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The RASopathies are genetic syndromes associated with pathogenic variants causing dysregulation of the Ras/mitogen-activated
protein kinase (Ras-MAPK) pathway, essential for brain development, and increased risk for neurodevelopmental disorders. Yet, the
effects of most pathogenic variants on the human brain are unknown. We examined: (1) How Ras-MAPK activating variants of
PTPN11/SOS1 protein-coding genes affect brain anatomy. (2) The relationship between PTPN11 gene expression levels and brain
anatomy, and (3) The relevance of subcortical anatomy to attention and memory skills affected in the RASopathies. We collected
structural brain MRI and cognitive-behavioral data from 40 pre-pubertal children with Noonan syndrome (NS), caused by PTPN11
(n=30) or SOST (n = 10) variants (age 8.53 £ 2.15, 25 females), and compared them to 40 age- and sex-matched typically
developing controls (9.24 + 1.62, 27 females). We identified widespread effects of NS on cortical and subcortical volumes and on
determinants of cortical gray matter volume, surface area (SA), and cortical thickness (CT). In NS, we observed smaller volumes of
bilateral striatum, precentral gyri, and primary visual area (d's < —0.8), and extensive effects on SA (d's > |0.8]) and CT (d's > |0.5])
relative to controls. Further, SA effects were associated with increasing PTPN11 gene expression, most prominently in the temporal
lobe. Lastly, PTPN11 variants disrupted normative relationships between the striatum and inhibition functioning. We provide
evidence for the effects of Ras-MAPK pathogenic variants on striatal and cortical anatomy as well as links between PTPN71 gene

expression and cortical SA increases, and striatal volume and inhibition skills. These findings provide essential translational
information on the Ras-MAPK pathway’s effect on human brain development and function.
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INTRODUCTION
The Ras/mitogen-activated protein kinase (Ras-MAPK) pathway
plays a crucial role in regulating neural cellular processes such as
growth, proliferation, and differentiation affecting the develop-
ment of the central nervous system [1, 2]. In humans, pathogenic
variants causing dysregulation of the Ras-MAPK pathway are
associated with a group of genetic syndromes called RASopathies.
Noonan syndrome (NS) is the most common RASopathy, occurring
in 1:1000-2500 live births and displaying autosomal dominant
inheritance [3]. NS is characterized by a broad spectrum of
cognitive deficits and phenotypic features, such as symptoms
associated with attention deficit hyperactivity disorder (ADHD),
autism spectrum disorder, oppositional defiant disorder, and
anxiety disorders [4, 5]. The study of NS provides a unique
opportunity to examine Ras-MAPK regulatory effects on
neurodevelopment.

Gain-of-function pathogenic variants in specific genes encoding
components of the Ras-MAPK pathway, including PTPN71 and
SOS1, are associated with NS (Fig. 1). Pathogenic variants of the

PTPN11 gene are associated with approximately 50% of NS cases
[3]. The PTPNT11 gene encodes Src homology-2 domain-containing
protein tyrosine phosphatase-2 (SHP2) protein, a major regulatory
protein tyrosine phosphatase in the Ras-MAPK pathway. PTPNT1
variants constitutively activate SHP2, leading to downstream
upregulation of the Ras-MAPK cascade [3, 6]. In mouse models,
SHP2 activation increased neurogenesis and decreased astrogen-
esis [7], while decreasing the number of myelinated axons and
causing abnormal myelination in white matter [8]. In a preliminary
structural neuroimaging study including children with PTPN11
(n=12) and controls (n=12), ages 4 to 11, we reported
reductions in bilateral striatal volume, surface area (SA) of
temporal regions, and cortical thickness (CT) in limbic regions as
well as CT increases in frontal regions [9].

High variability in cognitive deficits observed in children with
NS may be due to the different pathogenic variants associated
with the syndrome [10]. However, no study to date has examined
brain development in children with SOS7 variants, which are
associated with approximately 10% of NS cases [11]. The SOST
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Fig. 1 PTPN11 and SOS1 gain-of-function variants in the Ras-
MAPK pathway and associated clinical phenotypes in Noonan
syndrome. Pathogenic variants in PTPN11 and SOST genes, altering
the activity of SHP2 and SOS1 proteins, respectively, are associated
with Noonan syndrome [3, 6]. These gain-of-function variants
activate Ras (G-protein) and the downstream Ras-MAPK signaling
cascade, consisting of BRAF/CRAF (MAPKKK), MEK (MAPKK), and ERK
(MAPK) [3, 6, 14, 54, 55]. In Noonan syndrome, PTPN11 and SOST
variants display distinct, yet overlapping, clinical phenotypes
[14, 56-58]. Clinical characteristics in PTPN11 and SOST are organized
into cardiac, stature, and developmental categories, with prevalence
indicated (common: “++7 moderately common: “+7 not common:
“—" no data: “n/a"). Figure adapted with permission from Bruno et al.
[59].

gene encodes a guanine nucleotide exchange factor that activates
Ras and downstream Ras-MAPK signaling; SOST gain-of-function
variants further enhance this activation [3]. SOST has been shown
to play a role in neurite outgrowth by stimulating nerve growth
factor [12], which is expressed at high levels in neonatal cortical
tissue, and activates the Ras-MAPK pathway through interacting
with N-methyl-D-aspartate (NMDA) glutamate receptors in the
neonatal cortex [13]. Previous studies comparing physical
phenotypes of individuals with PTPNT1 or SOST have found that
pulmonary stenosis, atrial septal defects, short stature, and
significant developmental delays are less prevalent in SOST
relative to PTPN11. These differing phenotypes suggest that
disruptions caused by PTPN11 and SOST variants at the molecular
level may have overlapping, yet distinct, features [14, 15]. While
preliminary assessments indicate distinct effects on cognition [10],
differences in brain phenotypes between PTPN11 and SOST have
not previously been investigated. Thus, evaluating PTPN71 and
SOS1 groups separately in our analyses allows us to take the first
step in elucidating these differences.

In this study, we had three aims: first, to confirm our preliminary
findings [9] of NS effects on subcortical regions in a larger sample
size and expand our investigation to include the developing
human cortex. Second, we tested whether NS variants (PTPN11
and SOST7) have different effects on brain anatomy. Third, using
gene expression levels from postmortem adult human brains
(Allen Institute for Brain Science; http://www.brain-map.org), we
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explored whether PTPN11 expression levels correlate with NS
effects on regional brain anatomy [16, 17]. Finding correlations
between NS gene expression levels and aberrant brain develop-
ment would unravel which brain regions are more susceptible to
gain-of-function variants in the Ras-MAPK pathway. Finally, we
examined correlations between aberrant brain development in NS
and performance in attention and executive function to support
the prediction that brain-based findings have behavioral
consequences.

