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Abstract

Germline mutations in PTPN11, the gene encoding the Src-homology 2 (SH2) domain-
containing protein tyrosine phosphatase (SHP2), cause Noonan syndrome (NS), a relatively
common, clinically variable, multisystem disorder. Here, we report on the identification of
five different PTPN11 missense changes affecting residues Leu®®!, Leu?®® and Arg*®in 16
unrelated individuals with clinical diagnosis of NS or with features suggestive for this
disorder, specifying a novel disease-causing mutation cluster. Expression of the mutant
proteins in HEK293T cells documented their activating role on MAPK signaling. Structural

data predicted a gain-of-function role of substitutions at residues Leu?®? and Arg*®

exerted by
disruption of the N-SH2/PTP autoinhibitory interaction. Molecular dynamics simulations
suggested a more complex behavior for changes affecting Leu?®!, with possible impact on
SHP2’s catalytic activity/selectivity and proper interaction of the PTP domain with the
regulatory SH2 domains. Consistent with that, biochemical data indicated that substitutions at
codons 262 and 265 increased the catalytic activity of the phosphatase, while those affecting
codon 261 were only moderately activating but impacted substrate specificity. Remarkably,
these mutations underlie a relatively mild form of NS characterized by low prevalence of

cardiac defects, short stature, and cognitive and behavioral issues, as well as less evident

typical facial features.

Key Words: PTPN11 mutations; Noonan syndrome; structural and functional studies;

genotype-phenotype correlation analysis
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Introduction

PTPN11 (MIM# 176876) encodes the non-receptor Src homology 2 (SH2) domain-
containing protein tyrosine phosphatase 2 (SHP2), a widely expressed signal transducer
implicated in multiple intracellular signaling pathways, including the RAS-MAPK and PI3K-
AKT cascades [Tartaglia et al., 2004a; Tajan et al., 2015]. Heterozygous germline mutations
in PTPN11 cause Noonan syndrome (NS, MIM# 163950) [Tartaglia et al., 2001, 2002] and
the clinically related NS with multiple lentigines (NSML, MIM# 151100; previously known
as LEOPARD syndrome) [Digilio et al., 2002; Legius et al., 2002], two developmental
disorders characterized by reduced postnatal growth, congenital heart disease, hypertrophic
cardiomyopathy (HCM), facial dysmorphisms, variable cognitive deficits, and skeletal,
hematological and lymphatic anomalies [Tartaglia et al., 2011; Roberts et al., 2013]. A third
class of mutations occurs as somatic events with variable prevalence in childhood
myeloproliferative and myelodysplastic disorders, as well as leukemias [Tartaglia et al.,
2003, 2004b, 2006]. Furthermore, loss-of-function (LoF) mutations in the same gene have
more recently been associated with the dominantly transmitted metachondromatosis (MIM#
156250), a rare cartilage tumor-predisposing syndrome characterized by multiple exostoses,
enchondromas and skeletal abnormalities, wherein a second somatic hit results in complete
SHP2’s LoF in affected cells [Bowen et al., 2011].

SHP2 contains two tandemly arranged N-terminal SH2 domains (N-SH2 and C-SH2),
followed by a catalytic PTP domain and a C-terminal tail with a still largely uncharacterized
function (Fig. 1A). SHP2’s activity and subcellular localization is controlled by an allosteric
switch involving the N-SH2 and PTP domains [Hof et al., 1998]. Under basal conditions, the
catalytically inactive conformation of the phosphatase is stabilized by a wide intramolecular
binding network involving residues located at the N-SH2/PTP interface. Binding of
phosphotyrosine (pY)-containing signaling partners at a different site of the N-SH2 domain
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promotes the release of this autoinhibitory interaction, making the catalytic site available to
substrates. The spectrum of disease-causing PTPN11 mutations has been thoroughly
characterized [Tartaglia et al., 2006; Strullu et al., 2014]. Most mutations underlying NS or
contributing to hematologic malignancies cluster at the N-SH2/PTP interface. These
activating lesions are known to destabilize the autoinhibitory interactions between these two
domains, enhancing basal phosphatase activity and affinity for binding partners [Keilhack et
al., 2005; Tartaglia et al., 2006]. Other lesions localize within the region of the SH2 domains
mediating SHP2’s interaction to signaling partners, increasing binding affinity or changing
binding selectivity [Martinelli et al., 2008]. Biochemical and functional characterization of
these changes confirmed their activating role on SHP2’s function and the MAPK cascade
[Kontaridis et al., 2006; Martinelli et al., 2012]. In contrast, NSML-associated mutations
dramatically affect the catalytic activity of the enzyme [Keilhack et al., 2005; Hanna et al.,
2006; Kontaridis et al., 2006; Tartaglia et al., 2006; Martinelli et al., 2008], and promote
enhanced PI3K-AKT signaling [Edouard et al., 2010]. The effects of mutations on the
functional regulation of SHP2, however, can be more complex [Martinelli et al., 2012], and
the precise structural and functional consequences of many of these lesions remain to be
elucidated.

