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Abstract

Noonan syndrome (NS) is characterized by reduced growth, craniofacial abnormalities,

congenital heart defects, and variable cognitive deficits. NS belongs to the RASopathies,

genetic conditions linked to mutations in components and regulators of the Ras signaling

pathway. Approximately 50% of NS cases are caused by mutations in PTPN11. However,

the molecular mechanisms underlying cognitive impairments in NS patients are still poorly

understood. Here, we report the generation and characterization of a new conditional

mouse strain that expresses the overactive Ptpn11D61Y allele only in the forebrain. Unlike

mice with a global expression of this mutation, this strain is viable and without severe sys-

temic phenotype, but shows lower exploratory activity and reduced memory specificity,

which is in line with a causal role of disturbed neuronal Ptpn11 signaling in the development

of NS-linked cognitive deficits. To explore the underlying mechanisms we investigated the

neuronal activity-regulated Ras signaling in brains and neuronal cultures derived from this

model. We observed an altered surface expression and trafficking of synaptic glutamate

receptors, which are crucial for hippocampal neuronal plasticity. Furthermore, we show that

the neuronal activity-induced ERK signaling, as well as the consecutive regulation of gene

expression are strongly perturbed. Microarray-based hippocampal gene expression profiling

revealed profound differences in the basal state and upon stimulation of neuronal activity.

The neuronal activity-dependent gene regulation was strongly attenuated in Ptpn11D61Y

neurons. In silico analysis of functional networks revealed changes in the cellular signaling

beyond the dysregulation of Ras/MAPK signaling that is nearly exclusively discussed in the
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context of NS at present. Importantly, changes in PI3K/AKT/mTOR and JAK/STAT signaling

were experimentally confirmed. In summary, this study uncovers aberrant neuronal activity-

induced signaling and regulation of gene expression in Ptpn11D61Y mice and suggests that

these deficits contribute to the pathophysiology of cognitive impairments in NS.

Author summary

RASopathies are genetic disorders often accompanied by a developmental delay and intel-

lectual disabilities. However, the molecular mechanisms causing cognitive impairments

are yet unclear. RASopathies are linked to mutations in components of the Ras/MAPK

pathway. This pathway enables cells to adjust the expression of their genes in response to

various environmental stimuli. In the brain, neurodevelopmental signals and neuronal

activity are the main modulators of Ras/MAPK signaling, which regulates the expression

of neuronal genes. This process is of key importance for normal cognition, learning and

memory formation. In this study, we show that neurons expressing a RASopathy-related

mutation fail to modulate their gene expression in response to neuronal activity. Paradox-

ically, despite of an increased basal Ras/MAPK signaling the induction of gene expression

by neuronal activity is largely attenuated suggesting the emergence of compensatory

mechanisms that dampen the unconstrained signaling. We propose that these mecha-

nisms interfere with a normal induction of Ras/MAPK signaling and subsequent gene

expression by neuronal activity. These findings have a therapeutic relevance, as they sug-

gest that possible treatment strategies should focus on the restoration of the physiological

dynamics of neuronal Ras/MAPK signaling rather than on a general dampening of this

cascade.

Introduction

Noonan syndrome (NS) is a congenital developmental disorder characterized by reduced

growth, craniofacial abnormalities, heart defects and variable cognitive deficits [1]. NS belongs

to the RASopathies, a group of genetic diseases linked to mutations in genes coding for com-

ponents or regulators of the Ras/mitogen-activated protein/extracellular signal-regulated

kinase (Ras/MAPK) signaling cascade [2]. The dysregulation of this signaling pathway is

believed to cause the pleiotropic phenotype associated with NS. However, the molecular mech-

anisms underlying the manifestations in particular organ systems are still poorly understood

[1]. In more than 50% of cases NS is caused by mutations in PTPN11, encoding a widely

expressed non-receptor protein tyrosine phosphatase (also known as SHP2) that dephosphory-

lates a broad range of cellular substrates [3] among them the small GTPase Ras [4]. The most

prominent cellular role of the Ptpn11 is the regulation of the pleiotropic Ras/MAPK and phos-

phoinositide-3 kinase (PI3K) cascades initiated classically upon growth factor or hormone

binding to their transmembrane receptor kinases. While Ptpn11 mostly facilitates Ras/MAPK

signaling [5,6], both positive and negative regulatory effects have been demonstrated on PI3K

signaling [7]. NS-associated mutations in PTPN11 typically lead to an increased phosphatase

activity of the enzyme [8–10], and in line with the positive regulatory role of Ptpn11 in Ras/

MAPK signaling, this pathway was shown to be hyperactive in NS [10]. An increased phos-

phorylation of the extracellular signal-regulated kinases 1 and 2 (ERK1/2) was reported for cell

lines, neuronal and non-neuronal tissues overexpressing mutants of Ptpn11 leading to a higher
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phosphatase activity [10–13]. Increased Ras/MAPK signaling seems to play a major role in the

pathogenesis of NS-related defects, since several studies demonstrated that the inhibition of

this signaling cascade by pharmacological inhibitors of the mitogen-activated protein kinase

kinase (shortly called MEK) was able to fully or partially rescue cardiac [14,15] and craniofacial

malformations [16], as well as defects in growth hormone release, which likely contribute to

growth retardation seen in patients with NS [13].

Ras/MAPK signaling controls cell proliferation and differentiation in non-neuronal cells.

In mature neurons, which are terminally differentiated cells, the function of this pathway shifts

towards the mediation of multiple forms of neuronal plasticity, which underlie learning and

memory formation in animals and in humans [17]. Recently, disturbed Ras/MAPK signaling

was suggested to be the cause of impaired learning and defects in hippocampal synaptic trans-

mission and plasticity in animals carrying the overactive Ptpn11D61G mutation, which is a

known mutation causing NS in humans [11]. The level of ERK phosphorylation was increased

in the brains of heterozygous Ptpn11D61G animals. Moreover, the treatment with Ras or MEK

inhibitors was able to dampen the ERK hyperphosphorylation. This treatment also reversed

learning deficits and normalized synaptic transmission in Ptpn11D61G mice [11]. However, the

neurobiological mechanistic explanation of these findings is not straightforward. Ras/MAPK

signaling is normally activated by neuronal activity and therefore it is not clear, why the in-

creased Ras/MAPK activity in neurons expressing Ptpn11D61G leads to disturbances rather

than enhancement of the respective functional readouts.

The main effector of neuronal activity-induced Ras/MAPK signaling is ERK, which is acti-

vated by phosphorylation upon neuronal stimulation [18]. ERK controls the trafficking of

postsynaptic glutamate receptors, which plays an important role in the activity-induced poten-

tiation of neurotransmission [19]. Phosphorylated ERK1/2 can also translocate from axons

and dendrites to the soma and enter the nucleus to mediate neuronal activity-induced repro-

gramming of gene expression. The activation and translocation of ERK are of key importance

for the persistent usage-dependent neuronal plasticity [18]. It is currently unknown to what

extent these molecular functions of Ras/MAPK signaling in neurons are affected by NS-associ-

ated mutations in Ptpn11.

Here, we report the generation and characterization of a new conditional mouse strain, in

which the expression of the NS-linked Ptpn11D61Y 1) occurs from an endogenous locus model-

ing precisely the situation in patients, and 2) is restricted to the excitatory neurons of the fore-

brain excluding influence of any systemic phenotype. We used this model to investigate effects

of Ptpn11D61Y expression on behavior, neuronal morphogenesis, cellular signaling, and neuro-

nal-activity induced regulation of gene expression.

Results

Generation of the mouse strain expressing Ptpn11D61Y in the forebrain

To obtain viable animals expressing the overactive Ptpn11D61Y allele from an endogenous locus

selectively in the brain, we crossed heterozygous conditional Ptpn11floxedD61Y/WT animals [20]

with animals homozygous for Emx1IREScre allele (Fig 1A). The endogenous Emx1 promoter drives

the expression of the cre recombinase from embryonic day 10.5 onwards selectively in excitatory

neurons and astrocytes of the forebrain and ventral pallium in mice carrying the Emx1IREScre

allele [21]. Our breeding scheme was designed to yield offspring that are all heterozygous for

Emx1IRESCre allele, while 50% are wildtype for the Ptpn11 locus (Ptpn11WT/WT; from here on

referred to as control) and 50% are heterozygous for the mutated allele (Ptpn11floxedD61Y/WT;

referred to as Ptpn11D61Y further on). The analysis of 348 male offspring confirmed an equal

ratio of animals surviving by the age of 5 weeks (49% control vs. 51% Ptpn11D61Y). Female
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Fig 1. Establishment of Ptpn11D61Y mouse strain. (A) Breeding scheme showing genotypes of parental

(F0) and offspring (F1) generation. Progeny segregated in 2 genotypes used as mutants (Ptpn11D61Y) and

controls (control) in all experiments. (B) Ptpn11-specific PTP activity was 3-fold higher in Ptpn11D61Y

forebrain homogenate as compared to controls. Data are shown as normalized mean ± SEM and analyzed
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offspring were not weaned and genotyped but their occurrence at birth did not differ from their

male littermates. Thus, the spatially and temporally restricted expression of Ptpn11D61Y obviously

circumvented embryonic lethality reported earlier for its constitutive expression [20]. Quan-

titative immunoblotting revealed no changes in the expression of Ptpn11 in the forebrain of

Ptpn11D61Y mice as compared to controls (Fig 1C, n = 3 animals per genotype). To prove the

expression of an overactive phosphatase, the protein tyrosine phosphatase (PTP) activity of

Ptpn11 immunoprecipitated from forebrain lysates of 8 weeks-old animals was measured.

Indeed, the PTP activity was nearly threefold higher in Ptpn11D61Y compared to controls (Fig 1B;

288±4% PTPase activity of control, n = 3 experiments with 1 mouse per genotype; �p�0.05; one-

sample t-test). An examination of sagittal brain slices stained with markers for excitatory and

inhibitory synapses did not reveal any gross morphological defects in the brain structure in

Ptpn11D61Y animals (Fig 1D).

Ptpn11D61Y animals show reduced exploratory activity and a deficit in

memory specificity

To test the effect of Ptpn11D61Y on forebrain function in vivo, we analyzed the exploratory

behavior and memory formation in our mouse model. Intrinsically motivated locomotor

activity was tested in the animal’s home cage. The hour-wise comparison confirmed a signifi-

cant time effect on this activity (12 hours dark vs. 12 hours light; two-way repeated measures

ANOVA: F23,92 = 25.61, p<0.0001), indicating a normal circadian pattern in Ptpn11D61Y and

control animals. There was a slight effect of genotype during the overall time analyzed (two-

way repeated measures ANOVA: F1,4 = 7.84, p = 0.049). However, Bonferroni post hoc tests

revealed no significant differences at any given time point. The mean values of activity during

dark or light phase were not changed (12 hours dark: control, 48±4% activity, n = 12;

Ptpn11D61Y, 46±5% activity, n = 10; during 12 hours light: control: 20±2% activity; Ptpn11D61Y:

25±6% activity). There was no significant interaction of time and genotype (two-way repeated

measures ANOVA: F23,92 = 1.46, p>0.05). Of note, no differences in the intrinsically motivated

activity were observed between 9:00 a.m. and 5:00 p.m. when further behavioral tests were

conducted.

Next we measured the exploratory behavior in the open field task (OFT) providing a novel

environment. Ptpn11D61Y mice showed a reduced exploratory activity in OFT, indicated by a

shorter distance run compared to littermate control mice (Fig 2A; control: 89±3 m, n = 12;

Ptpn11D61Y: 80±2 m, n = 12; unpaired t-test, p<0.05). However, the time spent in the center

did not differ between the genotypes (Fig 2B; control, 14±1% of center time, n = 12; Ptpn11D61Y,

15±1% of center time, n = 12; unpaired t-test, p>0.05).

Furthermore, we investigated the behavior in a combined cued/contextual fear condition-

ing task. Both genotypes (n = 10 Ptpn11D61Y, n = 10 control) showed comparable freezing lev-

els in the shock context (initial 2 min of the test session: control, 32±6% freezing; Ptpn11D61Y,

35±6% freezing; total 8 min of the test session: control, 29±5% freezing; Ptpn11D61Y, 30±4%

freezing) and a clear discrimination from the unconditioned control context (Fig 2C; differ-

ences of shock context and neutral context: control, 24±5% freezing; Ptpn11D61Y, 30±7% freez-

ing). By contrast, during auditory cued retrieval the mutant mice showed a reduced ability to

discriminate CS+ and CS- (Fig 2D; differences: control, 29±4% freezing, n = 10; Ptpn11D61Y,

using one sample t-test, *p<0.05. Dots indicate the values of 3 Ptpn11D61Y animals. (C) The expression of

Ptpn11 is not altered in the forebrain of Ptpn11D61Y mice. (D) The overall brain morphology is not affected in

Ptpn11D61Y animals. Sagittal sections of brains from control and Ptpn11D61Y mice were stained with

antibodies against Bsn, VGAT, and VGLUT and with DAPI. Scale bar: 3.5 mm.

https://doi.org/10.1371/journal.pgen.1006684.g001
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16±4% freezing, n = 10; unpaired t-test, p<0.05). The response to the CS+ was slightly reduced

(control, 51±6% freezing; Ptpn11D61Y, 41±4% freezing), while that to the CS- was somewhat

increased (control, 22±7% freezing; Ptpn11D61Y, 26±4% freezing).

Finally we assessed spatial learning and memory in the Morris water maze (MWM) task.

Both the Ptpn11D61Y (n = 12) and control (n = 12) mice performed in a comparable manner

and successfully learned the location of the submerged platform. During training, escape

latency did not differ between the genotypes (Fig 2E; two-way repeated measures ANOVA:

F1,94 = 0.05, p>0.05), however, Ptpn11D61Y mice had a reduced path length (two-way repeated

measures ANOVA: F1,94 = 3.96, p<0.05;). Lower average speed of Ptpn11D61Y mice (repeated

measures ANOVA F(1,94) = 26.773, p<0.0001) explains escape latencies similar to controls

despite slightly reduced path length. During probe trials, mice of both genotypes spent more

time in the target quadrant (Fig 2F; control: 33±4%; Ptpn11D61Y: 37±5%) when compared to

non-target quadrants indicating spatial memory (control, one-way ANOVA, probe trial 1:

F3,44 = 2.798, p>0.05, probe trial 2: F3,44 = 4.302, p<0.01; Ptpn11D61Y, one-way ANOVA,

probe trial 1: F3,44 = 4.683, p<0.01, probe trial 2: F3,44 = 5.606, p<0.01). Interestingly, the total

distance travelled (Fig 2G; control, 1.243±0.41 m; Ptpn11D61Y, 1.084±0.59 m, n = 12; one-way

ANOVA, F(,22) = 4.969, unpaired t-test, p<0.05;) during probe trial 1 in the MWM was also

Fig 2. Ptpn11D61Y animals show reduced exploratory activity and mild impairment of memory specificity. (A) Ptpn11D61Y animals show a reduced

run distance in the OFT. (B) The time spent in the center of field did not differ in the OFT. (C) Ptpn11D61Y animals display normal levels of contextual fear

memory. (D) In cued fear conditioning the differentiation of CS+ and CS- was reduced in the mutants compared to controls. (E, F) In the MWM, the escape

latency during training (E) as well as the time spent in the target quadrant (T) in the first probe trial (F) are comparable between the genotypes indicating

normal spatial memory in Ptpn11D61Y (AR, adjacent right; O, opposite; AL adjacent left quadrant). (G) Ptpn11D61Y animals swam shorter distances in the

probe trial. Data are shown as mean ± SEM analyzed using unpaired t-test, one-way ANOVA or two-way repeated measures ANOVA (n = 10–12; *p<0.05).

https://doi.org/10.1371/journal.pgen.1006684.g002
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reduced in Ptpn11D61Y mice. In summary Ptpn11D61Y mice displayed lower exploratory activ-

ity and reduced memory specificity, which is in line with a causal role of disturbed neuronal

Ptpn11 signaling in the development of NS-linked cognitive deficits.

