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Abstract

Specific activating missense HRAS variants cause Costello syndrome (CS), a RASopathy with recognizable facial features.
The majority of these dominant disease causing variants affect the glycine residues in position 12 or 13. A clinically
suspected CS diagnosis can be confirmed through identification of a dominant pathogenic HRAS variant. A novel HRAS
variant predicting p.(Glu62_Arg68dup) was identified in an individual with hypertrophic cardiomyopathy, Chiari 1
malformation and ectodermal findings consistent with a RASopathy. Functional studies showed that the p.Glu62_Arg68dup
alteration affects HRAS interaction with effector protein PIK3CA (catalytic subunit of phosphoinositide 3-kinase) and the
regulator neurofibromin 1 (NF1) GTPase-activating protein (GAP). HRASCM62-Ae68dw hinding with effectors rapidly
accelerated fibrosarcoma (RAF1), RAL guanine nucleotide dissociation stimulator (RALGDS) and phospholipase Cl
(PLCE1) was enhanced. Accordingly, p.Glu62_Arg68dup increased steady-state phosphorylation of MEK1/2 and ERK1/2
downstream of RAF1, whereas AKT phosphorylation downstream of PI3K was not significantly affected. Growth factor
stimulation revealed that expression of HRASC62-A12684WP 4h5]ished the HRAS® capacity to modulate downstream signaling.
Our data underscore that different qualities of dysregulated HRAS-dependent signaling dynamics determine the clinical
severity in CS.

Introduction

Costello syndrome (CS) can be clinically suspected based
on its characteristic multiorgan presentation with distinctive
facial features, failure-to-thrive, developmental delay, car-
diac manifestations, and a history of polyhydramnios [1].
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The diagnosis is molecularly confirmed through the iden-
tification of a dominant pathogenic HRAS variant [2].
Approximately, 90% of CS-causative HRAS variants
involve amino acid glycine at position 12 and result in a
recognizable, typical or, severe phenotype [3]. A more
variable, milder or “attenuated” phenotype occurs with rarer
dominant pathogenic HRAS variants [3]. HRAS
c.187_207dup p.(Glu63_Asp69dup) causes an attenuated
phenotype with milder intellectual disability, fewer feeding
issues, and a lower tumor risk [4, 5].

HRAS acts as molecular switch by alternating between
an active guanosine triphosphate (GTP)-bound and inactive
guanosine diphosphate (GDP)-bound state. Guanine
nucleotide exchange factors (GEFs) catalyze the exchange
from HRAS-bound GDP to GTP and turn on signaling,
whereas GTPase-activating proteins (GAPs) terminate sig-
naling by stimulating GTP hydrolysis. Active HRAS binds
to various effectors, such as serine/threonine RAF kinases,
the catalytic subunits (PIK3CA) of phosphoinositide 3-
kinases (PI3K), phospholipase C1 (PLCEI) and RAL gua-
nine nucleotide dissociation stimulator (RALGDS), and
promotes signal transduction.
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No concern

No concern

Orthopedic Pes planus

Fig. 1 Phenotypic findings. a Photographs of the patient at age 3
years. Note short hair, bitemporal narrowing and dolichocephaly,
hypertelorism, and low-set ears. Multiple scattered lentigines are
present. b Comparison of phenotypic findings in the patient reported

Disease-associated changes of HRAS amino acids 12,
13, and 61 affect GTPase activity and trap HRAS in its
active state independently from incoming signals. Conse-
quently, increased activation of HRAS-dependent down-
stream signaling describes CS pathology. However, several
studies demonstrated a more diverse spectrum of functional
consequences [5—7]. Notably, the CS-associated HRAS p.
Glu63_Asp69dup variant did not increase PI3K-Akt
signaling.

Material and methods

Consent to publish the proband’s data and photographs was
provided by her parents. A description of the laboratory
methods is available in Supporting information.