Here, we report on a novel PTPN11 mutation cluster causing NS, and provide data on
the effects of those lesions on SHP2’s structure and function, and their associated clinical

phenotype.
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Materials and Methods

Patients. Mutation scanning of PTPN11 was performed in a diagnostic setting on cohorts of
subjects with a clinical diagnosis of NS or NSML by partners of the NSEuroNet Consortium
(MT, HC and MZ) and their associated external collaborators. Clinical assessment was
performed by experienced pediatricians and clinical geneticists. DNA samples and clinical
data were collected following institutional review board-approved protocols, and written

informed consent for genetic analyses was obtained from all patients or their legal guardians.

Molecular Data. Genomic DNA was isolated from circulating leukocytes by using standard
techniques. The entire PTPN11 coding sequence, together with the exon/intron boundaries
and their flanking intronic regions were scanned for mutations by either Sanger sequencing or
parallel targeted resequencing. Sanger sequencing used ABI BigDye Terminator Sequencing
chemistry (Applied Biosystems) and ABI 3700/3500 Capillary Array Sequencers (Applied
Biosystems). Massive parallel resequencing was performed on MiSeq (lllumina) and PGM
(Life Technologies) platforms, using different custom panels designed to target coding exons
and flanking intronic sequences of most of the known NS/NSML genes, as well as genes
causing clinically related phenotypes (i.e., PTPN11, CBL, SOS1, SHOC2, NF1, SPRED1,
KRAS, HRAS, NRAS, RAF1, BRAF, MAP2K1, MAP2K2, and RIT1). Average coverage of
target regions was >98.5%, with average sequencing depth on target of 452x. Details on
panels and sequencing protocols are available upon request.

The identified mutations have been submitted to the NS EuroNet database

(https://nseuronet.com/php/index.php). To determine the in cis/trans status of the ¢.781C>T

and ¢.794G>A missense changes identified to co-occur as de novo events in subject ADL1,

exon 7 was PCR-amplified and subcloned (pCR2.11-TOPOLTA vector, Life Technologies).
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The insert of 12 independent clones was sequenced to resolve the haplotype in individual
clones.
Exact confidence intervals of proportions (at 95% level) were calculated based on the

binomial distribution.

Structural Analyses and Molecular Dynamics (MD) Simulations. Structural analyses were
based on the structure of SHP2 in its autoinhibited conformation (PDB code 2SHP), after
modeling the missing regions, as previously described [Bocchinfuso et al., 2007]. Residues
located at the surface of the PTP domain interacting with the N-SH2 and C-SH2 domains and
the linker connecting these domains were defined by calculating change in solvent accessible
surface (SAS) following removing the SH2 domains. SAS values are reported as a percent of
the total surface of residues of interest. Calculations were performed with MOLMOL [Koradi
et al., 1996]. Interdomain interactions were also considered in a model of the active state of
SHP2, obtained by homology modeling using the structure of SHP1 (PDB code 3PS5) by

SwissModel server [Arnold et al., 2006; https://swissmodel.expasy.orq].

For MD simulations, mutations were introduced by means of the Swiss-PdbViewer

software version 4.1 [Guex and Peitsch, 1997; http://spdbv.vital-it.ch] and the rotamers were

chosen based on the favorable contacts with the rest of the protein and the corresponding
potential energies. SHP2 was positioned at the center of a dodecahedral box and solvated
with ~23000 explicit water molecules. Three Na* counterions were added to provide a neutral
simulation box. The solvent was relaxed by two energy minimization steps and a 300 ps MD
simulation at 300 K (velocities were randomly assigned according to a Maxwellian
distribution), while restraining the protein atomic positions with a harmonic potential of 10
kJ/(mol A?). After removing restraints, another minimization was performed, and the
temperature of the system was brought from 50 K to 300 K in a step-wise manner (totally 4

ns of simulations). A productive run of 100 ns was carried out for wild-type SHP2 and the
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p.L261F and p.L261H mutants. The last 50 ns were then used for subsequent analysis. MD
calculations were carried out with Gromacs software package version 4.6 [Hess et al., 2008a]
by using AMBER99sb force field [Hornak et al., 2006]. The P-LINCS method [Hess, 2008b]
was applied to constrain covalent bond lengths, allowing an integration step of 2 fs.
Electrostatic interactions were calculated with the Particle-Mesh Ewald method [Darden and
Pedersen, 1993]. The temperature was controlled by separately coupling the protein and
solvent to an external temperature bath [Bussi et al., 2007], by using weak coupling for
pressure [Berendsen et al., 1984]. For each atom, B-factors were calculated by using the
g_rmsf routine in the GROMACS software package. A salt bridge was assigned whenever the
minimum distance between the charged groups of the involved residue fell below 0.4 nm.
Molecular graphics were created with the UCSF Chimera software version 1.10 [Pettersen et

al., 2004; https://www.cgl.ucsf.edu/chimera].