Morphometric analyses of Ptpn11D61Y neurons

Since RASopathies are neurodevelopmental disorders [22] and since there is evidence that

Ptpn11 is required for neuronal outgrowth [23], we tested whether the expression of Ptpn11D61Y

affects neuronal morphology and synaptogenesis. To this end, we analyzed axonal outgrowth

and dendritic arborization in cultured hippocampal neurons derived from Ptpn11D61Y new-

borns and their control littermates. Cultured cortical neurons from mutants showed a 2-fold

increase in the Ptpn11-specific PTP activity, which confirms the transgene activation also in

neurons grown in vitro (Fig 3B; control vs. Ptpn11D61Y 208±12% of control PTPase activity,

n = 5 vs. 7, unpaired t-test, p�0.0001). Dendrites and axons of neurons cultured for 5 days in

vitro (DIV) were visualized by immunostaining with antibodies against MAP2 and Tau1,

respectively (Fig 3A). The dendritic arborization was assessed by counting the number of inter-

sections on the array of concentric circles centered over the cell body (Fig 3C) and plotting the

number of intersection as a function of distance from the soma (Sholl analysis; Fig 3C and 3D).

No significant differences were found in this analysis (Fig 3D and 3E; control vs. Ptpn11D61Y,

427.5±13 vs. 404.5±13, n = 137 vs. 134 cells from 3 experiments, p�0.05; unpaired t-test). The

length of the longest outgrowing neurite did also not differ between the genotypes (Fig 3F; con-

trol vs. Ptpn11D61Y, 249±9 vs. 243±11 μm, n = 187 vs. 188 cells from 3 experiments, p�0.05,

unpaired t-test). Thus, the Ptpn11D61Y mutation does not lead to profound changes in the neu-

ronal morphology in vitro, which is consistent with the unchanged gross brain morphology in

these mice (Fig 1G).

Next we tested whether the neuronal expression of Ptpn11D61Y affects synaptogenesis. Syn-

apses were quantified within 20 μm long segments of proximal dendrites. Excitatory synapses

were identified as puncta co-labeled with the presynaptic marker Bassoon (Bsn) and the marker

of excitatory postsynapses Homer1. Inhibitory synapses were labeled for the markers vesicular

GABA transporter (VGAT) and Bsn. The number of excitatory and inhibitory synapses was not

altered, comparing control and Ptpn11D61Y neurons (Fig 3G; control vs. Ptpn11D61Y; excitatory:

46±2 vs. 48±2 puncta, n = 183 vs. 185 cells from 11 experiments; inhibitory: 17±2 vs. 16±1

puncta, n = 49 vs. 47 cells from 3 experiments). Usually, a significant fraction of synapses are

functionally silent despite their normal morphological appearance [24]. To visualize active pre-

synapses undergoing evoked neurotransmitter release, we depolarized living neurons by a brief

application of 50 mM KCl in the presence of an antibody against the luminal epitope of synap-

totagmin1 (Syt1 AB). This antibody binds to its epitope when exposed to the synaptic cleft dur-

ing synaptic vesicle fusion and is taken up during compensatory endocytosis [25]. We did not

observe significant differences in the density of active presynaptic boutons between the geno-

types (Fig 3G; 13±1 vs. 12±1 puncta per 20 μm dendrite, n = 82 vs. 61 cells from 5 experiments).

Altogether these experiments suggest a normal synaptogenesis in Ptpn11D61Y neurons.

Surface expression of synaptic glutamate receptors is altered in

Ptpn11D61Y neurons

Ras signaling has been implicated in the regulation of the delivery of AMPARs to the postsyn-

aptic plasma membrane [26], which is a major determinant of the sensitivity of postsynapses

to the neurotransmitter glutamate. To test a possible dysregulation of AMPAR trafficking in

Ptpn11D61Y neurons, we quantified the overall synaptic expression of AMPARs (total) and the

fraction of AMPARs residing on the surface of spines (surface). In fact only surface receptors
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can be activated by neurotransmitter and thus represent the fraction contributing to synaptic

transmission. To this end, we stained hippocampal neurons prepared from control and

Ptpn11D61Y animals with an antibody binding to the extracellular epitopes of all AMPAR iso-

forms 1–4 (panGluA) and antibodies specific for the subunits GluA1 and GluA2 (Fig 4A and

Fig 3. Morphometric analysis of Ptpn11D61Y neurons. (A) DIV5 neurons were stained with antibodies against the dendritic marker

MAP2 and the axonal marker Tau1 for the assessment of dendritic arborization and axonal outgrowth. Scale bar: 50 μm. (B) The

Ptpn11-specific PTP activity showed a 2-fold increase in cultured cortical Ptpn11D61Y neurons compared to controls. The points indicate

the values from cultures derived from individual animals. (C) Example image of a neuron from (A) after binarization and placement of the

array of concentric circles used for Sholl analysis. (D) Sholl analysis of DIV5 neurons is shown, where the number of ramifications is

plotted against the distance from the soma. (E, F) The area under the curve (AUC) in Sholl analysis (E) and the axonal length (F) do not

differ between control and Ptpn11D61Y neurons. (G) Immunostaining of excitatory (positive for Homer1), inhibitory (positive for VGAT)

and active (showing the syt1AB uptake) synapses in DIV14 neurons from control and Ptpn11D61Y. Scale bar: 5 μm. Data are presented

as mean ± SEM and analyzed using unpaired t-test. The numbers in columns indicate the number of cells analyzed.

https://doi.org/10.1371/journal.pgen.1006684.g003
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4B, and S1 Fig; see S1.1 and S1.2 Tables for all values). Receptors on the surface were visualized

by the incubation of living cells with the respective antibody followed by fixation and imaging.

To quantify the total synaptic expression of AMPARs immunostaining was done on fixed

cells. There were no changes in the number of synapses showing surface immunoreactivity

for any tested antibody comparing Ptpn11D61Y to control neurons (Fig 4C and S1 Fig). Never-

theless, our quantification revealed a slight decrease in the intensity of the GluA2 surface stain-

ing in Ptpn11D61Y neurons (Fig 4B and S1 Fig; 86±4% of controls, p<0.05, unpaired t-test).

Regarding the total synaptic expression of AMPARs we observed no significant differences

using panGluA or GluA2 antibodies. However, the number of stained synapses and their stain-

ing intensity for GluA1 were decreased by about 25% in Ptpn11D61Y neurons (Fig 4A and 4C

and S1 Fig). The unchanged surface expression of GluA1 in spines showing lower total expres-

sion argues for less efficient endocytosis of this subunit, which was tested in the following

Fig 4. Synaptic expression and surface trafficking of glutamate receptors is affected in Ptpn11D61Y. (A) Representative examples of the

staining of synaptic surface (left) and total (right) glutamate receptors containing GluA1 or GluN2B subunit in neurons from control and from

Ptpn11D61Y. Excitatory synapses were stained for Homer1 and Bassoon. (B, C) Synaptic IF intensity and density (puncta per 20 μm of proximal

dendrite) of surface (B) and total (C) staining for all tested receptor subunits are shown. Values are normalized to the respective value in control,

represented by the dashed line in the graphs. Note the reduced surface expression of GluA2 and GluN2B and the decrease of the overall

expression of GluA1 in Ptpn11D61Y neurons as compared to controls. All numerical values and statistics are listed in S1 Table. (D, E) The rate of

internalization of the GluA1-containing AMPARs is reduced in Ptpn11D61Y cells. Scale bars: 5 μm. Data are presented as mean ± SEM and

analyzed using unpaired t-test (*p�0.05, **p�0.01, ***p�0.001). Numbers in columns indicate the number of cells analyzed.

https://doi.org/10.1371/journal.pgen.1006684.g004
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experiment. The surface fraction of GluA1 receptors was labeled using a specific antibody in

living cells incubated at 4˚C to transiently block membrane trafficking. Then, the endocytosis

was monitored upon the release of temperature block by immunostaining as described previ-

ously [27]. In this assay, we observed less internalized GluA1 in Ptpn11D61Y neurons (Fig 4D;

62%±6 of control, p<0.01, unpaired t-test) supporting an aberrant trafficking of GluA1-con-

taining AMPARs in spines of neurons expressing the Ptpn11D61Y allele.

Next we tested potential changes in the expression of N-methyl-D-aspartate receptors

(NMDARs) in Ptpn11D61Y neurons. The total expression levels and the number of stained

synapses were unchanged for GluN1, GluN2A and GluN2B subunits of NMDARs (for all

numerical values see S1.1 and S1.2 Tables). However, we observed a significant decrease of the

GluN2B-subunit containing receptors on the surface of Ptpn11D61Y neurons (Fig 4A–4C and S1

Fig; 72±5% of control, p<0.001, unpaired t-test). In summary, these data reveal notable changes

in the regulation of the surface expression of synaptic AMPARs and NMDARs in Ptpn11D61Y

neurons and suggest their aberrant trafficking as a potential underlying mechanism.

Activity-induced phosphorylation of ERK

To investigate, how the expression of the overactive Ptpn11D61Y allele affects the basal and neu-

ronal activity-induced Ras/MAPK signaling, we assessed the phosphorylation of the main

downstream target of this pathway, ERK, in acute hippocampal slices from 8 to 11 weeks old

Ptpn11D61Y animals and their control siblings. Slices were treated with vehicle or 2.5 mM

4-aminopyridine (4AP) and 50 μM Bicuculline (Bic) for 10 min. This treatment is well estab-

lished to rapidly enhance neuronal activity and leads to ERK phosphorylation [28]. Immediately

after the treatment slices were collected, tissue lysates were prepared and processed for analyses

by quantitative immunoblots (Fig 5A and 5B). The expression of total ERK and its phosphory-

lated active form (pERK) was measured and the ratio of pERK/ERK was calculated. The basal

pERK level was significantly increased in Ptpn11D61Y samples as compared to controls (Fig 5D;

156±11% of control). The total ERK expression in Ptpn11D61Y samples was also increased but to

a lesser extent (Fig 5E; 138±13% of control). As a consequence, the average ratio of the basal

pERK/ERK was slightly increased in mutant slices (Fig 5C; 120±7% of control), but this differ-

ence did not reach statistical significance. The stimulation of synaptic activity induced a signifi-

cant rise of pERK levels in controls (Fig 5D; 179±8% of control basal levels), but completely

failed to do so in Ptpn11D61Y slices. Here, the pERK levels rose only to 109±8% compared to the

basal activity level in the mutant and correspond to 170±14% of the basal activity level in control

slices (Fig 5D). The total ERK level was not significantly changed after the induction of activity

compared to the basal levels in any of both genotypes (Fig 5E, control vs. Ptpn11D61Y: 120±5%

vs. 101±9% of basal levels in respective genotype). Correspondingly, the induction of neuronal

activity increased the pERK/ERK ratio significantly only in controls but not in Ptpn11D61Y slices

(Fig 5C, 141±6% vs. 104±8% of basal activity in the respective genotype). This analysis indicates

an aberrant neuronal activity-induced ERK signaling in Ptpn11D61Y mice.

Increased neuronal activity induces ERK phosphorylation and its subsequent translocation

to the soma, where it is transported into the nucleus. This mechanism is of key importance for

ERK-mediated control of neuronal activity-regulated gene expression [18,29]. To investigate

the nuclear pERK levels we isolated nuclear fractions from forebrains of Ptpn11D61Y and con-

trol animals and analyzed them in quantitative immunoblots. The nuclear pERK level was sig-

nificantly increased in Ptpn11D61Y compared to controls (Fig 5G; 137±14% of control), while

the total nuclear ERK level was unchanged (Fig 5H; 103±14% of control). Consequently the

ratio of nuclear pERK/ERK was higher in Ptpn11D61Y samples (Fig 5F; 137±14% of control),

indicating changes in nuclear pERK upon expression of overactive Ptpn11D61Y.

Aberrant neuronal gene expression in RASopathy

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006684 March 27, 2017 10 / 37

https://doi.org/10.1371/journal.pgen.1006684


Fig 5. Neuronal activity-induced phosphorylation of ERK is disturbed in Ptpn11D61Y. (A) Exemplary photograph

of an acute slice used for experiments. (B) Western blot of lysates from control and Ptpn11D61Y acute slices treated

with 4AP/Bic (+) or vehicle (-) for 10 minutes and probed with antibodies against pERK, ERK and β-III-tubulin. The latter

was used as a loading control. (C-E) Quantification of the Western blot experiment as exemplified in B is shown. The

stimulation of control slices led to a significant increase of the pERK level (C, D). The basal pERK level was increased

in Ptpn11D61Y slices compared to controls. No further increase of pERK immunoreactivity could be detected upon

stimulation of neuronal activity (C, D). Note the increased total expression of ERK in the slices from Ptpn11D61Y in the

basal state and upon stimulation (E). (F-H) The quantification of ERK phosphorylation in the nuclear fraction prepared

from forebrains indicates an increase in the pERK level in the samples from Ptpn11D61Y animals as compared to

controls. Data are shown as mean ±SEM and analyzed using either one-way ANOVA followed by Bonferroni´s multiple

comparison test or unpaired t-test (*p�0.05, ***p�0.001). The number of replicates from a total of three independent

experiments is indicated in the columns of the graph.

https://doi.org/10.1371/journal.pgen.1006684.g005
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To further dissect the effect of the Ptpn11D61Y expression on the activity-induced nuclear

translocation of pERK, we moved on to neuronal cultures that allow an easy pharmacological

modulation of neuronal activity and an assessment of the subcellular distribution of pERK by

immunostaining. The nuclear abundance of pERK in the basal state was increased in 14 DIV

old Ptpn11D61Y neurons similarly as it was observed in the nuclear fractions of the forebrain

extracts (Figs 5 and 6). Here, the basal nuclear pERK level in Ptpn11D61Y was also increased

compared to control (Fig 6; 120±4% of basal control level; p<0.001, unpaired t-test). The treat-

ment with 4AP and Bic for 30 min induced a significant rise in the nuclear pERK level in con-

trols, while there was no further increase in the nuclear pERK in Ptpn11D61Y neurons (Fig 6;

control 4AP/Bic: 165±6%, Ptpn11D61Y basal: 120±4%; Ptpn11D61Y 4AP/Bic: 131±5% of basal

control level). To test whether this difference results from an increased signaling downstream

of Ras, we applied SL327 (1 μM), a potent inhibitor of MEK1, to neurons of both genotypes

24 hours prior to activity induction. The treatment with SL327 neither affected the basal

pERK level nor the activity-induced increase in nuclear pERK level in controls (Fig 6; control

basal + SL327: 92±4%, control 4AP/Bic + SL327: 140±6%). Importantly, the SL327 treatment

Fig 6. Activity-induced increase of pERK is abolished in Ptpn11D61Y neurons and can be restored upon MEK1 inhibition. Staining (A) and

quantification (B) of pERK in nuclei (marked by DAPI) of excitatory neurons revealed elevated basal nuclear pERK levels in Ptpn11D61Y neurons. The basal

levels of nuclear pERK significantly differ between the genotypes (unpaired t-test, ###p�0.001). The stimulation of neuronal activity induces a rapid increase

in the nuclear pERK level (in relation to the basal levels) in control neurons but not in those from Ptpn11D61Y mice. The inhibition of MEK1 using SL327 for 24

h prior to the stimulation normalized the elevated basal pERK in nuclei of Ptpn11D61Y neurons and fully restored the activity-induced increase of nuclear

pERK. The identical treatment affected neither the basal nuclear pERK levels nor their stimulation-induced increase in control neurons. Data are presented

as mean ± SEM; numbers in columns indicate the numbers of analyzed cells. Significance is assessed using unpaired t-test and one-way ANOVA followed

by Bonferroni´s multiple comparison test (**p�0.01, ***p�0.001).

https://doi.org/10.1371/journal.pgen.1006684.g006
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fully normalized the nuclear pERK level in Ptpn11D61Y neurons (Ptpn11D61Y basal + SL327:

96 ±7% of basal control) and restored the activity-induced phosphorylation and nuclear

import of ERK in Ptpn11D61Y neurons (Fig 6; Ptpn11D61Y 4AP/Bic + SL327: 149±7% of basal

control). These data support the notion that the impaired activity-induced ERK activation

and nuclear translocation in Ptpn11D61Y neurons result from an increased activation of Ras/

MAPK signaling.

