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Abstract

BACKGROUND: Gene dosage imbalance caused by copy number variations (CNVs) are
prominent contributors to brain disorders. 15q11.2 CNV duplications and deletions have been
associated with autism spectrum disorder (ASD) and schizophrenia (SCZ), respectively. The
mechanism underlying these diametric contributions remains unclear.

METHODS: We established both loss-of-function and gain-of-function mouse models of Cyfip1,
one of four genes within 15q11.2 CNVs. To assess the functional consequences of altered

CYFIP1 levels, we performed systematic investigations on behavioral, electrophysiological, and
biochemical phenotypes in both mouse models. In addition, we utilized RNA immunoprecipitation
(RIP)-seq analysis to reveal molecular targets of CYFIP1 /n vivo.

RESULTS: Cyfip1 loss-of-function and gain-of function mouse models exhibited distinct

and shared behavioral abnormalities related to ASD and SCZ. RIP-seq analysis identified

mRNA targets of CYFIPL1 /n vivo, including postsynaptic NMDA receptor (NMDAR) complex
components. In addition, these mouse models showed diametric changes in levels of postsynaptic
NMDAR complex components at synapses due to dysregulated protein translation, resulting in
bidirectional alteration of NMDAR-mediated signaling. Importantly, pharmacological balancing
of NMDAR signaling in these mouse models with diametric CYF/P1 dosages rescues behavioral
abnormalities.

CONCLUSIONS: CYFIP1 regulates protein translation of NMDAR and associated complex
components at synapses to maintain normal synaptic functions and behaviors. Our integrated

analyses provide insight into how gene dosage imbalance caused by CNVs may contribute to

divergent neuropsychiatric disorders.

Keywords

Gene dosage; autism spectrum disorder; schizophrenia; synaptic protein translation; NMDA
receptor; RNA binding protein

INTRODUCTION

Mental disorders such as schizophrenia (SCZ) and autistic spectrum disorder (ASD) are
chronic and disabling. A large number of susceptibility genes for ASD and SCZ have been
identified from human genetic studies, and various experimental models are being developed
to investigate how these susceptibility genes regulate behavior (1, 2). In addition to single-
nucleotide polymorphisms or mutations in individual genes, submicroscopic variations in
DNA copy number (CNV) are also widespread in human genomes, and specific CNVs have
been identified as significant risk factors for ASD and SCZ (3). Moreover, aggregate data
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have provided support for the polygenic inheritance and genetic overlap between SCZ and
ASD (4-7). Intriguingly, diametric dosages of the same mutations (deletion vs. duplication),
including both individual genes (e.g. MeCPZ, SHANK?3) and CNVs (e.g. 15q11.2, 16p11.2,
22g11.2), lead to divergent brain disorders (8). The underlying mechanism is unknown.

15g11.2 CNVs have emerged as prominent genetic risk factors for various neuropsychiatric
disorders, including ASD, SCZ and intellectual disability (9—-12). Specifically, 15q11.2
microduplications have been associated with ASD (13, 14), whereas microdeletions of the
same region have been identified as one of the three most frequent CNV risk factors for SCZ
(15). Even non-diagnosed carriers of 15g11.2 microdeletions showed cognitive function that
was in between neurotypical controls and SCZ patients (16-18). 15g11.2 microdeletion

and microduplication also result in reciprocal effects on the volume of some human brain
regions, including gray matter in the perigenual anterior cingulated cortex and white matter
in the temporal lobe (16, 18-20) It remains unclear how different doses of genes within the
15g11.2 region may contribute to the etiopathology underlying divergent neuropsychiatric
disorders.

CYFIP1is one of the four genes within 15g11.2 and encodes a protein that interacts

with fragile X mental retardation protein (FMRP) and eukaryotic translation initiation
factor 4E (elF4E) and negatively regulates mRNA translation at synapses in an activity-
dependent manner (21, 22). An altered level of CYFIP1 leads to abnormalities in dendrite
complexity and spine morphology (23-25), synaptic function (26, 27), and behavior (25,
28-32). Moreover, common SNPs in CYF/P1 have been associated with SCZ (33) and
ASD (34), and CYF/P1I mRNA expression is increased in ASD patients (35, 36). These
findings highlight CYF/P1 as the most compelling genetic risk factor for neuropsychiatric
disorders within the 15q11.2 region. Thus, an increase or decrease in CYFIP1 levels may
lead to diametric alterations in common signaling pathways, which could be the underlying
mechanism for the pathogenesis of the 15q11.2 CNV-mediated risk for neuropsychiatric
disorders. However, mRNA targets of CYFIP1 and effects of the CYFIP1 dosage on the
protein translation of those targets have not been examined in a non-biased manner.