Results
Clinical summary

The proband (Fig. 1a) was born at 38 weeks gestation after
a pregnancy complicated by large fetal size. The girl
weighed 4.4kg (>97th centile), length was 50cm
(50th-75th centile) and OFC was 35 cm (75th—90th centile).
She had slow weight gain and low-normal length with

Large fetal size

Birthweight Large for gestational
age
Feeding

CEFEOITCTEOE 10t-25t centile
Relative macrocephaly,
dolichocephaly

Nervous Chiari 1; syringomyelia;

system seizure

Sl Mild gross motor delay;  Gross motor delay; mild speech
no formal testing

intellectual disability

HCM at 1 year, mitral
valve regurgitation

Lentigines; slightly deep Lentigines; hyperkeratosis;
palmar creases;
hyperkeratosis;
hyperpigmentation
Sparse, short

B - Patient in Lorenz et al., 2013 Typical Costello syndrome
2015 Grant et al., 2018]

1186_206dup
p.(Glu62_Arg68dup)

c.187_207dup
p.(Glu63_Asp69dup)

¢.187_207dup
p.(Glu63_Asp69dup)

p.(Gly12Ser), other specific
missense mutations

13 years 4 years
Not known Not known Polyhydramnios
Not known Large for gestational  Large for gestational age

age
Feeding difficulties in infancy, no No reported concern
feeding tube
No information
<31 centile

Severe feeding difficulties with
feeding tube placement

GH deficiency

<3 centile

No information
“normal”

Relative macrocephaly No information about Relative macrocephaly
size; dolichocephaly
No information

No information Chiari 1; syringomyelia; tethered

cord; hydrocephalus; seizures
Mild intellectual
disability

Gross motor delay; global
developmental delay; intellectual
disability

HCM; pulmonic stenosis; multifocal
atrial tachycardia

delay; reportedly mild

HCM at 5 years; dilated
coronary sinus; malaligned
aorta; mitral and pulmonary
insufficiency; first degree AV
block

Pes planus; mild ulnar deviation
at wrist; genu valgum;
osteoporosis

HCM; atrial septal
defect

Genu varum Loose joints; ulnar deviation at

wrist; tight Achilles tendon;

scoliosis; foot position abnormality

Lentigines; acanthosis Hyperpigmentation;

nigricans hyperkeratosis; papillomata; deep
palmar creases

hyperpigmentation; deep
palmar creases

Sparse, short Sparse, short Tight curls, sparse and short in

some

None None 15% risk

here to those of the individuals reported in Lorenz et al. [5] and Xu
et al. [4]; and findings typically seen in individuals with Costello
syndrome as reported in Grant et al. [2].

relative macrocephaly. Gross motor development was
delayed with sitting independently at age 11 months and
walking at 14 months. Her language development was age
appropriate with pronunciation difficulties. Moderate con-
centric left ventricular hypertrophy was identified at age
15 months and treated with propranolol. Progression of the
septal hypertrophy and mild mitral valve regurgitation was
noted at age 3 years 2 months, when status epilepticus
occurred in the setting of cellulitis. Imaging showed a
Chiari 1 malformation with 8 mm cerebellar tonsil protru-
sion and syringomyelia. At age 3.5 years, her height was 93
cm (10th-25th centile), weight was 14.2kg (25th-50th
centile) and OFC 50.7 cm (75th—90th centile). She was very
interactive and age appropriate, with at times difficult to
understand speech. She had short sparse hair that had never
been cut, full and flaring eye brows and unusually long eye
lashes. Her facial features were notable for hypertelorism, a
low nasal bridge and low-set ears. Her neck was wide. She
had deep palmar creases with mild redundancy of the soft
tissues and hyperkeratosis on palms and soles. She had
multiple lentigines scattered over her head and extremities,
mild generalized hyperpigmentation with some more nota-
bly darkened skin regions. Clinical features are summarized
in Fig. 1b.

Analysis of the facial photograph (Fig. 1a, frontal image)
by Face2Gene (FDNA, Boston, MA) (version 19.1.7)
without additional molecular or clinical information

SPRINGER NATURE
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Fig. 2 Consequences of HRAS p.Glu62_Arg68dup on effector and
regulator binding. a HRAS62-A1e68dW o hrecipitates with RAFI,
RALGDS, and PLCEI, but not with PIK3CA. HRAS variants were
transiently expressed in HEK293T cells under culture conditions as
indicated, precipitated from cell extracts by using GST-fused effector
peptides, and subjected to immunoblotting; n=3. b p.
Glu62_Arg68dup affects binding efficiency with NF1. HRAS variants

provided, ranked CS as the top match, followed by Noonan
syndrome with loose anagen hair (data not shown) [8].
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10% serum 20 min EGF stimulation

were transiently expressed under culture conditions as indicated, pre-
cipitated from cell extracts by using GST-fused NF1°*® peptide, and
subjected to immunoblotting; n = 3. Pcpt precipitates; tcl total cell
lysates; RBD RAS binding domain; RA Ras association; RALGDS
RAL guanine nucleotide dissociation stimulator; PLCE1 phospholi-
pase Cl; PIK3CA phosphatidylinositol 3-kinase catalytic subunit
alpha; NF1 neurofibromin 1; HA hemagglutinin.