To further investigate the nuclear translocation of pERK in presence of Ptpn11D61Y we per-

formed time course experiments in cultured hippocampal neurons. We induced the nuclear

translocation of pERK either by pharmacological stimulation of neuronal activity using 2.5

mM 4-AP and 50 μM Bic or by application of brain-derived neurotrophic factor (BDNF, 100

ng/μl). BDNF is a natural binding partner of the tropomyosin receptor kinase B (TrkB) that is

known to signal via the Ras/MAPK pathway [30]. We quantified the nuclear pERK level 10

min, 1, 3 and 24 h after the onset of the respective treatment (Fig 7). Only excitatory neurons

that express the overactive Ptpn11D61Y allele in our animal model and that were negative for

staining against GAD65, a broad marker of inhibitory cells, were considered for this analysis.

Both treatments resulted in a rapid increase in nuclear pERK in control, even though the tempo-

ral profile of activation differed between the two treatments. Increased neuronal activity induced

a biphasic activation profile with an early peak between 10 min and 1 h, followed by a decline

of the nuclear pERK level 3 h after the onset of the treatment and a second peak in the nuclear

pERK level after 24 h (Fig 7A and 7B; 10 min: 166±8%; 1 h: 171±15%; 3 h: 122±9%; 24 h: 162±
15% of basal control, one-way ANOVA). The BDNF treatment showed a fast and persistent

increase of the nuclear pERK level at all time points measured (Fig 7C and 7D; 10 min: 180±
15%; 1 h: 172±12%; 3 h: 161±10%; 24 h: 177±17% of unstimulated control, one-way ANOVA).

In contrast, in Ptpn11D61Y neurons that have an increased nuclear pERK level already in the

basal state, both treatments failed to induce a further increase in the nuclear pERK level (Fig 7A

and 7B; 4AP/Bic: basal: 179±14%; 10 min: 164±12%; 1 h: 98±9%; 3 h: 107±7%; 24 h: 156±11%

of basal control; Fig 7C and 7D; BDNF: basal: 142±10%; 10 min: 134±13%; 1 h: 171±12%; 3 h:

181±18%; 24 h: 161±16% of basal control, one-way ANOVA). Interestingly, 1 h after the induc-

tion of neuronal activity a notable drop in the nuclear pERK level was evident in the mutant,

while control neurons still showed peak levels of pERK. This suggests that not only the magni-

tude of ERK phosphorylation and nuclear translocation, but also the temporal dynamics of neu-

ronal Ras/MAPK signaling are disturbed in Ptpn11D61Y.

To monitor the pERK-induced gene expression, we used a BDNF promoter activity

reporter, in which the BDNF promoters I and II drive the transcription of the EGFP coding

sequence (Fig 8A). This promoter region contains a cAMP-response element (CRE), the bind-

ing site of the CRE-binding protein (CREB), which is an important downstream nuclear target

of nuclear pERK (Fig 8B). We delivered this reporter to neurons from control and Ptpn11D61Y

animals grown for 14 DIV in low-density cultures using a viral vector. In these cultures, the

basal nuclear pERK levels were comparable in Ptpn11D61Y and control excitatory neurons (S2

Fig, 97±5% of control), which is likely due to very low endogenous network activity in these

cultures. Consistently with the results from high-density cultures, the induction of activity

using 4AP/Bic increased the nuclear pERK level in control neurons but failed to do so in the

neurons from Ptpn11D61Y (S2 Fig; control vs. Ptpn11D61Y: 136±8% vs. 99±4% of basal levels in

control). We measured the nuclear EGFP fluorescence of the BDNF promoter activity reporter

30 min after the treatment with vehicle (basal conditions) or with 4AP/Bic. The increase in

activity led to a notable rise in the expression of the reporter in control cells (Fig 8A and 8C;

129±9% of basal control level), but completely failed to do so in Ptpn11D61Y neurons (84±5%

of basal control level), which is in line with the aberrant activity-induced phosphorylation and

nuclear translocation of ERK seen in these cells.
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Neuronal activity-controlled gene expression in Ptpn11D61Y

To further investigate the effect of the overactive Ptpn11D61Y allele on the regulation of

neuronal gene expression, we performed an unbiased transcriptome analysis using acute

Fig 7. Time course of nuclear pERK accumulation induced by neuronal activity or BDNF is affected in Ptpn11D61Y neurons. (A, C) Neurons of both

genotypes are stained for pERK at different time points upon 4AP/Bic (A) or BDNF (C) application. DAPI staining was used as nuclear mask. Scale bar:

10 μm. (B, D) Quantification of the nuclear pERK level as exemplified in the staining in A and C. The basal levels of nuclear pERK significantly differ between

the genotypes (unpaired t-test, ### p�0.001). The time course upon stimulation by both stimuli differed between Ptpn11D61Y and control neurons. Data are

shown as mean ± SEM and numbers in columns of graphs indicate number of analyzed cells. The stimulation-induced changes were compared to basal

pERK levels in each genotype and significance was assessed using one-way ANOVA and Dunnett´s multiple comparison test (**p�0.01 and ***p�0.001)

and shown in black for controls and in gray for Ptpn11D61Y neurons.

https://doi.org/10.1371/journal.pgen.1006684.g007
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hippocampal slices in the basal state and upon a 10 min pulse application of 4AP and Bic. To

allow for changes in the expression of activity-regulated genes, slices were incubated for addi-

tional 3h before further processing. At this time point a robust increase of the mRNAs of

BDNF and the activity-regulated cytoskeleton-associated protein (Arc) was seen in initial

time-course experiments (S3 Fig). We analyzed the expression profiles from 4 different condi-

tions: control slices and slices from Ptpn11D61Y animals, both harvested either upon treatment

with vehicle, i.e. in basal conditions (B) or upon stimulation with 4AP and Bic (S). The differ-

ential expression analysis was done for four comparisons: 1) Ptpn11D61Y B vs. control B, 2)

control S vs. control B, 3) Ptpn11D61Y S vs. Ptpn11D61Y B and 4) Ptpn11D61Y S vs. control S

(Fig 8A). For all analyses the filter criteria of�1.5/�-1.5 fold change and p<0.05 for statistical

significance were used to select differentially expressed genes (DEGs). All datasets are depos-

ited in the GEO repository (GSE80061). DEGs that passed the filtering for each dataset are

summarized in the heat-maps in Fig 9A.

Fig 8. Activity-induced BDNF expression is affected in Ptpn11D61Y neurons. (A) Representative images of neurons in low-density cultures

infected with the lentivirus containing the BDNFpI+II EGFP reporter in basal conditions and upon treatment with 4AP/Bic for 30 min. Neurons

are stained with antibodies against GFP to enhance the intrinsic EGFP signal, MAP2 as a neuronal marker, and DAPI. (B) Schema of the

activity reporter, in which the BDNF promoters I and II drive the expression of EGFP. The cAMP response element (CRE) is depicted. (C)

Quantification of the GFP IF that was measured in the nuclei of control and Ptpn11D61Y neurons. The reporter signal increased significantly

upon stimulation in control but not in Ptpn11D61Y neurons. Data are shown as mean ± SEM and analyzed using one-way ANOVA followed by

Bonferroni´s multiple comparison test (*p�0.05) Scale bar: 10 μm.

https://doi.org/10.1371/journal.pgen.1006684.g008
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We identified 227 DEGs for the comparison of the transcriptomes of Ptpn11D61Y B vs. con-

trol B, thereof 57% of the transcripts were upregulated and 43% were downregulated. As

expected, stimulation of neuronal activity led to a significant reprograming of gene expression

patterns (control S vs. B). In total 482 DEGs fulfilled the selection criteria, thereof only 10%

were upregulated, 90% showed a downregulation. The same treatment in Ptpn11D61Y slices

resulted in the regulation of only 170 genes, thereof 35% genes were upregulated and 65%

were downregulated. This indicates a much lower complexity of activity-induced expressional

regulation in Ptpn11D61Y compared to controls. The transcriptome comparison of Ptpn11D61Y

S vs. control S revealed 292 DEGs, thereof 85% with higher and 15% with a lower expression in

Ptpn11D61Y compared to control, implying that the pronounced activity-induced transcrip-

tional downregulation seen in controls is affected in the mutant (Fig 9B). DEGs coding for

microRNAs (miRNAs) were identified in all datasets (Fig 8B). S2 Table contains the full lists of

DEGs for all datasets. The regulation of selected regulated transcripts was confirmed by quan-

titative PCRs (qPCRs) with specific primers. The regulation of all 6 selected coding DEGs

(Efna4, Pdgfra, Erbb3, Gabrr1 and Klb) and 5 out of 7 tested mature forms of miRNAs were

confirmed (S3 Table).

Next, we analyzed the DEGs commonly regulated in more than 1 datasets (S4 Table). The

Venn diagram graphically summarizes their distribution across the datasets (Fig 9C). The larg-

est overlap (59 DEGs) was found in the activity-regulated transcripts in controls (control S vs.

control B) and those differentially regulated between mutant and control slices upon activity

induction (Ptpn11D61Y S vs. control S). Strikingly, there was a significant negative correlation

(Fig 9D) in the regulation of individual DEGs in this group, indicating that activity-driven reg-

ulation of these activity-induced genes is attenuated in the hippocampus of Ptpn11D61Y mice.

We identified 25 DEGs regulated by activity in the control (control S vs. control B) that were

also regulated when comparing Ptpn11D61Y to control in basal state (Ptpn11D61Y B vs. control

B). The regulation of individual genes between these conditions showed a significant positive

correlation (Fig 9E), which is in line with the role of Ras/MAPK pathway (here upregulated

due to the overactivation of Ptpn11) in the control of the neuronal-activity driven gene ex-

pression. We identified 18 DEGs that were regulated by neuronal activity in the mutant

(Ptpn11D61Y S vs. B) and also between Ptpn11D61Y and control in basal conditions (Ptpn11D61Y

B vs. control B). Interestingly, there was a significant negative correlation between individual

common DEGs when comparing these two datasets (Fig 9F), which might be due to a compen-

satory downregulation of some activity-regulated genes in neurons expressing overactive

Ptpn11D61Y.

Functional analyses of DEGs

To understand the biological significance of the obtained gene expression profiles, we first ana-

lyzed the functional annotations implemented by the Ingenuity Pathway Analysis (IPA) for all

DEGs. Annotations that passed the selected threshold (Fischer’s exact test; p<0.01) are listed

for the four analyzed datasets in S5.1 Table. In line with multiple cellular roles of Ptpn11, the

DEGs regulated in the mutant compared to control (Dataset: Ptpn11D61Y B vs. control B) were

linked to cellular division, differentiation, development, morphology, and mobility. Especially

high scores (p<10−4) were obtained for pathways regulating the cell-fate decision of stem cells.

Several pathways linked to morphogenesis and motility were also significantly involved. Eleven

DEGs were annotated to the function “olfactory response”; all of them coded for olfactory recep-

tors. Stimulation of control slices (Dataset: control S vs. B) led to a robust and highly significant

(p<10−6) expressional reprogramming of the genes functionally linked to olfaction (36 DEGs),

olfactory response (35 DEGs), signal transduction (51 DEGs) and cell-cell communication (52
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DEGs). The vast majority of the genes in these groups of annotations (>30) belong to the super-

family of olfactory receptors, regulated also in the Ptpn11D61Y B vs. control B dataset. Olfactory

Fig 9. Analysis of DEGs in hippocampi of control and Ptpn11D61Y mice in the basal state and after the stimulation of neuronal activity.

(A) The heat maps show the expression levels of DEG transcripts for each analyzed dataset. Three biological replicates (columns) per condition

are shown for all DEGs (rows). The color code in a logarithmic scale is given for the signal intensities of the DEGs and indicates a low (in blue) or

high (red) expression. (B) The Venn diagram shows the number of DEGs in each dataset. The intersections indicate the number of genes

regulated in two or more datasets. (C) The table shows the number of differentially expressed mRNAs and miRNAs as well as the direction of their

regulation in each dataset. (D-F) Plots show the inter-dependency of the expressional regulations of the DEGs that are commonly regulated

between the datasets. Each data point represents one DEG; the x- and y-axis indicate the level of regulation as fold change in a logarithmic scale

in the dataset. The correlation coefficient (r) and p-value are indicated in the graphs. The black lines show the best fits; the dashed lines indicate

the 95% confidence intervals.

https://doi.org/10.1371/journal.pgen.1006684.g009
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receptors are an extremely large group (>1.000 murine genes) of 7-transmembrane G-protein

coupled receptors implicated in the sensing of odors [31]. Of note, the expression of these genes is

not restricted to olfactory tissues and most of the receptors are still “orphan” in the sense of their

ligand-specificity, suggesting their function beyond odor sensing [32]. Multiple annotations linked

to cellular signaling and immune system were also significantly regulated in this dataset. The func-

tional annotation of the DEGs regulated by activity in mutant slices (Dataset: Ptpn11D61Y S vs. B)

was different. Only 9 DEGs with the annotation of the olfactory response were regulated. Interest-

ingly, 7 DEGs coding for microRNAs and multiple protein-coding DEGs were assigned to func-

tional annotations in context of cell migration, proliferation, cancer and inflammation. Finally,

the DEGs between stimulated mutant and control slices (Dataset: Ptpn11D61Y S vs. control S)

were functionally annotated in the signal transduction (29 DEGs) and the olfactory response (18

DEGs), which likely reflects a failure in the regulation of these genes by neuronal activity in mutant

slices. Multiple annotations linked to diseases and inflammation were also linked to this dataset.

The IPA network analysis (S4–S7A Figs; S5.2 Table) and a prediction of the upstream regu-

lators (S4–S7B and S7C Figs; S5.3 Table) were performed to test the coverage of functional net-

works by the DEGs in the analyzed datasets. For the dataset Ptpn11D61Y B vs. control B, the

highest coverage was found for a network with the nodes ERK1/2 and PI3K downstream of the

cytosolic estrogen receptor and the membrane tyrosine kinases activated by hormones and

growth factors (ERBB3, PDGFR, Insulin, Cg, Lh, FSH, Alp, and LDL complexes; S4A Fig, S5.2

Table). The differentially regulated upstream regulators predicted for this dataset comprised

6 kinases, 4 phosphatases, 2 microRNAs and 26 transcription factors, which suggests that

Ptpn11D61Y induces broad changes in the homeostasis of protein phosphorylation and dephos-

phorylation as well as in the reconfiguration of gene expression in neurons (S4B and S4C Fig;

S5.3 Table). A high activation score was predicted for tumor suppressor protein 53 (Fig 9A),

which is implied in neurogenesis and in neurite outgrowth, maturation and regeneration [33].

The mechanistic networks of the predicted upstream regulators with the highest score covered

signaling downstream of PDGFR and cytokine receptors via the JAK/STAT pathway. The

STAT3 pathway was, together with pathways involved in synthesis/metabolism of cholesterol,

lipids and steroids, also a significant hit in the Ingenuity canonical pathway analysis (S6 Table).

In the dataset control S vs. B, the induction of activity led to the regulation of genes that

were best covered by the IPA functional network containing the pathways activated by insulin

and VEGF involving Akt and AMPK signaling, converging on the expressional reprogram-

ming by the regulation of transcription (RNA polymerase II, ENO1, PLOR2F) and chromatin

structure (Hdac, Histone H3, PARP10) (S5A Fig, S5.2 Table). The predicted upstream regula-

tors involved 6 kinases and 15 transcription regulators (S5B and S5C Fig; S5.3 Table). The net-

work based on the predicted upstream regulators discerned PAX6, KLK3 as regulation nodes

with>4 connections. A significant inactivation was predicted for SPIB and FIGLA, which are

transcription factors that were not yet characterized in the brain (S5B Fig; S5.3 Table).