METHODS AND MATERIALS

Participants

Participants included 40 children with NS associated with either PTPN11
(19 female) or SOST (6 female) variants, ages 4.43-12.3 years (mean
8.53+2.15), and 40 age- and sex-matched TD controls, ages 4.05-11.9
years (mean 9.24 + 1.62). Twelve PTPN11 and 10 TD participants from our
previous study cohort were included [9]. In this cohort, there are an
additional 28 NS participants (18 PTPN11, 10 SOST) and 30 TD controls not
included in our previous study. Further details regarding participant
recruitment and exclusion criteria are included in Supplementary Material.
Medication history and Tanner staging were assessed by an experienced
physician (TG) and are summarized in Table 1 and Supplementary Material.
Parents or legal guardians provided informed written consent for their
child’s participation in the study; participants over age 7 submitted an
additional written assent. Study protocols were approved by the Stanford
University School of Medicine Institutional Review Board and followed
during all study components.

MRI

Participants received behavioral training in a mock MRI scanner,
familiarizing them with the MRI environment in an effort to minimize
motion-related artifacts. All participants were scanned using a GE
Healthcare Discovery 3.0 T whole-body MR system (GE Medical Systems,
Milwaukee, WI) with a standard 8-channel head coil at Stanford University
Lucas Center for Imaging. Additional details about the pulse sequence and
image quality check are presented in Supplementary Material.

Structural analysis (FreeSurfer)

Cortical reconstruction and volumetric segmentation of cortical and
subcortical structures were performed with FreeSurfer image analysis
suite, version 5.3 (http://surfer.nmr.mgh.harvard.edu/). Bias field correction
methods in the SPM8 software toolkit (http://www filion.ucl.ac.uk/spm)
were utilized for preprocessing of structural MRI scans prior to processing
through the FreeSurfer pipeline. Brain surfaces for each hemisphere were
parcellated into 34 distinct regions defined by gyral and sulcal boundaries
[18, 19], and for each region, gray matter volume (GMV), surface area (SA)
of the gray-white matter boundary, and mean cortical thickness (CT) were
calculated; these values are presented in Table S3. Trained raters with an
inter-rater reliability of >0.95 (intraclass correlation coefficient) visually
inspected cortical reconstruction and segmentation output from Free-
Surfer as a second quality control check of scan usability and performed
manual corrections as needed per FreeSurfer Tutorial guidelines (http://
surfer.nmr.mgh.harvard.edu/fswiki/FsTutorial).

Cognitive and behavioral assessment

General intelligence measures were collected by administering the
Wechsler Preschool and Primary Scale of Intelligence (WPPSIHIII) or the
Wechsler Intelligence Scale for Children (WISC-IV) (Table 1) [20, 21].
Attention, executive function, and memory were assessed with A
Developmental NEuroPSYchological Assessment (NEPSY-Il). Behavior
Assessment System for Children (BASC-2) was administered to assess
hyperactivity and inattention symptoms as well as to provide a
comprehensive description of psychopathology.

Allen human brain atlas

Gene expression data were obtained from the Allen Human Brain Atlas
(AHBA) (consisting of 3702 postmortem brain samples from six donors),
which provides an anatomically comprehensive examination of gene
expression in the healthy adult human brain (Allen Institute for Brain
Science; http://www.brain-map.org) [16]. Complete microarray gene
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Table 1. Participant demographic and medical information.

PTPN11 SOs1 Typically developing p value? p value®
Number of participants 30 10 40 - -
Sex (n) Female (19) Female (6) Female (27) ns ns

Male (11) Male (4) Male (13) ns ns
Age range 4.43-12.3 5.71-10.34 4.05-11.94 = =
Tanner stage <2 <2 <2 - -
GH 13 0 0 - -
Stimulants 6 5 1 - -
SSRI 3 3 0 - -
Mean age 8.7+2.31 793 +1.53 9.24 £ 1.62 ns p<0.05
FSIQ (WISC/WPPSI) 90.4 + 14.53 97.2+13.88 109.5+7.65 p <0.001 p <0.05
vl 96.17 £12.83 100.3+11.09 112.03£11.57 p <0.001 p <0.05
PRI 93.67 £ 12.50 101.00 £ 12.56 111.45£10.77 p <0.001 p<0.05
WMI€ 86.29 +13.39 94.33+13.57 101.4+8.7 p <0.001 ns
PSI 85.87 £15.02 89.8+16.78 98.26 +12.6 p <0.001 ns
Attention problems"| 59.79+10.38 62.50+11.93 51.68+10.28 p<0.01 p<0.05
Hyperactivity® 63.28 + 14.07 63.20+ 16.43 48.76+11.93 p <0.001 p <0.05
Auditory attention® 8.21+£3.19 9.8+3.52 10.18 £ 2.89 p <0.05 ns
Inhibition 7.51+£3.36 7.70+3.83 10.51+£2.99 p <0.001 ns
Memory for faces delayed' 8.72+3.05 10.3+3.83 10.97 £2.29 p<0.01 ns
Narrative memory free and cued recall® 9.17 £2.95 8.80+3.63 11.79+3.74 p<0.01 p <0.05
Narrative memory free recall" 9.38+3.02 9.30+3.55 11.89+2.89 p<0.01 p<0.01
ADHD diagnosis' 43.3% (14/30) 60.0% (6/10) - - -

All values are reported in mean * standard deviation; Welch's two-sample t-test was used to assess the significance between groups.
GH growth hormones, SSRI selective serotonin reuptake inhibitor, FSIQ full-scale intelligence quotient, PIQ performance intelligence quotient, VIQ verbal
intelligence quotient, PSI processing speed intelligence, WMI working memory intelligence, Inhibition naming vs. inhibition contrast, ns not significant.

2Children with PTPN11 compared with controls.
PChildren with SOS7 compared with controls.

n of 24 for PTPN11, n of 9 for SOS1, and n of 39 for TD for WMI, given age-restrictions of respective assessments (WISC (WMI) >6 years).

9n of 29 for PTPNT1, n of 10 for SOS1, and n of 38 for TD.

n of 28 for PTPN11, n of 10 for SOST, and n of 39 for TD, auditory attention not administered to children age <5.

f

children age <5.
9n of 30 for PTPN11, n of 10 for SOS1, and n of 39 for TD.
Pn of 29 for PTPN1 1, n of 10 for SOS1, and n of 38 for TD.

n of 29 for PTPN11, n of 10 for SOS1, and n of 39 for TD, as Inhibition (Naming vs. Inhibition Contrast) and Memory for faces delayed are not administered to

iPercentage and ratio of children in each NS group meeting diagnostic criteria for ADHD in the K-SADS-PL.

