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Abstract

Costello syndrome (CS) is a RASopathy caused by activating germline mutations in HRAS. Due
to ubiquitous HRAS gene expression, CS affects multiple organ systems and individuals are
predisposed to cancer. Individuals with CS may have distinctive craniofacial features, cardiac
anomalies, growth and developmental delays, as well as dermatological, orthopedic, ocular, and
neurological issues; however, considerable overlap with other RASopathies exists. Medical
evaluation requires an understanding of the multifaceted phenotype. Subspecialists may have
limited experience in caring for these individuals because of the rarity of CS. Furthermore, the
phenotypic presentation may vary with the underlying genotype. These guidelines were developed
by an interdisciplinary team of experts in order to encourage timely health care practices and
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provide medical management guidelines for the primary and specialty care provider, as well as for
the families and affected individuals across their lifespan. These guidelines are based on expert
opinion and do not represent evidence-based guidelines due to the lack of data for this rare
condition.
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1| INTRODUCTION

An apparently novel neurodevelopmental syndrome having distinctive craniofacial features,
high birth weight with subsequent failure to thrive, and ectodermal anomalies including
nasal papilloma was reported in two unrelated children in 1971 and 1977 (Costello, 1971;
Costello, 1977). The eponym, Costello syndrome (CS; MIM 214080), was applied after a
third patient with consistent clinical features was noted to have a similar phenotype (Der
Kaloustian, Moroz, Mclntosh, Watters, & Blaichman, 1991). The prevalence is estimated at
~1/300,000 live births (Abe et al., 2012; Goriely & Wilkie, 2012).

CS is one of the RASopathies which are a group of medical genetic syndromes caused by
germ-line genetic mutations in components and regulators of the RAS/Mitogen-Activated
Protein Kinase (MAPK) pathway (Rauen, 2013; Tidyman & Rauen, 2016a). The RAS/
MAPK pathway is a well-studied signal transduction pathway with the RAS protein being a
small guanosine triphosphate hydrolase, or GTPase, acting as an on—off signaling hub inside
the cell. RAS proteins consist of a large family of GTPases of which KRAS, NRAS, and
HRAS are the most commonly studied because they are frequently mutated in cancer. The
RAS protein has numerous downstream pathway effectors of which the MAPK pathway is
the best studied due to its role in tumorigenesis. The RAS/MAPK pathway has essential
cellular functions including cell cycle progression, differentiation, transcription,
proliferation, apoptosis, and motility. Because of the important nature of RAS in cellular
function, perturbing the pathway during development has multisystem consequences (Rauen,
2007). The RASopathies have germline derived dysregulation of this pathway and include
neurofibromatosis Type 1 (NF1), Noonan syndrome (NS), Noonan syndrome with multiple
lentigines (NSML, formerly called LEOPARD syndrome), Noonan syndrome with loose
anagen hair (NS-LAH), cardio-facio-cutaneous syndrome (CFC), capillary malformation-
arteriovenous malformation syndrome (CM-AVM), Legius syndrome, and SYNGAP1-
related intellectual disability (Tidyman & Rauen, 2016b). Although individually each
syndrome may be rare, together the RASopathies represent a common group of
neurodevelopmental syndromes affecting more than 1 in 1,000 individuals. CS affects
multiple organ systems and shows phenotypic overlap with other RASopathies. For these
reasons, an international panel of CS experts was convened to create management guidelines
for health care professionals. The overarching goal of these guidelines is to assist in the
clinical and molecular diagnoses, as well as the medical management of CS individuals
across their lifespan by providing the most current medical and scientific information for
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families and medical providers. These guidelines were developed by expert opinion and do
not represent evidence-based guidelines due to the lack of data for this rare condition.

MOLECULAR GENETICS

Costello syndrome is caused by specific heterozygous activating mutations in HRAS, a
highly conserved gene located on 11p15.5 and encoding the Harvey rat sarcoma viral
oncogene homologue, HRAS (Aoki et al., 2005). While somatically acquired HRAS
mutations are associated with sporadic tumors, CS is typically the result of heterozygous, de
novo germline mutations in HRAS (Estep, Tidyman, Teitell, Cotter, & Rauen, 2006; Gripp
et al., 2006; Kerr et al., 2006; van Steensel et al., 2006). HRAS mutations associated with
CS result in a gain-of-function, which causes constitutive activation of the RAS protein
(Aoki et al., 2005) or more complex dysregulation (Gripp et al., 2015; Gripp, Kolbe,
Brandenstein, & Rosenberger, 2017) of the RAS/MAPK pathway.

Most HRAS mutations are paternally derived and associated with advanced paternal age
(Aoki et al., 2005; Estep et al., 2006; Giannoulatou et al., 2013; Sol-Church, Stabley,
Nicholson, Gonzalez, & Gripp, 2006; Zampino et al., 2007). The identification of a known
CS-associated germline HRAS mutation confirms the diagnosis of CS and may clarify the
diagnosis in individuals whose phenotype overlaps with other RASopathies. For novel
variants, a careful review and validation is necessary (Grant et al., 2018). Molecular
confirmation of the clinical diagnosis assists in clarifying risks based upon genotype-
phenotype correlations (Table 1). This implies that adults clinically diagnosed with CS prior
to the identification of causative HRAS mutations should now be tested. Failure to identify
an HRAS mutation is most commonly due to the individual being affected by a different
syndrome, typically another RASopathy (Table 2). However, somatic mosaicism should be
considered in individuals with clinical features consistent with CS or individuals with a
milder presentation of phenotypic features involving only limited organ systems (Gripp et
al., 2017; Gripp, Stabley, Nicholson, Hoffman, & Sol-Church, 2006; Sol-Church et al.,
2009). Given that the majority of individuals with CS have a de novo mutation, the risk to
siblings is low; however, affected siblings have been reported (Gripp et al., 2011) and
gonadal mosaicism in a parent was confirmed in one family (Gripp, Stabley, et al., 2011).

