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Abstract

Heterozygous germline mutations in the proto-oncogene HRAS cause Costello syndrome (CS), an 

intellectual disability condition with severe failure-to-thrive, cardiac abnormalities, predisposition 

to tumors and neurologic abnormalities. More than 80% of patients share the HRAS mutation c.

34G>A (p.Gly12Ser) associated with the typical, relatively homogeneous phenotype. Rarer 

mutations occurred in individuals with an attenuated phenotype and less characteristic facial 

features. Most pathogenic HRAS alterations affect hydrolytic HRAS activity resulting in 

constitutive activation. ‘Gain-of-function’ and ‘hyperactivation’ concerning downstream pathways 

are widely used to explain the molecular basis and dysregulation of the RAS-MAPK pathway. 

This is the biologic mechanism shared amongst rasopathies. Panel testing for rasopathies identified 

a novel HRAS mutation (c.179G>A; p.Gly60Asp) in three individuals with an attenuated CS 

phenotype. De novo paternal origin was documented in two, transmission from a heterozygous 

mother occurred in the third. Individuals showed subtle facial features; curly hair and relative 

macrocephaly were seen in three; atrial tachycardia and learning differences in two, and pulmonic 

valve dysplasia and mildly thickened left ventricle in one. None had severe failure-to-thrive, 
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intellectual disability or cancer. Functional studies revealed strongly increased HRASGly60Asp 

binding to RAF1, but not to other signaling effectors. Hyperactivation of the MAPK downstream 

signaling pathways was absent. Our results and literature data indicate dominant negative 

consequences of HRAS glycine 60 substitutions on RAS-dependent signaling. We conclude that 

hyperactivation of RAS downstream signaling does not entirely explain the molecular basis of CS 

and support the new idea of disrupted HRAS reactivity as a critical molecular dysfunction.
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INTRODUCTION

Costello syndrome (CS) belongs to the rasopathies, a group of disorders resulting from 

dysregulation of RAS-depending signaling pathways. Owing to this shared biologic 

mechanism, there is significant overlap in the phenotype of different rasopathies. This 

overlap of clinical features can make the clinical differential diagnosis challenging, and 

molecular confirmation of a clinical diagnosis is often necessary. Costello syndrome is 

caused by heterozygous germline mutations in the proto-oncogene HRAS [Aoki et al., 

2005]. It typically encompasses severe failure-to-thrive, cardiac abnormalities including 

tachyarrhythmia and hypertrophic cardiomyopathy, a predisposition to papillomata and 

malignant tumors, and neurologic abnormalities including Chiari 1 malformation and 

tethered cord, nystagmus, hypotonia and intellectual disability [Gripp and Lin, 2006; Gripp 

and Lin, 2012]. Most patients have an HRAS mutation affecting the glycine residue in 

position 12 [Gripp et al., 2006; Kerr et al., 2006], and the glycine in position 13 is the 

second most commonly altered amino acid [Gripp et al., 2011a]. Specific amino acid 

substitutions, particularly those associated with a high transforming activity, may result in an 

early lethal phenotype [Lo et al., 2008]. In contrast, rarer HRAS mutations are associated 

with an attenuated phenotype as reported for p.Thr58 and p.Ala146 [Zampino et al., 2007; 

Gripp et al., 2008; Gripp et al., 2012a], or a slightly variant phenotype with p.Glu37dup 

[Gremer et al., 2010a].

HRAS serves as signal transducer by alternating between an active guanosine triphosphate 

(GTP)-bound and inactive guanosine diphosphate (GDP)-bound state. The kinetics of GDP 

dissociation and GTP hydrolysis are modulated by two classes of proteins: Guanine 

nucleotide exchange factors (GEFs) activate HRAS by mediating the exchange of GDP for 

GTP, whereas GTPase-activating proteins (GAPs) stimulate the low intrinsic GTPase 

activity, thereby negatively controlling RAS function [Guo et al., 2005; Scheffzek and 

Ahmadian, 2005]. In the active state, HRAS binds to a number of effector proteins, such as 

serine/threonine RAF kinases, the catalytic subunits of phosphoinositide 3-kinase (PI3K), 

phospholipase C1 (PLCE1) and RAL guanine nucleotide dissociation stimulator (RALGDS) 

[Karnoub and Weinberg, 2008]. As a result, signal flow via these HRAS target proteins is 

increased. The functional consequences of mutations of HRAS amino acid 12 were 

extensively studied due to their prominent role in oncogenic transformation. Such alterations 
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affect intrinsic and GAP-stimulated hydrolytic HRAS activity and thus maintain its active 

form decoupled from incoming signals [Fasano et al., 1984; Gideon et al., 1992; Scheffzek 

et al., 1997; Seeburg et al., 1984]. Therefore, ‘gain-of-function’ and ‘hyperactivation’ 

concerning HRAS downstream signaling pathways are widely used to explain the molecular 

basis of Costello syndrome. However, the RAS-dependent signaling pathway’s intricate 

regulation defies a simple one dimensional characterization of up and down regulation, as 

exemplified by the complex effects caused by KRAS sequence changes [Gremer et al., 

2010b]. In line with this, functional characterization of rarer HRAS germline mutations 

revealed additional molecular consequences, including altered GDP/GTP nucleotide 

affinities (p.Lys117Arg) [Denayer et al., 2008] and inefficient effector binding (p.Glu37dup) 

[Gremer et al., 2010a]. Notably, a novel pathomechanistic basis of Costello syndrome and 

related disorders has been added recently: the CS-associated duplication p.Glu63_Asp69dup 

impairs HRAS reaction to stimuli, resulting in reduced or disrupted transduction of 

incoming signals to downstream effectors [Lorenz et al., 2013]. By characterizing the novel 

HRAS p.Gly60Asp mutation, here we provide further evidence that hyperactivation of RAS 

downstream signaling does not entirely explain the pathomechanistic basis of Costello 

syndrome. Our data support the new idea of disrupted HRAS reactivity as a phenocritical 

dysfunction associated with rasopathies.