expression datasets for both hemispheres of all six donors (five males and
one female; age range 24-57 years) were extracted for all cortical regions;
right hemisphere data was only available for two out of six donors [16]. All
donors were free of psychiatric drugs based on blood samples collected
postmortem. First, for each brain tissue sample, the mean average
expression values of all PTPNT1 microarray probes were calculated.
Samples were then mapped semi-automatically to 34 cortical regions in
each hemisphere defined by the Desikan-Killiany atlas [19], using the
methods developed by French and Paus [17]. For each of the 68 cortical
regions, PTPN11 expression values were mean averaged across samples
mapped to that specific region; median values were calculated for each
region and each individual. Finally, PTPN11 expression values were median
averaged across the six donors to generate a single PTPNT1 expression
value for each region. We then correlated the vector of PTPN11 expression
values across the 68 brain regions with between-groups effect sizes of
FreeSurfer-computed morphometric measures (GMV, SA, and CT) for each
of the 34 Desikan—Killiany regions per hemisphere. The currently available
atlas for the developing brain is the BrainSpan atlas (Allen Institute for
Brain Science; https://www.brainspan.org/), which includes gene expres-
sion data from brain tissue of typically developing donors across stages of
human development (embryonic stages to age 40). However, only three of
the donors are within the age range of our study (ages 4-12), and unlike
the Allen Human Brain Atlas, the BrainSpan atlas does not cover the entire
cerebral cortex and provides gene expression values for only 11 out of 34
cortical regions segmented by FreeSurfer as designated by the
Desikan-Killiany atlas [16, 17, 19]. To correct for spatial autocorrelation of
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structural imaging and transcriptomic data, we employed the null-spatial
model [22]. We performed randomized cortical parcellations (1000
randomizations) by “spinning” the reconstructed sphere of the real cortical
parcellation, thus preserving the spatial covariance of the data. By
mapping transcriptomic samples to these randomized brain regions, we
rebuilt gene expression matrices, which were used to generate null
distributions. Similarly, we employed null models (null-random-gene and
null-brain—-gene) to test if the observed gene-brain correlations are specific
to the PTPN11 gene. Gene expression of same-sized gene sets were
randomly selected (10,000 permutations) from approximately 20,000
genes included in the Allen Human Brain Atlas for the null-random-gene
model or from a subset of these genes consisting of genes overexpressed
in the brain (relative to non-brain tissues in the body) for the null-brain-
gene model. Next, we correlated expression levels from these gene sets to
SA effect size in the corresponding brain regions to generate null
distributions, which we then used to re-evaluate the significance of the
gene-brain correlations.

Statistical analysis

We performed all statistical analyses using The R Project for Statistical
Computing (R) (http://www.r-project.org). We used unpaired t-tests to
compare demographic characteristics and questionnaire scores between
either the PTPN11 or SOST groups and the TD group (Table 1). To compare
gray matter volume (GMV), SA, and CT between the PTPN11 and TD groups,
we conducted an analysis of covariance (ANCOVA) for each region-of-
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interest (ROI). We controlled for either total cortical tissue volume (referred
to as total brain volume, TBY, in this study), total surface area (TSA), or
weighted mean cortical thickness (WMT) for GMV, SA, and CT, respectively,
in our regional analyses after finding significantly smaller TBVs in NS
relative to controls to ensure that significant differences in regional
morphometric measures cannot be attributed to smaller brain volume. For
each ROI, we used GMV, SA, or CT measures as the dependent variable and
diagnosis as the between-group factor, and age, sex, and either TBV, total
SA, or mean CT, respectively, as covariates. Given the smaller sample of
individuals with SOS7 (n = 10), we used unpaired t-tests to compare each
ROI's GMV, SA, and CT to the TD group (n = 40). To control for TBV, total SA,
and mean CT, for each ROIl, we calculated residuals, derived after
regressing out either TBV, total SA, or mean CT, respectively. We used
these adjusted measures and performed unpaired t-tests between the two
groups (SOST and TD) for each ROL. In both analyses, the results (p values)
were adjusted for multiple comparisons using false discovery rate (FDR)
correction [23]. For each ROI, we calculated effect sizes, with Cohen’s d, for
PTPN11 vs. TD and SOS1 vs. TD after using the residual approach to adjust
for TBV. To test convergence of NS subgroups on brain anatomy, we
correlated (Pearson’s r) effect sizes vectors associated with each NS
subgroup, generating 4 r values in total: r-subcortical, r-cortical GMV, r-SA,
and r-CT. Finally, observed r values were compared with null distributions
of r values generated by repeating the analyses 2000 times with
permutation of subgroup genetic status. We explored brain-behavior
correlations in the PTPN11 and TD groups with and without controlling for
TBV using Pearson correlations between striatal GMVs and NEPSY-II subtest
scores in the following neurocognitive domains: Attention (Auditory
Attention and Response Set) and Executive function (Inhibition—Naming,
Inhibition, Switching); Memory and learning (Memory for Faces Delayed
and Narrative Memory). We tested group differences between the NS and
TD brain-behavioral correlations with Fisher tests. To increase our power to
detect between-group differences and reduce the number of comparisons,
we calculated left and right striatal volumes by summing together caudate,
putamen, and pallidum volumes on each side. In addition, we focused on
attention, executive function, and memory domains which have previously
been implicated in NS [24, 25] and only used measures within these
domains that were compatible across our cohort’s age range (Table 1). For
between-group analyses, we used FDR to adjust for multiple comparisons
[23].

RESULTS

We did not find differences in age or sex between the PTPN11 and
TD groups. We found a difference in age (t(13.7)=—2.58,
p = 0.022), but not sex between the SOST and TD groups (Table 1).
For the PTPN11 group, TBV (t(69) = —4.11, p =0.00011, d = —0.98),
total SA (t(69)=—2.38, p=0.020, d=-055) and mean CT
(t(69) = —4.19, p=0.00010, d = —1.04) were smaller than those of
the TD group. For the SOST group, TBV (t(49)=—1.46, p=0.17,
d=—049), total SA (t(49) = —0.80, p =044, d = —0.44), and mean
CT (t(49) = —1.91, p = 0.078, d = —0.70) were not significantly smaller
compared to the TD group. However, we observed relatively large
effect sizes (all d's < —0.44) in the SOST group, indicating an overall
effect of SOST in the same direction as PTPN11. All images survived
Euler number cut-off —217 assessing the FreeSurfer-compatible
quality of images before manual editing [26]. However, we detected
significant differences (t(78) = 2.244, p =0.028) in cumulative Euler
number between the NS (mean —178.25+ —73.57) and TD (mean
—145.25 £ —56.90) groups. To address group differences in cumula-
tive Euler number, we conducted gold-standard manual edits on all
images in FreeSurfer (see Methods and materials).

Noonan syndrome is associated with smaller subcortical
volumes

To evaluate the effect of NS on brain anatomy, we first examined
its effect on GMV. For PTPN11, we found GMV reductions in
bilateral striatal structures, specifically in the caudate, putamen,
and pallidum. We also detected smaller right hippocampal GMV
relative to the TD group (Fig. 2). Similarly, in the SOST group, we
found bilateral reductions in pallidum GMV compared to the TD
group (Fig. 2). Using effect sizes to evaluate the clinical effect of
PTPN11 and SOST variants on subcortical structures, we detected
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reduced subcortical volumes in both NS groups in a step-wise
decrease pattern, with smaller effect (All d's <—0.25) on striatal
structures of SOST and larger effect (All d's<—0.7) of PTPN11
compared to controls (Fig. 2).