The IPA functional network covering the neuronal activity-regulated genes in Ptpn11D61Y

hippocampi (Dataset: Ptpn11D61Y S vs. B) comprised the signaling around Ras/MAPK, Akt,

p38MAPK, Jnk and NFκB pathways that are activated by growth factors (NGF, FGF, NT3),

hormones (Insulin, POSTN, TAC1, TAC4, estrogen), and chemokines (lectin) (S6A Fig; S5.2

Table). The upstream regulator analyses predicted 3 growth factors, 1 kinase, 3 microRNAs

and 15 transcription factors (S6B and S6C Fig; S5.3 Table). When compared to the dataset con-

trol S vs. B, the functional network based on the predicted upstream transcriptional regulators

comprises less molecules and shows a remarkable decrease in complexity, which is highlighted

by the absence of nodes with>4 connections (S6B Fig).

The DEGs significant in the comparison of the transcriptomes of stimulated hippocampi

from Ptpn11D61Y and control (Dataset: Ptpn11D61Y S vs. control S) were best covered by the
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IPA network that comprises the signaling pathways related to cytokines (IL6, IL10, IL13), hor-

mones (relaxin, thyroid hormone), and growth factors (VEGF) signaling as well as to MAPK1/

ERK signaling (S7A Fig; S5.2 Table). In this dataset, 11 kinases, 2 microRNAs, 1 phosphatase

and 33 transcription factors were predicted as upstream regulators for DEGs (S7B and S7C

Fig; S5.3 Table), which implies a pronounced difference in the neuronal activity-induced sig-

naling and gene expression reprogramming between Ptpn11D61Y and control neurons. A com-

plex kinase network containing the NFκB pathway downstream of TNF, interferon and Jnk

signaling covers the upstream regulators predicted for this dataset (S7B Fig). A negative activa-

tion score was calculated for TBK1, an activator of NFκB signaling, implying its lower activity

in Ptpn11D61Y S compared to control S condition (S7C Fig; S5.3 Table). A highly interconnec-

ted network of upstream transcriptional regulators was predicted with multiple nodes. The

nodes KLK3 and PAX6 appear in this network similarly as for dataset control S vs. B (S7B Fig).

However, according to the prediction these nodes are activated in the dataset Ptpn11D61Y S vs.

control S but inhibited in the dataset control S vs. B. An activation of STAT1, IRF3 and IRF7

transcription factors was also predicted, which is implied in the interferon production and sig-

naling via the JAK/STAT pathway. These pathways were also predicted in the Ingenuity

canonical pathway analysis (S6 Table).

Among the DEGs, numerous transcripts for microRNAs were identified. To understand

the biological significance of these regulations we performed miRNA-mRNA target pathway

analysis using DIANA miRPath v.2.0 online tool, which predicts significantly enriched target

pathways and genes (S7 Table). An increase of miRNAs targeting the Wnt and MAPK signal-

ing pathway was predicted in basal conditions in Ptpn11D61Y compared to control (Ptpn11D61Y

B vs. control B), which might reflect the compensatory attenuation of the Ras/MAPK signaling

that is overactivated in presence of Ptpn11D61Y. Neuronal activity led to a striking downregula-

tion of miRNAs and their predicted target pathways in both control and Ptpn11D61Y neurons.

However, the miRNA regulation was, similarly as the regulation of the coding DEGs, strikingly

less pronounced in Ptpn11D61Y neurons.

To further validate our results from the in silico transcriptome analysis, we performed

quantitative Western blots to test the regulation of potentially regulated pathways in the fore-

brain homogenate of 8 to 12 weeks old Ptpn11D61Y and control animals. We tested the activity

of PI3K-AKT signaling by probing immunoblots with antibodies against phospho-AKT iso-

forms. This analysis confirmed a reduction of AKT phosphorylation at the residues Thr308

and Ser437 (Fig 10; pAKT308/AKT: 83±3% of control; pAKT473/AKT: 80±4% of control,

unpaired t-test), which is in line with a dysregulation of PI3K signaling predicted by the in sil-

ico analysis. Interestingly, we also observed an increased phosphorylation of S6K on its Thr389

in Ptpn11D61Y (Fig 10; pS6K/S6K: 119±7% of control, unpaired t-test). S6K is a substrate of the

activated mTOR complex1, which is regulated by the PI3K/AKT pathway [34]. Thus, these

data are in line with a dysregulation of PI3K signaling in Ptpn11D61Y. We did not detect any

detectable changes in the expression or phosphorylation levels of MEK, ERK1/2, JNK, YAP,

p38 and STAT1 (Fig 10, S8 Fig). Importantly, the total expression level of STAT3 was increased

in Ptpn11D61Y (S8 Fig; 156±19% of control, unpaired t-test), which was also in agreement with

the regulation of JAK/STAT signaling predicted by our in silico analysis.

Discussion

In this study, we generated a new mouse model expressing the overactivating Ptpn11D61Y allele

to decipher the underlying molecular mechanism of brain dysfunction in RASopathies. The

D61Y substitution in Ptpn11 leads to a strong increase of the basal PTP activity of Ptpn11

[8,10,20]. In humans, PTPN11D61Y occurs as a somatic mutation in juvenile myelomonocytic
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Fig 10. The PI3K-AKT signaling is altered in Ptpn11D61Y brains. (A) Representative Western blots of

forebrain homogenate from control and Ptpn11D61Y mice. The phosphorylation level of AKT at the residues

Thr308 and Ser473 are reduced, while the phosphorylation of S6K is increased. See S8 Fig for representative

images of all proteins analyzed. (B) Quantification of the Western blots exemplified in A. Data is shown as

mean ± SEM and normalized to the expression in controls (n = 3 animals per genotype, unpaired t-test;

*p<0.05; **, p<0.01).

https://doi.org/10.1371/journal.pgen.1006684.g010
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leukemia (JMML) with mostly fatal outcome [10]. A global expression of this mutation is lethal

in the mouse model [15,20]. Consistently, this mutation has never been observed as a germline

mutation in humans, while other germline missense changes at the same codon are compatible

with life and lead to a NS phenotype. We have deliberately chosen to use a model based on this

particular mutant, because its stronger functional impacts promised that the recognition of

significant abnormalities in the nervous system, where patients with NS usually have rather

mild impairments, might be easier. In our model, the expression of Ptpn11D61Y occurs from an

endogenous locus, thus corresponding to the expression level of mutant PTPN11 in patients

with NS. Since the Ptpn11D61Y expression in this model is restricted to forebrain excitatory

neurons and astroglia it circumvents embryonic and juvenile lethality reported for the consti-

tutive mutants [15,20]. Moreover, this design also allows studying the phenotype linked exclu-

sively to the dysfunction of Ptpn11 in cortical brain circuits and excludes any influences of

non-neuronal phenotypes. Recently, cognitive impairment was also reported for mice consti-

tutively expressing the Ptpn11D61G mutation, which has recurrently been found as a germline

mutation in patients with rather severe forms of NS [35]. Although the D61G substitution

leads to a smaller increase of the PTP activity than the D61Y described here [8], the impair-

ments in hippocampal learning reported in Ptpn11D61G mice were more severe compared to

our observations [11]. This is presumably due to a dysfunction of subcortical circuits in the

Ptpn11D61G constitutive model. Systemic effects leading to the perinatal and juvenile death of

about 50% of the progeny, could also contribute [12]. The constitutive mouse model express-

ing the most common NS-associated mutation Ptpn11N308D showed no alterations in MWM

performance and only mild deficits in contextual fear conditioning that is also well comparable

with our new model [11]. Altogether the mild cognitive impairment observed in the Ptpn11D61Y

mice corresponds well to the clinical neurodevelopmental phenotype in NS patients and justifies

the suitability of this model for investigations of the brain-specific pathomechanism of the NS-

linked cognitive impairments. Nevertheless, the expression of Ptpn11D61Y in excitatory neurons

and astrocytes in our model differs from the global expression in patients with NS. Thus, this

mouse model might be more suitable to decipher neuronal molecular and cellular mechanisms

than to model the complex pathophysiology in forebrain circuits.

Normal morphology and synaptogenesis but changes in synaptic

glutamate receptor trafficking in Ptpn11D61Y neurons

The expression of Ptpn11D61Y allele specifically in the forebrain led to a two-fold increased

Ptpn11-specific PTP activity as anticipated, but had no effect on mouse viability or gross brain

morphology. In this study, we employed cultured hippocampal and cortical neurons allowing

the assessment of dynamic processes at the level of individual cells and synapses. The measured

increase of Ptpn11-specific PTP activity in neuronal cultures prepared from newborns was

comparable to the increase measured in forebrains of adult Ptpn11D61Y mice, justifying our

approach. The neuronal morphology and synaptogenesis in culture was not altered, however,

we observed differences in the synaptic expression and trafficking of synaptic glutamate

receptors. Specifically, the relative surface expression was decreased for GluN2B-containing

NMDARs and increased for GluA1-containing AMPA receptors. We suggest that this is due

to their abnormal endo- and exocytosis, as we could confirm decreased endocytosis rate of

GluA1 in Ptpn11D61Y. It is well established that Ras-dependent signaling promotes the exter-

nalization of GluA1 at synapses, which is negatively regulated by calcium influx through

GluN2B-containing receptors [26]. Thus, the increased GluA1 level we observed is in line

with an increased Ras activation in the presence of the overactive Ptpn11D61Y and also with a

decreased Ca2+ influx through GluN2B. At this point, we can only hypothesize about the
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mechanism behind the decreased surface expression of GluN2B. Similarly, Ptpn11D61G mutant

was reported previously to have a higher neurotransmission [11]. This could explain the

observed decrease of GluN2B, as neurotransmission induces an increased endocytosis of syn-

aptic GluN2B-recepors [36]. In line with our data, Lee and colleagues reported a deregulation

of surface expression of GluA1 receptors [11]. However, in their case, the receptor expression

level was increased and not decreased as we observed. The differences in the experimental

setup are likely the reason for this discrepancy. They used an acute (12h) strong overexpression

of Ptpn11D61G mediated by viral vectors, while in our case physiological levels of Ptpn11D61Y

were expressed during the entire development. Long-term mild overexpression might lead to

homeostatic expressional adaptations of these receptors, which are intensively regulated in

response to neuronal activity [37–39]. Trafficking of NMDA and AMPA glutamate receptors

plays a key role in neuronal plasticity [40]. Therefore a deviation of this process suggested here

likely contributes to the aberrant long term-potentiation reported previously for a similar NS

model [11].

Defect in the activity-induced phosphorylation of ERK in Ptpn11D61Y

neurons

We observed a stronger increase in the basal phosphorylation of ERK in hippocampal slices of

Ptpn11D61Y as compared to the recently published values obtained from slices of Ptpn11D61G/+

animals [11]. This is consistent with a higher PTP activity of Ptpn11D61Y mutation described

previously and now confirmed here [8] and indicates that the Ptpn11 activity correlates with

the level of ERK phosphorylation in the brain. Interestingly, we did not find any significant dif-

ferences in the relative pERK/ERK levels in full forebrain homogenate of Ptpn11D61Y mice,

which is likely due to an upregulation of total ERK in the forebrain of Ptpn11D61Y mice. How-

ever, we observed a significant increase of the ratio pERK/ERK in the nuclear fraction pre-

pared from these homogenates that showed no changes in the total ERK abundance. This

reveals important differences in the ERK signaling in intact animals and is in line with the

observed enhancement of ERK phosphorylation in acute slices and in the nuclei of cultured

cells. ERK phosphorylation is strongly regulated by neuronal activity and by growth factors

such as BDNF in neurons [41,42]. Having elevated pERK levels already in the basal state,

Ptpn11D61Y neurons in high-density cultures and in hippocampal slices failed to increase

pERK upon stimulation of neurotransmission or with BDNF. This confirms and expands the

previous data about defects in ERK phosphorylation upon theta burst stimulation in hippo-

campal slices expressing Ptpn11D61G from a viral vector [11]. Moreover, the treatment of

Ptpn11D61Y neurons with an inhibitor of MEK1 (a kinase upstream of ERK) fully normalized

the basal ERK phosphorylation and rescued the activity-induced increase in pERK, thus con-

firming that the observed abnormalities in ERK phosphorylation dynamics are indeed medi-

ated by an overactivation of the Ras/MAPK pathway in the Ptpn11D61Y model. Importantly,

not only the magnitude but also the temporal course of ERK phosphorylation differed in cells

expressing Ptpn11D61Y indicating an aberrant temporal regulation of pERK-dependent gene

expression in this NS model.

Aberrant neuronal activity-dependent gene expression in Ptpn11D61Y

neurons

In line with the key role of ERK activation for expressional control of activity-regulated genes,

we observed defects in the neuronal activity-induced activation of the BDNF promoter in

Ptpn11D61Y neurons. The subsequent gene expression profiling revealed differences in the hip-

pocampal gene expression at basal conditions and after stimulation of neuronal activity in
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Ptpn11D61Y compared to control mice. A fraction of genes regulated in Ptpn11D61Y under

basal conditions overlapped with genes regulated by neuronal activity in controls, which

implies an activation of Ptpn11 and its downstream signaling by neuronal activity. This is in

line with the well-established role of the Ras/MAPK pathway in neuronal activity-dependent

gene expression [18,43]. The network analysis data revealed a regulation of five kinases and

four phosphatases, which were linked to signaling related to Ptpn11 in previous studies [44,45]

and an increased expression of miRNAs that target Ras/MAPK signaling in Ptpn11D61Y neu-

rons. These regulations might reflect a possible compensatory feedback loop on basal Ras/

MAPK signaling in this NS model. Such an adaptive regulation of the Ras/MAPK signaling

network could also contribute to the observed defects in the induction of pERK by activity.

Increased neuronal activity induced a robust reprogramming of gene expression with an over-

all tendency towards decreased expression levels in controls. Transcript levels of 90% of DEGs

were reduced, while the transcripts of only 10% were elevated. In contrast, the activity-induced

regulation of gene expression was largely impaired in Ptpn11D61Y: The number of genes regu-

lated by activity is 3-times lower compared to controls. Although the preference for an activ-

ity-induced downregulation of genes persists in Ptpn11D61Y, the number of downregulated

genes is strongly reduced (434 in control vs. 110 in Ptpn11D61Y) and their downregulation is

less pronounced (see the negative correlation in Fig 9D). The comparison of activity-induced

regulation in Ptpn11D61Y and in controls showed that most transcripts are relatively increased

in the mutant, thus further supporting a failure of the activity-induced downregulation of gene

expression in Ptpn11D61Y neurons.

The functional analysis of DEGs revealed changes in the cellular signaling going beyond a

dysregulation of Ras/MAPK axis that has been nearly exclusively discussed in the context of

neuronal phenotypes in NS so far [3,11]. Significant changes in the basal JAK/STAT and

PI3K/AKT/mTOR signaling in Ptpn11D61Y were predicted in silico and confirmed by quanti-

tative Western blots. These pathways are known targets of Ptpn11 regulation [7,46] and were

connected to NS-linked myeloproliferative pathogenesis [47,48]. Our study now suggests these

pathways as important targets of Ptpn11 signaling in the brain. The in silico analysis predicted

a differential regulation of the JAK/STAT, Jnk and NFκB pathways by neuronal activity in

Ptpn11D61Y compared to controls. These pathways contribute to the expressional control of

activity-regulated genes [49–51] and Ptpn11 was linked to these pathways by previous studies

[3,52,53]. The dysregulation of these pathways and their possible targeting for a therapeutic

intervention in the context of NS-associated cognitive impairments should be explored in fur-

ther studies.