MATERIAL AND METHODS

CLINICAL REPORTS

Individuals and families were identified through physician referral for Individual 1, through 

referral from the testing laboratory (GeneDx) for Individual 2, and through physician 

referral for Individuals 3 and 4 (Family 3). Informed consent was obtained based on 

protocols approved by the institutional review boards (IRB) at the University of Utah and 

Nemours. Results were compared to data from a cohort of HRAS mutation positive patients 

enrolled in an ongoing IRB approved study of Costello syndrome at Nemours.

Genomic DNA was extracted from buccal cells from individuals and their respective parents, 

using Pure Gene DNA Isolation Kit (Gentra Systems, Minneapolis, MN; www.gentra.com). 

Biologic relationships were confirmed as previously reported [Sol-Church et al., 2006] using 

microsatellite markers. Sequencing of HRAS exons 2, 3, 4 and 5 was performed using 

primers previously described in Sol-Church et al. [2009]. The families were genotyped 

around the mutation site in order to identify polymorphic markers to determine the parental 

origin of the germline mutation. A complete description of the polymorphic markers found 

in this region is published elsewhere [Sol-Church et al., 2006].

Individual 1 (CS#429)—This female was the first child born to her 41-year old mother 

and 41-year-old father. Her mother was 157.5 cm and her father was 175.3 cm tall. Both 

parents were of European ancestry and not consanguineous. She was born at 34-weeks-

gestation by cesarian for maternal hypertension and HELLP syndrome. Her birth weight was 

1.8 kg (25th centile for gestational age), length 40 cm (3rd centile) and OFC 32.5 cm (75th 

centile). Apgar scores were 3 at 1 minute and 8 at 5 minutes. She required one dose of 

surfactant for respiratory distress and was ventilated for 3 days. Hypoglycemia responded to 
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treatment. Supraventricular tachycardia (SVT) converted to normal sinus rhythm during an 

eye examination. At age 4 weeks SVT recurred and Holter monitoring showed runs of SVT 

up to 257 beats/minute with a maximum length of about 900 beats. Propranolol was used to 

treat the SVT, but bradycardia resulted in a change to digoxin. Echocardiography had normal 

results. A nasogastric feeding tube was used briefly. Gastroesophageal reflux (GER) was 

confirmed on imaging studies and treated with medication. She was discharged from the 

hospital at age 56 days.

Her early motor development was reportedly normal. She required speech therapy from age 

2 to 3 years for language delay. Her fine motor skills were good and no formal 

developmental or cognitive testing was performed. She attended school without 

accommodations and her performance was age appropriate.

Nystagmus led to a brain MRI performed at age 13 years which showed 2–3 mm cerebellar 

tonsillar ectopia with “peg-like appearance” and “mild crowding of the structures in the 

foramen magnum” (Supplemental Fig. 1).

An EKG performed at age 14 years showed normal sinus rhythm. A repeat echocardiogram 

showed a structurally normal heart with mild encroachment from a pectus excavatum. 

Menarche had not occurred prior to age 15.5 years, and delayed puberty resulted in an 

endocrinology evaluation. Low bone mineral density was noted on dual energy x-ray 

absorptiometry (DEXA) scan and was treated with supplemental vitamin D.

At age 15 3/12 years her height was 149.8 cm (3rd centile), weight 38.4 kg (3rd–5th centile), 

and OFC 55.5 cm (75–90th centile). She had thick curly hair. Her facial features included 

apparent hypertelorism and mild bilateral ptosis, posteriorly angulated ears and prominent 

lips. (Fig. 1, A–D) She had moderate pectus excavatum, bilateral winging of the scapula and 

mild left lumbar prominence upon forward bending. Her muscle tone, strength and reflexes 

were normal. She had numerous hyperpigmented nevi, but no deep palmar creases.

Noonan syndrome was suspected and mutation analysis was performed clinically through a 

panel approach. A novel HRAS mutation (c.179G>A; p.Gly60Asp) was identified. No 

sequence change was identified in BRAF, CBL, KRAS, MAP2K1, MAP2K2, NRAS, 
PTPN11, SHOC2 and SOS1. An informative SNP (rs12628) was used to determine parental 

origin of the germline mutation by allele specific amplification.

Individual 2 (CS#442)—This male patient was born after an uneventful pregnancy 

without prenatal exposures and with normal prenatal ultrasound examinations. His mother 

was a healthy 39-year-old and his father was 38 years old. They had a previous first trimester 

loss and a healthy daughter. A paternal half-sister was in good health. Both parents were of 

Cuban ancestry, but not known to be consanguineous. The patient was born and received 

medical care until age 2 11/12 years in Cuba, resulting in limited availability of medical 

records.

Delivery occurred at 39 weeks gestation by repeat cesarian after spontaneous onset of labor. 

Birth weight was 3.9 kg (90th centile); birth length and OFC were not recalled. While no 

resuscitation was necessary, he required a 15 day hospitalization for “blue episodes” 
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ultimately attributed to a transient cardiac arrhythmia. The arrhythmia was reportedly 

characterized by episodes of tachycardia and bradycardia, but the specific diagnosis was 

unknown to his parents. It resolved after two weeks of treatment with an unspecified 

medication. Thereafter, he was considered a healthy infant. He had no difficulties with 

latching, sucking or swallowing but he was treated for gastro-esophageal reflux.

