connect mutations and variants in genes to
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specific phenotypes. Using the dbSNP Release 137 [Sherry
et al., 2001] Exome Sequencing Project (NHLBI-ESP) (ESP6500
data release) [http://snp.gs.washington.edu/EVS/] and 1000
Genomes Project (1KGP) databases [The 1000 Genomes Project
Consortium, 2012], variants with minor allele frequency (MAF)
>1% were filtered out. Using “abnormal facial shape” (HP:0001999)
and “hypertrophic cardiomyopathy” (HP:0001639) as keywords,
Human Phenotype Ontology (HPO) [Robinson et al., 2008] was
used to prioritize gene variants. Finally, de novo and recessive
inheritance models were applied in a filtering strategy. All detected
variants were assessed using visual inspection with the Integrative
Genomics Viewer (IGV) [Robinson et al., 2011] and were indepen-
dently validated using Sanger sequencing. Molecular docking cal-
culations of the wild-type and modified RAF1 peptide, RST-SEP-
TPNVH and RST-SEP-TPIH, respectively (SEP is the phosphory-
lated serine residue), onto the 14-3-3( protein were performed using
the HADDOCK-2.1 software [de Vries et al., 2007]. The modified
RAF1 peptide was built using the wild-type RAF1 peptide from the
14-3-3{ wild-type complex as template (Protein Data Bank (PDB)
code 3NKX [Molzan et al., 2010]), and the -NVH residues were
removed and replaced with -IH residues using the Pymol software
(The PyMOL Molecular Graphics System, Version 1.5.0.4 Schro-
dinger, LLC). Energy minimization and computational calculations
were performed according to Wodarczyk et al. [2010].

Exome sequencing identified 30,087 unique variants in the patient
by using 8X as the coverage threshold and 25% as the allele
frequency. The mean coverage was 255X, and, on average, 97.7%
of the target bases were covered by at least 20 independent sequence
reads. We applied sequential filters to prioritize causal mutations.
In particular, we selected variants with effects on a proteins or
transcripts and those that were previously unidentified or present
with a MAF <1% in public datasets, including dbSNP137, the 1000
Genomes Project and ESP databases (791). We also applied inheri-
tance models in a filtering scheme and prioritization based on the
HPO. After excluding four de novo false calls due to sequencing
artifacts, we detected only a de novo heterozygous three-nucleotide
deletion (NM_0022880.3: ¢.785_787del) in the RAFI gene that
resulted in a deletion of two amino acids and an insertion of one
amino acid (p.Asn262_Val263delinslle) (Fig. 1). This mutation was
not found in the HGMD, public databases or previous publications.
Because the deletion falls in the active site domain of the RAF1
binding site for the 14-3-3{ peptide, we investigated a potential
pathogenic role of Asn262_Val263delinslle using computational
modeling. We used the interfacial residues between the 14-3-3(
protein and RAF1 peptide in the wild-type complex (PDB code
3NKX) to define a set of restraints (ambiguous interaction
restraints) that were exploited in the docking calculations between
the wild-type and modified RAF1 peptides and 14-3-3( using the
HADDOCK strategy [de Vries et al., 2007]. The best HADDOCK-
scored solution of the modified RAF1 peptide in complex with 14-
3-3{ is shown in Figure 2. The docked, modified RAF1 peptide
interacts with the classical 14-3-3{ binding groove and adopts an
identical conformation with respect to the original RAF1 peptide in
the crystallographic structure (Fig. 3) (the root mean square
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FIG. 1. Sequencing results. A: IGV browser visualization of the
clinical exome sequencing results showing a de novo 3-bp
deletion in the RAF1 gene (NM_0022880.3: c.?85 787del) in the
patient but absent in the parents. B: Sanger sequencing
confirmed the results. The reference sequence is shown at the
bottom of the IGV figure. Black symbol: affected; white symbol:
healthy subject at cardiac examinations.