Expression Constructs. The human full-length polyHis-tagged PTPN11 cDNA was cloned
in a pET-26b vector (Novagen) using the Hindlll and Xhol restriction sites. Relevant
nucleotide substitutions at codons Leu®, Leu®?, Arg®®® and Ala’? were introduced by site-
directed mutagenesis (QuikChange site-directed mutagenesis kit, Stratagene). Constructs
containing the isolated PTP domain (residues 212-541) were generated by PCR amplification
of the full-length wild-type construct (forward primer: 5°-
CACACAAAGCTTCTCAAGCAGCCCCTTAACACG-3’; reverse primer: 5°-
CACACACTCGAGTTCGTGCCCTTTCCTCTTGC-3"), and subcloned into the pET-26b
vector. For cell transfection studies, full-length PTPN11 cDNAs were cloned in pcDNA6/V5-
HisA (Invitrogen). The coding sequence of all constructs was confirmed by Sanger

sequencing.
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ERK and AKT Phosphorylation Assay. HEK293T cells were cultured in Dulbecco’s
modified Eagle’s medium (VWR International PBI) supplemented with 10% heat-inactivated
fetal bovine serum (EuroClone) and 1% penicillin-streptomycin, at 37 °C with 5% CO,. Cells
were seeded in six-well plates the day before transfection. Monolayers were transfected at
70% confluency by using Fugene 6 transfection reagent (Promega), with constructs encoding
the V5-tagged wild-type or mutant SHP2 proteins, together with a FLAG-Gab1 plasmid
[Fragale et al., 2004]. Twenty-four hours after transfection, cells were serum-starved for 24
h, and treated with 30, 60 or 100 ng/ml EGF (Invitrogen) for 5 or 15 min, or left
unstimulated. ERK and AKT activation was assessed on total cell lysates by using anti-
phospho-44/42 ERK (Thr202/Tyr204) and anti-phospho AKT antibodies (Cell Signaling).
Membranes were then stripped and re-probed with anti-GAPDH (Santa Cruz), anti-44/42
ERK (Cell Signaling) and anti-AKT (Cell Signaling) antibodies for protein normalization. To
evaluate SHP2-V5 and FLAG-Gabl protein levels, 10 pg of total lysates were
immunoblotted with anti-V5 (Invitrogen) and anti-FLAG (Sigma) antibodies. After washing,
membranes were incubated with the secondary antibodies (Pierce), and immunoreactive

bands were visualized using SuperSignal Chemiluminescent Substrate (Thermo Scientific).

Protein Purification. Recombinant proteins were expressed as reported previously
[Martinelli et al., 2008], using E. coli (DE3) Rosetta2-competent cells (Novagen). Briefly,
following IPTG induction (2 h at 30 °C), harvesting, and cell lysis, polyHis-tagged full-
length SHP2 proteins and isolated PTP domains (SHP2ptp) were purified by chromatography,
using nickel-nitrilotriacetic acid magnetic agarose beads (Qiagen), and stored at -20 °C in the

presence of 5 mM DTT (Sigma).

Phosphatase Assays. Catalytic activity of wild-type SHP2 and NS-causing mutants was

evaluated in vitro using 20 pmol of recombinant proteins and 20 mM p-nitrophenyl
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phosphate (pNPP) (Sigma) as substrate, either in basal condition or in presence of the
protein-tyrosine phosphatase nonreceptor type substrate 1 (PTPNS1) bisphosphotyrosyl-
containing activation motif (BTAM peptide)
(GGGGDIT(pY)ADLNLPKGKKPAPQAAEPNNHTE(pY)ASIQTS) (Primm), as previously
described [Martinelli et al., 2012]. Proteins were incubated at 30 °C (30 min for full-length
SHP2; 15 min for SHP2prp). Phosphate release was determined by measuring A4s. Amount,
purity, and integrity of recombinant proteins were assessed by protein assay kit (BioRad) and
Coomassie Blue staining.