The patient reportedly had normal gross motor milestones in infancy, but hypotonia was 

noted and delays in fine motor skills, language acquisition and social skills were identified. 

He was in a special education class with an individualized education program. He was 

diagnosed with attention deficit hyperactivity disorder and oppositional defiant disorder with 

symptom improvement on medication. While he produced sweat normally, he had a 

tendency to become flushed and feel warm in environments considered comfortable by 

others, and he scratched his skin frequently without apparent reason.

Cardiac evaluations including Holter monitoring and echocardiogram performed at age 8 

years had normal results.

At age 8 years his height was 122 cm (5th centile), weight 23 kg (5–10th centile) and OFC 

55.8 cm (just above 98th centile). High anterior hair line and tall forehead were noted and 

facial features are shown in Fig. 1(E–G). Pertinent positive findings on physical examination 

included a collection of small tag-like skin papules involving the right areola and chest 

medial to the right nipple, reportedly unchanged over time. Significant hyperextensibility of 

the small joints of the hands were noted. He had low muscle tone and poor coordination.

A chromosomal microarray analysis had normal results. Noonan syndrome was suspected 

and mutation analysis was performed clinically through a panel approach. A de novo HRAS 
mutation (c.179G>A; p.Gly60Asp) was identified. An informative SNP (rs41258054) was 

subsequently used to determine parental origin of the germline mutation (supplemental Fig. 

2).

In addition, a maternally derived SHOC2 sequence change (c.1490 C>A; p.Thr497Lys) was 

seen. No sequence change was identified in BRAF, CBL, KRAS, MAP2K1 MAP2K2, 
NRAS, PTPN11, RAF1 and SOS1.

Individual 3 (CS#451)—This male patient was born at term by cesarian for fetal distress 

after a pregnancy with reported polyhydramnios. He was the first child for his parents who 

were non-consanguineous. His birth weight was 4.25 kg (90–97th centile), length 48.3 cm 

(10th centile), OFC not documented. A cardiac murmur noted at age 2 weeks resulted in 

cardiac echography, which showed a thickened dysplastic pulmonic valve causing mild 

pulmonic stenosis. A mildly thickened left ventricular myocardium was seen. He had gastro-

esophageal reflux resulting in emesis until age 3 months without other feeding difficulties or 

failure-to-thrive. A cranial CT scan performed due to a concern for craniosynostosis showed 

an arachnoid cyst with mild anterior displacement of the left cerebellar hemisphere. His 

development was age appropriate with walking independently at age 10 months.

At age 13 months his weight was 8.9 kg (5th centile), length 76.3 cm (50th centile) and OFC 

48.5 cm (90th centile). Facial findings included telecanthus and ptosis (Fig. 2A, B), a long 
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and prominent philtrum and slightly thickened helices. His physical findings were otherwise 

unremarkable.

Noonan syndrome was suspected and mutation analysis performed clinically through a panel 

approach. The HRAS mutation (c.179G>A; p.Gly60Asp) was identified. No sequence 

change was identified in BRAF, CBL, KRAS, MAP2K1 MAP2K2, NRAS, PTPN11, 
SHOC2 and SOS1.

Individual 4—Individual 4 is Individual 3’s mother. Her medical history was notable for 

mild problems with reading but graduated from high school without requiring resource 

classes. She did not have failure-to-thrive or short stature (Table I).

She had slightly thick and curly hair, deep blue eyes, an inverted triangle shaped face with 

pronounced nasolabial folds and a relatively wide mouth (Fig. 2, C, D). In addition to 

several raised skin lesions on her face she had a growth on the inner surface of her lower lip 

(Fig. 2, E). Her feet showed callouses and deep plantar creases (Fig. 2F, G).

Based on her facial features, deep plantar creases and history of learning differences, she 

was thought likely to carry the familial sequence change. Molecular testing was performed 

from a cheek swab derived DNA sample on a research basis with informed research consent. 

She was heterozygous for the HRAS mutation (c.179G>A).

Functional Studies

Plasmid Construction—We amplified the coding region of wild-type HRAS for the 

generation of an expression construct by using HRAS-specific PCR primers and HRAS 
cDNA as a template. Mutated HRAS cDNA inserts [c.35G>T (p.Gly12Val), c.50G>A 

(p.Ser17Asn) and c.179G>A (p.Gly60Asp)] were established by PCR-mediated 

mutagenesis. Purified PCR products were cloned into pENTR/D-TOPO (Invitrogen, 

Karlsruhe, Germany) according to the provided protocol. Constructs were sequenced for 

integrity and used for subcloning wild-type and mutated HRAS coding regions into plasmid 

pMT2SM-HA-DEST (N-terminal HA epitope). NF1333 in pcDNA3-FLAG contains residues 

1198–1530 of human NF1 comprising the functional GAP-related domain that is able to 

bind to wild-type HRAS and stimulate GTP hydrolysis.

Cell Culture and Transfection—COS-7 and HEK293 cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM; Invitrogen) containing 10% serum (Invitrogen) and 

penicillin-streptomycin (100 U/ml and 100 mg/ml, respectively) (Invitrogen) at 37°C and 

5% CO2. Transfections were performed using Lipofectamine 2000 Reagent (Invitrogen) 

according to the manufacturer’s protocol. For EGF stimulation, cells were blocked overnight 

by serum starvation (0.1% serum), followed by incubation in DMEM containing 10 ng/ml 

EGF (Sigma, Taufkirchen, Germany).