MUTATIONS AND GENOTYPE-PHENOTYPE CORRELATIONS

Although data are limited given the rarity of CS, some genotype—phenotype correlations
have been reported (Table 3). More than 95% of CS-causing HRAS gene mutations involve
the amino acid glycine at Position 12 or 13 in HRAS (Sol-Church & Gripp, 2009). Glycine
12 and 13 are important for GTP-binding, affecting the activation of the RAS/MAPK
signaling cascade (van Steensel et al., 2006). Approximately 80% of mutations result in a
p.G12S missense change and as a result, this mutation is associated with the classic CS
phenotype (Figure 1). p.G12A is the second most common missense mutation reported in
CS. This mutation may have a higher rate of malignancy and individuals may have a more
severe phenotype (Figure 2). A severe neonatal phenotype has been reported with p.G12D,
p.G12C, and p.G12E missense mutations resulting in severe cardiomyopathy, pleural, and
pericardial effusion, and lung abnormalities (Kerr et al., 2006; Lo et al., 2008; Weaver et al.,
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2014). The p.G12V missense mutation is associated with severe cardiomyopathy and
tachycardia, as well as respiratory distress resulting in early death (Aoki et al., 2005;
Quezada & Gripp, 2007; Sol-Church & Gripp, 2009). Detailed functional studies based on
an unusual patient with a nonlethal phenotype due to a ¢.35_36GC>TG mutation (p.G12V)
demonstrated the effect of alternative splicing on the phenotypic presentation (Hartung et al.,
2017). The p.G13C mutation may be associated with a milder phenotype characterized by
taller stature, absence of ulnar wrist deviation and a lower risk for malignant tumors or
papillomata (Figure 2; Sol-Church & Gripp, 2009; Gripp et al., 2011).

Among the less common mutations, HRAS p.E63_D69dup causes an attenuated phenotype
with milder intellectual disability, fewer feeding issues, and a lower tumor risk (Lorenz et
al., 2013; Xu, Wang, Lin, & Yu, 2015). Facial features tend to be less coarse in individuals
with the rarer HRAS missense mutations p.T58I, p.K117R, p.A146V, and p.A146P (Chiu et
al., 2016; Gripp et al., 2008; Kerr et al., 2006). HRAS p.A146T has been associated with a
milder presentation resulting in minor skin and joint involvement and milder growth
restriction. HRAS p.G60D is associated with an overall milder phenotype and parental
transmission (Gripp et al., 2015), whereas the only individual reported with HRAS p.G60V
died in infancy (Gripp et al., 2017).

PRENATAL FINDINGS

A prenatal diagnosis of CS should be considered in fetuses with increased nuchal
translucency (including cystic hygroma), polyhydramnios, ulnar deviation of the wrists,
hypertrophic cardiomyopathy, or fetal tachycardia (Lin et al., 2009; Quezada & Gripp, 2007;
Smith, Podraza, & Proud, 2009; Van den Bosch et al., 2002). Polyhydramnios is present in
more than 70% and may be related to reduced fetal swallowing (Lin et al., 2009; Myers et
al., 2014; Smith et al., 2009; Van den Bosch et al., 2002). Fetuses with CS tend to be large
for gestational age which contrasts the failure to thrive and growth delays seen postnatally
(Lin et al., 2009; Quezada & Gripp, 2007; Smith et al., 2009; Van den Bosch et al., 2002).
Fetal tachyarrhythmia is fairly specific to CS (Myers et al., 2014). Preterm labor is common,
as is the need for early delivery due to complications from fetal overgrowth,
polyhydramnios, or fetal distress (Lin et al., 2009; Piccione et al., 2009; Smith et al., 2009).
Ultrasound findings may include macrocephaly, ventriculomegaly, shortened long bones,
and pyelectasis. Many fetal characteristics and prenatal ultrasound findings overlap with
CFC or NS, emphasizing the importance of molecular testing.

CARDIOVASCULAR DISEASE

Cardiovascular disease is present in 85% of individuals including hypertrophic
cardiomyopathy (HCM), congenital heart defects (CHD), dysrhythmias and/or hypertension.
Cardiovascular disease is the major contributor to morbidity and mortality in the first years
of life (Gelb, Roberts, & Tartaglia, 2015; Lin et al., 2011). HCM occurs in ~60%,
accounting for 75% of cardiovascular pathology (Lin et al., 2011). Hypertrophy can be
asymmetric/septal or concentric, with left ventricular or biventricular involvement (Lin et al.,
2011). The clinical course varies from a rare severe neonatal lethal form, to the typical mild
to moderate form of HCM seen in the majority (Burkitt-Wright et al., 2012; Lorenz et al.,

Am J Med Genet A. Author manuscript; available in PMC 2021 June 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gripp et al.

Page 5

2012). While long-term natural history data remain to be collected, follow-up of 146 patients
ranging in age from 1 month to 40 years (with only 13 individuals >18 years) indicates that
many had chronic or progressive hypertrophy (37%), a quarter had stable disease, and a
fraction (14%) had improvement or even resolution (Lin et al., 2011).

A CHD is identified in 45% of individuals (Lin et al., 2011). Pulmonary valve stenosis
(PVS) is the most frequent CHD (15-20%) and may be accompanied by subvalvar and
supravalvar pulmonary stenosis, and double-chambered right ventricle. In most patients with
PVS, the mild—-moderate obstruction requires no intervention. Atrial septal defects (ASD)
are uncommon (5-7%). Other infrequent defects include ventricular septal defect, mitral
valve abnormalities, aortic thickening or stenosis, bicuspid aortic valve, coarctation of the
aorta, patent ductus arteriosus, and aortic root dilation. Coronary artery anomalies have been
reported in autopsy specimens, characterized as premature coronary disease, and coronary
fibromuscular dysplasia (Kerr et al., 2006; Lin et al., 2011).

Atrial arrhythmias are very common in CS, seen in over 50%, and are typically
characterized as nonreentrant atrial tachycardias (NRAT), ectopic atrial tachycardia,
multifocal, or chaotic atrial tachycardia (Levin et al., 2018; Lin et al., 2011). Nonreentrant
atrial tachycardias are often diagnosed in the first year of life and are stable or resolve in
70%. Later-onset atrial arrhythmias, namely atrial fibrillation and flutter, have been reported,
whereas, ventricular arrhythmias appear to be rare.