Substrate specificity was evaluated through a malachite green phosphate assay kit
(Millipore) using the DKQVEpYLDLDL, EEENIpYSVPHD and VDADEpYLIPQQ
phosphopeptides (Primm), which derived from known SHP2 substrates (GABlyes7,
p190A/RhoGAPy1105, and EGFRy1016, respectively) [Sun et al., 2009; Ren et al., 2011]. Wild-
type and mutant SHP2p+p (3.6 NM) were incubated with 300 uM of each phosphopeptide for
1 min. The reaction was stopped by adding 100 ul of malachite green solution. After 15 min,
absorbance was read at 655 nm by using a microplate reader, and compared to a phosphate

standard curve to determine the release of phosphate.
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Results

Identification of a novel PTPN11 mutation cluster causing NS

Among approximately 1500 subjects with clinical diagnosis of NS or NSML screened in
centers participating in the NSEuroNet Consortium, found to carry heterozygous mutations in
PTPN11, five different missense changes affecting residues Leu®®!, Leu®® and Arg®® were

identified in 16 unrelated individuals (NS EuroNet database,

https://nseuronet.com/php/index.php). These variants accounted approximately for 1% (95%

Cl, 0.6%-1.6%) of cases, specifying a novel mutation cluster causing NS (Table 1). All
mutations were novel, the only exception being the ¢.781C>T transition (p.L261F) that had
previously been reported in one NS patient [Ezquieta et al., 2012]. This lesion, as well as the
€.785T>G (p.L262R) and ¢.794G>A (p.R265Q) changes were shown to occur as de novo
events by genotyping of parental DNASs in seven cases, while they co-segregated with the
disease in four families. Similarly, the ¢.782T>A (p.L261H) and c.784C>T (p.L262F)
substitutions co-segregated with the trait in single families. The ¢.781C>T and ¢.794G>A
transitions were also found to co-occur as de novo events in one patient. In this case, exon 7
was PCR-amplified, cloned, and the insert of 12 independent clones was sequenced,
identifying seven clones representing the reference allele and five clones carrying both
variants, indicating that these lesions occurred in cis.

All variants were considered to be pathogenic for the following reasons. First, they
arose as de novo events in several patients. Second, they were not reported in public
databases or occurred with a frequency below 1/20000 in the Exome Aggregation

Consortium’s database (EXAC; http://exac.broadinstitute.org). Third, they were non-

conservative, affected highly conserved residues among PTPN11 orthologs in vertebrates
(Supp. Fig. S1), and were predicted to be “deleterious” by Combined Annotation Dependent

Depletion (CADD) v.1.3 [Kircher et al., 2014], Database for Nonsynonymous SNPs’
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Functional Predictions (dbNSFP) Support Vector Machine (SVM) v.3.0 [Dong et al., 2015]
and REVEL [loannidis et al., 2016] algorithms (Table 1). Finally, the three affected residues
are located in close spatial proximity to residues previously identified to be mutated in NS
(i.e., GIn*° and Gly**®). Based on these considerations and their biochemical/functional
impact in vitro (see below), all changes but c.782T>A (p.L261H) satisfied the criteria to be

considered pathogenic according to the ACMG guidelines [Richards et al., 2015].

Structural analyses

Based on their clinical relevance, in silico analyses were performed to explore the
consequences of the identified mutations on protein structure and function. Residues Leu",
Leu?®? and Arg®®® are located within the PTP domain, in a region comprising helices B
(residues 247-261) and C (residues 265-269) [Hof et al., 1998] (Fig. 1A and B). In a
homology model for an open state of the phosphatase based on the X-ray structure of SHP1
in a putative active state [Wang et al., 2011], this region does not participate in any
interdomain interaction (data not shown). In SHP2’s inactive structure, however, this region,
particularly helix B, is involved in a complex interdomain binding network. Specifically, it
interacts directly with the catalytic site, the N-SH2 domain, as well as with the linker
connecting the N-SH2 and C-SH2 domains, which stabilizes the relative orientation of the C-
SH2 domain. Importantly, in the autoinhibited conformation of the phosphatase, the side

chains of Leu®®? and Arg®®

participate directly to the N-SH2/PTP interface binding network
(Fig. 1C and D). Coherently, after removal of the SH2 domains, the SAS value for Leu®®®and
Arg® increases from 15% to 53% and from 9% to 18%, respectively. In particular, these
residues are in tight contact with Glu™, whose mutations cause NS and hematologic
malignancies by destabilizing the closed, inactive conformation of the enzyme [Tartaglia et

al., 2006; Bocchinfuso et al., 2007]. Leu®®® also interacts with Ala”® and GIn’, the latter being

mutated in roughly 4% of PTPN11 mutation-positive NS cases [Tartaglia et al., 2006]. Based
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on these considerations, substitutions affecting residues 262 and 265 are predicted to
destabilize the closed conformation of the protein, leading to increased basal activity and
responsiveness to binding partners. Different from those findings, the SAS value for Leu®® is
only 5% of its total surface, and is not affected by removal of the SH2 domains (6%). The
side chain of Leu?®! points towards the PTP core, and forms a hydrophobic cluster with the
aliphatic portions of residues of the B-helix (GIn®’, GIu®®, and Lys*°), Tyr?®® and Phe?®*,
and two residues belonging to the H-helix (GIn*®® and Arg*®®) (Fig. 1E). This extended
network of interactions suggests a role for Leu®® in the stabilization of the B-helix
orientation. Considering the centrality of this helix in both the structural organization of the
PTP active site and stabilization of the inactive conformation of the phosphatase, mutations at
residue Leu®®" were predicted to perturb SHP2’s function by a more complex mechanism.