To understand how different dosages of CYF/P1 may lead to divergent brain disorders,

we established both loss-of-function and gain-of-function mouse models of Cyfip1.
Interestingly, the loss of CyfijpI model exhibited distinct behavioral abnormalities related
to SCZ, whereas the gain of CyfipI model exhibited ASD-related behavioral phenotypes.
Mechanistically, genome-wide RIP-seq identified novel CYFIP1-associated mRNA targets
related to synaptic function, postsynaptic density and the NMDA receptor complex.
Furthermore, these mouse models showed dysregulation of postsynaptic protein translation
on specific targets of CYFIP1 and diametric changes in the levels of postsynaptic NMDAR
complex components and signaling at synapses. Importantly, bidirectional pharmacological
manipulations to re-balance NMDAR signaling largely rescue the behavioral abnormalities
of these mouse models. Our integrated study provides insight into how 15q11.2 CNVs may
contribute to divergent neuropsychiatric disorders.
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METHODS AND MATERIALS

Animals

See Supplemental Methods and Materials for a detailed description of experimental methods
and key Resource Table for materials.

The loss-of-function (cKO) and gain-of-function (cOE) mice were generated by the
Transgenic Core Laboratory at Johns Hopkins School of Medicine (Figure S1). Both cKO
and cOE mice were crossed with Nestin-Cre mice and they were backcrossed to C57BL/6J
at least 6 times before all experiments. For most behavioral experiments, 3—4 month-old
male mice were used. In the marble burying assay, nest building assay and pup retrieval
assay, 3—4 month-old female mice were used. All mouse work was performed with protocols
approved by the Animal Care and Use Committee of Johns Hopkins University School of
Medicine and University of Pennsylvania.

Data and code availability

RESULTS

The GEO accession number for the RIP-seq dataset is GSE166939.

Loss of CYFIP1 function results in behavioral abnormalities related to schizophrenia

To investigate the /n vivo effects of differential CyfijpI dosages on animal behavior

under the same conditions, we generated a conditional knockout mouse model (Nestin-
Cre: Cyfip1floxedifloxed named cKO) and a conditional overexpression mouse model of
Cyfip1 (Nestin-Cre: ROSA26%YPLKIKI named cOE). cKO showed complete ablation of
the CYFIP1 protein in forebrain lysates after E17.5 (Figure S1C). On the other hand,

the homozygote cOE mice showed about 1.5-2 fold increase of CYFIP1 protein levels

in the adult hippocampus and cortex (Figure S1F), similar to ASD patients with 15q11.2
duplication (14). We used the homozygote cOE mice for all analyses. The cKO and cOE
mice were fertile, and displayed a normal appearance and expected Mendelian ratio of
genotypes in adulthood (data not shown).

We first tested cKO mice with a battery of behavioral analyses related to human mental
disorders. cKO mice displayed normal locomator activity, motor coordination, nociception
response, novel object recognition and repetitive behaviors (Figure S2A-E and Table S1).

To test whether cKO mice exhibit behavioral abnormalities related to negative symptoms in
SCZ, we first performed a three-chamber social interaction assay (37). cKO mice showed a
similar preference for a mouse (stranger 1) over an empty cage in comparison with littermate
wild-type mice (Cyfip1floxed/floxed ' named WT1; Figure 1A). However, when the empty cage
was replaced by a novel mouse (stranger 2), cKO mice did not show a significant preference
for stranger 2 over stranger 1, while WT1 mice preferred to interact with stranger 2 (Figure
1B), indicating impaired social novelty recognition. Moreover, cKO mice exhibited impaired
prepulse inhibition (PPI) and an elevated startle response (Figure 1C-D), suggesting deficits
in sensorimotor gating commonly found in SCZ patients. In addition, cKO mice showed
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elevated behavioral despair with increased immobility in both the tail suspension test (TST)
and forced swim test (FST) compared with WT1 mice (Figure 1E-F).

We also measured amphetamine-induced hyperactivity, which is widely used in animals to
model neuropsychiatric disorders and positive symptoms of SCZ (38). cKO mice showed
increased locomotor activity after an acute injection of amphetamine compared to the WT1
mice (Figure 1G). The Nestin-Cre transgene did not affect social interaction, amphetamine-
induced hyperactivity, or prepulse inhibition (Figure S2F-1).