RAS Pull-down Assay—The RAS-binding domain (RBD) of RAF1 (amino acids 

51-131), the RBD of PI3K (PIK3CA) (amino acids 127-314), the RAS-association (RA) 

domain of RALGDS (amino acids 777–872) and the RA domain of PLC1 (PLCE1) (amino 

acids 2130–2240) were used to specifically precipitate GTP-bound RAS proteins from cell 
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extracts. Preparation of GST-RBD/RA beads, cell lysis and precipitation of GTP-bound RAS 

were described elsewhere [Rosenberger et al., 2009]. After SDS PAGE and transfer to 

polyvinylidene difluorid (PVDF) membranes, total and precipitated (active) HA-tagged 

HRAS was detected using peroxidase-conjugated rat monoclonal anti-HA antibody (Roche, 

Mannheim, Germany; clone 3F10; 1:5000 dilution). For loading control, membranes were 

incubated with mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Abcam, 

Cambridge, UK; no. ab8245, 1:5000 dilution), followed by peroxidase-coupled secondary 

anti-mouse antibody (Amersham Pharmacia Biotech, Freiburg, Germany; no. NA9310; 

1:8000 dilution).

Co-immunoprecipitation—Transiently transfected COS-7 cells were lyzed in ice-cold 

cell lysis buffer [150 mM Tris-HCl, pH 8.0; 50 mM NaCl; 1 mM EDTA; 0.5% Nonidet 

P-40; complete Mini Protease Inhibitors (Roche); 0.7 mg/ml Pepstatin] and cell extracts 

were clarified by centrifugation. The supernatants were transferred to 40 ml EZview™ Red 

Anti-HA Affinity Gel (Sigma) and incubated for 2 hours at 4°C on a rotator. Precipitates 

were collected by repeated centrifugation and washing with cell lysis buffer, re-suspended in 

sample buffer (33% glycerol; 80 mM Tris-HCl, pH 6.8; 0.3 M Dithiothreitol; 6.7% sodium 

dodecyl sulphate; 0.1% bromophenol blue) and subjected to SDS PAGE and 

immunoblotting.

Immunoblotting—Twenty-four hours after transfection, cells were cultured as specified, 

then washed with PBS and scraped off in modified radioimmunoprecipitation assay buffer 

[50 mM Tris–HCl, pH 8.0; 150 mMNaCl; 1% Nonidet P-40; 0.5% sodiumdeoxycholate; 

0.1% SDS; 1 mM phenylmethylsulfonyl fluoride; 1 mM Na3VO4; 10 mM NaF; 1 Complete 

Mini protein inhibitor cocktail tablet (Roche) per 10 ml]. Cellular biochemical reactions 

were stopped by freezing lysates in liquid nitrogen. After thawing on ice, cell debris was 

removed, solutions were supplemented with sample buffer, and proteins were separated on 

SDS-polyacrylamide gels and transferred to PVDF membranes. Following blocking (20 mM 

Tris-HCl, pH 7.4; 150 mM NaCl; 0.1% Tween-20; 4% non-fat dry milk) and washing (20 

mM Tris-HCl, pH 7.4; 150 mM NaCl; 0.1% Tween-20), membranes were incubated in 

primary antibody solution (20 mM Tris-HCl, pH 7.4; 150 mM NaCl; 0.1% Tween-20; 5% 

BSA or 0.5% non-fat dry milk) containing the appropriate antibodies. Rabbit polyclonal 

antibodies against MEK1/2 (Cell Signaling Tech., Danvers, MA, USA; no. 9122; 1:1000 

dilution), phospho-MEK1/2 (Ser217/221) (Cell Signaling Tech.; no. 9121; 1:1000 dilution), 

p44/42 MAP kinase (ERK1/2) (Cell Signaling Tech.; no. 9102, 1:1000 dilution), phospho-

p44/42 MAP kinase (ERK1/2) (Thr202/Tyr204) (Cell Signaling Tech.; no. 9101, 1:1000 

dilution), Akt1/2/3 (Cell Signaling Tech.; no. 9272; 1:1000 dilution), and phospho-Akt1/2/3 

(Ser473) (Cell Signaling Tech.; no. 9271; 1:1000 dilution) were used. Membranes were 

washed and incubated with peroxidase-coupled secondary anti-rabbit antibody (Amersham 

Pharmacia Biotech; no. NA9340V; 1:8000 dilution). After final washing, immunoreactive 

proteins were visualized using the Immobilon Western Chemiluminescent HRP Substrate 

(Millipore, Schwalbach, Germany).
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RESULTS

A novel HRAS mutation, HRAS c.179G>A (p.Gly60Asp), was identified through clinical 

testing in individuals with a suspected rasopathy. This mutation occurred de novo in 

Individuals 1 and 2 and was maternally transmitted in Individual 3. Allele specific 

amplification (ASA) revealed a paternal origin of the mutation in Individuals 1 and 2 

(Supplemental Fig. 2).

Glycine 60 in HRAS is highly conserved among RAS paralogs and HRAS orthologs (data 

not shown). It is part of the HRAS switch II domain (amino acids 59-67) that mediates 

binding of HRAS with various regulator and effector proteins (Fig. 3A) [Boriack-Sjodin et 

al., 1998; Polakis and McCormick, 1993; Scheffzek et al., 1997; Stieglitz et al., 2008; Vetter 

and Wittinghofer, 2001]. Of note, disease-associated mutations of the homologous amino 

acid in KRAS (p.Gly60Arg) and NRAS (p.Gly60Glu) have been shown to exert strong 

impact on RAS function [Gremer, 2010b; Cirstea et al., 2010; Runtuwene et al., 2011; Tyner 

et al., 2009], thus we aimed to complete functional studies by characterizing the 

consequences of the HRAS p.Gly60Asp mutation.