Noonan syndrome affects gray matter volumes of the
precentral gyri and medial aspect of the occipital lobe

We detected smaller regional GMV in PTPN11 compared to the TD
group, most prominently in the bilateral precentral gyri and medial
aspect of the occipital lobe (All FDR p values <0.05) (Table S2 and
Fig. 3). Given that the SOST group was smaller (n=10) than the
PTPN11 group (n = 30), we lacked the power to detect differences
between these groups across the cortex. Therefore, to estimate the
clinical effect of NS variants on the brain and compare these effects
between NS groups, we used effect sizes. In general, we detected
GMV decreases in a similar regional distribution for PTPN11 and
SOS1 compared to controls (Fig. 4). For both NS groups, we
observed large negative (All d's < —0.8) effect sizes for GMV in the
left caudal middle frontal gyri and medial aspect of the occipital
lobe, compared to the TD group (Fig. 4).

Noonan syndrome is associated with surface area expansions
in limbic regions and decreases in the frontal lobe

Next, we aimed to test whether the two determinants of cortical
volume, SA and CT, are affected by NS. We observed SA decreases
in bilateral entorhinal and left superior parietal cortices and SA
expansion in the right frontal and bilateral temporal lobes in
PTPN11 compared to the TD group (All FDR p values <0.05) (Table
S2 and Fig. 3). In both NS groups, we observed large positive (All
d's>0.8) effect sizes indicating SA expansion in the left
parahippocampal gyrus and large negative (All d's < —0.8) effect
sizes indicating SA decreases in left caudal middle frontal gyrus,
relative to the TD group (Fig. 4).

Noonan syndrome is linked to cortical thickness reductions in
the precentral gyrus and parahippocampal regions

We observed reductions in CT in bilateral precentral gyri and
parahippocampal regions and increases in CT in lateral aspects of
the occipital and frontal lobes in PTPN11 relative to the TD group (All
FDR p values <0.05) (Table S2 and Fig. 3). We observed large positive
effect sizes (All d’s > 0.7) in the left lateral occipital cortex, indicating
increases in CT in both NS groups relative to the TD group.
Conversely, we observed medium to large negative effect sizes (All
d's < —0.5) in the left parsopercularis and superior temporal gyrus as
well as in the medial aspect of the temporal lobe, bilaterally, in both
NS groups compared to the TD group. In affected regions, SOST1
displays larger effect sizes relative to PTPN11, indicating that SOST
might have a more pronounced effect on CT (Fig. 4).

To confirm our preliminary findings from an earlier study, we
performed a replication analysis (n = 18), excluding subjects included
in the prior cohort (n = 12) [9]. Upon repeating the GMV, CT, and SA
analyses between PTPN11 (n=18) and TD (n=40) groups, we
detected similar effects to our primary results. Specifically, we
detected reductions in right caudate, bilateral putamen, and bilateral
pallidum volumes, as well as in right entorhinal SA and left
parsopercularis CT in the PTPN11 group relative to controls. We also
observed (nominal p < 0.05) decreases in left caudate GMV and right
parahippocampal CT, and increases in right rostral middle frontal and
right parsorbitalis CT before FDR correction.

Due to the group differences detected in cumulative Euler
number means across groups, we conducted a sensitivity analysis.
After repeating the GMV, CT, and SA analyses between the PTPN11
and TD groups with cumulative Euler number as a covariate, we
observed overwhelmingly similar results relative to our initial
analyses without this covariate. A subset of CT measures (in left
inferior parietal, left middle temporal, left superior parietal, left
supramarginal, right parahippocampal, and right superior temporal
regions) and SA measures (in left precentral, left superior temporal,
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65) = 20.79, p=0.00012, d=—0.91; right: F(1, 65)=19.60, p =0.00015, d = —0.88) and smaller right hippocampal GMV (F(1, 65)=6.071,
p=0.029, d=—-0.53) relative to the TD group. Similar to PTPN11, we found smaller pallidum GMV, bilaterally, (t-test: left: t(39) = —2.94,
p =0.038, d = —0.80; right: t(39) = —3.74, p =0.012, d = —1.03) in the SOST group compared to the TD group. Between-group differences are
denoted for significance (*p < 0.05, **p < 0.01, and ***p < 0.001, ns not statistically significant).

left insula, and right superior parietal regions) remained different
(nominal p <0.05) but did not survive after FDR correction.

Convergence effect of NS subgroups on brain anatomy

To test whether NS subgroups have converging effects on
subcortical and cortical measures, we compared maps of brain
changes in PTPN11 vs. SOST. First, we calculated effect sizes and
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confidence intervals for each ROl and visually contrasted them
(Figs. 2a, 4a). The results display the more extensive effect of
PTPN11, relative to SOSI, on neuroanatomy. Next, we tested
PTPN11 and SOS1 effect size relationships for subcortical and
cortical GMV, SA, and CT [25]. Pearson correlations indicated
statistically significant spatial coherence between PTPN11 and
SOS1 on subcortical (r=0.75, p < 0.05) and cortical GMV (r=0.57,
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Fig. 3 Significance (p value) of changes in gray matter volume (GMV), surface area (SA), and cortical thickness (CT) in the PTPN11 group.
Dorsal aspects of the frontal and parietal lobes, as well as medial temporal and occipital regions, were particularly affected by PTPN11 variants.
A p values of changes in gray matter volume (GMV), surface area (SA), and cortical thickness (CT) mapped to cortical ROls with cooler colors
indicating NS < TD and warmer colors indicating NS > TD, converted to —log;o (p) for visualization purposes. B p values of changes in GMV, SA,
and CT organized by hemisphere with rows for ROIs, columns for measures, dot color representing the direction of differences (blue: negative
or NS < TD; red: positive or NS > TD), and dot size representing the magnitude of p values. Banks STS Banks of the superior temporal sulcus.

p<0.001), SA (r=0.63, p<0.001), and CT (r=0.45, p<0.001).

Permutation

testing confirmed that observed correlations

between NS subgroups (All permutation p’s < 0.001; Fig. 4c) are
significantly greater than null expectations, indicating converging

effects of NS subtypes on neuroanatomy.
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Higher gene expressions of PTPN11 are related to larger
effects of NS on the surface area

To explore the relationship between genetics and neuroanatomy
in the PTPN11 group, we correlated PTPNT11 gene expression and
SA effect size (Fig. 5b). PTPN11 expression positively correlated
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Fig. 4 Effect sizes of gray matter volumes (GMV), surface area (SA), and cortical thickness in NS variants (PTPN11 and SOS1). PTPN11 and
SOST1 variants in Noonan syndrome affect cortical anatomy of similar cortical regions, generally in the same direction, with PTPN17 having a
more pronounced effect than SOS7. A Effect sizes of gray matter volume (GMV), surface area (SA), and cortical thickness (CT) mapped to
cortical ROIls with cooler colors indicating NS < TD and warmer colors indicating NS > TD. B 95% confidence interval plots of PTPN11 and SOS1
effect sizes organized by hemisphere and measure (GMV, SA, CT) with rows for ROlIs, colors indicating the direction of effect size (cooler colors:
negative or NS < TD; warmer colors: positive or NS > TD, gray: non-significant values), and shapes and line types representing groups (PTPN11
and SOST). Banks STS Banks of the superior temporal sulcus. C Scatterplots illustrating the close coherence between effect sizes of NS status
(PTPN11 or SOST) on subcortical and cortical gray matter volumes and gray matter determinants (SA and CT) between the PTPN11 and SOS1
groups and permutation testing distributions (with 2000 null r values) demonstrating that observed correlations are significantly greater than

null expectations.