To characterize such perturbing effect(s), MD simulations were carried out on the entire
wild-type SHP2 and mutants at codon 261. Although substitutions at this residue did not
cause large-scale conformational changes, a different flexibility of the PTP domain active site
was observed in the mutant proteins (Fig. 2), particularly in regions participating in substrate
recognition and catalysis, including the B-helix, predicting an effect of these lesions on the
catalytic activity and/or selectivity of the PTP domain. A slightly different behavior at the
PTP/N-SH2 interface was also observed. Specifically, the salt-bridge involving residues
Lys*® and Asp®** appeared to be weaker or absent in the simulations trajectories of SHP2-%"
and SHP2"2°" respectively. Overall, these data suggest that amino acid substitutions at
codon 261 might perturb both the dynamic features of the PTP domain and the N-SH2/PTP

interaction.

Activity of SHP2 mutants
SHP2 positively modulates MAPK signaling, and NS-causing and leukemia-associated

PTPN11 mutations have been documented to enhance intracellular signaling through this
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cascade. To test whether the identified mutations were activating, their impact on ERK
phosphorylation was assessed. Ectopic expression of the V5-tagged SHP2-2%*F SHP2-20%F,
SHP2"%R  and SHP2%#*? mutants in HEK293 cells was found to promote variably enhanced
ERK phosphorylation upon 30 ng/ml EGF stimulation, compared to what observed in cells
overexpressing the wild-type enzyme, providing evidence for their activating role on the
MAPK signaling cascade (Fig. 3). In contrast, the SHP2-?**" mutant was documented to
enhance ERK phosphorylation when cells were treated with higher doses of growth factor
and behaved as the most activating mutant following stimulation with 100 ng/ml EGF (Supp.
Fig. S2), suggesting either a quantitatively milder or qualitatively distinct activating effect on
MAPK signaling.

To explore the consequences of these lesions on protein function, the corresponding
mutants were expressed in bacteria, purified and their phosphatase activity was determined in
vitro, basally and following stimulation with a BTAM peptide previously shown to activate
SHP2 [Tartaglia et al., 2006; Martinelli et al., 2012]. For comparison, the wild-type enzyme
and the leukemia-associated SHP2"?Y mutant were also tested. Under basal conditions,
SHP2-2%2R  SHP2R?%5Q and the SHP2M26FR255Q doyble mutant exhibited a slightly increased
substrate dephosphorylation compared to the wild-type protein (Student’s t-test, P <0.01)
(Fig. 4A). As expected, their phosphatase activity was significantly lower compared with that
observed for the oncogenic mutant. Following BTAM peptide stimulation, however, all
mutants at those codons displayed enhanced catalytic activation (P <0.001, in all
comparisons), indicating that these changes stabilize SHP2 in its open, active state.

Among mutants at codon 261, SHP2"?**" showed a slightly increased basal activity (P
<0.01), suggesting a weak perturbing effect of this lesion on the autoinhibited conformation
of SHP2 (Fig. 4A). Following BTAM stimulation, both mutants displayed enhanced

activation (P <0.01) that was, however, considerably lower compared with that generally

This article is protected by copyright. All rights reserved.



observed in proteins carrying mutations at the N-SH2/PTP interface, including those at
codons 262 and 265 (Fig. 4A). To further characterize the biochemical behavior of the
SHP2"%%*F and SHP2"2%" proteins, their catalytic activity was measured as a function of
BTAM peptide concentration, which documented enhanced responsiveness of both mutants
at high doses of phosphopeptide, compared to the wild-type enzyme (Fig. 4B). To test
whether such a hyperactive behavior might be related to enhanced catalytic capability, the
intrinsic phosphatase activities were assayed by introducing each mutation into a construct
encoding for the isolated PTP domain (SHP2p1p). Phosphatase assays demonstrated no
significant changes in catalysis compared to wild-type SHP2 (Fig. 4C). Finally, to explore the
possibility that lesions at codon 261 might affect substrate specificity, the activity of wild-
type and mutated PTP domains was assessed against three selected phosphopeptides
containing the tyrosine phosphorylation sites of GAB1 (Tyr®®"), p190A/RhoGAP (Tyr''%),
and EGFR (Tyr'®'®), known to represent targets of the phosphatase [Sun et al., 2009; Ren et
al., 2011]. Consistent with our structural findings, slightly, but significantly, altered activity
was observed using GABL1 as substrate (P <0.05, in both comparisons), indicating a possible
impact of mutations at codon 261 on substrate selectivity (Fig. 4D). Based on this finding and
the observation that a different class of PTPN11 mutations implicated in NSML has been
shown to upregulate PI3K/AKT signaling [Edouard et al., 2010], a possible differential
impact of these mutations on AKT phosphorylation was evaluated. Both mutants at codon
261, however, did not impact on the PI3K-AKT signaling pathway (data not shown), which is
consistent with the clinical features observed in the eight subjects heterozygous for a

missense change affecting Leu®®™.