Because of the high prevalence of cardiovascular disease, urgent pediatric cardiology
consultation is indicated upon diagnosis of CS. The evaluation includes echocardiography
(ECHO), electrocardiography (ECG), and continuous telemetry or Holter monitoring. HCM
and NRATSs are most likely to present in infancy, so frequent surveillance in the first 2 years
of life is appropriate. Reevaluation in early childhood is dictated by abnormalities, with
intervals determined by age in the absence of cardiovascular disease (Table 1). Treatment of
HCM includes medical therapies to reduce heart rate and outflow obstruction as per
published guidelines (Gersh et al., 2011). Severe outflow obstruction has been treated with
septal myectomy. Conventional antiarrhythmic treatment of NRATS by a pediatric
electrophysiologist is effective in most patients (Bradley, Fischbach, Law, Serwer, & Dick
2nd., 2001; Salerno, Kertesz, Friedman, & Fenrich, 2004). Surgical correction of CHDs is
rarely necessary. Little is known about whether HCM and other myocardial disease can
develop at older ages. All individuals with CS, even those who have had previous normal
ECHO or underwent surgical repair of CHD as young children, should have periodic cardiac
reevaluation by a cardiologist. Hypertension (Estep et al., 2006; Lin et al., 2011) and sudden
death (presumed cardiac) is not uncommon (Lin et al., 2011). Given the risk for acquired
and progressive cardiovascular abnormalities, screening for HCM with ECHO and ECG,
early coronary disease, lipidopathy and hypertension is warranted throughout life (Gersh et
al., 2011). Short and long-term outcomes of surgery in CS are not described, but higher
surgical mortality related to comorbidities must be considered.
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Neurologic findings are common and include structural and functional abnormalities.
Structural central nervous system findings include absolute or relative macrocephaly,
ventricular dilatation, crowding in the posterior fossa that may be severe enough to meet
criteria for Chiari 1 malformation, and rarely Dandy-Walker malformation (Delrue, Chateil,
Arveiler, & Lacombe, 2003; Gripp, Hopkins, Doyle, & Dobyns, 2010; Gripp & Lin, 2006;
Gripp & Lin, 2012). While these findings may be present in early infancy, they can progress.
Crowding in the posterior fossa is at least partially attributable to bony posterior fossa
hypoplasia despite normal hindbrain volume (Calandrelli et al., 2015). A combination of
typical infantile brain growth and possibly #RAS mutation driven overgrowth with
decreased cerebellar fossa size and altered cranial shape predisposes to cerebellar tonsillar
herniation that when severe presents as Chiari 1 malformation (Calandrelli et al., 2015;
Paquin, Hordo, Kaplan, & Miller, 2009). Crowding in the posterior fossa and cerebellar
tonsillar herniation through the foramen magnum can impede cerebellar spinal fluid flow,
contributing to enlarged ventricles and syringomyelia formation. Syringomyelia may result
in peripheral nervous system symptoms such as weakness, pain, or abnormal sensation.
Tethered cord is more common than reflected in the literature and should be suspected in all
individuals (Gripp et al., 2010). It is currently unclear if progressive Chiari | malformation,
syringomyelia, or tethered cord and their neurologic consequences contribute to the
development of scoliosis, developmental hip dysplasia, tight calcaneal tendons, and hand or
foot positional abnormalities. Seizures occur with increased incidence (Kerr et al., 2006) and
are treated as in the general population. No particular type or age of onset for seizures
predominates. Due to the risk for hyperinsulinemic hypoglycemia in young infants (Gripp et
al., 2015) or growth hormone deficiency related hypoglycemia in older individuals (Gripp,
Scott Jr., Nicholson, & Figueroa, 2000), new onset seizures should prompt an evaluation for
hypoglycemia.

Neurologic management in CS is life-long and referral to Neurology is important at
diagnosis (Table 1). Serial clinical exams need to focus on gait abnormalities including toe-
walking, tendon reflexes, and other signs of slowly progressive cord disease. When Chiari |
malformation or syringomyelia is symptomatic or shows significant progression on imaging
studies, neurosurgical consultation is indicated. This often leads to posterior fossa
decompression, and sometimes repeat decompression (Gripp et al., 2010). For concerns of
tethered cord, lower spine imaging at diagnosis or by age 1 year is indicated. Because
tethered cord can be difficult to identify with certainty on imaging studies, a high index of
suspicion should remain and symptomatic individuals should be re-imaged. Preliminary data
suggest that many individuals with CS may have six lumbar vertebra and, therefore, it is
important to count the vertebral level from the cervical spine down to appropriately ascertain
the level of the conus.

NEUROCOGNITIVE FUNCTION

Intellectual disability occurs in ~80% of individuals with CS (Axelrad et al., 2009; Axelrad,
Schwartz, Katzenstein, Hopkins, & Gripp, 2011; Cesarini et al., 2009). The majority fall in
the mild to moderate range, with roughly one in five showing more severe impairment, and
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one in 10 showing low average-to-average performance. Nonverbal fluid reasoning is a
relative strength, with about 20% of individuals falling in the low average range, whereas
verbal reasoning and visual-spatial skills are areas of relative weakness. Preliminary
evidence suggests that individuals with the p.G13C missense mutation have better cognitive
and adaptive functioning (Axelrad et al., 2009, 2011; Gripp, Stabley, et al., 2011).

Most individuals with CS show speech/language delay, with first words generally occurring
between the first and second year of life (Gripp, Stabley, et al., 2011). Speech onset often
coincides with resolution of early feeding problems and toleration of oral feeds (Gripp &
Lin, 2012). Speech/motor impairment persists (White et al., 2005), although a majority of
individuals are able to speak in full sentences by adulthood (Hopkins et al., 2010) and some
individuals successfully learn sign language (White et al., 2005). Standardized assessments
reveal overall language abilities in the mild to moderate range of disability (Axelrad et al.,
2009; Schwartz et al., 2013), though functional language comprehension may be better in
familiar environments. Expressive language is typically worse than language
comprehension, likely due to speech and/or articulation difficulties. Vocabulary development
may accelerate slightly in adolescence or early adulthood.

Neuropsychological assessment of attention is challenging, as participants have had
difficulty understanding task directions. Parent report indicates attention problems in
approximately one-third of individuals with CS (Alfieri et al., 2014), though attention is
probably commensurate with overall development. Verbal recall memory is generally in the
mild to moderate range of disability (Axelrad et al., 2009; Dileone et al., 2010; Schwartz et
al., 2013). In contrast, verbal recognition memory appears largely spared, falling in the low-
average to average range (Schwartz et al., 2013). Memory for narrative information is better
developed than memory for less structured information, such as word lists. Visual-spatial
memory ranges from mild to severe disability (Axelrad et al., 2009; Axelrad, Nicholson,
Stabley, Sol-Church, & Gripp, 2007; Dileone et al., 2010). Visual-motor abilities appear to
be a relative weakness. Fine-motor deficits characterize most individuals and are
compounded by positional hand anomalies and movement limitations.

Academic abilities are generally at an early grade-school level. Based on standardized
testing, most individuals attain basic word reading and spelling skills between a kindergarten
to second grade level, while a few progress to a 4th—6th grade level. Math calculation skills
generally fall at a kindergarten to third grade level. Reading comprehension and applied
math problem-solving skills tend to be less well developed (Schwartz et al., 2013).

Adaptive behavior is generally commensurate with intellectual functioning. Social skills
tend to be better developed, whereas practical daily living skills tend to be weaker, in part
due to orthopedic disability. Females tend to have better social and communication skills,
and moderately better daily living skills. Most individuals with CS attain a limited degree of
independence as adults, being able to feed, clean, and dress themselves with minimal help
(White et al., 2005), and more than half can search the internet on their own; however, most
are unable to complete more complex tasks such as managing money (Hopkins et al., 2010).
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Most individuals with CS require specialized programming in school, typically in a life
skills placement (Table 1). Children in the US should be given a comprehensive
Individualized Education Plan. Learning may be facilitated by embedding content in
narrative formats, and knowledge may be best assessed using multiple-choice formats,
which are preferred to more open-ended questions. Children should be referred for speech/
language evaluation to make recommendations for speech therapy, and for assistive
technology evaluation to determine whether an assistive communication device might prove
helpful. Use of an assistive communication device or Picture Exchange Communication
System helps children with developmental disabilities communicate (Ganz, Davis, Lund,
Goodwyn, & Simpson, 2012). Children with more severe speech problems can be taught
sign language. For motor deficits, individuals should be referred for occupational and
physical therapy and, in school, an orientation and mobility evaluation should also be
completed.