with SA effect size at the whole-brain level (r=0.32, p = 0.0086).
Following correction for spatial autocorrelation with the null-
spatial model, we detected a significant difference between the
null model and observed correlation (pnuii-spatial = 0.010), indi-
cating that this relationship displays spatial specificity [22, 27].
We also found significant differences between the null-random-
gene and null-brain-gene models and the observed correlation
(pnullfrandomfgene =0.026, Pnull-brain-gene = 0.027), SUQQESting that
the association between SA effect size and PTPNT1 expression
association is unique to the PTPNT11 gene in comparison to
genes randomly selected from either the entire Allen Human
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Brain Atlas (AHBA) gene set or a subset of these genes that are
overexpressed in the brain [22]. In a subsequent lobe-wise
analysis, we found that the temporal lobe (r = 0.54, p = 0.022), in
particular, is driving these results (Fig. 5c, d). Furthermore, since
SA effect size describes differences in SA between PTPNT1 and
TD groups in specific regions, these results suggest that the
higher PTPN11 expression is in a given region, the larger the SA
in children with PTPN11 compared to the TD group. Hence, in
NS, higher PTPNT1 expression is associated with larger SA. We
did not find significant correlations between PTPN11 expression
and effect sizes of GMV or CT in both the PTPN11 and TD groups.
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Fig. 5 Brain-behavioral and gene-brain relationships in Noonan syndrome. A Disruption of normative anatomical-behavioral relationships
relevant to attention and inhibition in Noonan syndrome. Pearson correlations between Auditory Attention or Inhibition scores and striatal
volumes (in mm?3) for each group and Fisher’s exact tests (with FDR corrected p values) assessing differences between PTPN17 and TD groups
in brain-behavioral correlations. Participants are represented by individual dots and distribution plots of the data are displayed on the outer x-
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correlation analyses between PTPN11 expression and surface area effect size, which quantify group differences in surface area between the
PTPN11 and TD groups. Individual dots represent cortical regions and dot colors denote which lobe the region is part of. Regression lines
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Striatal volumes correlate with attentional measures in the
PTPN11 group

To test whether NS and TD groups differ in brain-behavioral
correlations, we focused on the PTPNT1 group, given that the
larger cohort provides greater power to detect differences. We
tested cognitive-behavioral measures involving attention and
memory, as difficulties in these domains have previously been
implicated in NS [24, 28]. For neuroanatomical measures, we
examined volumes of the striatum, which is involved in ADHD
pathophysiology through the frontostriatal pathway, and of the
hippocampus, which is involved in memory [29]. Compared to the
TD group, we found that PTPN11 performed worse on Auditory
Attention (t(54.7) = —2.59, p =0.012), Inhibition (t(56.4) = —3.81,
p=0.00034), Memory for faces delayed (t(49.9) = —3.34,
p=0.0016), Narrative memory free recall (t(53.2)=-3.11,
p=0.0030), and narrative memory free and cued recall
(t(55.1) = —3.23, p=0.0021) domains (Table 1). Given that a
sizeable proportion of the PTPN11 (20%) and SOST (50%) groups
were taking stimulant medications and that stimulants have been
shown to improve performance on attentional measures in
children with ADHD [30], it is possible that differences between
NS and TD groups on Auditory Attention and Inhibition scores
may be even larger without the effect of stimulants. Bilateral
striatal volumes negatively correlated with Inhibition scores in
PTPN11, with its correlation coefficient differing significantly from
the TD group’s (Left: r=—-0.42, p=0.022, TD: r=0.23, p=0.15,
Fisher test: z= —2.69, p =0.016; Right: r=—0.37, p =0.047, TD:
r=0.18, p = 0.28, Fisher test: z= —2.22, p = 0.026) (Fig. 5a). Finally,
in both the PTPN11 and TD groups, there were no significant
correlations between bilateral striatal volumes and Auditory
Attention scores or bilateral hippocampal volumes and memory
measures. Finally, no correlations were found after repeating these
analyses without controlling for TBV. These findings confirm that
brain-behavioral relationships are not driven by TBV differences
between groups.

DISCUSSION

In this study, we sought to investigate the effect of NS
pathogenic variants, which disrupt the Ras-MAPK pathway, on
the developing human brain [3]. We detected decreased volumes
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in the bilateral corpus striatum, precentral gyri, entorhinal
cortices, and superior parietal cortices—brain regions linked to
attention or memory [31-33]. In the cortex, we detected
corresponding NS effects on SA and CT. Specifically, we observed
SA decreases in bilateral entorhinal and left superior parietal
regions, and CT reductions in bilateral precentral gyri in NS
relative to TD. Further, in the gene-brain analysis, we explored
the link between genetics and these anatomical changes in NS,
observing a positive correlation between PTPN11 expression and
SA effect size in the temporal lobe. Finally, relative to TD children,
children with NS are at higher risk for attentional and memory
deficits as well as comorbid diagnosis of ADHD [24]. In our
cohort, 43% of the PTPN11 group and 60% of the SOST group met
diagnostic criteria for ADHD (Table 1). Thus, we examined the
relationship between brain anatomy and cognitive-behavioral
performance in attention and memory-related tasks, which
revealed decoupling of normative striatal anatomical-cognitive
relationships in PTPNTT.

In line with our previous preliminary findings [9], we found
reductions in bilateral striatum volumes in PTPNT1 relative to
controls. Based on preliminary data [9], we hypothesized that NS
affects the parietal and frontal lobes. Indeed, we observed
reductions in bilateral precentral gyri GMV, with corresponding
decreases in CT in those regions, and bilateral superior parietal
cortex GMV in PTPN11 relative to the TD group. Decreased SA in
the left superior parietal cortex and decreased CT in the right
superior parietal cortex accompanied overall GMV reduction in the
superior parietal cortex. The precentral gyrus and superior parietal
cortex are components of the dorsal frontoparietal attention
cortical network, which is involved in visuospatial attention
[32, 34]. Reductions in the precentral gyrus and superior parietal
cortex volumes suggest that NS may disrupt the dorsal attention
network. This hypothesis is supported by findings from prior
studies implicating the involvement of superior aspects of the
posterior parietal cortex in attentional processing [35-40]. Poorer
performance in attentional measures and greater risk of ADHD
diagnosis in children with NS provides further support to this
potential explanation [24]. Finally, children with neurofibromatosis
type-1 (NF1), another RASopathy associated with ADHD symp-
toms, displayed decreased precentral gyrus gray matter density
relative to healthy controls [3, 41].
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This study is the first to investigate brain anatomy in SOST.
Given the preliminary nature of the results, we used effect sizes to
compare anatomical differences between the NS subgroups and
the TD group. Overall, we observed aberrations in GMV, SA, and CT
in a similar subcortical and cortical regional distribution in both NS
subgroups compared to the TD group (Fig. 4). This pattern is
consistent with molecular mechanisms of PTPN11 and SOS1
variants, which have an activating effect on the Ras-MAPK
pathway, suggesting that both NS variants similarly affect brain
development and, therefore, result in aberrant anatomy [3]. For
example, in both groups, we observed the greatest GMV reduction
in the left (PTPN11: d = —0.90, SOST: d = —0.80) and right pallidum
(PTPN11: d = —0.88, SOS1: d = —1.03). The current study demon-
strates the effect of PTPNT11 variants on the human brain and
suggests that this effect extends to a second type of NS
pathogenic variant in the SOST gene.