Phenotypic spectrum associated with mutations at codons 261, 262 and 265
Extensive clinical data were available for all probands and four affected relatives (Supp.

Table S1). Photographs were available for two sporadic cases, and a child and his affected
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mother (Supp. Fig. S3). Genotype-phenotype correlation analyses revealed that lesions
affecting residues 261, 262 and 265 are associated with a relatively variable phenotype within
the NS phenotypic spectrum. Notably, clinical features were quite subtle in the majority of
cases (Supp. Table S1 and S2). In particular, we noticed a significant lower prevalence of
cardiac defects compared to what observed among PTPN11 mutation-positive patients (9/19
vs. 236/285, P <0.001; two-tail Fisher’s exact test) and the general NS population (132/151, P
<0.001) [Sarkozy et al., 2009]. Restricting our analysis to NS cases with PTPN11 mutations,
we recorded a lower prevalence of pulmonary valve stenosis, which occurred only in 37% of
cases (7/19 vs. 247/362, P <0.02). None of these patients exhibited HCM. A relatively low
prevalence of short stature and less evident typical facial features (i.e., low recurrence of
palpebral ptosis and dysmorphic/low set ears) were also documented. Finally, no significant
cognitive and behavioral issues were observed in the subset of subjects carrying a mutation at

residue Leu?®*.
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Discussion

Noonan syndrome is among the most common non-chromosomal disease affecting
development and growth. In approximately half of affected subjects, the disorder is caused by
mutations in PTPN11. Multiple classes of PTPN11 mutations with a distinct perturbing effect
on SHP2’s function have been identified. Consistent with such variable impact, PTPN11
mutations have been established to underlie or contribute to different human diseases,
including childhood hematologic malignancies. Here, we report on the identification, and
structural and functional characterization of a novel cluster of germline missense mutations in
PTPN11 underlying NS. The new mutation cluster affects a region of the PTP domain of
SHP2 involved in extensive inter- and intra-domain interactions. The collected data
documented an heterogeneous impact of mutations involving these adjacent residues on
protein function and intracellular signaling, which was, however, associated with an overall
relatively mild phenotype characterized by low prevalence of cardiac defects, reduced
growth, and cognitive and behavioral issues, as well as less evident typical facial features.
According to the crystallographic structure of SHP2 and the proposed mechanism of
activation [Hof et al., 1998], PTPN11 mutations have been classified into six major groups
[Tartaglia et al., 2006]. Groups | and 11 comprise lesions affecting the N-SH2/PTP interface,
participating (group II) or not (group 1) in catalysis. Changes belonging to group 11l and 1V
affect residues mediating substrate specificity or with a role in maintaining the overall PTP
structure, respectively. Group V mutations involve residues located at the binding cleft of
each SH2 domain. Finally, group VI includes lesions affecting amino acids located within the
linker stretch connecting the N-SH2 and C-SH2 domains. The novel mutation cluster here
described affects residues located in the B-helix (Leu*") and the following unstructured

265

segment (Leu®? and Arg®®®) of the PTP domain, a region whose role has not been

characterized yet. Although the novel mutations are in tight contiguity along the PTP domain,
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structural analysis and biochemical data unexpectedly demonstrated that they act through
different molecular mechanisms. Similar to the majority of PTPN11 mutations causing NS
and leukemia, substitutions at residues Leu?® and Arg*® affect the N-SH2/PTP interacting
surface and enhance SHP2’s function by perturbing the autoinhibitory interaction between
these two domains. Consistent with that, the collected biochemical data support the idea that
mutations at codons 262 and 265 behave as typical group | lesions. The biochemical behavior
of PTPN11 mutations, however, can be more complex. For instance, the molecular
mechanism underlying the pathogenicity of the p.Tyr62Asp and p.Tyr63Cys amino acid
changes implies balancing of two counteracting effects operating on the allosteric control of
SHP2’s function, one affecting the stability of the inactive conformation of the protein, the
other perturbing the structure and function of the pY-binding cleft mediating SHP2’s binding
to signaling partners [Martinelli et al., 2012]. Likewise, the upregulated SHP2’s function
linked to the p.1282V substitution is the result of a mild disruption of the N-SH2/PTP
interaction combined to enhanced intrinsic catalytic activity [Martinelli et al., 2008]. As
observed for those mutations, the collected structural and biochemical data suggest that the
missense changes affecting Leu?®! belong to group IV and likely exert their pathogenic effect

by perturbing SHP2’s function at different levels. Leu?® is part of a hydrophobic core