SOCIAL, EMOTIONAL, AND BEHAVIORAL FUNCTION

Infants and toddlers with CS have been described as characteristically withdrawn, irritable,
and hypersensitive to touch, which may be associated with underlying feeding and medical
complications (Galéra et al., 2006; Gripp et al., 2010; Kawame et al., 2003). Early feeding
difficulties and irritability both decrease over time (White et al., 2005). Many children
younger than age 4 years also show elevated symptoms of autism-spectrum disorder
(Adviento et al., 2014), though it is unclear if older children may emerge out of an autistic-
like presentation (Schwartz et al., 2017; Young, Perati, Weiss, & Rauen, 2018). In later
childhood and adolescence, social skills emerge as a relative strength, especially among
females. Individuals have a distinct personality profile as they age, including agreeableness
and sense of humor (Bizaoui, Gage, Brar, Rauen, & Weiss, 2018) and are often described as
sociable and friendly (Gripp & Lin, 2012).

Individuals with CS experience elevated rates of internalizing problems, including
separation anxiety and school anxiety (Axelrad et al., 2011; Galéra et al., 2006; Kawame et
al., 2003). These symptoms tend to be most prevalent in males and persons with lower
cognitive ability, suggesting that they find school stressful. Anxiety should be assessed in
school-aged children. Children may respond well to family-based intervention for anxiety
with an emphasis on exposure therapy. Parents may also benefit from support as having a
medically complex child can be stressful.

About half of individuals show mild behavior problems such as temper tantrums and
disobedience (Axelrad et al., 2009), although compared to normative samples, relatively few
behavior problems are reported (Alfieri et al., 2014; Axelrad, Glidden, Nicholson, & Gripp,
2004). In CS adults, parents reported quality of life is inversely related to medical issues
(Hopkins et al., 2010).

ENDOCRINOLOGIC FINDINGS

Endocrinopathies common in CS include neonatal hyperinsulinism, hypoglycemia, growth
hormone (GH) deficiency, and problems with puberty. Neonates and infants are at high risk
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for hypoglycemia and should be screened immediately after birth and during ongoing
medical care in the first year. Blood sugar levels less than 70 mg/dL should be addressed
according to the Pediatric Endocrine Society recommendations (Thornton et al., 2015) and
blood sugar equal to or less than 50 mg/dL should have a diagnostic sample (glucose, GH,
insulin, cortisol, beta-hydroxybutyrate) obtained at that time to define the etiology of low
blood sugar to guide management. Neonatal hyperinsulinism (Alexander et al., 2005;
Sheffield et al., 2015), GH deficiency (Gregersen & Viljoen, 2004; Stein, Legault, Daneman,
Weksberg, & Hamilton, 2004), and late dumping syndrome due to gastrostomy and
fundoplication can cause or contribute to hypoglycemia (Calabria, Gallagher, Simmons,
Blinman, & De Leon, 2011) with each requiring specific medical management. Infants or
young individuals often present with low serum glucose due to GH deficiency and
symptoms may include syncope or seizures. The incidence of GH deficiency as defined by
an abnormal growth hormone stimulation test result may be as high as 30% (Estep et al.,
2006; Gripp et al., 2010; unpublished data).

Delayed or dysregulated puberty may be due to the relationship between body fat stores and
initiation of pubertal development. Individuals with CS typically have low body fat mass and
delayed puberty (White et al., 2005). Current pediatric endocrine society guidelines dictate
that females without development of secondary sex characteristics by age 14 and males
without the development of secondary sex characteristics by age 15 should be evaluated for
causes of hypogonadism, such as gonadotropin deficiency or gonadal failure. Precocious
puberty has also been described (Kerr et al., 2006). Its etiology should be differentiated
between an early rise in the central signal for puberty (early gonadotropin rise) or
autonomous function of a sex steroid producing gonadal or other tumor. Different hormone
producing tumors such as focal hyperinsulinism (Dickson et al., 2004; Gripp et al., 2016)
and parathyroid adenoma (Cakir, Arici, Tacoy, & Karayalcin, 2004) have occurred.

Evaluation for GH deficiency includes measurement of insulin growth factor (IGF) levels
followed by a GH stimulation test (Table 1). Once a diagnosis of GH deficiency is obtained,
but before treatment with GH is begun, a thorough cardiac evaluation should be completed.
Patients should be monitored every 6 months for the first year of GH replacement for
development of hypertrophic cardiomyopathy. Individuals treated with GH should follow
existing guidelines for surveillance for rhabdomyosarcoma (Gripp et al., 2002) since growth
hormone is a mitogen which may affect the growth rate of neoplastic cells. The goal of GH
replacement is the prevention of hypoglycemic episodes and the anecdotally reported
increase in muscle tone and strength, rather than increased height growth. No systematically
obtained outcome data are available to document the benefit of GH replacement.

Management for early life hyperinsulism may include diazoxide with close monitoring for
cardiac status. Appropriate management for pubertal issues depends on the patient’s height
and bone age and the initiation of sex steroid replacement may be postponed to augment
final height. Bone mineral density must be investigated in patients with delayed puberty and,
if low, may be treated with calcium, vitamin D, sex steroid replacement, or bisphosphonates.
Gonadotropin-releasing hormone agonists may be used for central causes of precocious
puberty and tumors may require excision.
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GASTROENTEROLOGIC FINDINGS

Severe feeding problems and failure to thrive are almost universal in young children with
CS. Feeding difficulties include suck and swallowing dysfunction, severe gastroesophageal
reflux, and oral aversion. Weak suck and swallow dysfunction originate from the fetal period
and continue into childhood. Contributing factors are macroglossia and oral hypersensitivity.
Gastroesophageal reflux disease (GERD) with extensive vomiting, irritability, and disrupted
sleep is a frequent and disabling issue (Kawame et al., 2003; Leoni et al., 2016). The
combination of GERD and swallowing difficulties contribute to lack of weight gain and
respiratory complications like choking and aspiration pneumonia. Oral aversion can be
triggered by negative stimuli like choking, vomiting, nasogastric tube placement, and
sensory integration difficulties. Poor general condition with cardiac and pulmonary
manifestations of CS as well as generalized hypotonia can contribute to poor oral intake
(Digilio et al., 2008; Lo et al., 2008; Myers et al., 2014). Pyloric stenosis is relatively
common (5/58 in Gripp et al., 2008; 1/3 in Digilio et al., 2008) and should be considered in
infants aged 2—4 months with progressive vomiting. Individuals can display gastrointestinal
motility disorder with intestinal pseudo-obstruction and chronic constipation.