In our gene-brain analysis, we observed positive correlations
between PTPN11 expression and SA effect sizes (capturing the
magnitude of PTPN11 effects on SA) on a whole-brain level and,
per lobe-wise analyses, in the temporal lobe. These findings
suggest that, in NS, increased SA is associated with regions with
higher PTPN11 expression and, therefore, increased levels of
constitutively active SHP2 mutant [3]. It is possible that the
activating effect of SHP2 mutant on the Ras-MAPK pathway leads
to dysregulation of neuronal and astroglial differentiation and
proliferation, causing subsequent changes in anatomical mea-
sures, such as SA, in the PTPN11 group [42].

Our results are limited by the availability of transcriptomic data
in brain tissue for individuals with NS. We utilized PTPNT11
expression levels from typically developing adults as a proxy for
data from individuals with NS [16]. Although it is possible that
PTPN11 expression levels from adult brains may not have an
equivalent regional mapping in those of children within our
cohort’s age range, we decided to utilize AHBA as it is the most
comprehensive dataset of the cortical transcriptome to date.
Further details regarding our utilization of AHBA data are provided
in Supplementary Material.

To test our hypothesis that the effects of the Ras-MAPK pathway
on striatal structure are central to attentional functioning, we
performed brain-behavior correlations. First, we found differences
between PTPN11 and TD groups in correlations of bilateral striatal
volumes and measures of inhibition, a key aspect of executive
function and attention. Second, in the PTPN11 group only, we
found a negative correlation, indicating that smaller bilateral
striatal volumes are associated with better performance on
inhibition tasks. Third, we found that correlations differ between
PTPN11 and TD groups. Given that we observed reduced striatal
volumes in children with NS, we expected inhibition task
performance to positively correlate with increasing striatal
volume. It is possible that altered and more efficient brain
reorganization, resulting from recruitment of other brain struc-
tures, leads to smaller striatal volumes and better performance in
some children with PTPNT1. Our hypothesis-based approach to
querying brain-behavior relationships is supported by evidence of
the large effects of NS on striatal volumes and inhibition [9, 24].
However, this approach has significant limitations, as evidenced
by studies conducted in larger (yet non-clinical) populations such
as the Lifespan Human Connectome Project in Development study
[43] or Adolescent Brain Cognitive Development (ABCD) study
[44, 45]. Future data-driven studies utilizing large cohorts of rare
genetic conditions, such as in the case of 22q11.2 deletion
syndrome in the Philadelphia Neurodevelopmental Cohort (PNC)
datasets [46], are warranted for the RASopathies.

Memory deficits have previously been implicated in mouse and
human models of NS [24, 47], particularly in verbal long-term
memory, which is dependent on the hippocampus. Here, we
describe, for the first time in humans, a reduction in right
hippocampal GMV in PTPNT1 relative to the TD group. In the
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temporal lobe, reductions in bilateral entorhinal cortex SA
contributed to decreased bilateral entorhinal cortex GMV in the
PTPN11 group. Taken together, reduced volume in the right
hippocampus and bilateral entorhinal cortices, which provide
substantial afferent projections to the hippocampus, in PTPNT1
provide further evidence that NS disrupts hippocampal circuitry [31].

Our striatal and cortical findings suggest that NS has an effect on
structures in frontostriatal circuits, which have been implicated in
ADHD [48] as well as in developmental language disorders and motor
impairments [49, 50], which are frequently found in NS and other
RASopathies [49-51]. The presence of these conditions, in addition to
attentional problems, in children with NS, supports the notion that
these pathways are involved in several cognitive processes.

This study suggests a new framework for investigating NS and
its effect on the brain that is translational in two senses: in
examining findings from mouse models of NS in humans and in
exploring the interactions between brain anatomy, behavior, and
genetics. It is the first step in investigating the impact of NS
genotypes (PTPN11 and SOST) on brain anatomy. Studying the
effect of these single gene disorders disrupting specific steps in
the Ras-MAPK pathway on brain development can elucidate the
pathophysiology of RASopathies. The SOST subgroup has a sample
size limitation (n = 10); thus, the results from the SOS7 analysis
should be considered in the context of a small sample size.
Although it is preliminary, the SOS7T analysis provides new
information on the anatomical-behavioral phenotype of the
SOS1 variant and offers an unprecedented opportunity to
compare two pathogenic variants associated with NS (PTPNT1
and SOST). Future studies with larger sample sizes for SOST and
longitudinal investigation of neurodevelopmental trajectories in
children with both NS genotypes could expand upon our findings.
Our exploratory gene-brain and brain-behavior analyses offer new
information regarding genetic influences on anatomy, and, in turn,
anatomical influences on cognition and behavior in NS and
the RASopathies. Finally, our results increase our understanding of
the effects of the Ras-MAPK pathway on the human brain and the
neural underpinnings of neurodevelopmental disorders associated
with RASopathies. Given that MEK inhibitors, Ras-MAPK-pathway-
altering medications, are already in use for children with
RASopathies [52, 53], these insights are more essential than ever.

CODE AVAILABILITY

Scripts used for analyses are available upon request.

REFERENCES

1. Boguski MS, McCormick F. Proteins regulating Ras and its relatives. Nature.
1993,;366:643-54.

2. Rauen KA. The RASopathies. Annu Rev Genomics Hum Genet. 2013;14:355-69.

3. Tartaglia M, Gelb BD, Zenker M. Noonan syndrome and clinically related dis-
orders. Best Pract Res Clin Endocrinol Metab. 2011;25:161-79.

4. Pierpont El, Hudock RL, Foy AM, Semrud-Clikeman M, Pierpont ME, Berry SA, et al.
Social skills in children with RASopathies: a comparison of Noonan syndrome and
neurofibromatosis type 1. J Neurodev Disord. 2018;10:21.

5. Alfieri P, Piccini G, Caciolo C, Perrino F, Gambardella ML, Mallardi M, et al.
Behavioral profile in RASopathies. Am J Med Genet Part A. 2014;164:934-42.

6. Bunda S, Burrell K, Heir P, Zeng L, Alamsahebpour A, Kano Y, et al. Inhibition of
SHP2-mediated dephosphorylation of Ras suppresses oncogenesis. Nat Commun.
2015;6:8859.