Taken together, this study revealed that the forebrain-restricted expression of the overactive

Ptpn11D61Y results in learning impairments and suggests an aberrant neuronal activity-depen-

dent regulation of gene expression as the underlying mechanism. Our data indicate distur-

bances in several steps of the neuronal activity-induced cellular signaling including the

aberrant expression of glutamate receptors on the spine surface, impaired neuronal activity-

induced ERK phosphorylation and subsequent regulation of gene expression. Moreover, we

provide evidence for changes in JAK/STAT, PI3K, and mTOR signaling. Further, our study

suggests that the expression of overactive Ptpn11 in neurons leads to the development of com-

pensatory mechanisms that partially dampen the unconstrained activation of Ras/MAPK sig-

naling in the basal state, whose pathogenic significance has been underestimated, so far. We

propose that these mechanisms strongly limit the dynamic range of Ras/MAPK signaling and

contribute to the observed blunting of the activity-induced regulation of neuronal gene expres-

sion. These findings have important implications for therapeutic considerations regarding

neuronal dysfunction in RASopathies. We propose that efficient treatment strategies will prob-

ably have to target also JAK/STAT, and PI3K/mTOR pathways and they have to focus on the
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restoration of the normal dynamics of Ras/MAPK signaling rather than a general inhibition of

this cascade.

Materials and methods

Animals

Conditional Ptpn11D61Yfloxed/wt animals (B6.129S6-Ptpn11tm1Toa/Mmjax) [20] were provided

by B. G. Neel and T. Araki and bred on C57BL/6J background. For genotyping, the PCR was

performed using TGGAGCTGTTACCCACATCA and GCACAGTTCAGCGGGTACTT

primers followed by a melting point analysis using the High Resolution Melting and Gene

scanning application on the LightCycler 480 (Roche Diagnostics). B6.129S2-Emx1tm1(cre)

Krj/J animals [21] were obtained from Jackson Laboratories and genotyped according the pro-

vider’s recommendations. Breeding statistics were obtained using to the Python Based Rela-

tional Animal Tracking (PyRAT, Scionics Computer Innovation) and analyzed in MS Excel.

An average litter size had 6 pups and one breeding couple delivered 5 litters; as calculated from

approx. 200 litters of 40 breeding couples.

Breeding of animals, behavioral experiments and experiments using animal material were

carried out in accordance with the European Communities Council Directive (2010/63/EU)

and approved by the local animal care committees of Sachsen-Anhalt/Germany / Regierung-

spräsidium Halle Sachsen-Anhalt/Germany (reference number AZ: 42502/2-988 IfN and

42502/2-1295 UniMD).

Ptpn11-specific tyrosine-phosphatase activity assay

For the Ptpn11-specific protein tyrosine phosphatase activity assay 8 weeks old control and

Ptpn11D61Y mice were sacrificed. Forebrain homogenate was centrifuged for 5 min at 1.000xg

to obtain the postnuclear S1 supernatant, which was subsequently used for the Ptpn11 immuno-

capture and PTP activity measurements. The same experiment was performed using 14 DIV cor-

tical neurons of both genotypes. All components were purchased as a kit DuoSet IC DYC2809

from R&D Systems Inc. and solutions prepared according to manufacturer’s protocols. Colori-

metric results were measured at 620 nm wavelength on FLUOstar Omega plate reader by BMG

Labtech.

Antibodies, chemicals and drugs

The following antibodies and chemicals were used for Western Blot (WB), immunocytochem-

istry (ICC), immunohistochemistry (IHC), recycling assay and Syt1 AB uptake: mouse anti-

bodies against Bassoon (mAb7f, IHC 1:1.000; Assay Designs), β-III-tubulin (WB 1:2.000;

Sigma-Aldrich), γ-tubulin (1:1000; T5326 Sigma-Aldrich), GluA1 (MAB2263, Recycling

Assay, 1:50, Merck Millipore), GluA2 (ICC 1:500; Chemicon/Merck Millipore), panGluA Oys-

ter 550-labeled (ICC: 1:500; Synaptic Systems), Homer1 (ICC 1:500; Synaptic Systems), MAP2

(ICC 1:1.000; Sigma-Aldrich), pERK (M9692, ICC of high density cultures, Sigma-Aldrich)

and pERK (M7802, WB 1:500; Sigma-Aldrich), Tau1 (ICC 1:1.000; Millipore), Ptpn11 (SH-

PTP2; WB 1:1000; sc-7384 Santa Cruz), rabbit antibodies against phosphorylated ERK

(#4370, ICC 1:200 in low density cultures; Cell Signaling), ERK (WB: 1:500; Cell Signaling),

Bassoon (SAP7f, 1:1.000 [54]), GFP (ICC 1:1.000; Invitrogen), GluN1 (ICC 1:500, Alomone

labs), GluN2A (ICC 1:200; Alomone labs), GluN2B (ICC 1:500; Alomone labs), Homer1 (ICC

1:500; Synaptic Systems), Synaptotagmin1 Oyster 550-labeled (Syt1 AB uptake, 1:100; Synaptic

Systems), VGAT (ICC and IHC 1:500; Synaptic Systems), VGLUT1 (IHC 1:1.000; Synaptic

Systems), MEK1/2 (WB 1:1000; Cell Signaling 9126), ERK1/2 (WB 1:1000; Cell Signaling

Aberrant neuronal gene expression in RASopathy

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006684 March 27, 2017 24 / 37

https://doi.org/10.1371/journal.pgen.1006684


9102), AKT (WB 1:1000; Cell Signaling 9272), phospho-MEK1/2 (WB 1:1000; Ser-217/Ser-

221, Cell Signaling 9154), phospho-ERK1/2 (WB 1:1000; Thr-202/Thr-204; Cell Signaling

9106), phospho-AKT (WB 1:1000; Ser-473, Cell Signaling 4060; Thr-308, Cell Signaling 2965),

p110 (PI3Kinase; WB 1:1000; Cell Signaling 4249), STAT3 (WB 1:1000; Cell Signaling 9139S),

phospho-STAT3 (WB 1:1000; Cell Signaling 9145S), FOXO1 (WB 1:1000; Cell Signaling

2880), phospho-YAP (WB 1:1000; Ser 127; Cell Signaling 4911), YAP (WB 1:1000; Cell Signal-

ing 4912), phospho-FOXO1 (WB 1:1000; Ser25; Cell Signaling 9461), JNK (WB 1:1000; Cell

Signaling 9252), phospho-JNK (WB 1:1000; Thr 183/Tyr185; Cell Signaling 9251), S6K (WB

1:1000; Cell Signaling 2708) and phospho-S6K (WB 1:1000; Thr389; Cell Signaling 9205),

phospho-p38 (WB 1:1000; Thr180/Tyr182; Cell Signaling 9211) and p38 (WB 1:1000; Cell Sig-

naling 8690), guinea pig antibodies against Bassoon (ICC 1:500; Synaptic Systems), GAD65

(ICC 1:500; Synaptic Systems), GluA1 (ICC 1:100; Alomone labs), and MAP2 (ICC 1:1.000;

Synaptic Systems). Secondary antibodies from goat coupled with Alexa 488- (ICC 1:2.000,

recycling assay 1:250, IHC 1:500), 647- (ICC 1:2.000) and 680-fluorophore (WB 1:20.000) were

purchased from Invitrogen, with Cy3- (ICC 1:2.000; IHC 1:500) and Cy5-fluorophore (ICC

1:2.000) from Jackson ImmunoResearch Laboratories and with CF770 (WB 1:20.000) from

Biotium. 4´,6-Diamidin-2-phenylindol (DAPI, 1 μg/ml) was obtained from Sigma-Aldrich.

Following drugs were used: D-(-)-2-amino-5-phosphonopentanoic acid (APV, 40 μM; Tocris),

6-cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX, 100 μM; Tocris), 4-aminopyridine

(4AP, 2.5 mM; Sigma-Aldrich), bicuculline (Bic, 50 μM; Sigma-Aldrich), Brain-derived neuro-

trophic factor (BDNF, 100 ng/ml; PEPROTECH) and α-[Amino[(4-aminophenyl)thio]methy-

lene]-2-(trifluoromethyl)benzeneacetonitrile (SL327, 1 μM; Tocris).

Primary culture

Dissociated hippocampal cultures from newborn mice were prepared as described previously

[55]. Cells were plated in densities of either 10.000 cells for 5 DIV old neurons, 20.000 cells per

coverslip for 14 DIV cells for low density cultures, or 30.000 cells per coverslip for 14 DIV cells

for high density cultures.

For the preparation of primary cortical neurons derived from Ptpn11D61Y newborns and

their wild-type siblings, postnatal animals (day P0-P1) were killed by decapitation and their

cortices were freed of meninges. After treatment with 0.25% trypsin for 20 min at 37˚C cells

were mechanically triturated in the presence of 100 μl DNase (0.1%), filtered using 70 μm

nylon nets (Falcon) and plated in DMEM including 10% of fetal calf serum, 1 mM glutamine

and antibiotics (100 U/ml penicillin, 100 μg/ml streptomycin) on poly-D-lysine-coated 6 cm

plates with 800.000 cells per plate. After 7–8 hours the medium was changed to Neurobasal A

medium supplemented with B27, 1 mM sodium pyruvate, 4 mM Glutamax and antibiotics

(100 U/ml penicillin, 100 μg/ml streptomycin). At 4 DIV AraC (Sigma Aldrich) was added to

the cells to reach a final concentration of 0.6 μM. All chemicals used for neuronal cultures

were obtained from Thermo Fisher Scientific, unless indicated otherwise.

Immunocytochemistry

Quantitative immunostaining of cultured neurons were done as described earlier [56] with fol-

lowing modifications. Cells were fixed in 4% paraformaldehyde in PBS for 4 min, washed

three times in PBS, permeabilized with 0.2% Triton X-100 in PBS for 10 min, washed again

and blocked in a PBS buffer containing 2% glycine, 2% BSA, 0.2% gelatin, 50 mM NH4Cl. All

antibodies were applied in blocking buffer. For quantitative assessment, all coverslips com-

pared in one experiment were processed in parallel using identical antibodies, solutions, and

other reagents.
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The uptake of Syt1 AB induced by an application of 50 mM KCl for 4 min was done as

described before [56]. For surface staining of glutamate receptors neurons were incubated

with antibodies recognizing the extracellular domain of GluA1, GluA2, panGluA, GluN1,

GluN2A, or GluN2B receptors in Tyrode’s buffer (containing, in mM: 119 NaCl, 2.5KCl, 2

CaCl2, 2 MgCl2, 30 glucose, 25 HEPES, pH 7.4) for 30 min at 37˚C. After Syt1 AB uptake or

surface staining of GluRs cells were processed for immunostaining as described above. For

GluA1 recycling assay neurons were incubated with GluA1 (GluR1-NT) antibody recognizing

the extracellular N-terminus in cell media at 4˚C for 30 min to block membrane trafficking.

Cells were shortly washed with Tyrode´s Buffer containing 1% BSA and placed back into

the original culture plate at 37˚C for 30 min to allow for endocytosis. Afterwards, cells were

washed again with Tyrode´s buffer and processed for immunostaining as described previously

[56].

BDNFpI+pII-EGFP lentivirus

The lentiviral construct expressing BDNFpI+pII-EGFP was used as described previously [57].

For infection of hippocampal neurons, the viral particles were applied over night at 4 DIV.

Infected neurons were used for experiments at 14 DIV.

Immunohistochemistry

Mice were perfused and brains were cryopreserved and 30–40 μm thick slices were prepared

and stained as described previously [58]. Slices were mounted using Fluoromount G DAPI

(Southern biotech).

Image acquisition, analysis and presentation

Overview pictures of single sagittal brain sections were obtained using 2.5X objective. The

images were arranged to show a brain overview using Adobe InDesign CS3. Brightness and

contrast levels of the presented images were minimally adjusted using either ImageJ software

(NIH, http://rsb.info.nih.gov/ij/) or Adobe Photoshop CS3.

Images of stained cultured neurons were acquired on a Zeiss Axio Imager A2 microscope

with Cool Snap EZ camera (Visitron Systems) controlled by VisiView (Visitron Systems

GmbH) software. In general, single coverslips were acquired using camera settings identically

applied to all samples quantified in one experiment. Unspecific background was removed

using mathematical subtraction of mean background value measured in three unstained

regions of each analyzed image in ImageJ software.

For morphological analysis images were binarized using ImageJ software and Adobe Photo-

shop CS3, and analyzed using the Sholl analysis plugin in ImageJ software. Longest outgrowing

dendrite was measured with the same software.

For analysis of synaptic immunofluorescence synaptic puncta were defined semiautomati-

cally by setting rectangular regions of interest (ROI) with dimensions of about 0.8 by 0.8 μm

around local intensity maxima in the channel with the staining for the synaptic marker using

OpenView software, written and kindly provided by N.E. Ziv [59]. To decrease the variability

of data only synapses on 20 μm long proximal dendritic segments localized 10–30 μm away

from the soma were considered. As synaptic marker Bassoon was used for all analyses. For

analyses of active synapses and surface and total staining of GluRs receptors only synapses that

showed over-threshold staining for both Bassoon and Homer1 were considered. OpenView

software was utilized to measure mean IF intensities of synaptic staining.
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For the quantification of IF for pERK or BDNFpI+pII-EGFP reporter DAPI staining was

used as mask for nuclear ROIs. Masks were generated using Image J software. The integrated

density of the nuclear staining was measured using the same software.

Brightness and contrast levels of the presented images were minimally adjusted using either

ImageJ software or Adobe Photoshop CS3 and CS6. All panels were arranged in Adobe InDe-

sign and Adobe Illustrator CS3 and CS6.

Preparation of acute hippocampal slices and neuronal activity induction

Acute hippocampal slices were prepared from 8–11 weeks old control and Ptpn11D61Y mice as

described previously [60]. Briefly, mice were anesthetized with isoflurane and euthanized by

decapitation according to the institution’s approved protocols. Brains were quickly removed,

placed in carbogenated ice-cold artificial cerebrospinal fluid (ACSF, in mM: 125 NaCl, 2.5

KCl, 1.25 NaH2PO4, 25 NaHCO3, 25 D-glucose, 2 CaCl2 and 1 MgCl2) and hippocampi were

dissected. Transverse slices of hippocampus (350 μm thick) were prepared using a McIlwain-

type tissue chopper, transferred to small meshed chambers and incubated for recovery in car-

bogenated (95% O2/5% CO2) ACSF for 1 h at 37˚C.

Thereafter, 3–4 slices originating from the same animal were incubated together in each

chamber. Slices were treated with 2.5 mM 4AP and 50 μM Bic or vehicle in ACSF for 10 min

and then processed immediately for Western blotting or incubated for additional 3 hours in

ACSF prior to RNA isolation. For quantitative western blotting the slices from one chamber

were pooled and homogenized using ice-cold lysis buffer containing 50 mM Tris-HCl (pH

7.4), 150 mM NaCl, 0.1% SDS, 1% Triton X-100 and 2 mM EDTA supplemented with Com-

plete Protease inhibitor and PhosSTOP phosphatase inhibitor cocktails (Roche) immediately

after the treatment. Lysates were then centrifuged at 14.000 g for 10 min, pellets discarded and

colorimetric amido black protein assay was used to determine the protein concentrations of

the lysate samples. In each experiment homogenates were prepared from two independently

processed chambers per each treatment and genotype. Quantitative immunoblotting was done

as described previously [56]. Immunoreactivity was visualized using Odyssey Infrared Scanner

(LI-COR Biosciences) and fluorescence intensity of the bands was quantified using Odyssey

Software V3.0 (LI-COR Biosciences). As background value, the mean of three empty areas

on the membrane was subtracted from each band value and optical density (OD) values were

normalized using β-III-tubulin as loading control. The densitometry data were expressed as

relative OD. Each sample was loaded in triplicates, resulting in a minimum of 6 values per

experiment.

Preparation of forebrain lysate

To prepare the whole cell lysates, forebrains from 8–12 weeks old male control or Ptpn11D61Y

mice were dissected and immediately flash frozen in liquid nitrogen before further processing.