Despite extensive therapy and supplemental feeding, infants can have a characteristic
appearance of malnutrition, which can disguise distinctive dysmorphic features, thus eluding
the clinical recognition of the syndrome (Chiu et al., 2016; Zampino et al., 2007). Generally,
feeding difficulties diminish over time and most children take oral feeds between age 2—-4
years. Remarkably, the first acceptable tastes are often spicy and strong (Gripp & Lin, 2006).
Most teenagers and adults eat independently (Abe et al., 2012; Hopkins et al., 2009; White
et al., 2005). In individuals with the HRAS p.G13C mutation, feeding problems may be
milder and of limited duration (Gripp, Stabley, et al., 2011).

The treatment of feeding difficulties is complex and requires a multidisciplinary team
consisting of a pediatrician, gastroenterologist, dietitian, and feeding therapist (Table 1).
Conservative measures like positioning, hypoallergenic or thickened formula, blended diet,
and frequent or continuous feedings have limited success. Treatment with proton pump
inhibitors may be of value. Prokinetic agents should be considered if gastrointestinal
motility disorder is suspected. However, these drugs may have important adverse effects
which may lead to arrhythmia. Swallow studies, including flexible endoscopy, and additional
gastrointestinal imaging is often indicated in the evaluation and management of dysphagia,
gastroesophageal reflux, and pulmonary aspiration. Most infants require a nasogastric tube
or percutaneous gastrostomy (Leoni et al., 2016). Placement of gastroduodenal or
gastrojejunal tube, jejunostomy, or fundoplication may be necessary due to severe reflux or
impaired gastric motility (Lightdale & Gremse, 2013). Adult-onset GERD may be related to
Chiari malformation (Hopkins et al., 2010; White et al., 2005). Because vomiting is a
recognized Chiari malformation symptom, GERD in older individuals also merits
neurological evaluation and possibly a brain MRI. Individuals with CS have an increased
resting energy expenditure (Leoni et al., 2016) measured by indirect calorimetry, likely
reflecting an increased cellular basal metabolism and contributing to failure to thrive despite
normal to high daily caloric intake (Leoni et al., 2016). Normative growth charts for CS
individuals receiving medical care have been published (Sammon et al., 2012).
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RESPIRATORY AND OTOLARYNGOLOGIC FINDINGS

Complex pulmonary and airway co-morbidities are present in a significant proportion of
neonates and infants with CS (Gomez-Ospina et al., 2016; Myers et al., 2014), and are more
common and severe than in the general population, even accounting for prematurity. Upper
and lower airway abnormalities as well as abnormalities of the lung parenchyma such as
chronic lung disease occur. In infancy and early childhood, redundant nasal tissue, relative
macroglossia, laryngomalacia, hypopharyngeal wall collapse, or nonspecific airway
obstruction can require an epiglottoplasty or tracheostomy placement. Anecdotally, mucus
production is increased and may compound respiratory problems due to hypotonia and
swallowing dysfunction limiting mucus clearance from the airway. Chiari I malformation
can result in dysphagia and central sleep apnea. Tracheobronchomalacia, chronic lung
disease of infancy, and frequent respiratory tract infections tend to improve with age related
growth and development. Other problems may arise, including adenoid and tonsillar
hypertrophy. Nasal papillomata are common in older individuals and may require removal.
Obstructive or central sleep apnea (Della Marca et al., 2006), ongoing parenchymal lung
injury, or the evolution of cardiopulmonary disease require early recognition and treatment
(Gomez-Ospina et al., 2016).

The pulmonary evaluation and management is individualized, but common tests may include
chest and airway imaging, flexible (dynamic) and rigid (static) laryngoscopy and
bronchoscopy, and polysomnography (Table 1). Chest and airway imaging can provide an
evaluation of the lung parenchyma and evaluate for airway narrowing or
tracheobronchomalacia. Airway endoscopy will confirm the presence or absence of a
specific fixed airway lesion such as subglottic stenosis, or a dynamic airway upper or lower
airway problem such as airway malacia. Polysomnography will assess control of breathing
and confirm the presence or absence of sleep disordered breathing. Additional imaging may
include CT scanning to provide a more detailed assessment of lung parenchyma and with 1V
contrast, a more detailed assessment of pulmonary blood flow. Assistance with anesthesia
planning is an important role of the pulmonary consultant. A collaborative, multidisciplinary
approach is preferred and involves the expertise and skills of a pulmonologist and
otolaryngologist. Evaluation of potential cardiopulmonary interactions, particularly in
patients with congenital heart disease, and ensuring a safe and efficacious feeding and
nutritional plan may require input from cardiology, gastroenterology, speech therapy, and
nutrition specialists.

DENTAL AND ORAL FINDINGS

Dental and oral issues in CS are perhaps the most severe of all RASopathies. Individuals
with CS have oral habits including a secondary tongue thrust, open mouth posture, and
excessive teeth grinding/bruxism, resulting in an anterior open bite with a posterior crossbite
(Goodwin et al., 2014). Individuals have a significantly increased incidence of Class Il
malocclusion (37%) whereby the maxillary first molar is positioned posteriorly to the
mandibular first molar (Goodwin, Oberoi, et al., 2014). The majority have a narrow, high-
arched palate with thickening of the posterior maxillary and the anterior mandibular alveolar
ridge. Malocclusion and palate issues can contribute to obstructive sleep apnea. Gingival
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hypertrophy is common (Hart et al., 2002). Most (93%) have delayed dental development
with delayed eruption. They typically do not show increased dental crowding, hypodontia,
supernumerary teeth, or abnormal tooth morphology. Microdontia has rarely been reported
(Takahashi & Ohashi, 2013). Nearly all individuals with CS have an enamel defect
characterized by demineralized white focal and striation lesions allowing pathologic wear
due to increased susceptibility to abrasion and caries (Goodwin et al., 2014; Goodwin,
Oberoi, et al., 2014).

Medical management includes regular dental exams with a general or pediatric dentist
(Table 1). It is not uncommon for CS individuals to require anesthesia for dental visits.
Special attention to oral hygiene is important since gingival hyperplasia makes cleaning
difficult and enamel hypoplasia increases susceptibility to caries. Increased fluoride
treatment can decrease caries. For bruxism, a custom mouth guard may be considered.
Anticipatory guidance should include the possibility of delayed tooth development and
eruption. Early referral to an orthodontist is recommended, especially for Class 11l
malocclusion.