FIG. 2. HADDOCK models of the modified peptide RAF1/14-3-3(
binding site. Surface representation of the 14-3-3( binding
pocket in complex with the modified RAF1 peptide. The side
chains of the modified RAF1 peptide that interact with the
receptor are shown in green licorice, with nitrogen and oxygen
atoms in blue and red, respectively. The side chains of 14-3-3(
and the modified RAF1 that are directly involved in binding are
labeled using the one- and three-letter code, respectively. SEP is
the phosphorylated serine residue, and the phosphorous atom is
represented in orange. Yellow dotted lines denote the hydrogen
bonds of the peptide with the receptor. The model of the binding
site corresponds to that with the best (lowest energy) HADDOCK
score.
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FIG. 3. Superposition of the HADDOCK structures of the modified
and crystallographic RAF1 peptide in complex with 14-3-3C.
Surface representation of the 14-3-3( binding pocket in complex
with the modified and crystallographic RAF1 peptide. The side
chains of the modified and crystallographic RAF1 peptides that
interact with the receptor are shown in green and yellow licorice,
respectively, with nitrogen and oxygen atoms in blue and red,
respectively. The side chains of 14-3-3( and the modified and
crystallographic RAF1 that are directly involved in binding are
labeled using the one- and three-letter code, respectively. SEP is
the phosphorylated serine residue, and the phosphorous atom is
represented in orange. Yellow dotted lines denote hydrogen
bonds of the peptide with the receptor. The shown models of the
binding site correspond to those with the best (lowest energy)
HADDOCK scores.

deviation (RMSD) between the backbone of the modified RAF1
with respect to the first seven residues of the original crystallo-
graphic RAF1 structure was 1.5 j&). In fact, the N-terminus of the
modified RAF1 peptide performs the same interactions with the 14-
3-3( protein, in which the SEP residue of the RAF1 peptide stably
interacts with R60, R56, Y128, and K49 (Fig. 2). As expected, the
difference between the modified and wild-type RAF1/14-3-3(
complexes lies in the C-terminus. In fact, the modified RAF1
peptide cannot recapitulate the interaction with N50 of the 14-
3-3{ protein because the polar Asn residue on the original RAF1
peptide has been replaced by the apolar Ile residue in the modified
RAF1 (Fig. 3). The distribution of the HADDOCK clusters is shown
in Supplementary Figures S1 and S2 (see supporting information
online). The binding free energies for the center of the best
HADDOCK cluster were calculated using the FastContact binary
[Camacho and Zhang, 2005] and Dcomplex programs [Liu
et al., 2004], (the best clusters for RAF1/14-3-3{ modified and
wild-type were cluster 3 and 1, respectively). Both approaches have
led to a higher affinity wild-type RAF1/14-3-3( complex with
respect to the modified RAF1/14-3-3¢ complex (AAGodified-wild-
type = +32kcal/mol and +2kcal/mol using FastContact and
Dcomplex, respectively). This result is in good agreement with
the experimental data, where a short RAF1 peptide has a lower
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affinity than a long peptide for the 14-3-3( protein [Molzan
et al., 2010].

The differential diagnosis of these disorders, such as Noonan and
LEOPARD syndrome (Noonan syndrome-multiple lentigines), is
based on typical phenotypic features [Gelb and Tartaglia, 2011].
Nevertheless, these disorders are characterized by wide phenotypic
variability, and clinical features are often overlapping. Moreover,
the dysmorphic manifestations can be subtle and therefore over-
looked; and significant changes in the clinical features occur with
age [Tartaglia et al., 2011], which makes differential diagnosis and
the consequent defining of therapeutic management difficult,
especially in newborns. We present a two-month-old baby with
biventricular hypertrophy who was referred to our hospital. Exome
sequencing disclosed heterozygosity for a novel de novo 3-bp
deletion in the RAFI gene (NM_0022880.3: ¢.785_787del) suggest-
ing a diagnosis of Noonan syndrome. Biventricular hypertrophic
cardiomyopathy has been previously reported in patients with
Noonan syndrome features [Hirsch et al., 1975; Hayashi
etal.,2001; Tozzietal., 2013]. Known RAFI mutations are clustered
in the conserved region domain, which carries a regulatory site for
inhibition by 14-3-3 proteins proximal to the serine at position 259
[Pandit et al., 2007; Razzaque et al., 2007; Kobayashi et al., 2010].
Members of the 14-3-3 family are highly conserved proteins thatare
involved in signal transduction pathways, cell cycle regulation and
cell survival. In particular, mutations in this site impair the phos-
phorylation of serine 259, resulting in partial activation of down-
stream extracellular signal regulated kinase (ERK) [Kobayashi
et al., 2010]. Analysis of the structure of RAF1 revealed that
Asn262_Val263delinslle fell in the binding site for 14-3-3 proteins.
In particular, a docking interaction study suggested that this
insertion/deletion impairs binding of RAF1 to 14-3-3 proteins,
resulting in constitutive activation of Ras signaling. Further studies
must be performed to evaluate if p.Asn_Val263delinslle exhibits
decreased phosphorylation of serine 259.

In conclusion, we report anovel mutation that brings newinsight
and a deeper comprehension of the molecular basis of Noonan
syndrome and could be a relevant candidate for future targeted
therapies. Moreover, this approach, which combines molecular
screening and insilico simulations, represents a powerful strategy to
investigate the role of novel variants.
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