HRAS p.Gly60Asp Strongly Co-precipitates with its Effector Protein RAF1

To explore the molecular consequences of the p.Gly60Asp mutation, we transiently 

transfected COS-7 cells with various hemagglutinin (HA)-tagged HRAS constructs. To 

uncover alterations linked to specific cell environments we cultured cells under different 

conditions, including serum starvation (0.1% serum), normal growth conditions (10% 

serum), and EGF stimulation (0.1% serum → EGF-stimulation) (Fig. 3B). We precipitated 

HRAS protein variants from COS-7 cell extracts by using glutathione S-transferase (GST)-

fusion protein of the RAS-binding domain (RBD) of RAS effector protein RAF1 

(RAF1[RBD]). We could efficiently pull down constitutively active HA-HRASGly12Val, but 

not the dominant negative mutant HA-HRASSer17Asn [Farnsworth and Feig, 1991; Stacey et 

al., 1991] from cell extracts under all tested conditions (Fig. 3B, pcpt). The amount of HA-

HRASGly60Asp in the precipitates was clearly elevated compared to active HA-HRASWT 

under these culture conditions (Fig. 3B, pcpt); however, it was decreased compared to HA-

HRASGly12Val (Fig. 3B, pcpt). These data suggest that independent of cellular growth 

conditions, HA-HRASGly60Asp forms stable complexes with its effector RAF1. Of note, 

these experiments do not allow us to discriminate if increased binding to RAF1 is due to 

accumulation of HRASGly60Asp in the active conformation or due to an altered structure of 

the HRASGly60Asp switch II region.

p.Gly60Asp Does Not Alter Binding to RAS Effectors PIK3CA, RALGDS and PLCE1

We evaluated binding properties of HRASGly60Asp to additional signaling effectors. HA-

HRAS variants were overexpressed in COS-7 cells, and, following starvation, cells were 

stimulated with EGF. Activated HRAS proteins were precipitated from cell extracts using 

the RAS-binding domain (RBD) of PIK3CA, the RAS association (RA) domain of PLCE1 

or the RA domain of RALGDS (Fig. 3C). As expected, we could efficiently pull down HA-

HRASGly12Val but not HA-HRASSer17Asn from cell extracts with all tested effector domains 

(Fig. 3C, pcpt). In contrast, the amount of precipitated HA-HRASGly60Asp was similar to 
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HRASWT (Fig. 3C, pcpt). Taken together, binding of HRASGly60Asp to three downstream 

effectors, PIK3CA, PLCE1 and RALGDS, was normal in these experiments, thus providing 

no evidence for altered binding to these effectors or for accumulation of HRASGly60Asp in 

the GTP-bound state.

p.Gly60Asp Does Not Affect HRAS Interaction with NF1 GAP

HRAS has low intrinsic GTPase activity that is dramatically stimulated by GAPs, and the 

switch II region is critical for binding active HRAS with GAP proteins [Ahmadian et al., 

2003; Scheffzek et al., 1997; Scheffzek et al., 1998]. To analyze binding between HRAS and 

the RAS-specific NF1 GAP, we co-expressed the GAP-related domain of NF1, called 

NF1333, together with HRAS protein variants in COS-7 cells and performed co-

immunoprecipitation. We pulled down FLAG-NF1333 together with HA-HRASWT, most 

likely reflecting the fraction of active HA-HRASWT molecules in the cell lysates (Fig. 4). 

Consistently, FLAG-tagged NF1333 strongly co-precipitated with constitutively active HA-

HRASGly12Val, but only very weakly with dominant negative HA-HRASSer17Asn (Fig. 4). 

Interestingly, despite amino acid 60’s location within the switch II region, FLAG-NF1333 co-

precipitated with HA-HRASGly60Asp (Fig. 4) indicating that substitution of HRAS Gly60 by 

Asp does not interfere with NF1 GAP binding. Moreover, co-precipitation was not elevated 

compared with HA-HRASWT, which functionally clearly distinguishes HRASGly60Asp from 

HRASGly12Val and suggests that HRASGly60Asp is not hyperactive.

HRAS p.Gly60Asp Does Not Increase RAF-MAPK and PI3K-AKT Signaling Pathway 
Activation

To gain insight into the effects of the p.Gly60Asp change on HRAS downstream signal flux, 

we measured levels of phosphorylated MEK1/2, ERK1/2 and AKT in COS-7 cells 

ectopically expressing HA-tagged HRAS protein variants. HA-HRASGly12Val promoted 

enhanced MEK1/2, ERK1/2 and AKT phosphorylation under serum-starved (Fig. 5, 0.1% 

serum) and basal (Fig. 5, 10% serum) conditions, as well as upon EGF stimulation (Fig. 5, 

0.1%serum→EGF stimulation). Expectedly, the dominant negative mutant HA-

HRASSer17Asn induced only a very weak signaling response (Fig. 5). Surprisingly, cells 

expressing HA-HRASGly60Asp showed similar or even decreased MEK1/2, ERK1/2 and 

AKT phosphorylation compared to HA-HRASWT under all tested culture conditions (Fig. 