MUSCULOSKELETAL FINDINGS

Musculoskeletal findings are common and include scoliosis, pectus anomalies, osteopenia/
osteoporosis, hip dysplasia/subluxation, vertical talus, tight Achilles tendons, large and small
joint contractures, ulnar deviation of the wrists, hypotonia, joint laxity, and muscle weakness
(Detweiler, Thacker, Hopkins, Conway, & Gripp, 2013; Reinker, Stevenson, & Tsung, 2011;
Stevenson & Yang, 2011; Yassir, Grottkau, & Goldberg, 2003). Decreased bone mineral
density has been reported in multiple RASopathies and is common in CS (Detweiler et al.,
2013; Leoni et al., 2014; Stevenson et al., 2011; White et al., 2005). Osteopenia may be
present and individuals may be symptomatic (White et al., 2005). However, the resultant
impact of fractures due to osteoporosis in CS has not been well elucidated. Vitamin D
deficiency has been documented in European groups (Leoni et al., 2014).

Scoliosis, as well as kyphosis, has been reported in 17-63% of individuals with CS
(Detweiler et al., 2013; Reinker et al., 2011; Stevenson & Yang, 2011; Yassir et al., 2003).
Scoliosis can be severe and progressive. Pectus abnormalities are frequent (6—30%), but
rarely require intervention (Detweiler et al., 2013; Yassir et al., 2003). Reversal of the
normal sagittal profile of the spine with thoracic lordosis and lumbar kyphosis may be seen
(Detweiler et al., 2013).

Hip dysplasia affects 17-45% and may be seen early in infancy or during childhood and
adolescence (Detweiler et al., 2013; Yassir et al., 2003). It is hypothesized that early on, hip
dysplasia is usually bilateral and likely a result of hypotonia and ligamentous laxity. Hip
dysplasia may be identified at routine screening and should prompt a referral to orthopedics.
Late dysplasia of the hip during childhood/adolescence is almost always unilateral and is a
poorly understood phenomenon in CS (Detweiler et al., 2013). These individuals may
present with worsening of gait, hip pain or a limb-length discrepancy. Surgical
reconstruction is often needed and can be challenging. Hip flexion contractures can be
observed without concomitant hip dysplasia (Detweiler et al., 2013; Yassir et al., 2003).
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Limbs are often described as thin and lacking musculature. Abnormalities on muscle
biopsies suggest an underlying myopathy (Tidyman, Lee, & Rauen, 2011; van der Burgt et
al., 2007) with in vitro biochemical studies demonstrating that CS mutations dysregulate
skeletal myogenesis, providing further evidence that individuals with CS have an intrinsic
myopathy (Tidyman et al., 2011). Almost three-quarters have Achilles tendon contractures
which usually manifest as toe walking (Detweiler et al., 2013; Yassir et al., 2003).
Congenital vertical talus (17-28% of individuals) is noted at or soon after birth. Other foot
deformities such as talipes equinovarus (2%) or pes planus (53%) occur. Progressive
unilateral foot abnormalities, especially in childhood, may indicate a tethered cord and
should be investigated appropriately. Shoulder and elbow contractures occur in 65% and
55% of individuals, respectively (Detweiler et al., 2013). In addition to elbow flexion
contractures, ulnar deviation at the wrist (63%) may be present. Radial head subluxation or
dislocation at the elbow may occur. The wrist-hand deformities are characteristic and
include short, broad hyperextensible digits as well as ulnar deviation. Handgrip weakness is
common and may, in part, be due to the positioning of the hand and wrist, although intrinsic
muscle weakness has been reported in other RASopathies (Stevenson et al., 2012).

Referral to orthopedics and physical therapy for, at minimum, base-line evaluation is
indicated for all individuals with CS (Table 1). Radiographs are diagnostic for hip dysplasia
and in such cases referral to orthopedics is indicated as there is a high likelihood of needing
surgical intervention. At each physician visit, individuals should be evaluated for scoliosis
with the Adam’s forward bend test (Adams, 1865). Referral to orthopedics as needed for the
appropriate management for scoliosis. In general, rapid progression of scoliosis may be seen
in individuals with central nervous system involvement. Given that central nervous system
findings such as Chiari | malformation, syringomyelia, and tethered cord are common, MRI
of the entire spine should be considered in individuals with scoliosis, particularly with rapid
progression.

If fractures occur, dual energy x-ray absorptiometry should be considered, but the small
stature of CS individuals needs to be considered when interpreting the results. Vitamin D
supplementation may be needed to maintain sufficient serum 25-hydroxyvitamin D
concentration. The orthopedist will be helpful for evaluation of the frequent joint
abnormalities. Treatment for Achilles tendon tightness is often a combination of physical
therapy and splinting, although botulism toxin injections have been tried anecdotally.
Surgery may be required if it is refractory to these therapies. Recurrence of Achilles tendon
tightness may be seen and may necessitate repeat surgery. For joint contractures,
encouraging proper posture and stretching, as well as overhead activities may be beneficial.
Occupational and physical therapy may be needed for stretching and bracing at an early age.

GENITOURINARY FINDINGS

Prenatally, renal anomalies are present in up to 83% of fetuses with CS and include
echogenic kidneys as well as dilated renal pelvis and pyelectasis (Lorenz et al., 2012; Myers
et al., 2014). Documented postnatal renal anomalies include echogenic kidneys, ectopic
kidney(s), enlarged kidneys, dilated renal pelvis/pyelectasis/hydronephrosis, and renal
collecting system anomalies (Dickson et al., 2004; Digilio et al., 2008; Gripp et al., 2012;
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Linetal., 2009; Lo et al., 2008; Lorenz et al., 2012). Kidney stones may occur in children
and adults (Assadi et al., 1999; Gripp, Stabley, et al., 2006; Sol-Church et al., 2009) and a
bladder stone has been documented (Assadi et al., 1999). Additional genitourinary
anomalies include cryptorchidism, as observed in other RASopathies, hydrocele, inguinal
hernia, hypoplastic labia, or prominent labia minora (Cakir et al., 2004; Digilio et al., 2008;
Gripp, Stabley, et al., 2011; Hennekam, 2003; Smith et al., 2009), and anecdotal reports of
bladder diverticula. Bladder papillomata and transitional cell carcinoma of the bladder may
arise from late childhood to adulthood, for screening recommendations see Hematology/
Oncology section. Renal ultrasound should be considered at diagnosis with appropriate
follow-up with urology as needed (Table 1).