Frozen brain samples were homogenized in protein lysis buffer (50 mM Tris-HCl (pH 7.5),

150 mM NaCl, 1% Triton X-100, 0.1% SDS, 2 mM EDTA, 1X protease inhibitor cocktail and

1X phosphatase inhibitor cocktail) and centrifuged to collect the protein-enriched superna-

tant. Protein concentrations of the lysate samples were determined by BCA assay. Immunoblot

analysis was performed as described previously [61]. Equal amounts of cell lysates (20 μg)

from control and Ptpn11D61Y (five animals per genotype) were used for the detection of cor-

responding proteins. Primary antibodies were diluted 1:1000 in 5% nonfat milk (Merck)/

TBST (Tris-buffered saline, 0.05% Tween 20). Densitometry analysis of blots was performed

using ImageJ software. After background substraction the band intensity was measured.

Each blot was repeated two to three times and average was used for analysis. The amount of
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phosphorylated protein was normalized to the total amount of protein. Unpaired two-tailed t-

test was used for statistical analysis in MS Excel.

Preparation of nuclear fraction from forebrains

Nuclear protein fraction of forebrains from 8–12 weeks old male control or Ptpn11D61Y mice

were prepared at 4˚C by using CelLytic NuCLEAR extraction kit (Sigma-Aldrich) as per the

manufacturer’s recommendations with minor modifications of protocol. Briefly, flash frozen

forebrains were quickly washed twice with PBS and homogenized in hypotonic lysis buffer

containing DTT, protease and phosphatase inhibitor cocktails. Homogenized samples were

centrifuged for 20 min at 11,000xg, supernatant containing cytoplasmic fraction was separated

from the crude nuclei pellet. The crude nuclei pellet was re-suspended in extraction buffer

(containing DTT, protease and phosphatase inhibitor cocktails), kept on shaker for 30 min fol-

lowed by centrifugation for 5 min at 21000xg to collect the nuclear protein fraction. Protein

concentrations of the lysate samples were determined by BCA assay and equal amount of pro-

teins for each sample were loaded into SDS-PAGE gels for electrophoresis and proteins were

transferred to PVDF membranes as described above. The blots were incubated with blocking

buffer for 30min followed by primary antibodies (pERK1/2, ERK1/2, β-III tubulin) overnight

at 4˚C. On the following day, blots were washed thrice with PBS-T (PBS+0.1% Tween-20),

incubated with secondary antibodies for 1hr and further washed thrice with PBS-T and twice

with PBS. The bands were detected using Odyssey scanner and densitometric analysis was per-

formed by using Odyssey software. Immunoreactivity was normalized to loading control (β-

III tubulin) and then the fraction of pERK/ERK was quantified and the data was normalized to

control group.

RNA isolation and quality control

Acute hippocampal slices from animals of both genotypes were prepared and treated in the

same way as mentioned above. After 10 min of treatment and incubation in ACSF for addi-

tional 3 hours slices were placed in RNAlater RNA stabilization reagent (Qiagen). Total RNA

was isolated using the RNeasy Mini Kit (QIAGEN) as per manufacturer’s protocol. RNA integ-

rity (RIN) was determined using ScreenTape R6K kit on the TapeStation2200 (Agilent Tech-

nologies); only samples with RIN >7 were further used for microarray hybridization, qPCR

and miRNA quantification. The concentration was measured using NanoDrop spectropho-

tometer at 230, 260 and 280nm (Thermo Scientific, Germany).

Microarray hybridization, expression data acquisition and analysis

cDNA was prepared from total RNA using a random priming method followed by fragmenta-

tion of double-stranded cDNA, labelling and hybridization onto the Affymetrix GeneChip

Mouse gene 2.0 ST Arrays with full genome-wide coverage of coding and non-coding tran-

scripts according to the manufacturer’s protocol. Microarrays were scanned with the Affyme-

trix GeneChip Scanner 3000. Raw data files were corrected for background and imported into

Expression Console 1.4.1.46 software (Affymetrix), where the signals were normalized using

the quantile method using PLIER algorithm, and mean signals were transformed to log2 scale.

The data passed the overall quality assessment done by principal component analysis and

other quality metrics. Normalized raw data were analyzed using the software Transcriptome

Analysis Console v3.0 (Affymetrix). A fold change of�1.5/�-1.5 and p-value <0.05 (One-way

ANOVA) was used as a criterion for the selection of DEGs. Raw array data (.cel files), and pro-

cessed data (.chp files) are deposited to Gene Ontology Omnibus Database (http://www.ncbi.

nlm.nih.gov/geo/; GEO Accession Number GSE80061).
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Data mining software Ingenuity Pathway Analysis (IPA; http://www.ingenuity.com/) was

used for identification of significantly enriched functional annotations, canonical pathways,

upstream regulators and molecular networks for DEGs. IPA implements Fisher’s exact test to

determine overlap of DEGs with a functional annotation or a canonical pathway. IPA

upstream regulator´s analysis function uses the filter criteria of p<0.05 (Fisher’s exact test). To

filter the highly significant networks a log(p) transformed score (p-value obtained from

Fischer’s exact test) higher than 10 was used as threshold.

The miRNA-mRNA target analysis was performed using DIANA miRPath v.2.0 web based

software tool (http://www.microrna.gr/miRPathv2), which utilizes previously described

DIANA-microT-CDS algorithm [62]. A microT threshold of 0.8 and FDR corrected p-value of

0.01 were used as threshold for predicting the miRNA targets.

Quantitative real-time PCR (qRT-PCR)

cDNA was synthesized from total RNA samples using RT2 First Strand Kit (QIAGEN) accord-

ing to manufacturer’s instructions and used as template in qRT-PCRs using the RT2 SYBR

Green qPCR master mix (QIAGEN) and primers specific to the target genes (sequences are

listed in S8 Table) performed on the LightCycler480. The expression level of the target genes

was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as housekeeping

transcript. The relative expression level was determined using the relative quantification ΔΔCt

method and expressed as fold change to control.

miRNA quantification

cDNA was synthesized using qScript miRNA cDNA synthesis kit (Quanta Biosciences)

according to manufacturer’s protocol and used as template for miRNA amplification using

PerfeCTa miRNA assays (Quanta Biosciences) containing specific forward primers and RT2

SYBR Green qPCR master mix using the LightCycler480. The expression level of target miR-

NAs was normalized to the expression of Snord47.

Behavioral experiments

For all experiments except for Morris Water Maze animals were kept in reverse 12h light/12 h

dark cycle. 8–12 weeks old male Ptpn11D61Y and control mice were habituated for at least

one week in individual cages. All experiments were performed between 9:00 a.m. and

5:00 p.m.

Home cage activity monitoring. Home cage activity was measured as previously

described [63]. Mice were monitored and activity was measured for four consecutive days in

their home cages using infrared-thermo sensors (Home Cage Activity System, Coulbourn

Instruments, Allentown PA), mounted on the top of each cage and interfaced with a computer.

Activity was determined from raw values of 15 seconds, which were used to calculate activity

periods of 5 min bins. Percentages of activity per hour were calculated from average values of 4

days.

Open field exploration (OFT). Animals were tested for 20 minutes under red light (5

Lux low light conditions) in an open field arena measuring 50 x 50 cm with 35 cm high walls.

Exploration was monitored using a video-tracking system (ANY-maze Video tracking system,

version 4.50, Stoelting Co, Wood Dale, IL, USA). The distance moved by each mouse and

mean speed was measured.

Fear conditioning. All tests were performed in a training apparatus containing glass

arena and grid floor to deliver foot shock from TSE System, Bad Homburg, Germany. The

entire arena was enclosed in a sound-proof cubicle containing speaker, ventilation fan and
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background noise (70 dB), connected to a computer to measure the freezing behavior, using

photo beam system. Mice were tested in a classical auditory cued conditioning paradigm

described earlier [64]. Conditioning was done as described previously [65] with minor modifi-

cations. Briefly, mice were habituated to training apparatus with six neutral acoustic stimuli

(three and three separated with 2 minutes pause; CS- 2.5-kHz, 10 seconds with 20 seconds

inter stimulus intervals, ISIs). Training was done 24 hours later with three conditional stimuli

(CS+ 10-kHz, 10 seconds with 20 seconds ISIs) each terminating with a 1 second uncondi-

tional stimulus (US, scrambled foot shock of 0.4 mA). Fear memory towards shock context

was tested 24 hours later. Memory towards different auditory tones was tested in a neutral con-

text using a new standard cage. Freezing behavior (lack of movements except for respiration)

was monitored. Fear memory levels were expressed as percentage of time spent freezing during

the first two minutes of contextual retrieval in the shock context, cue retrieval in the neutral

context and difference between shock and neutral contexts. Cue specific fear memory towards

different tones in neutral context was expressed as total freezing levels towards CS+, CS- tone

presentations and difference between the two.

With a second batch of mice contextual fear conditioning was also tested. Mice were trained

in the fear conditioning chamber after 2 minutes of prior habituation, with a single electric

foot shock (0.4 mA, 1 second) followed by 30 seconds interval. This was done for three days

and 24 hours after the third training session mice were tested in the shock context for contex-

tual memory retrieval. The fear response was represented as the percentage of freezing during

first two minutes of the session.

Morris Water Maze (MWM). Animals were kept under normal light conditions. 13–15

weeks old male Ptpn11D61Y and control mice were habituated for at least one week in individ-

ual cages. Spatial learning was assessed in the hidden platform MWM exactly according to a

published protocol [11] and analyzed using VideoMot2 and WINTRACK as described by us

previously [66].

Statistical analysis for activity measurements, staining, western blots,

quantitative PCRs, and behavioral experiments

All values are shown as mean ± standard error of the mean (SEM). Graphs were plotted and

statistics were calculated using Prism 5 software (GraphPad Software, Inc.). Size of groups,

number of independent experiments, analyses, and statistical analyses applied are indicated

for each result. Analyses used were one sample t-test, unpaired t-test and one-way ANOVA

followed by Bonferroni or Dunnett´s multiple comparison test. For all behavioral analyses

either t-test (after performing Shapiro-Wilk normality test), one-way ANOVA or two-way

ANOVA repeated measures was used followed by post hoc analysis (Scheffe’s or Fisher PLSD)

using Prism 5 software (GraphPad Software, Inc.), except for MWM where Statview (SAS

Institute Inc., Cary, NC) was used. A p-value smaller than 0.05 (p<0.05) was considered

significant.

Supporting information

S1 Fig. Total synaptic expression and surface abundance of glutamate receptors. Control

and Ptpn11D61Y hippocampal neurons (14 DIV) were stained with antibodies recognizing the

subunits GluA2, all GluAs, GluN1 and GluN2 of glutamate receptors. Staining was performed

to visualize the surface fraction and total expression of the respective subunits. Synapses were

co-labeled with antibodies against Homer1 and Bsn; arrows highlight the co-labeling. For the

quantification see Fig 4B and 4C and S1 Table. Scale bar: 5μm.

(TIF)
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S2 Fig. Effect of network activity modulation on the nuclear pERK level in low-density hip-

pocampal cultures from Ptpn11D61Y and controls. (A) Representative images of DIV14 neu-

rons of both genotypes stained for pERK in the basal state, upon stimulation of neuronal

network activity by application of 4AP/Bic for 30 min and after activity silencing using the

blockers of glutamatergic transmission APV (40 μM) and CNQX (100 μM) for 30 min. Neu-

rons are labeled with antibodies against MAP2 (neuronal marker), nuclei with DAPI. Scale

bar: 10 μm. (B) Quantification of the nuclear pERK level in the images as exemplified in A.

The increase of neuronal activity using 4AP/Bic leads to an elevation of the nuclear pERK level

in controls, but fails to do so in Ptpn11D61Y neurons. The silencing of network activity by

APV/CNQX treatment shows comparable effects in both, control and Ptpn11D61Y neurons.

Data are presented as mean ± SEM and numbers in columns indicate the number of cells ana-

lyzed. Statistical assessment was done using one-way ANOVA followed by Bonferroni´s multi-

ple comparison test (���p�0.0001).

(TIF)

S3 Fig. Time course of activity-induced expression of BDNF and Arc. (A) The expression of

BDNF was quantified by qPCR in hippocampal slices harvested 1, 3 or 6 h after incubation of

slices with ACFS containing 4AP/Bic. Significantly increased BDNF mRNA levels were

detected 3 h after stimulation. qPCR was run on samples for each time point and treatment in

quadruplicates, significance was tested by one-way ANOVA with Bonferroni’s multiple com-

parison test; ���p�0.0001. (B) The expression of BDNF and Arc was quantified in treated and

control slices 3 h after the treatment. A significant induction was observed for both genes.

qPCR was run in triplicates on one sample from treated and untreated slices, significance was

tested using unpaired t-test, ��p�0.01, �p�0.05. Data are presented as mean ± SEM.

(TIF)

S4 Fig. Functional analysis of genes with different basal expression levels in hippocampi of

control and Ptpn11D61Y mice. (A) Molecular network covering the DEGs with highest scores.

(B) Network of predicted upstream transcription regulators. (C) Network of upstream post-

transcriptional and posttranslational regulators for all datasets. In all networks, nodes and

edges represent genes and gene relationships, respectively. Upregulated and downregulated

DEGs are in color code, whereas uncolored nodes represent genes of networks unregulated in

the dataset. The legend explains the meaning of color codes, node shapes and edge types. The

intensity of the color is proportionate to the fold values of regulation of DEGs.

(TIF)

S5 Fig. Functional analysis of genes differentially regulated by activity in hippocampi of

control mice. (A) Molecular network covering the DEGs with highest scores. (B) Network of

predicted upstream transcription regulators. (C) Network of upstream posttranscriptional and

posttranslational regulators for all datasets. In all networks, nodes and edges represent genes

and gene relationships, respectively. Upregulated and downregulated DEGs are in color code,

whereas uncolored nodes represent genes of networks unregulated in the dataset. The legend

explains the meaning of color codes, node shapes and edge types. The intensity of the color is

proportionate to the fold values of regulation of DEGs.

(TIF)

S6 Fig. Functional analysis of genes differentially regulated by activity in hippocampi of

Ptpn11D61Y mice. (A) Molecular network covering the DEGs with highest scores. (B) Net-

work of predicted upstream transcription regulators. (C) Network of upstream posttranscrip-

tional and posttranslational regulators for all datasets. In all networks, nodes and edges

represent genes and gene relationships, respectively. Upregulated and downregulated DEGs
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are in color code, whereas uncolored nodes represent genes of networks unregulated in the

dataset. The legend explains the meaning of color codes, node shapes and edge types. The

intensity of the color is proportionate to the fold values of regulation of DEGs.

(TIF)

S7 Fig. Functional analysis of genes differentially regulated upon activity induction in hip-

pocampi of Ptpn11D61Y and control mice. (A) Molecular network covering the DEGs with

highest scores. (B) Network of predicted upstream transcription regulators. (C) Network of

upstream posttranscriptional and posttranslational regulators for all datasets. In all networks,

nodes and edges represent genes and gene relationships, respectively. Upregulated and down-

regulated DEGs are in color code, whereas uncolored nodes represent genes of networks

unregulated in the dataset. The legend explains the meaning of color codes, node shapes and

edge types. The intensity of the color is proportionate to the fold values of regulation of DEGs.

(TIF)

S8 Fig. Quantitative Western blot analysis of the activity of Ptpn11-linked signaling in

brain lysates from control and Ptpn11D61Y mice. Quantitative Western blots were probed

with antibodies against Ptpn11 (A), against components of the PI3K-AKT-S6K/FoxO1 path-

way (B), against members of the Ras-Raf-MEK-ERK pathway (C), against JNK (D), p38 (E),

YAP (F) and STAT1/3 (G, H). Decreased levels of AKT phosphorylated at Thr-308 and Ser-

473 and higher levels of phosphorylated Thr389 of S6K were measured in Ptpn11D61Y samples.