285 498

including Phe*™ and Arg™", which are in tight contact with residues surrounding the active
site of the protein that play a key role in controlling substrate specificity [Andersen et al.,
2001], and whose mutations cause NS and NSML, respectively [Tartaglia et al., 2006]. MD
simulations performed on the whole protein allowed us to appreciate that the NS-associated
substitutions at this codon altered the hydrophobic cluster which, in turn, was predicted to
affect the mobility of key regions of the PTP domain, including those directly involved in
PTP selectivity. Of note, such diverse flexibility of the PTP active site was also shown to

possibly impact on the interaction with the N-SH2 domain. Overall, the collected data
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suggest that these mutations are likely to perturb SHP2’s function by altering the interdomain
interactions and the intramolecular binding network mediating substrate recognition. Of note,
Leu”® is not conserved among human PTP domains [Andersen et al., 2001], suggesting that
amino acid substitutions at this position have a perturbing role specifically on SHP2, rather
than exerting a general disruptive effect on the catalytic function.

Based on their consequences on SHP2’s structure and function, their variable activating
effect on the MAPK signaling cascade, and their de novo origin in several instances, most
changes affecting the novel mutation cluster can be considered as bona fide mutations
causing NS. Among these, however, the missense change predicting the p.L261H substitution
was identified only in one familial case. For this variant, the evidence provided by the in
silico data was not unambiguously supported by the experimental data, which were indicative
of enhanced activity of the mutant only at high phosphopeptide concentrations in vitro, and
demonstrated a significant upregulation of signaling through the MAPK cascade in
transiently transfected cells only when they were treated with high doses of EGF. Based on
these considerations, we deem the ¢.781C>T substitution as a functionally relevant change
with mild clinical impact, even though, in the absence of any additional evidence supporting
pathogenicity, this change should formally be classified as a variant of unknown significance.

The clinical features associated with PTPN11 mutations at codons 261, 262 and 265
undoubtedly fall within the NS phenotypic spectrum. Genotype-phenotype correlation
analysis revealed that affected subjects exhibit a relatively lower prevalence of cardiac
defects (47%) compared with both PTPN11-positive (83%) and PTPN11-negative (64%) NS
populations [Sarkozy et al., 2009]. Among individuals with a mutation affecting those
residues, a significantly lower prevalence of pulmonary valve stenosis compared to what
generally observed among NS patients with PTPN11 mutations was observed (37% vs 68%,

P <0.02). A major finding also regarded the relatively lower prevalence of short
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stature/length below the third centile in these subjects (60%) compared with PTPN11
mutation-positive NS cases (76-93%) [Sarkozy et al., 2009; Roberts et al., 2013]. Finally, a
mild phenotype was particularly noted in subjects heterozygous for mutations affecting

Leu261

. While this genotype-phenotype correlation seems to be consistent with the apparently
moderate functional impact of mutations involving that residue, a higher number of cases is
required to confirm this observation.

Overall, this report provides clinical and functional data on a previously unrecognized
mutation cluster affecting residues Leu®*, Leu?®® and Arg?®. Recently, Chen and colleagues
identified a novel class of inhibitors able to stabilize SHP2 in its inactive state by binding the
phosphatase in close proximity to the B-helix. Besides the promising clinical relevance of this

study, these findings suggest a fine tuning role of this region in the allosteric regulation of the

enzyme [Chen et al., 2016], a picture that is further supported by the present findings.
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Figure Legends

Figure 1. Structural characterization of SHP2 mutants. (A) Scheme of the SHP2 domain
structure showing position of the residues affected by the newly identified PTPN11 mutation
cluster. (B) Ribbon representation of the three-dimensional structure of SHP2 in its
autoinhibited conformation (PDB code 2SHP), following modeling of the loops missing in
the crystallographic structure and energy minimization [Bocchinfuso et al., 2007]. The N-
SH2, C-SH2 and PTP domains are colored in cyan, orange and pink, respectively. The Q loop

255 are in

motif (residues 505-513) is colored in red, while residues Leu®®?, Leu®®? and Arg
dark green, blue and yellow, respectively. Helices B (residues 247-261) and C (residues 265-
269) are indicated. (C) Interdomain interactions of Leu”®. The Leu®®? side chain and the N-
SH2 domain are reported as blue and cyan solid surface, respectively. Under the surface,
residues Ala™, Glu™ and GIn™ are shown as sticks. Substitutions at this codon are predicted
to weaken the binding network between the N-SH2 and PTP domains stabilizing the inactive
conformation of SHP2. (D) Interdomain interactions of Arg?®>. The salt bridge involving
Arg”® and Glu’® is highlighted as a dashed black line, with their side chains reported as
sticks. Substitutions at this codon are predicted to weaken the binding network between the
N-SH2 and PTP domains. (E) Region surrounding Leu?®!. The side chain of Leu®® is
reported as a dark green solid surface. The side chains of residues with atoms at less than 3.5
A from Leu®™ (i.e., GIn®®", GIu®®, Lys®™®, Tyr*® Phe®, GIn**®, and Arg**®) are reported as
semi-transparent gray surfaces, under which atoms are shown in sticks representation.