5). We successfully reproduced these results using an alternate cell line, HEK293 (data not 

shown). Together, these data indicate that the HRAS p.Gly60Asp mutation does not result in 

intensified mitogen-activated protein kinase (MAPK) or PI3K-AKT signal transduction.

DISCUSSION

We report four Individuals with a novel HRAS mutation predicting a p.Gly60Asp amino 

acid substitution. Identification of these Individuals became possible through a test panel 

approach applied due to a clinical diagnosis of Noonan syndrome. The test panel 

surprisingly revealed a heterozygous missense change in HRAS, suggesting a molecular 

diagnosis of Costello syndrome. The novel SHOC2 p.Thr497Lys in Individual 2 was 

considered non-pathogenic based on its inheritance from a clinically unaffected mother, 

mutation prediction program results (PROVEAN: neutral; SIFT: tolerated), and the specific 
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functional effect of the only known pathogenic SHOC2 mutation which invariably occurs as 

p.Ser2Gly.

Phenotype

The Individuals’ physical and developmental phenotype is less severe than that associated 

with the most common Costello syndrome causing HRAS mutation, p.Gly12Ser (Table I). 

However, each finding is consistent with a diagnosis of Costello syndrome, for example the 

atrial tachycardia requiring medication in Individuals 1 and 2 may represent the multifocal 

atrial tachycardia typical of Costello syndrome, and pulmonic stenosis occurs in 20% of 

patients [Lin et al., 2011]. Nystagmus and cerebellar tonsillar ectopy with crowding of the 

posterior fossa have been reported in Costello syndrome [Gripp et al., 2010].

The absence of failure-to-thrive, short stature, severe hypertrophic cardiomyopathy and 

malignant tumors in the individuals reported here is notably different from the typical 

Costello syndrome phenotype. A comparable attenuated Costello syndrome phenotype has 

been reported for the HRAS p.Thr58Ile mutation [Gripp et al., 2008; Gripp et al., 2012a] 

(Table I). Facial features in Individuals 1–4 (Fig. 1, 2) include a tall forehead with mild 

bitemporal narrowing in childhood (1A, 2A, B), changing to an inverted triangle shape in 

older individuals (1C; 2C). Curly hair is present in Individuals 1, 2, and 3. Individual 1 has a 

wide mouth (2C), and Individual 4 has an intraoral lesion that may represent a papilloma. 

While these facial features are consistent with a rasopathy, they are less coarse or distinctive 

than those seen in Costello syndrome resulting for the common HRAS p.Gly12Ser mutation, 

and more in keeping with findings typically seen in Noonan syndrome.

While no formal cognitive testing was completed, the normal school performance in 

Individual 1 and the normal functioning of Individual 4 despite learning differences suggest 

a level of functioning higher than that of typical Costello syndrome patients. Overall, the 

phenotypic presentation of the Individuals reported here may be best described as attenuated 

Costello syndrome, similar to that previously reported for HRAS p.Thr58Ile and 

p.Ala146Val [Gripp et al., 2008]. Notably, the serious clinical manifestation in a patient with 

lethal HCM due to a mutation predicting KRAS p.Gly60Asp underlines the biological 

differences between HRAS and KRAS [Nosan et al. 2013].

Genotype

The HRAS c.179G>A mutation occurred de novo in Individuals 1 and 2 and was maternally 

transmitted in Individual 3. The paternal origin in Individuals 1 and 2 was determined using 

allelic specific amplification (ASA). The paternal mutation origin is consistent with almost 

exclusively paternal origin for de novo HRAS mutations [Sol-Church et al., 2006; 

Giannoulatou et al., 2013]. Transmission from a parent with apparent heterozygosity for an 

HRAS mutation has been reported only once, for the p.Thr58Ile amino acid change 

associated with an attenuated phenotype [Gripp et al., 2012a]. In contrast, transmission of 

the common p.Gly12Ser mutation has been reported exclusively from a parent with somatic 

or presumed gonadal mosaicism [Sol-Church et al., 2009; Gripp et al., 2011b].
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Somatic HRAS mutations

Missense mutations in the proto-oncogene HRAS occur as somatic changes in solid tumors 

and the transforming potential of different mutations has been studied extensively. The 

Cosmic database does not list a missense mutation affecting amino acid 60 in a tumor. This 

contrasts sharply with amino acid 61 in which numerous missense changes were identified, 

indicating high transforming potential of these changes [Sanger Institute, Cosmic].

Functional effects of HRAS p.Gly60Asp

Here, we provide evidence for an unusual consequence of a Costello syndrome associated 

HRAS mutation: the p.Gly60Asp change results in enhanced binding with RAF1, but not 

with PIK3CA, PLCE1 or RALGDS; however augmented RAF binding is not transduced into 

hyperactivation of the RAF-MAPK downstream signaling cascade.