7. Gauthier AS, Furstoss O, Araki T, Chan R, Neel BG, Kaplan DRR, et al. Control of
CNS cell-fate decisions by SHP-2 and its dysregulation in Noonan syndrome.
Neuron. 2007;54:245-62.

8. Ehrman LA, Nardini D, Ehrman S, Rizvi TA, Gulick J, Krenz M, et al. The protein
tyrosine phosphatase shp2 is required for the generation of oligodendrocyte
progenitor cells and myelination in the mouse telencephalon. J Neurosci.
2014;34:3767-78.

9. Johnson EM, Ishak AD, Naylor PE, Stevenson DA, Reiss AL, Green T. PTPN11 gain-
of-function mutations affect the developing human brain, memory, and atten-
tion. Cereb Cortex. 2019;29:2915-23.

SPRINGER NATURE



B. Rai et al.

10

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.
36.

37.

38.
39.

. Pierpont El, Pierpont ME, Mendelsohn NJ, Roberts AE, Tworog-Dube E, Seiden-

berg MS. Genotype differences in cognitive functioning in Noonan syndrome.
Genes Brain Behav. 2009;8:275-82.

. Kim YE, Baek ST. Neurodevelopmental aspects of RASopathies. Mol Cells.

2019;42:441-7.

. Aoki K, Nakamura T, Fujikawa K, Matsuda M. Local phosphatidylinositol 3,4,5-

trisphosphate accumulation recruits Vav2 and Vav3 to activate Rac1/Cdc42 and
initiate neurite outgrowth in nerve growth factor-stimulated PC12 cells. Mol Biol
Cell. 2005;16:2207-17.

. Tian X, Gotoh T, Tsuji K, Lo EH, Huang S, Feig LA. Developmentally regulated role

for Ras-GRFs in coupling NMDA glutamate receptors to Ras, Erk and CREB. EMBO
J. 2004;23:1567-75.

. Roberts AE, Araki T, Swanson KD, Montgomery KT, Schiripo TA, Joshi VA, et al.

Germline gain-of-function mutations in SOS1 cause Noonan syndrome. Nat
Genet. 2007;39:70-74.

. Razzaque MA, Nishizawa T, Komoike Y, Yagi H, Furutani M, Amo R, et al. Germline

gain-of-function mutations in RAF1 cause Noonan syndrome. Nat Genet.
2007;39:1013-7.

. Hawrylycz MJ, Lein ES, Guillozet-Bongaarts AL, Shen EH, Ng L, Miller JA, et al. An

anatomically comprehensive atlas of the adult human brain transcriptome.
Nature. 2012;489:391-9.

. French L, Paus T. A FreeSurfer view of the cortical transcriptome generated from

the Allen Human Brain Atlas. Front Neurosci. 2015;9:323.

. Fischl B, Van Der Kouwe A, Destrieux C, Halgren E, Ségonne F, Salat DH, et al.

Automatically parcellating the human cerebral cortex. Cereb Cortex.

2004;14:11-22.

. Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. An

automated labeling system for subdividing the human cerebral cortex on MRI
scans into gyral based regions of interest. Neuroimage. 2006;31:968-80.
Wechsler D. Wechsler preschool and primary scale of intelligence. 3rd ed. San
Antonio, TX: Psychological Corporation; 2002.

Wechsler D. Wechsler intelligence scale for children. 4th ed. San Antonio, TX:
Psychological Corporation; 2003.

Wei Y, de Lange SC, Pijnenburg R, Scholtens LH, Ardesch DJ, Watanabe K, et al.
Statistical testing in transcriptomic-neuroimaging studies: a how-to and evaluation of
methods assessing spatial and gene specificity. Hum Brain Mapp. 2022;43:885-901.
Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat Soc Ser B. 1995;57:289-300.
Pierpont El, Tworog-Dube E, Roberts AE. Attention skills and executive func-
tioning in children with Noonan syndrome and their unaffected siblings. Dev
Med Child Neurol. 2015;57:385-92.

Warling A, Liu S, Wilson K, Whitman E, Lalonde FM, Clasen LS, et al. Sex chro-
mosome aneuploidy alters the relationship between neuroanatomy and cogni-
tion. Am J Med Genet C Semin Med Genet. 2020;184:493.

Rosen AFG, Roalf DR, Ruparel K, Blake J, Seelaus K, Villa LP, et al. Quantitative
assessment of structural image quality. Neuroimage. 2018;169:407-18.
Alexander-Bloch A, Raznahan A, Bullmore E, Giedd J. The convergence of
maturational change and structural covariance in human cortical networks. J
Neurosci. 2013;33:2889-99.

Pierpont El, Tworog-Dube E, Roberts AE. Learning and memory in children with
Noonan syndrome. Am J Med Genet Part A. 2013;161:2250-7.

Casey BJ, Castellanos FX, Giedd JN, Marsh WL, Hamburger SD, Schubert AB, et al.
Implication of right frontostriatal circuitry in response inhibition and attention-
deficit/hyperactivity disorder. J Am Acad Child Adolesc Psychiatry.
1997;36:374-83.

Gardner BK, Sheppard DM, Efron D. The impact of stimulants on a clinical measure of
attention in children with ADHD. Child Neuropsychol. 2008;14:171-86.

Van Strien NM, Cappaert NLM, Witter MP. The anatomy of memory: an interactive
overview of the parahippocampal- hippocampal network. Nat Rev Neurosci
2009;10:272-82.

Corbetta M, Shulman GL. Control of goal-directed and stimulus-driven attention
in the brain. Nat Rev Neurosci. 2002;3:201-15.

Bush G. Cingulate, frontal, and parietal cortical dysfunction in attention-deficit/
hyperactivity disorder. Biol Psychiatry. 2011;69:1160-7.

Paus T. Location and function of the human frontal eye-field: a selective review.
Neuropsychologia. 1996;34:475-83.

Critchley M. The parietal lobes. New York: Hafner Press; 1953.

Colby CL, Goldberg ME. Space and attention in parietal cortex. Annu Rev Neu-
rosci. 1999,22:319-49.

Nachev P, Husain M. Disorders of visual attention and the posterior parietal
cortex. Cortex. 2006;42:766-73.

Sack AT. Parietal cortex and spatial cognition. Behav Brain Res. 2009;202:153-61.
Vandenberghe R, Gillebert CR. Parcellation of parietal cortex: convergence
between lesion-symptom mapping and mapping of the intact functioning brain.
Behav Brain Res. 2009;199:171-82.

SPRINGER NATURE

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Koenigs M, Barbey AK, Postle BR, Grafman J. Superior parietal cortex is critical for
the manipulation of information in working memory. J Neurosci.
2009;29:14980-6.

Huijbregts SCJ, Loitfelder M, Rombouts SA, Swaab H, Verbist BM, Arkink EB, et al.
Cerebral volumetric abnormalities in neurofibromatosis type 1: associations with
parent ratings of social and attention problems, executive dysfunction, and
autistic mannerisms. J Neurodev Disord. 2015;7:32.