Substitutions affecting this residue are predicted to perturb the hydrophobic binding network

stabilizing this region of the PTP domain.
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Figure 2. Molecular dynamics simulations. Surfaces of the PTP structure of SHP2VT (A),
SHP2"2%™ (B) and SHP2-%°'F (C) resulting after 100 ns of simulation and removal of the SH2
domains. Surfaces are colored as a function of the Root Mean Square Fluctuations (RMSF)
calculated from last 50 ns of the MD simulations. Blue and red indicate regions with lower
and higher fluctuations, respectively. For comparison, the protein backbone is also reported
(D). The color code is the same as in Fig. 1, except for the Q loop motif (see below).
Residues belonging to the pY loop (residues 273-279 and 282), WPD loop (420 and 423-
429), PTP loop (454-467), and Q loop motif (505-513), with an established role in the

catalysis, are colored in dark gray.
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Figure 3. ERK phosphorylation assays. Newly identified NS-causing mutations promote
variably enhanced ERK phosphorylation. Representative blots (above) and mean £ SD
densitometry values (below) of three independent experiments are shown. HEK293T cells
were co-transfected with FLAG-tagged Gabl and the indicated V5-tagged SHP2 constructs.
Following transfection, cells were serum-starved and treated with 30 ng/ml EGF for 5 or 15
minutes, or left unstimulated. Equal amounts of cell lysates were resolved on 10%
polyacrylamide gel. Membranes were probed with anti-phosphoERK1/2 antibody. Aliquots
of corresponding cell lysates were probed with anti-ERK1/2, anti-V5 and anti-FLAG
antibodies. Asterisks indicate significant differences compared with wild-type SHP2 at the

corresponding time upon EGF stimulation (*P<0.05; **P<0.002; Student’s t-test).
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Figure 4. Phosphatase assays. (A) In vitro phosphatase assay of wild-type and mutant SHP2
proteins. The leukemia-associated p.A72V change is shown for comparison. Catalytic
activity was measured as pmoles of phosphate released using pNPP as a substrate, basally
(white bars) and following stimulation with 10 uM BTAM peptide (black bars). Asterisks
indicate significant differences compared with wild-type SHP2 (*P<0.01; **P<0.001;
Student’s t-test). (B) Phosphatase assay of SHP2 proteins as a function of BTAM peptide
concentration. Note the enhanced catalytic activation of the SHP2"?%*" and SHP2-2%**
proteins at high BTAM peptide concentration, compared with wild-type SHP2. (C) Activities
of the recombinant wild-type and mutant (p.L261F and p.L261H) isolated PTP domains of
SHP2 (SHP2p1p). (D) Change in substrate selectivity of SHP2p7p 2% and SHP2p7p-2%
proteins evaluated by malachite green assay, using the GABlygs7, pP190A/RhoGAPy1105 and
EGFRy1016 phosphopeptides as substrates. Asterisks indicate significant differences compared
with wild-type SHP2 (*P<0.05).

In all assays, absorbance values are expressed as mean = SD of at least three independent

experiments, and are normalized to the basal activity of the wild-type enzyme.
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Table 1. PTPN11 missense changes specifying a novel mutation cluster underlying NS.

Nucleotide  EXAC allele  Amino acid Number of CADD
Exon Change frequency Change Domain unrelated cases  Origin  MetaSVM?  phred®  REVEL? ACMG
7 c.781C>T - p.L261F PTP 6 4 de novo, 0.98 246 0.547 pathogenic
2 familial
7 C.782T>A 0.0000084 p.L261H PTP 1 familial 0.91 24.5 0.558 unknown
significance®
7 c.784C>T - p.L262F PTP 1 familial 1.10 23.3 0.529 pathogenic
7 c.785T>G - p.L262R PTP 3 2 de novo, 1.12 254 0.708 pathogenic
1 familial
7 C.794G>A 0.000042 p.R265Q PTP 6° 2 de novo, 1.10 274 0.814 pathogenic
4 familial

Nucleotide numbering reflects cDNA numbering with 1 corresponding to the A of the ATG translation initiation
codon in the PTPN11 reference sequence (NM_002834.3).

Scores >0 (MetaSVM), >15 (CADDphred) or >0.5 (REVEL) predict a significant impact of the sequence change
on protein structure and function.

®Including one case with co-occurrence of L261F and R265Q substitutions in cis.

‘While there are experimental data indicating that this variant perturbs SHP2’s function and MAPK signaling and is
believed to have a mild clinical impact, in the absence of additional evidence supporting pathogenicity, this change
is formally classified as a variant of unknown significance.
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