Testing for gene changes associated with hypertrophic
cardiomyopathy was performed during her hospitalization
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Fig. 3 Consequences of HRAS p.Glu62_Arg68dup on signal
transduction. a Expression of HRASCW62-Ae68duw enhances down-
stream signaling via MEK1/2 and ERK1/2 in HEK293T cells. HRAS
variants were transiently expressed in HEK293T cells. For control,
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 EGF (10 ng/ml EGF stimulation). Total cell lysates (tcl) were
subjected to immunoblotting as indicated; n=3. b Expression of
HRASCIW62-Are68dup 1aroinally affects AKT phosphorylation in MCF7
cells. HRAS variants were transiently expressed in MCF7 cells and
samples were treated as described above. Total cell lysates (tcl) were
subjected to immunoblotting as indicated; n = 3. ¢ p.Glu62_Arg68dup
impairs epidermal growth factor sensitivity of HRAS. HEK293T cells

for status epilepticus and identified a novel HRAS variant,
c.186_206dup (NM_005343.4); p.(Glu62_Arg68dup)
(NP_005334.1), leading to a suspected diagnosis of CS.
Genotyping of parental DNAs did not identify this altera-
tion and confirmed paternity. Delineation of parental origin
was not possible due to lack of informative markers.

Functional characterization

The HRAS c.186_206dup variant was predicted to cause
the duplication of HRAS amino acids 62-68, or p.

transiently expressing various HA-HRAS variants were stimulated
with EGF for various times (5, 15, and 30 min) or left untreated
(O min). Active HA-HRAS was precipitated from cell lysates using
GST-fused effector peptides RAF1[RBD]. Precipitates (pcpt) and total
cell lysates (tcl) were subjected to immunoblotting using specific
antibodies as indicated; n=3. d HRAS activation and MEK1/2,
ERK1/2 and AKT phosphorylation dynamics. Activation and phos-
phorylation levels upon 0, 5, 15, and 30 min EGF stimulation relative
to maximum levels in cells expressing HRASWT, HRASCY!25e
HRASC62-Are68dup The number of independent experiments (n) is
indicated, and the data represent the mean of n independent experi-
ments + standard deviation (for untreated cells, 0 min EGF). Sig-
nificance levels are specified between data points [*P<0.05; ns,
statistically not significant (two tailed ¢ test)].

(Glu62_Arg68dup). Six of these residues are an integral
part of the switch II domain (amino acids 59-67, Fig. S1)
mediating HRAS binding with regulator and effector pro-
teins [9—11]. The p.(Glu62_Arg68dup) variant is the second
HRAS germline duplication affecting multiple amino
acid. Another duplication, HRAS ¢.187_207dup p.
(Glu63_Asp69dup) was identified in two patients with a
milder phenotype [4, 5]. We used GST-fusion proteins of
interacting motifs from RAS effectors RAF1, RALGDS,
PIK3CA and PLCE!1 and precipitated activated hemagglu-
tinin (HA)-tagged HRAS protein variants from HEK293T

SPRINGER NATURE
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cell extracts (Fig. 2a). CS-typical HA-HRASSY!25" and
oncogenic HA-HRASY!2Val strongly co-precipitated with
any effector under all cell culture condition tested (Fig. 2a).
As a negative control, we used the dominant negative var-
iant HA-HRASS®'17AS1: this protein variant was pulled down
only minimally (Fig. 2a). Similar to HA-HRAS®Y!?5¢ and
HA-HRASY!2V¥ the amounts of HA-HRAS®62-Areo8dup
and HA-HRASCM63-AP6up yere elevated compared to
HA-HRAS™ in the RAF1, PLCEI, and RALGDS pre-
cipitates under all culture conditions. However, as already
shown  for ~ HA-HRASOWO3-As6%dwp 51" HA_
HRASCM62-Ae68dup  wag only slightly enriched in pre-
cipitates using PIK3CA (the catalytic subunit of PI3K) as
bait when compared to HA-HRASWT (Fig. 2a). These data
suggest (1) that HA-HRASCWO2-AE8P jq trapped in an
active conformation resulting in stable binding to RAFI,
PLCEI1, and RALGDS and (2) that the p.Glu62_Arg68dup
alteration affects binding to PIK3CA.