OPHTHALMOLOGIC FINDINGS

The majority of individuals with CS have eye findings and vision problems with strabismus,
nystagmus, and refractive errors such as myopia, hyperopia, and astigmatism (Estep et al.,
2006; Gripp, Lin, et al., 2006). In a cross-sectional study the majority needed corrective
lenses for refractive errors, myopia being most common (Shankar & Rauen, 2009). More
than 50% had strabismus, lack of depth perception, and reduced visual acuity. Photophobia
with avoidance of bright sun light was reported in a number of individuals. Ptosis is
common with many having compensatory head posturing. Numerous individuals undergo
strabismus correction surgery in early infancy or early childhood, with exotropia being more
common. Nystagmus has been present in individuals without optic nerve or retinal problems
and may diminish with age. Amblyopia is a common finding (Shankar & Rauen, 2009). Two
individuals had keratoconus (Costello, 1996; Gripp & Demmer 2013). Posterior segment
findings include optic nerve changes ranging from hypoplastic optic disks to small but
normal appearing optic disks, tilted and irregular optic disk margins, and peripapillary
pigmentation and atrophy. Retinal dystrophy occurred in two individuals (Pierpont,
Richards, Engel, Mendelsohn, & Summers, 2017). The management of ocular issues in CS
is life long and should begin early to prevent vision loss and amblyopia (Table 1). Refractive
errors and some strabismus are managed by corrective lenses, and, ptosis and strabismus
may need surgery. When optic nerve problems are noted, brain MRI is recommended and
unexplained decreased vision may require electroretinogram to evaluate for retinal
dystrophy. Pediatric ophthalmologic assessments should begin at birth or at the time of
diagnosis and continue every 6 months for the first 2 years of life than annually or as
recommended by an ophthalmologist.

HEMATOLOGIC AND ONCOLOGIC FINDINGS

Children and adults with CS have an increased risk of malignancy, predominantly for
embryonal rhabdomyosarcoma in early childhood, bladder cancer in adolescence and early
adult life, and neuroblastoma (Flores-Nava, Canun-Serrano, Moysen-Ramirez, Parraguirre-
Martinez, & Escobedo-Chavez, 2000; Franceschini et al., 1999; Gripp et al., 2002; Kerr et
al., 1998; Moroni et al., 2000; Sigaudy et al., 2000; Urakami et al., 2002). From a review of
268 published cases, the cumulative risk for cancer by age 20 was 15% (Kratz, Rapisuwon,
Reed, Hasle, & Rosesnberg, 2011). Rhabdomyosarcoma had been reported in 19 patients
(7%), bladder carcinoma in 4 (1%), and neuroblastoma in 5 (1%). The maximal risk for
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embryonal rhabdomyosarcoma occurs until age 6 years (Gripp et al., 2002) and the majority
of tumors arise in the abdomen or pelvis (Robbins et al., 2016). The high childhood
malignancy risk has been confirmed in a population-based study in children up to age 14 in
Germany which demonstrated a standardized incidence ratio of 42.4 (5.1-153.2; Kratz et al.,
2011).

It has not been firmly determined at this time if the malignancy risk varies with the
underlying mutation. Given that 80% of individuals with CS have HRAS p.G12S, this
missense mutation predominates also in patients with malignancy. In addition to
malignancies, a number of benign lesions have been reported including
ganglioneuroblastoma, a calcified epithelioma of the neck and epithelial paratubal cysts,
acoustic neuroma, and stomach polyp (Di Rocco & Dodero, 2003; Martin & Jones, 1991;
Suri & Garrett, 1998; Zampino et al., 1993). In adults, breast fibroadenomatosis, intraductal
papilloma, a parathyroid papilloma, and choroid plexus papilloma have been reported
(White et al., 2005).

As expected for such a rare disorder, there is no evidence on which to base a screening
protocol, in terms of effect on mortality and morbidity. Based on literature
recommendations, physical examination plus abdominal and pelvic ultrasounds are
suggested every 3 months until age 8-10 years, and annual urinalysis from age 10 (Table 1;
Gripp et al., 2002; Villani et al., 2017). Screening for neuroblastoma has been complicated
by the demonstration of abnormal urinary catecholamines in the absence of neuroblastoma
in patients with CS; as a result, this is no longer recommended (Bowron, Scott, Brewer, &
Weir, 2005). Although the malignancies with a very high relative risk in CS have been well
defined as outlined above, it remains unclear if there is an increased risk of other
malignancies, but with a lower relative risk, as seen in NF1 (Narrod, Stiller, & Lenoir, 1991).

DERMATOLOGIC FINDINGS

The dermatologic features in CS are distinctive and several are unique to CS. The vast
majority of individuals with CS have curly hair (95.7%) with frontotemporal alopecia
(30.4%; Siegel, Mann, Krol, & Rauen, 2012). The hair tends to be sparse, brittle, and slow
growing. In contrast, the fingernails and toenails grow quickly. The nails tend to be brittle
and thin. The full, thick eyebrows are a common feature (47.8%) distinguishing CS from
individuals with CFC who have thin, sparse eyebrows. Loose anagen hair syndrome has
been reported in a subset of individuals with HRAS p.G13C (Gripp, Stabley, et al., 2011)
and some had very long eyelashes, which required regular trimming.

Papillomas often begin to develop on the nasal ala and anterior nares, appearing from
infancy through early adulthood, occurring in 71.7% of individuals. Other locations include
the face, ear lobules, and perineal region. The papillomas tend to be soft, flesh colored, and
small, often only 3—-4 mm in size (Siegel et al., 2012). Hyperkeratosis develops in pressure
areas on the palms and soles. This palmoplantar keratoderma becomes significant and
symptomatic through the teen years in approximately three-quarters of patients. The palms
and soles are notable for deep creases with loose, wrinkled, or redundant skin. It is common
for patients to have a darker skin color compared to family members. The majority
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experience heat intolerance, excessive sweating and unusual body odor (Morice-Picard et al.,
2013; Siegel et al., 2012). There are a few reported cases of severe generalized cutis laxa in
the infantile period, which improved with time (Girisha, Lewis, Phadke, & Kutsche, 2010).
Acanthosis nigricans, thick, hyper-pigmented, velvety skin on the dorsal neck, axilla and
less frequently dorsal hands has been reported in approximately one-third. The age at
presentation of acanthosis nigricans can range from early childhood through adolescence.

Regular evaluation by a pediatric dermatologist is important to monitor dermatologic
findings, primarily papillomas, and palmoplantar keratoderma, which may require treatment
(Table 1). The facial papillomas and palmoplantar keratoderma can have a negative impact
on quality of life due to stigmatization, pain, and functional impairment. There are no FDA
approved treatments for the papillomas or palmoplantar keratoderma. Treatments that have
been used for papillomas include snip excision, cryotherapy, cautery and imiquimod cream;
however, these generally provide only temporary benefit and the lesions frequently recur.
Palmoplantar keratoderma is managed with topical tazarotene, urea cream and physical
paring. One case report described improvement of acanthosis nigricans after treatment with
isotretinoin for nodulocystic acne (Sriboonnark, Aurora, Falto-Aizpurua, Choudhary, &
Connelly, 2015).