Ke Y, Zhang EE, Hagihara K, Wu D, Pang Y, Klein R, et al. Deletion of Shp2 in the
brain leads to defective proliferation and differentiation in neural stem cells and
early postnatal lethality. Mol Cell Biol. 2007;27:6706-17.

Somerville LH, Bookheimer SY, Buckner RL, Burgess GC, Curtiss SW, Dapretto M,
et al. The lifespan human connectome project in development: a large-scale
study of brain connectivity development in 5-21 year olds. Neuroimage.
2018;183:456-68.

Casey BJ, Cannonier T, Conley MI, Cohen AO, Barch DM, Heitzeg MM, et al. The
adolescent brain cognitive development (ABCD) study: imaging acquisition
across 21 sites. Dev Cogn Neurosci. 2018;32:43-54.

Hagler DJ, Hatton SN, Cornejo MD, Makowski C, Fair DA, Dick AS, et al. Image
processing and analysis methods for the adolescent brain cognitive development
study. Neuroimage. 2019;202:116091.

Satterthwaite TD, Connolly JJ, Ruparel K, Calkins ME, Jackson C, Elliott MA, et al.
The Philadelphia Neurodevelopmental Cohort: a publicly available resource for
the study of normal and abnormal brain development in youth. Neuroimage.
2016;124:1115-9.

Lee YS, Ehninger D, Zhou M, Oh JY, Kang M, Kwak C, et al. Mechanism and
treatment for learning and memory deficits in mouse models of Noonan syn-
drome. Nat Neurosci. 2014;17:1736-43.

Dickstein SG, Bannon K, Xavier Castellanos F, Milham MP. The neural correlates of
attention deficit hyperactivity disorder: an ALE meta-analysis. J Child Psychol
Psychiatry Allied Discip. 2006;47:1051-62.

Pierpont El, Ellis Weismer S, Roberts AE, Tworog-Dube E, Pierpont ME, Mendel-
sohn NJ, et al. The language phenotype of children and adolescents with Noonan
syndrome. J Speech Lang Hear Res. 2010;53:917-32.

lannuzzi S, Albaret JM, Chignac C, Faure-Marie N, Barry |, Karsenty C, et al. Motor
impairment in children with neurofibromatosis type 1: effect of the comorbidity
with language disorders. Brain Dev. 2016;38:181-7.

Lee DA, Portnoy S, Hill P, Gillberg C, Patton MA. Psychological profile of children
with Noonan syndrome. Dev Med Child Neurol. 2007;47:35-38.

Gross AM, Dombi E, Widemann BC. Current status of MEK inhibitors in the
treatment of plexiform neurofibromas. Child’s Nerv Syst. 2020;36:2443-52.
Gross AM, Wolters PL, Dombi E, Baldwin A, Whitcomb P, Fisher MJ, et al. Selu-
metinib in children with inoperable plexiform neurofibromas. N Engl J Med.
2020;382:1430-42.

Tartaglia M, Pennacchio LA, Zhao C, Yadav KK, Fodale V, Sarkozy A, et al. Gain-of-
function SOS1 mutations cause a distinctive form of Noonan syndrome. Nat
Genet. 2007;39:75-79.

Tartaglia M, Kalidas K, Shaw A, Song X, Musat DL, Van der Burgt |, et al. PTPN11
mutations in Noonan syndrome: molecular spectrum, genotype-phenotype cor-
relation, and phenotypic heterogeneity. Am J Hum Genet. 2002;70:1555.
Roberts AE, Allanson JE, Tartaglia M, Gelb BD. Noonan syndrome. Lancet.
2013;381:333.

Gelb BD, Tartaglia M. RAS signaling pathway mutations and hypertrophic cardi-
omyopathy: getting into and out of the thick of it. J Clin Invest. 2011;121:844.
Tartaglia M, Zampino G, Gelb BD. Noonan syndrome: clinical aspects and
molecular pathogenesis. Mol Syndromol. 2010;1:2.

Bruno JL, Shrestha SB, Reiss AL, Saggar M, Green T. Altered canonical and striatal-
frontal resting state functional connectivity in children with pathogenic variants
in the Ras/mitogen-activated protein kinase pathway. Mol Psychiatry.
2022;27:1542-51.

ACKNOWLEDGEMENTS

The authors would like to sincerely thank all the children and families who kindly
volunteered to participate in this study. The authors would also like to thank the
Noonan Syndrome Foundation and the RASopathies Network that made this work
possible. We also thank Aaron Alexander Bloch, MD, PhD, for his advice on how to
incorporate gene expression data into our study. This project was supported by
grants: Contract grant sponsor: National Institute of Child Health and Human
Development; Contract grant number: 123752K23; Contract grant sponsor: National
Institute of Mental Health; Contract grant number: MH099630; Small Grant Program
Award, The Department of Psychiatry and Behavioral Sciences at Stanford University;
Early Career Award, Maternal and Child Health Research Institute Stanford University.
The funding sources had no role in the study design, collection, analysis, and
interpretation of the data.

Translational Psychiatry (2023)13:245



AUTHOR CONTRIBUTIONS

BR contributed to data collection, analysis, and interpretation and primarily wrote the
manuscript. PEN contributed to data collection and interpretation. MS-S contributed
to data analysis and interpretation. MW contributed to imaging data inspection,
interpretation, and minimal edits of the final manuscript. MMR contributed to data
analysis, interpretation, and minimal edits of the final manuscript. BJ contributed to
statistical methodology and data interpretation. ALR contributed to data collection
for the control group through a longitudinal Turner syndrome study and data
interpretation. TG conceived and designed the study, supervised data collection, and
contributed to data analysis, interpretation, and writing of the manuscript. All authors
critically revised the manuscript for intellectual content and approved the final
version.

COMPETING INTERESTS

Ms. Rai, Dr. Naylor, Dr. Siqueiros-Sanchez, Dr. Wintermark, Ms. Raman, Dr. Jo, Dr. Reiss,
and Dr. Green reported no biomedical financial interests or potential conflicts of
interest.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41398-023-02504-4.

Translational Psychiatry (2023)13:245

B. Rai et al.

Correspondence and requests for materials should be addressed to Tamar Green.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

SPRINGER NATURE

11


https://doi.org/10.1038/s41398-023-02504-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Novel effects of Ras-MAPK pathogenic variants on the developing human brain and their link to gene expression and inhibition abilities
	Introduction
	Methods and materials
	Participants
	MRI
	Structural analysis (FreeSurfer)
	Cognitive and behavioral assessment
	Allen human brain atlas
	Statistical analysis

	Results
	Noonan syndrome is associated with smaller subcortical volumes
	Noonan syndrome affects gray matter volumes of the precentral gyri and medial aspect of the occipital lobe
	Noonan syndrome is associated with surface area expansions in limbic regions and decreases in the frontal lobe
	Noonan syndrome is linked to cortical thickness reductions in the precentral gyrus and parahippocampal regions
	Convergence effect of NS subgroups on brain anatomy
	Higher gene expressions of PTPN11 are related to larger effects of NS on the surface area
	Striatal volumes correlate with attentional measures in the PTPN11 group

	Discussion
	References
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