GAP proteins stimulate HRAS GTPase activity and the
switch II region in HRAS is essential for binding active
HRAS with GAPs [9]. To analyze binding between HRAS
and the RAS-specific NF1 GAP we pulled down ectopically
expressed HRAS protein variants with the GAP-related
domain of NF1 (fused with GST; GST-NF1**%). HA-
HRASYT co-precipitated only weakly with GST-NF1°%
reflecting a relatively small fraction of active HA-HRASWT
molecules (Fig. 2b). Consistently, constitutively active HA-
HRASY!% and  HA-HRAS®Y'?Y*! but not dominant
negative HA-HRASS''"A" strongly co-precipitated with
GST-NF1°*® (Fig. 2b). Although HA-HRASC!62-Are68dup
and HA-HRASC63-AspO9dup wore sulled down stronger than
HA-HRAS™', co-precipitation efficiency was low com-
pared to HA-HRASY!12Val and HA-HRASY!25" (Fig. 2b).
Because RAF1, PLCE1 and RALGDS (i.e. effector) pull-
downs showed similar activation of HA-HRA SC1162-Arg68dup
HA-HRASGIU63—ASp69duP, HA-HRASGlylzval, and HA-
HRASYI25¢T (Fig. 2a), these data suggest that duplication
of HRAS amino acids 62-68 or 63-69 interferes with NF1
GAP binding.

To assess signaling consequences of p.Glu62_Arg68dup,
we measured phosphorylated MEK1/2, ERK1/2, and AKT
in cells expressing HRAS variants. Expression of HA-
HRASGlyIZVal’ HA-HRASGlylzser, or HA-
HRASCO3-APOOP 1yt not HA-HRASS™ A" promoted
MEK1/2 and ERK1/2 phosphorylation in HEK293T cells
under all culture conditions (Fig. 3a). Likewise, HA-
HRASC62-Arg68dup ophanced phosphorylation of MEK1/2
and ERK1/2 compared to HA-HRAS™'. We detected no
significant differences in AKT phosphorylation between
cells expressing HA-HRASWT and HRASEM2Vdl HA-
HRASGIylZSer7 HA-HRASGlu&*ASp@duP, or HRAS-
Glu62_Arg68dup. jndicating that AKT signaling is very robust in
HEK?293T cells and their dependence on HRAS as well as

SPRINGER NATURE

responsiveness to serum factors is limited (Fig. S2). Con-
sequently, we applied another cell line, MCF7 cells, and
found that expression of HA-HRASSY!2Val or HA-
HRASSY!25 induced a detectable AKT phosphorylation
response compared with HA-HRASWYT (Fig. 3b) On the
other hand, in cells expressing HA-HRASCIU03-Asp69dup o
HRASCM62-Ae68dup the jncrease of AKT phosphorylation
was very weak (Fig. 3b). Our data suggest that the p.
Glu62_Arg68dup alteration preferentially intensifies
MAPK signal flux.

For CS and related RASopathies, impaired signaling
dynamics are more relevant than a simple static hyper-
activation of RAS-dependent signaling [5, 7, 12]. There-
fore, we compared the intensity of EGF-induced HRAS
activation and downstream signaling over time. RAS pull-
down assays showed activation of HA-HRASWT after 5
min, followed by signal decrease at 15-30 min after EGF
addition (Fig. 3c, d). In contrast, EGF had no stimulating
effect on constitutively active HA-HRASOY!2Ser A
HRASSY!2Val or HA-HRASO62-Ar208dw (Rio 3¢ d), sug-
gesting that HRASCM62-Are68dup i¢ constitutively active and
uncoupled from growth factor stimulation. EGF stimulation
induced a strong MEK1/2 and ERK1/2 phosphorylation
response in HA-HRAS™T cells, whereas in cells expressing
HA-HRASOY!? HA-HRASOY2V4 or  HA-
HRASCWO2-Arg68dup - pagic  phosphorylation (0 min  EGF)
was enhanced with little or no further increase (Fig. 3c, d).
AKT phosphorylation was slightly induced upon EGF
treatment in cells expressing HRAS™', but only marginally
altered in cells expressing HA-HRASCY!ZSer  HA-
HRASOY!12Val ' or HA-HRASCM62-Areo8dup (pio 3¢ (),
These data suggest that the p.Glu62_Arg68dup duplication
impairs HRAS’ capacity to modulate signaling.