Individuals with CS have a high rate of sensitive skin and eczematous dermatitis. This can
cause itching and discomfort. Eczema should be managed with sensitive skin care. The use
of fragrance-free products (including soap, moisturizer, and laundry detergent) is beneficial
to preventing skin irritation. Thick moisturizing creams and ointments are more effective as
emollients than lotions. In some cases, prescription topical steroids are needed. Sun
protection, including the use of hats, sun protective clothing, sunglasses, and sun screen, is
important. Sun screen should be reapplied every 2 hr while outside, especially if swimming
or sweating.

ISSUES IN ADULTHOOD

There is very little literature describing the health concerns specific to adults with CS. Two
studies describe health concerns in 22 adults (16 years and older) with CS (Abe et al., 2012;
White et al., 2005). Of these, 15 (68%) had cardiovascular pathology, eight individuals had
isolated cardiomyopathy, five individuals had cardiomyopathy and arrhythmia, one
individual had mitral valve prolapse and regurgitation, and one individual had pulmonic and
tricuspid valve regurgitation. When comparing this group of 22 individuals to a cross
sectional cohort of individuals with CS of all ages (61 individuals, mean age 12 years, 13
over the age of 18), the incidence of cardiomyopathy is constant (~65%), while arrhythmia
seems to be common in the younger cohort (Abe et al., 2012; Levin et al., 2018; Lin et al.,
2011; White et al., 2005). Age of onset of cardiac problems and longitudinal follow-up of
cardiomyopathy is largely under-reported. Only four of the 22 adults referenced previously
had age of onset of cardiomyopathy provided with two reportedly diagnosed as adults, age
16 and 26 years, respectively (Abe et al., 2012; White et al., 2005). Adult-onset GERD was
reported in four of 17 adults (White et al., 2005) and three of them were later diagnosed with
Chiari I malformation. While GERD is a common problem in the general population, the
potential association with Chiari | malformation in an adult with CS is important. Among 14

Am J Med Genet A. Author manuscript; available in PMC 2021 June 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gripp et al.

19 |

Page 17

adults with brain imaging, four were diagnosed with Chiari | malformation (Abe et al., 2012;
White et al., 2005). Vision concerns continue into adulthood. Specific problems reported in
adults include keratoconus in two individuals, and retinal dystrophy in two individuals, in
addition to more common concerns such as myopia, astigmatism, amblyopia, nystagmus,
and hypermetropia (Gripp & Demmer, 2013; White et al., 2005). Tumors and malignancies
seem to be rare in adults. To date, the only malignancy reported in adults with CS has been
transitional cell carcinoma of the bladder (Beukers, Hercegovac, & Zwarthoff, 2014; White
et al., 2005). Low bone density may be an issue for adults with CS (Leoni et al., 2014; White
et al., 2005). While individuals may have symptomatic low bone density, other comorbidities
for low bone density may be present and, therefore, the causal relationship with CS is
unclear. A recent study reported bone density in a group of individuals with CS, including
four individuals over age 18. While bone density was low in three of the four individuals
(lumbar spine and whole body z scores < —2), none of the individuals in the study had a
fracture (Leoni et al., 2014). Orthopedic surgeries performed in older individuals include
calcaneal tendon lengthening and spinal fusion. One individual had total hip replacement at
age 19.

Physical features of individuals with CS change with age, with coarsening of facial features,
and loss and thinning of hair. Quality of life is generally reported to be good in adults with
CS (Hopkins et al., 2010). One major concern that deserves further investigation is anxiety
symptoms (Weaver, unpublished observation). Cognitive function appears stable over time
but has been poorly studied in adults. Among a group of 16 adults recently surveyed with
mean age of 24.75 years (median 22.5 years, range 16-38 years, SD 6.5), 13 live with their
parents, two live in a group home, and one lives semi-independently in an apartment near
her parents. Three individuals attend a college program. All participate in daily activities
such as volunteer work or part-time employment. In light of the high likelihood that an adult
with CS will require life-long assistance with activities of daily living, it is important for
parents or caregivers to begin planning early for continued support of their adult son or
daughter with CS. The life expectancy is in need of further study, but as evidenced by the
studies summarized above, many individuals survive into adulthood. Among 23 deceased
individuals summarized in 2011, only two passed away as adults (Lin et al., 2011). Both
were males who died suddenly, at age 27 and 47 years, respectively. The 27-year-old had
known severe hypertrophic cardiomyopathy, arrhythmia, and ascending aortic dilation. The
47-year-old was the oldest reported living person with CS at the time of his death and had
previously had a normal echocardiogram. In the event of unexpected death, it can be helpful
to have previously considered whether autopsy or tissue/DNA preservation is desired and to
have an appropriate plan in place. In addition to routine screening for the CS-specific
concerns (Table 1), it is important to emphasize routine adult health maintenance
recommendations, such as annual blood pressure and lipid panel screening in all individuals
and mammaography in women.

SUMMARY

Costello syndrome (CS) is a RASopathy due to activating germline mutations in the gene
HRAS. Due to the ubiquitous nature in which HRAS is expressed, CS is a complex
syndrome affecting multiple organ systems and individuals are predisposed to cancer. Like
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other RASopathies, CS individuals have distinctive craniofacial features, cardiac anomalies,
growth and developmental delays, as well as dermatological, orthopedic, ocular, and
neurological issues. It is essential that patients be evaluated by specialists and have
continued follow-up in a regular, multidisciplinary approach. These recommendations were
developed by an interdisciplinary team of experts with the overall goal to provide health care
providers with the most timely health care practices and medical management guidelines for
individuals with CS across their life span. However, because the full natural history of CS is
unclear and systematically obtained data regarding the benefits of these management
recommendations are currently lacking, these care guidelines will be refined in the future.
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FIGURE 1.
Images of an individual male with the most common heterozygous HRAS p.G12S missense

mutation. The images demonstrate the classical Costello syndrome craniofacial phenotype.
This figure depicts the evolution of his features from birth (a), to 5 months of age (b), one
and one-half years of age (c), four and one-half years of age (d), 15 years of age (e), and 23
years of age (f)
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FIGURE 2.
Images of individuals with rarer HRAS missense mutations. (a) A 3-year-old boy with a

heterozygous HRAS p.F156L missense mutation. (b) A 3-year-old girl with a heterozygous
HRAS p.Q22K missense mutation. (c) A three and one-half-year-old boy with a
heterozygous HRAS p.G12A missense mutation. (d) A five and one-half-year-old girl with a
heterozygous HRAS p.G12C missense mutation. (e) A 6-year-old girl with a heterozygous
HRAS p.G13C missense mutation. (f) A 26-year-old man with a heterozygous HRAS
p.G13D missense mutation
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