An increase in the total expression of STAT3 was also detected. A tendency for an increase was

observed for p-MEK levels (~15%), however it did not reach statistical significance. No immu-

noreactivity for phospho-p38Thr-180/Tyr-182, total STAT1 and phosphoSTAT1 and 3 were

detectable in the brain samples, even though control samples from pluripotent stem cells, Jur-

kat or Baf3 cell lines proved the activity of the used antibodies. Homogenates were prepared

from 5 mice per genotype; the numbers on the right side of the blots indicate the molecular

weight of the relevant marker.

(TIF)

S1 Table. Surface and total synaptic expression of glutamate receptors. The statistical com-

parison of the surface and total synaptic expression of glutamate receptors subunits: The in-

tensity of the specific synaptic immunofluorescence (S1.1) and the density of the staining i.e.

number of puncta per 20 μm long segments of dendrites (S1.2) are shown here. Statistical anal-

yses were calculated using unpaired t-test (ns: not significant, �p<0.05, ��p<0.01, ���p<0.001).

Data are presented as mean ± SEM.

(XLSX)

S2 Table. List of DEGs for all analyzed datasets. Full lists of DEGs for Ptpn11D61Y B vs. con-

trol B (A), control S vs. B (B), Ptpn11D61Y S vs. B (C) and Ptpn11D61Y S vs. control S (D) includ-

ing fold changes and ANOVA p-values are provided.

(XLSX)

S3 Table. Validation of microarray data by quantitative real-time PCR. Comparison of the

qPCR validation and the microarray results: The differential expression of selected genes and

miRNAs was validated by qPCR. The results of the microarray analyses are compared to the

qPCR quantifications for randomly selected genes. Regulations are expressed as mean fold

change. P-values p<0.05 (unpaired t-test) were considered as statistically significant (n = num-

ber of independent experiments/biological replicates). The expression levels of mRNAs and

miRNAs were normalized to the housekeeping genes GAPDH and Snord47, respectively,

using the 2−ΔΔCT method. Fold changes and p-values (ANOVA between the subjects) of the
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selected DEGs from microarrays are taken from Table 1. Results were expressed as mean fold

change ± SEM. �p<0.05, unpaired t-test (n = 5–12).

(DOCX)

S4 Table. List of DEGs that are commonly regulated between the datasets. List of DEGs

that are commonly regulated for each analyzed dataset are provided.

(XLSX)

S5 Table. Results of IPA analysis for all datasets. (A) Significantly enriched functional anno-

tations for each dataset. (B) Significantly regulated molecular networks. A log(p) transformed

score for each network is calculated by IPA tool, where p-value is obtained from Fischer’s

exact test. A threshold of>10 score was used to filter the significant networks. C) Significantly

regulated upstream regulators. IPA upstream regulator analysis predicted the significant

upstream transcription regulators and kinases/phosphatases using a filter criteria of p<0.05.

(XLSX)

S6 Table. Canonical pathways enriched with DEGs by Ingenuity Pathway Analysis. Signifi-

cantly enriched canonical pathways for Ptpn11D61Y B vs. control B, control S vs. B, Ptpn11D61Y

S vs. B and Ptpn11D61Y S vs. control S dataset comparisons were shown in the table. For each

canonical pathway, the p-value (probability that each function assigned to the pathway is due

to the chance alone) and the DEGs associated with the pathway were shown. Fischer’s exact

test p<0.05 was used as filter criterion for the enriched pathways.

(DOCX)

S7 Table. Results of miRNA-mRNA target pathway analysis for significantly enriched

pathways related to the differentially expressed miRNAs of each dataset. DIANA miRPath

v.2.0 tool with the default parameters is used for predicting the target pathways with a p-value

threshold of p<0.01.

(XLSX)

S8 Table. List of primers used for the validation of genes by qRT-PCR.

(DOCX)

Acknowledgments

We thank B. G. Neel and T. Araki for providing the Ptpn11D61Y mouse model. Further, we

thank K. Sowa for performing the Morris Water Maze experiments, J. Bahadur Singh for help

with the acute slice preparation, K.H. Smalla for providing IPA Software, all other lab mem-

bers and M. R. Kreutz for conceptual discussions.

Author Contributions

Conceptualization: AF MZ OS.

Data curation: AF MZ OS.

Formal analysis: FA SP AA CMV SNR DM EPF AF OS AF.

Funding acquisition: AF MZ OS MRA.

Investigation: FA SP CM SNR CMV EP AA.

Methodology: AF MZ OS MRA DM FA SP.

Project administration: AF OS FA.

Aberrant neuronal gene expression in RASopathy

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006684 March 27, 2017 33 / 37

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006684.s012
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006684.s013
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006684.s014
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006684.s015
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006684.s016
https://doi.org/10.1371/journal.pgen.1006684


Resources: DS.

Supervision: AF OS MRA.

Validation: FA SP AA SNR CMV EPF CM MS DS DM MRA OS MZ AF.

Visualization: FA AF SP OS SNR.

Writing – original draft: FA SP AF AA.

Writing – review & editing: FA SP AA SNR CMV EPF CM MS DS DM MRA OS MZ AF.

References

1. Tartaglia M, Zampino G, Gelb BD (2010) Noonan syndrome: clinical aspects and molecular pathogene-

sis. Mol Syndromol 1: 2–26. https://doi.org/10.1159/000276766 PMID: 20648242

2. Zenker M (2011) Clinical manifestations of mutations in RAS and related intracellular signal transduc-

tion factors. Curr Opin Pediatr 23: 443–451. https://doi.org/10.1097/MOP.0b013e32834881dd PMID:

21750428

3. Tajan M, de Rocca Serra A, Valet P, Edouard T, Yart A (2015) SHP2 sails from physiology to pathology.

Eur J Med Genet 58: 509–525. https://doi.org/10.1016/j.ejmg.2015.08.005 PMID: 26341048

4. Cleghon V, Feldmann P, Ghiglione C, Copeland TD, Perrimon N, et al. (1998) Opposing actions of

CSW and RasGAP modulate the strength of Torso RTK signaling in the Drosophila terminal pathway.

Mol Cell 2: 719–727. PMID: 9885560

5. Bennett AM, Tang TL, Sugimoto S, Walsh CT, Neel BG (1994) Protein-tyrosine-phosphatase SHPTP2

couples platelet-derived growth factor receptor beta to Ras. Proc Natl Acad Sci U S A 91: 7335–7339.

PMID: 8041791

6. Tang TL, Freeman RM Jr., O’Reilly AM, Neel BG, Sokol SY (1995) The SH2-containing protein-tyrosine

phosphatase SH-PTP2 is required upstream of MAP kinase for early Xenopus development. Cell 80:

473–483. PMID: 7859288

7. Zhang SQ, Tsiaras WG, Araki T, Wen G, Minichiello L, et al. (2002) Receptor-specific regulation of

phosphatidylinositol 3’-kinase activation by the protein tyrosine phosphatase Shp2. Mol Cell Biol 22:

4062–4072. https://doi.org/10.1128/MCB.22.12.4062-4072.2002 PMID: 12024020

8. Keilhack H, David FS, McGregor M, Cantley LC, Neel BG (2005) Diverse biochemical properties of

Shp2 mutants. Implications for disease phenotypes. J Biol Chem 280: 30984–30993. https://doi.org/

10.1074/jbc.M504699200 PMID: 15987685

9. Darian E, Guvench O, Yu B, Qu CK, MacKerell AD Jr. (2011) Structural mechanism associated with

domain opening in gain-of-function mutations in SHP2 phosphatase. Proteins 79: 1573–1588. https://

doi.org/10.1002/prot.22984 PMID: 21365683

10. Tartaglia M, Niemeyer CM, Fragale A, Song X, Buechner J, et al. (2003) Somatic mutations in PTPN11

in juvenile myelomonocytic leukemia, myelodysplastic syndromes and acute myeloid leukemia. Nat

Genet 34: 148–150. https://doi.org/10.1038/ng1156 PMID: 12717436

11. Lee YS, Ehninger D, Zhou M, Oh JY, Kang M, et al. (2014) Mechanism and treatment for learning and

memory deficits in mouse models of Noonan syndrome. Nat Neurosci 17: 1736–1743. https://doi.org/

10.1038/nn.3863 PMID: 25383899

12. Araki T, Mohi MG, Ismat FA, Bronson RT, Williams IR, et al. (2004) Mouse model of Noonan syndrome

reveals cell type- and gene dosage-dependent effects of Ptpn11 mutation. Nat Med 10: 849–857.

https://doi.org/10.1038/nm1084 PMID: 15273746

13. De Rocca Serra-Nedelec A, Edouard T, Treguer K, Tajan M, Araki T, et al. (2012) Noonan syndrome-

causing SHP2 mutants inhibit insulin-like growth factor 1 release via growth hormone-induced ERK

hyperactivation, which contributes to short stature. Proc Natl Acad Sci U S A 109: 4257–4262. https://

doi.org/10.1073/pnas.1119803109 PMID: 22371576

14. Nakamura T, Colbert M, Krenz M, Molkentin JD, Hahn HS, et al. (2007) Mediating ERK 1/2 signaling

rescues congenital heart defects in a mouse model of Noonan syndrome. J Clin Invest 117: 2123–

2132. https://doi.org/10.1172/JCI30756 PMID: 17641779

15. Araki T, Chan G, Newbigging S, Morikawa L, Bronson RT, et al. (2009) Noonan syndrome cardiac

defects are caused by PTPN11 acting in endocardium to enhance endocardial-mesenchymal transfor-

mation. Proc Natl Acad Sci U S A 106: 4736–4741. https://doi.org/10.1073/pnas.0810053106 PMID:

19251646

Aberrant neuronal gene expression in RASopathy

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006684 March 27, 2017 34 / 37

https://doi.org/10.1159/000276766
http://www.ncbi.nlm.nih.gov/pubmed/20648242
https://doi.org/10.1097/MOP.0b013e32834881dd
http://www.ncbi.nlm.nih.gov/pubmed/21750428
https://doi.org/10.1016/j.ejmg.2015.08.005
http://www.ncbi.nlm.nih.gov/pubmed/26341048
http://www.ncbi.nlm.nih.gov/pubmed/9885560
http://www.ncbi.nlm.nih.gov/pubmed/8041791
http://www.ncbi.nlm.nih.gov/pubmed/7859288
https://doi.org/10.1128/MCB.22.12.4062-4072.2002
http://www.ncbi.nlm.nih.gov/pubmed/12024020
https://doi.org/10.1074/jbc.M504699200
https://doi.org/10.1074/jbc.M504699200
http://www.ncbi.nlm.nih.gov/pubmed/15987685
https://doi.org/10.1002/prot.22984
https://doi.org/10.1002/prot.22984
http://www.ncbi.nlm.nih.gov/pubmed/21365683
https://doi.org/10.1038/ng1156
http://www.ncbi.nlm.nih.gov/pubmed/12717436
https://doi.org/10.1038/nn.3863
https://doi.org/10.1038/nn.3863
http://www.ncbi.nlm.nih.gov/pubmed/25383899
https://doi.org/10.1038/nm1084
http://www.ncbi.nlm.nih.gov/pubmed/15273746
https://doi.org/10.1073/pnas.1119803109
https://doi.org/10.1073/pnas.1119803109
http://www.ncbi.nlm.nih.gov/pubmed/22371576
https://doi.org/10.1172/JCI30756
http://www.ncbi.nlm.nih.gov/pubmed/17641779
https://doi.org/10.1073/pnas.0810053106
http://www.ncbi.nlm.nih.gov/pubmed/19251646
https://doi.org/10.1371/journal.pgen.1006684


16. Krenz M, Gulick J, Osinska HE, Colbert MC, Molkentin JD, et al. (2008) Role of ERK1/2 signaling in con-

genital valve malformations in Noonan syndrome. Proc Natl Acad Sci U S A 105: 18930–18935. https://

doi.org/10.1073/pnas.0806556105 PMID: 19017799

17. Sweatt JD (2004) Mitogen-activated protein kinases in synaptic plasticity and memory. Curr Opin Neu-

robiol 14: 311–317. https://doi.org/10.1016/j.conb.2004.04.001 PMID: 15194111

18. Wiegert JS, Bading H (2011) Activity-dependent calcium signaling and ERK-MAP kinases in neurons: a

link to structural plasticity of the nucleus and gene transcription regulation. Cell Calcium 49: 296–305.

https://doi.org/10.1016/j.ceca.2010.11.009 PMID: 21163523

19. Patterson MA, Szatmari EM, Yasuda R (2010) AMPA receptors are exocytosed in stimulated spines

and adjacent dendrites in a Ras-ERK-dependent manner during long-term potentiation. Proc Natl Acad

Sci U S A 107: 15951–15956. https://doi.org/10.1073/pnas.0913875107 PMID: 20733080

20. Chan G, Kalaitzidis D, Usenko T, Kutok JL, Yang W, et al. (2009) Leukemogenic Ptpn11 causes fatal

myeloproliferative disorder via cell-autonomous effects on multiple stages of hematopoiesis. Blood

113: 4414–4424. https://doi.org/10.1182/blood-2008-10-182626 PMID: 19179468

21. Gorski JA, Talley T, Qiu M, Puelles L, Rubenstein JL, et al. (2002) Cortical excitatory neurons and glia,

but not GABAergic neurons, are produced in the Emx1-expressing lineage. J Neurosci 22: 6309–6314.

22. Tidyman WE, Rauen KA (2009) The RASopathies: developmental syndromes of Ras/MAPK pathway

dysregulation. Curr Opin Genet Dev 19: 230–236. https://doi.org/10.1016/j.gde.2009.04.001 PMID:

19467855

23. Rosario M, Franke R, Bednarski C, Birchmeier W (2007) The neurite outgrowth multiadaptor RhoGAP,

NOMA-GAP, regulates neurite extension through SHP2 and Cdc42. J Cell Biol 178: 503–516. https://

doi.org/10.1083/jcb.200609146 PMID: 17664338

24. Voronin LL, Cherubini E (2004) ’Deaf, mute and whispering’ silent synapses: their role in synaptic plas-

ticity. J Physiol 557: 3–12. https://doi.org/10.1113/jphysiol.2003.058966 PMID: 15034124

25. Kraszewski K, Mundigl O, Daniell L, Verderio C, Matteoli M, et al. (1995) Synaptic vesicle dynamics in

living cultured hippocampal neurons visualized with CY3-conjugated antibodies directed against the

lumenal domain of synaptotagmin. J Neurosci 15: 4328–4342. PMID: 7540672

26. Zhu JJ, Qin Y, Zhao M, Van Aelst L, Malinow R (2002) Ras and Rap control AMPA receptor trafficking

during synaptic plasticity. Cell 110: 443–455. PMID: 12202034

27. Lavezzari G, McCallum J, Dewey CM, Roche KW (2004) Subunit-specific regulation of NMDA receptor

endocytosis. J Neurosci 24: 6383–6391. https://doi.org/10.1523/JNEUROSCI.1890-04.2004 PMID:

15254094

28. Hardingham GE, Fukunaga Y, Bading H (2002) Extrasynaptic NMDARs oppose synaptic NMDARs by

triggering CREB shut-off and cell death pathways. Nat Neurosci 5: 405–414. https://doi.org/10.1038/

nn835 PMID: 11953750

29. Plotnikov A, Zehorai E, Procaccia S, Seger R (2011) The MAPK cascades: signaling components,

nuclear roles and mechanisms of nuclear translocation. Biochim Biophys Acta 1813: 1619–1633.

https://doi.org/10.1016/j.bbamcr.2010.12.012 PMID: 21167873

30. Leal G, Comprido D, Duarte CB (2014) BDNF-induced local protein synthesis and synaptic plasticity.

Neuropharmacology 76 Pt C: 639–656.