Discussion
Phenotype associated with HRAS ¢.186_206dup

The proband’s phenotype of large birth weight, relative
macrocephaly, mild motor delay, Chiari 1 malformation
with syringomyelia, hypertrophic cardiomyopathy, and
ectodermal findings is consistent with CS (Fig. 1b). An
objective digital assessment of her facial features using
Face2Gene most closely matched CS. Limited
genotype—phenotype correlations have been established for
CS [1]. This novel intragenic duplication is most similar to a
duplication reported in two unrelated individuals [4, 5]. The
individuals with intragenic duplications share multiple
lentigines, and short and slow growing hair, without the
tight curls characteristic for CS (Fig. 1b). None shows the
wide mouth with prominent vermillion typical for CS.
While three individuals do not allow for definitive
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genotype—phenotype conclusions, these reports establish
intragenic HRAS duplications as a potential disease causing
mechanism associated with attenuated CS.

Functional consequences of HRAS p.
Glu62_Arg68dup

HRASCIO2-Arg68dup i characterized by two molecular
aberrations. First, binding of HA-HRASCu02-Arg68dup )
effectors RAF1, PLCE1, and RALGDS is increased, and
consequently, MAPK signaling is enhanced. This hyper-
activation likely results from impaired GTP hydrolysis. Our
experiments did not discriminate if p.Glu62_Arg68dup
affects intrinsic or GAP-mediated GTP hydrolysis; how-
ever, compared with constitutively active HRAS®Y12V# and
HRASSY!25¢" binding with NFI GAP was reduced. The
duplication (p.Glu62_Arg68dup) contains essential com-
ponents of the HRAS switch II region (Fig. S1) involved in
binding regulator proteins (GAPs and GEFs), effector
molecules and GDP/GTP nucleotides [9-11]. We conclude
that p.Glu62_Arg68dup interferes with the structure of the
switch II region critical for interaction with NF1 GAP
[9, 13]. Similarly, affected GAP binding occurred with
other CS-associated HRAS variants including HRAS p.
Glu37dup and HRAS p.Glu63_Asp69dup [5, 6].

Second, p.Glu62_Arg68dup does not cause more effec-
tive PIK3CA binding and marginally increases AKT
phosphorylation. Given that HRASCM62-Ar68dup ¢ trapped
in an active conformation—otherwise, it would not con-
stitutively activate MAPK signaling—we conclude that p.
Glu62_Arg68dup selectively affects PIK3CA binding. The
HRAS switch II region is critical for interaction with
PIK3CA [14, 15]. Accordingly, substitution of HRAS tyr-
osine 64 by a glycine eliminated the interaction with
PIK3CA (and with NF1), whereas it had no effect on RAF1
binding [16]. RAF1 and RALGDS interact with RAS
switch I, but not switch II [11]. PLCE1 makes contact with
switch I and switch II, as does PI3K [17]. Our results
indicate that PLCEI interaction with switch I of HRAS-
Glu62_Arg68dup o gufficient for effective binding. Identical
results were reported for HRASCIWO3-APOIUP 151 "y thig
context, data from this and other reports suggest that the
activation status of PI3K-AKT signaling is a significant
factor determining the severity of CS manifestation
[5, 12, 18]. The absence of PI3K-AKT hyperactivation may
be associated with a phenotype at the milder end of the CS
spectrum.

HRASC02-Are68dup - gtimylates MAPK signaling under
static cell culture conditions and independently of growth
factor stimulation in HEK293T cells. Similar to HRAS-
Glyl12Ser and HRASGIylZVal’ HRASGlu627Arg68dup is con-
stitutively active and lacks the ability to respond to
upstream  signals. Notably, HRASCO3-APEIdup hoyed

residual reagibility to stimuli in COS7 cells, a finding we
attribute to the different cell lines used. Importantly, the
molecular property of reduced reagibility to stimuli is
common to all CS-associated HRAS variants.
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