In line with increased binding of HRASGly60Asp to RAF1 peptide (Fig. 3B), Noonan 

syndrome-associated amino acid change p.Gly60Glu in NRAS also resulted in enhanced co-

precipitation with RAF1 peptide. Therefore, NRASGly60Glu has been suggested to be locked 

in a hyperactive state [Runtuwene et al., 2011; Tyner et al., 2009; Cirstea et al., 2010]. In 

contrast to our results, ectopic expression of NRASGly60Glu in COS-7 or HEK293 cells 

induced enhanced MAPK downstream signaling [Runtuwene et al., 2011; Tyner et al., 2009; 

Cirstea et al., 2010]. The molecular consequences become even more puzzling when 

considering functional data for the KRAS p.Gly60Arg change described in patients with 

rasopathies [Niihori et al., 2006; Zenker et al. 2007; Kratz et al., 2009]. Although binding 

affinity of KRASGly60Arg with RAF1 (and also RALGDS) was strongly impaired, 

ectopically expressed KRASGly60Arg efficiently co-precipitated with RAF1 effector peptide 

and induced elevated MAPK signaling in COS-7 cells under serum-free conditions [Gremer 

et al., 2010b]. It was suggested that accumulation of KRASGly60Arg in the GTP-bound state 

due to profound GAP insensitivity is compensated by a strongly reduced effector interaction 

[Gremer et al., 2010b]. In fact, RAS effectors and RAS GAPs share an overlapping 

interactive region on RAS, including switch II [Vetter and Wittinghofer, 2001]. The residual 

binding capacity of activated KRASGly60Arg in combination with RAF1 resulted in a 

moderately enhanced MAPK downstream signal transduction [Gremer et al., 2010b]. 

However, no significant stimulation of ELK transcription, a downstream consequence of 

MAPK signaling, has been observed in NIH 3T3 cells overexpressing KRASGly60Arg 

[Niihori et al., 2006]. We did not detect enhanced signal flux, neither in the MAPK nor in 

the AKT signaling cascade. Viewed together, data about the functional consequences of 

disease-associated RAS amino acid 60 changes (HRASGly60Asp, NRASGly60Glu, 

KRASGly60Arg) are not consistent, which might be due to protein isoform specific molecular 

features, or simply to the nature of the substituted amino acid. The functional importance of 

RAS amino acid 60 is evident, because in the active GTP-bound RAS conformation two 

hydrogen bonds extend from γ-phosphate oxygens to the main-chain NH groups of the 

invariant glycine 60 and threonine 35 in switch II and I, respectively. This state can be 

described as a loaded-spring conformation before release of the γ-phosphate through GTP 

hydrolysis triggers the switch regions’ relaxation into the GDP-specific conformation [Vetter 

and Wittinghofer, 2001]. Previously, the molecular consequences of the change from glycine 

60 to alanine in HRAS have been characterized in detail and p.Gly60Ala was shown to 
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inhibit the ability of viral HRAS to transform NIH 3T3 cells and to activate its downstream 

effector Raf-1. Moreover, the mutant was unable to induce germinal vesicle breakdown in 

Xenopus oocytes, which is a surrogate marker for the mutagenic potential of RAS variants 

[Sung et al., 1995; Sung et al., 1996; Hwang et al., 1996]. Thus, RASGly60Ala was classified 

as a dominant negative mutant. Various molecular deficits have been demonstrated for 

HRAS p.Gly60Ala including accumulation in the GTP-bound state, decreased GTPase 

activity, reduced effector binding and the formation of abnormally stable complexes with 

GEF proteins [Sung et al., 1995; Sung et al., 1996; Hwang et al., 1996; Ford et al., 2005]. 

Based on these data, two hypotheses for the dominant negative effect of HRASGly60Ala have 

been suggested. First, HRASGly60Ala sequesters endogenous downstream effectors including 

RAF1 kinase into inactive complexes [Sung et al., 1996], and second, HRASGly60Ala 

sequesters GEF proteins in non-productive complexes [Ford et al., 2005]. Regardless of 

which is the main molecular mechanism, its result would be a constriction in RAS-

dependent signaling pathways. Perfectly in line with this, we show here that activation of 

MEK1/2 was decreased in HRASGly60Asp expressing cells compared to cells expressing 

HRASWT. Notably, RAF1 binding was increased in our assays, thus sequestration of 

endogenous RAF1 in non-productive signaling complexes may contribute (non-exclusively) 

to a dominant negative effect of HRASGly60Asp. However, this hypothesis remains to be 

proven.

Considering that enhanced RAS-MAPK signaling is thought to be the primary cause of 

RASopathies, our results are highly unexpected. How can we explain an obvious rasopathy 

phenotype without the obligate proof of hyperactivated RAS-dependent signaling? The 

answer has been given previously: impaired reactivity to stimuli resulting in reduced and 

disrupted capacity to transduce incoming signals to downstream effectors is a harmful 

consequence of HRAS/rasopathy-associated mutations [Lorenz et al., 2013]. In principle, 

constitutive HRAS activation and hyperactivation of HRAS-dependent signaling paths due 

to any Costello syndrome-associated mutation can alternatively be interpreted as reduced 

reagibility to stimuli [Lorenz et al., 2013]. From this novel viewpoint, HRASGly60Asp may 

be unable to transmit incoming signals due to the formation of non-productive signaling 

complexes. Similarly, a germline HRAS alteration (c.266C>G; p.Ser89Cys) resulting in 

decreased HRAS downstream signaling was reported in siblings with clinical features 

reminiscent of Costello syndrome [Gripp et al., 2012b]. Furthermore, based on experiments 

with primary fibroblasts of patients with Costello syndrome, altered cellular response to 

growth factors rather than constitutive activation of HRAS downstream signaling molecules 

may contribute to the phenotype [Rosenberger et al., 2009]. This hypothesis is corroborated 

by the analysis of an HRASWT/Gly12Val mouse model for Costello syndrome showing normal 

phosphorylation levels of Erk, Mek and Akt in all tissues tested [Schuhmacher et al., 2008]. 

In conclusion, the attenuated phenotype in these individuals with a novel HRAS mutation 

further supports strong genotype-phenotype correlations for germline HRAS mutations. 