31. Zhang X, Firestein S (2002) The olfactory receptor gene superfamily of the mouse. Nat Neurosci 5:

124–133. https://doi.org/10.1038/nn800 PMID: 11802173

32. Feldmesser E, Olender T, Khen M, Yanai I, Ophir R, et al. (2006) Widespread ectopic expression of

olfactory receptor genes. BMC Genomics 7: 121. https://doi.org/10.1186/1471-2164-7-121 PMID:

16716209

33. Tedeschi A, Di Giovanni S (2009) The non-apoptotic role of p53 in neuronal biology: enlightening the

dark side of the moon. EMBO Rep 10: 576–583. https://doi.org/10.1038/embor.2009.89 PMID:

19424293

34. Mendoza MC, Er EE, Blenis J (2011) The Ras-ERK and PI3K-mTOR pathways: cross-talk and compen-

sation. Trends Biochem Sci 36: 320–328. https://doi.org/10.1016/j.tibs.2011.03.006 PMID: 21531565

35. Tartaglia M, Martinelli S, Stella L, Bocchinfuso G, Flex E, et al. (2006) Diversity and functional conse-

quences of germline and somatic PTPN11 mutations in human disease. Am J Hum Genet 78: 279–

290. https://doi.org/10.1086/499925 PMID: 16358218

36. Chung HJ, Huang YH, Lau LF, Huganir RL (2004) Regulation of the NMDA receptor complex and traf-

ficking by activity-dependent phosphorylation of the NR2B subunit PDZ ligand. J Neurosci 24: 10248–

10259. https://doi.org/10.1523/JNEUROSCI.0546-04.2004 PMID: 15537897

37. Sutton MA, Ito HT, Cressy P, Kempf C, Woo JC, et al. (2006) Miniature neurotransmission stabilizes

synaptic function via tonic suppression of local dendritic protein synthesis. Cell 125: 785–799. https://

doi.org/10.1016/j.cell.2006.03.040 PMID: 16713568

Aberrant neuronal gene expression in RASopathy

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006684 March 27, 2017 35 / 37

https://doi.org/10.1073/pnas.0806556105
https://doi.org/10.1073/pnas.0806556105
http://www.ncbi.nlm.nih.gov/pubmed/19017799
https://doi.org/10.1016/j.conb.2004.04.001
http://www.ncbi.nlm.nih.gov/pubmed/15194111
https://doi.org/10.1016/j.ceca.2010.11.009
http://www.ncbi.nlm.nih.gov/pubmed/21163523
https://doi.org/10.1073/pnas.0913875107
http://www.ncbi.nlm.nih.gov/pubmed/20733080
https://doi.org/10.1182/blood-2008-10-182626
http://www.ncbi.nlm.nih.gov/pubmed/19179468
https://doi.org/10.1016/j.gde.2009.04.001
http://www.ncbi.nlm.nih.gov/pubmed/19467855
https://doi.org/10.1083/jcb.200609146
https://doi.org/10.1083/jcb.200609146
http://www.ncbi.nlm.nih.gov/pubmed/17664338
https://doi.org/10.1113/jphysiol.2003.058966
http://www.ncbi.nlm.nih.gov/pubmed/15034124
http://www.ncbi.nlm.nih.gov/pubmed/7540672
http://www.ncbi.nlm.nih.gov/pubmed/12202034
https://doi.org/10.1523/JNEUROSCI.1890-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15254094
https://doi.org/10.1038/nn835
https://doi.org/10.1038/nn835
http://www.ncbi.nlm.nih.gov/pubmed/11953750
https://doi.org/10.1016/j.bbamcr.2010.12.012
http://www.ncbi.nlm.nih.gov/pubmed/21167873
https://doi.org/10.1038/nn800
http://www.ncbi.nlm.nih.gov/pubmed/11802173
https://doi.org/10.1186/1471-2164-7-121
http://www.ncbi.nlm.nih.gov/pubmed/16716209
https://doi.org/10.1038/embor.2009.89
http://www.ncbi.nlm.nih.gov/pubmed/19424293
https://doi.org/10.1016/j.tibs.2011.03.006
http://www.ncbi.nlm.nih.gov/pubmed/21531565
https://doi.org/10.1086/499925
http://www.ncbi.nlm.nih.gov/pubmed/16358218
https://doi.org/10.1523/JNEUROSCI.0546-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15537897
https://doi.org/10.1016/j.cell.2006.03.040
https://doi.org/10.1016/j.cell.2006.03.040
http://www.ncbi.nlm.nih.gov/pubmed/16713568
https://doi.org/10.1371/journal.pgen.1006684


38. Grooms SY, Noh KM, Regis R, Bassell GJ, Bryan MK, et al. (2006) Activity bidirectionally regulates

AMPA receptor mRNA abundance in dendrites of hippocampal neurons. J Neurosci 26: 8339–8351.

https://doi.org/10.1523/JNEUROSCI.0472-06.2006 PMID: 16899729

39. Hall BJ, Ghosh A (2008) Regulation of AMPA receptor recruitment at developing synapses. Trends

Neurosci 31: 82–89. https://doi.org/10.1016/j.tins.2007.11.010 PMID: 18201773

40. Malinow R, Malenka RC (2002) AMPA receptor trafficking and synaptic plasticity. Annu Rev Neurosci

25: 103–126. https://doi.org/10.1146/annurev.neuro.25.112701.142758 PMID: 12052905

41. Thomas GM, Huganir RL (2004) MAPK cascade signalling and synaptic plasticity. Nat Rev Neurosci 5:

173–183. https://doi.org/10.1038/nrn1346 PMID: 14976517

42. Cunha C, Brambilla R, Thomas KL (2010) A simple role for BDNF in learning and memory? Front Mol

Neurosci 3: 1. https://doi.org/10.3389/neuro.02.001.2010 PMID: 20162032

43. Impey S, Obrietan K, Wong ST, Poser S, Yano S, et al. (1998) Cross talk between ERK and PKA is

required for Ca2+ stimulation of CREB-dependent transcription and ERK nuclear translocation. Neuron

21: 869–883. PMID: 9808472

44. Banno R, Zimmer D, De Jonghe BC, Atienza M, Rak K, et al. (2010) PTP1B and SHP2 in POMC neu-

rons reciprocally regulate energy balance in mice. J Clin Invest 120: 720–734. https://doi.org/10.1172/

JCI39620 PMID: 20160350

45. Schmitz J, Weissenbach M, Haan S, Heinrich PC, Schaper F (2000) SOCS3 exerts its inhibitory func-

tion on interleukin-6 signal transduction through the SHP2 recruitment site of gp130. J Biol Chem 275:

12848–12856. PMID: 10777583

46. Kim H, Baumann H (1999) Dual signaling role of the protein tyrosine phosphatase SHP-2 in regulating

expression of acute-phase plasma proteins by interleukin-6 cytokine receptors in hepatic cells. Mol Cell

Biol 19: 5326–5338. PMID: 10409724

47. Zhang W, Chan RJ, Chen H, Yang Z, He Y, et al. (2009) Negative regulation of Stat3 by activating

PTPN11 mutants contributes to the pathogenesis of Noonan syndrome and juvenile myelomonocytic

leukemia. J Biol Chem 284: 22353–22363. https://doi.org/10.1074/jbc.M109.020495 PMID: 19509418

48. Liu W, Yu WM, Zhang J, Chan RJ, Loh ML, et al. (2017) Inhibition of the Gab2/PI3K/mTOR signaling

ameliorates myeloid malignancy caused by Ptpn11 (Shp2) gain-of-function mutations. Leukemia.

49. Nicolas CS, Peineau S, Amici M, Csaba Z, Fafouri A, et al. (2012) The Jak/STAT pathway is involved in

synaptic plasticity. Neuron 73: 374–390. https://doi.org/10.1016/j.neuron.2011.11.024 PMID:

22284190

50. Meffert MK, Chang JM, Wiltgen BJ, Fanselow MS, Baltimore D (2003) NF-kappa B functions in synaptic

signaling and behavior. Nat Neurosci 6: 1072–1078. https://doi.org/10.1038/nn1110 PMID: 12947408

51. Coffey ET (2014) Nuclear and cytosolic JNK signalling in neurons. Nat Rev Neurosci 15: 285–299.

https://doi.org/10.1038/nrn3729 PMID: 24739785

52. Fukunaga K, Noguchi T, Takeda H, Matozaki T, Hayashi Y, et al. (2000) Requirement for protein-tyro-

sine phosphatase SHP-2 in insulin-induced activation of c-Jun NH(2)-terminal kinase. J Biol Chem 275:

5208–5213. PMID: 10671568

53. You M, Flick LM, Yu D, Feng GS (2001) Modulation of the nuclear factor kappa B pathway by Shp-2

tyrosine phosphatase in mediating the induction of interleukin (IL)-6 by IL-1 or tumor necrosis factor. J

Exp Med 193: 101–110. PMID: 11136824

54. tom Dieck S, Sanmarti-Vila L, Langnaese K, Richter K, Kindler S, et al. (1998) Bassoon, a novel zinc-fin-

ger CAG/glutamine-repeat protein selectively localized at the active zone of presynaptic nerve termi-

nals. J Cell Biol 142: 499–509. PMID: 9679147

55. Davydova D, Marini C, King C, Klueva J, Bischof F, et al. (2014) Bassoon specifically controls presynap-

tic P/Q-type Ca(2+) channels via RIM-binding protein. Neuron 82: 181–194. https://doi.org/10.1016/j.

neuron.2014.02.012 PMID: 24698275

56. Lazarevic V, Schone C, Heine M, Gundelfinger ED, Fejtova A (2011) Extensive remodeling of the pre-

synaptic cytomatrix upon homeostatic adaptation to network activity silencing. J Neurosci 31: 10189–

10200. https://doi.org/10.1523/JNEUROSCI.2088-11.2011 PMID: 21752995

57. Ivanova D, Dirks A, Montenegro-Venegas C, Schone C, Altrock WD, et al. (2015) Synaptic activity con-

trols localization and function of CtBP1 via binding to Bassoon and Piccolo. EMBO J 34: 1056–1077.

https://doi.org/10.15252/embj.201488796 PMID: 25652077

58. Hubler D, Rankovic M, Richter K, Lazarevic V, Altrock WD, et al. (2012) Differential spatial expression

and subcellular localization of CtBP family members in rodent brain. PLoS One 7: e39710. https://doi.

org/10.1371/journal.pone.0039710 PMID: 22745816

59. Tsuriel S, Geva R, Zamorano P, Dresbach T, Boeckers T, et al. (2006) Local sharing as a predominant

determinant of synaptic matrix molecular dynamics. PLoS Biol 4: e271. https://doi.org/10.1371/journal.

pbio.0040271 PMID: 16903782

Aberrant neuronal gene expression in RASopathy

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006684 March 27, 2017 36 / 37

https://doi.org/10.1523/JNEUROSCI.0472-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16899729
https://doi.org/10.1016/j.tins.2007.11.010
http://www.ncbi.nlm.nih.gov/pubmed/18201773
https://doi.org/10.1146/annurev.neuro.25.112701.142758
http://www.ncbi.nlm.nih.gov/pubmed/12052905
https://doi.org/10.1038/nrn1346
http://www.ncbi.nlm.nih.gov/pubmed/14976517
https://doi.org/10.3389/neuro.02.001.2010
http://www.ncbi.nlm.nih.gov/pubmed/20162032
http://www.ncbi.nlm.nih.gov/pubmed/9808472
https://doi.org/10.1172/JCI39620
https://doi.org/10.1172/JCI39620
http://www.ncbi.nlm.nih.gov/pubmed/20160350
http://www.ncbi.nlm.nih.gov/pubmed/10777583
http://www.ncbi.nlm.nih.gov/pubmed/10409724
https://doi.org/10.1074/jbc.M109.020495
http://www.ncbi.nlm.nih.gov/pubmed/19509418
https://doi.org/10.1016/j.neuron.2011.11.024
http://www.ncbi.nlm.nih.gov/pubmed/22284190
https://doi.org/10.1038/nn1110
http://www.ncbi.nlm.nih.gov/pubmed/12947408
https://doi.org/10.1038/nrn3729
http://www.ncbi.nlm.nih.gov/pubmed/24739785
http://www.ncbi.nlm.nih.gov/pubmed/10671568
http://www.ncbi.nlm.nih.gov/pubmed/11136824
http://www.ncbi.nlm.nih.gov/pubmed/9679147
https://doi.org/10.1016/j.neuron.2014.02.012
https://doi.org/10.1016/j.neuron.2014.02.012
http://www.ncbi.nlm.nih.gov/pubmed/24698275
https://doi.org/10.1523/JNEUROSCI.2088-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21752995
https://doi.org/10.15252/embj.201488796
http://www.ncbi.nlm.nih.gov/pubmed/25652077
https://doi.org/10.1371/journal.pone.0039710
https://doi.org/10.1371/journal.pone.0039710
http://www.ncbi.nlm.nih.gov/pubmed/22745816
https://doi.org/10.1371/journal.pbio.0040271
https://doi.org/10.1371/journal.pbio.0040271
http://www.ncbi.nlm.nih.gov/pubmed/16903782
https://doi.org/10.1371/journal.pgen.1006684


60. Lein PJ, Barnhart CD, Pessah IN (2011) Acute hippocampal slice preparation and hippocampal slice

cultures. Methods Mol Biol 758: 115–134. https://doi.org/10.1007/978-1-61779-170-3_8 PMID:

21815062

61. Nakhaei-Rad S, Nakhaeizadeh H, Gotze S, Kordes C, Sawitza I, et al. (2016) The Role of Embryonic

Stem Cell-expressed RAS (ERAS) in the Maintenance of Quiescent Hepatic Stellate Cells. J Biol Chem

291: 8399–8413. https://doi.org/10.1074/jbc.M115.700088 PMID: 26884329

62. Vlachos IS, Kostoulas N, Vergoulis T, Georgakilas G, Reczko M, et al. (2012) DIANA miRPath v.2.0:

investigating the combinatorial effect of microRNAs in pathways. Nucleic Acids Res 40: W498–504.

https://doi.org/10.1093/nar/gks494 PMID: 22649059

63. Bergado-Acosta JR, Muller I, Richter-Levin G, Stork O (2014) The GABA-synthetic enzyme GAD65

controls circadian activation of conditioned fear pathways. Behav Brain Res 260: 92–100. https://doi.

org/10.1016/j.bbr.2013.11.042 PMID: 24300892

64. Laxmi TR, Stork O, Pape HC (2003) Generalisation of conditioned fear and its behavioural expression

in mice. Behav Brain Res 145: 89–98. PMID: 14529808

65. Bergado-Acosta JR, Sangha S, Narayanan RT, Obata K, Pape HC, et al. (2008) Critical role of the 65-

kDa isoform of glutamic acid decarboxylase in consolidation and generalization of Pavlovian fear mem-

ory. Learn Mem 15: 163–171. https://doi.org/10.1101/lm.705408 PMID: 18323571

66. Montag-Sallaz M, Schachner M, Montag D (2002) Misguided axonal projections, neural cell adhesion

molecule 180 mRNA upregulation, and altered behavior in mice deficient for the close homolog of L1.

Mol Cell Biol 22: 7967–7981. https://doi.org/10.1128/MCB.22.22.7967-7981.2002 PMID: 12391163

Aberrant neuronal gene expression in RASopathy

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006684 March 27, 2017 37 / 37

https://doi.org/10.1007/978-1-61779-170-3_8
http://www.ncbi.nlm.nih.gov/pubmed/21815062
https://doi.org/10.1074/jbc.M115.700088
http://www.ncbi.nlm.nih.gov/pubmed/26884329
https://doi.org/10.1093/nar/gks494
http://www.ncbi.nlm.nih.gov/pubmed/22649059
https://doi.org/10.1016/j.bbr.2013.11.042
https://doi.org/10.1016/j.bbr.2013.11.042
http://www.ncbi.nlm.nih.gov/pubmed/24300892
http://www.ncbi.nlm.nih.gov/pubmed/14529808
https://doi.org/10.1101/lm.705408
http://www.ncbi.nlm.nih.gov/pubmed/18323571
https://doi.org/10.1128/MCB.22.22.7967-7981.2002
http://www.ncbi.nlm.nih.gov/pubmed/12391163
https://doi.org/10.1371/journal.pgen.1006684