Simultaneously, its overlap with Noonan syndrome further illustrates the rasopathies’ shared 

findings and supports the use of molecular panel testing. Additional clinical studies are 

needed in order to determine specific mutation specific risks, such as malignancy and 

hypertrophic cardiomyopathy. Our functional data provide evidence for an attenuating effect 

of a RASopathy-associated mutation on RAS-dependent downstream signaling and thereby, 
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shift the focus from harmful HRAS hyperactivation toward reduced reagibility/reactivity as a 

critical pathomechanism for rasopathies. Our data also have important implications on future 

treatment strategies because the application of RAS signaling inhibitors to block 

hyperactivated signaling pathways may not restitute the cells reagibility/reactivity to stimuli.

Genebank Reference Sequences

HRAS (HRAS, H-Ras) NM_005343.2, NM_176795.3; MAP2K1/MAP2K2 (MEK1/2) 

NM_002755.3/NM_030662.2; MAPK3/MAPK1 (ERK1/2) NM_002745.4/

NM_001040056.1; AKT1/AKT2/AKT3 (AKT1-3) NM_001014431.1/NM_001626.3/

NM_005465.3; GAPDH (GAPDH) NM_002046.3; RAF1 (CRAF, c-Raf) NM_002880.3; 

RALGDS (RalGDS, RalGEF) NM_006266.2; PIK3CA (PI3Ka, p110-alpha) NM_006218.2; 

PLCE1 (PLC1, PLC11) NM_016341.3; NF1 (NF1, neurofibromin 1) NM_001042492. 

Protein names are denoted in parentheses.
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Figure 1. 
Patient 1 at age 11 months (A), 3 years (B) and 15 years (C and D), note tall forehead, 

telecanthus and mild ptosis, wide mouth and curly hair; Patient 2 (E–G) at age 8 years, note 

tall forehead, apparent hypertelorism and curly hair.
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Figure 2. 
Facial photographs of Patient 3 (A, B) at age 13 months; facial photographs of Patient 4 (C, 

D), lesion on inner surface of lower lip (E) and feet with callouses and deep plantar creases 

(F, G).
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Figure 3. 
HRASGly60Asp strongly co-precipitates with RAF1, but not with PIK3CA, PLCE1 or 

RALGDS. A. Schematic representation of HRAS and position of the p.Gly60Asp amino 

acid change. Motifs representing the P-loop, switch I and II regions as well as the 

hypervariable region (HVR) are highlighted and amino acids (aa) constituting these motifs 

are given. Below RAS-specific five conserved G motifs (G1–G5, gray boxes) are depicted. 

Secondary structural elements of HRAS are shown as green arrows and yellow cylinders 

representing β-sheets and α-helices, respectively. Position of residue glycine 60 in HRAS 

switch II amino acids sequence (bold letters) is given. B. COS-7 cells transiently expressing 

HA-HRASWT (wildtype), HA-HRASGly60Asp, HA-HRASGly12Val or HA-HRASSer17Asn 

were cultured under serum-starved condition (0.1% serum), normal growth condition (10% 

serum), or serum-starved condition followed by 20 min stimulation with 10 ng/ml EGF 

(0.1% serum→EGF-stimulation). For control purpose cells were transfected with empty 

vector. GTP-bound HA-tagged HRAS protein variants were precipitated from cell extracts 
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using GST-RAF1 [RBD]. Precipitated HA-HRAS (pcpt) and amount of HA-HRAS protein 

in total cell lysates (tcl) was detected by immunoblotting using anti-HA antibody. Cellular 

extracts were probed with anti-GAPDH antibody to control for equal loading. Data shown 

are representative of three independent experiments. C. Same procedure as described in B, 

except cells were cultured under serum-starved condition followed by 20 min stimulation 

with 10 ng/ml EGF (0.1% serum→EGF-stimulation) and GTP-bound HRAS protein 

variants were precipitated by using GST-PIK3CA[RBD], GST-PLCE1[RA], or GST-

RALGDS[RA] fusion proteins. Data shown are representative of three independent 

experiments.
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Figure 4. 
The p.Gly60Asp mutation does not affect binding of HRAS with NF1 GAP. COS-7 cells 

were transfected with expression constructs as indicated and cultured under basal growth 

conditions (10% serum). Vector control is shown in lane 1. HA-tagged HRAS protein 

variants were immunoprecipitated from cell extracts using anti-HA-conjugated agarose 

beads. Upon SDS PAGE and western blotting, precipitates (pcpt) and total cell lysates (tcl) 

were probed with anti-HA and anti-FLAG antibodies. Data shown are representative of three 

independent experiments.
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Figure 5. 
Expression of HRASGly60Asp does not enhance phosphorylation of MEK1/2, ERK1/2 and 

AKT. COS-7 cells were transfected with constructs expressing HA-HRASWT, HA-

HRASGly60Asp, HA-HRASGly12Val, or HA-HRASSer17Asn as indicated. For control purpose 

cells were transfected with empty vector. Cells were cultured under serum-starved condition 

(0.1% serum), normal growth condition (10% serum), or serum-starved condition followed 

by 20 min stimulation with 10 ng/ml EGF (0.1% serum→EGF-stimulation). Total cell 

lysates (tcl) were analyzed by immunoblotting using specific antibodies. The representative 

autoradiographs show levels of phospho-MEK1/2, total MEK1/2, phospho-ERK1/2, total 

ERK1/2, phospho-AKT1/2/3 and total AKT1/2/3. Expression of HRAS protein variants was 

verified by probing cellular extracts with anti-HA antibody and anti-GAPDH antibody was 

used to control for equal loading. One representative data set out of three independent 

experimental series is shown.
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