In summary, these results suggest that the Cy/#ip1 loss-of-function in mice leads to multiple
behavioral abnormalities related to negative and positive symptoms of SCZ patients.

Increased Cyfipl dosage leads to behavioral abnormalities related to ASD

Given that CYF/P1 mRNA expression is significantly upregulated in ASD patients (14, 24,
36), we examined whether overexpression of CYFIP1 may result in ASD-related behavioral
abnormalities. cOE mice displayed normal locomotor activity and novel object recognition
(Figure S3A-B and Table S1). Interestingly, in the first stage of the three-chamber social
interaction assay, COE mice exhibited decreased interaction with stranger 1 compared with
littermate wild-type mice (ROSA26<YiP1 KIKI nhamed WT2; Figure 2A). cOE mice also did
not prefer to interact with a novel mouse (stranger 2), whereas the WT2 mice interacted
significantly more with stranger 2 than with stranger 1 (Figure 2B). These results suggest
that cOE mice have an impaired social approach and social novelty recognition. Repetitive
and stereotyped patterns of behavior are one of the core behavioral domains for the ASD
diagnosis (39). We assessed repetitive behaviors of cOE mice with the marble burying
assay and measuring digging behavior (40). cOE mice buried significantly more marbles
compared to the WT2 mice (Figure 2C). Moreover, cOE mice also spent more time engaged
in digging behavior compared to the WT2 mice (Figure 2D).

Maternal behaviors are frequently impaired in mouse models of ASD (41-43). The survival
rate of pups from cOE dams was markedly lower than that from WT2 dams (Figure

2E). At postnatal day 3, some of the pups from cOE dams did not show milk in their
stomachs, whereas milk was observed in the stomachs of all pups from WT2 dams (Figure
S3C). As a result, the number of surviving pups at postnatal day 7 from cOE dams was
significantly smaller compared with that from WT2 dams (Figure 2E and S3D). Among
surviving pups from cOE dams, the number of cOE and WT pups was similar, suggesting
that impaired maternal care is not dependent on genotypes of the pups (data not shown).
Moreover, cOE females showed impaired nest building behaviors (Figure 2F) and less
efficient pup retrieval compared with WT2 females (Figure 2G), suggesting that multiple
traits of maternal behaviors are impaired with an increased CyfipZ dosage in a mouse model.
On the other hand, cKO dams showed similar levels in the pup survival rate with the WT1
dams (data not shown). In addition, similar to cKO mice, cOE mice displayed increased
amphetamine-induced hyperactivity compared to the WT2 mice, indicating dysfunction in
the dopaminergic system of the cOE mice (Figure 2H). Unlike with cKO mice, cOE mice
did not display elevated despair in the TST (Figure S3E), or abnormal sensorimotor gating
in the PPI (Figure S3F and Table S1). Taken together, our behavioral analyses of cCOE mice
showed that increased CyfipI dosage results in several behavioral abnormalities related to
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ASD, including social impairment, increased repetitive behaviors and abnormal maternal
behaviors.

CYFIP1 interacts with mRNAs encoding synaptic and NMDA receptor complex-related
proteins in the mouse hippocampus and human cortical tissue

CYFIP1 regulates mRNA translation in neurons (21, 22). To identify which mRNAs

are the potential targets of CYFIP1 for translation regulation, we performed RNA
immunoprecipitation sequencing (RIP-seq) (44) of the adult mouse hippocampus. We took
advantage of our cOE mouse model, which expresses an HA-tagged CYFIP1 (Figure S1D),
enabling us to immunoprecipitate CYFIP1 and associated mRNA using an anti-HA antibody
with high specificity (Figure 3A-B). We identified 1,721 transcripts that were found to

be enriched in 3 out of 4 comparisons with controls (Table S2). Gene ontology analysis
showed significant enrichment of terms related to neuronal and synaptic components and
processes, and more specifically to the NMDAR complex (Figure 3C-D and Table S3).
Disease ontology analysis revealed enrichment for neuropsychiatric diseases, including SCZ
and ASD (Figure 3D and Table S3).

To confirm the interaction between the CYFIP1 protein and some of the targets identified by
our genome-wide analysis, we performed immunoprecipitation of endogenous CYFIP1 with
an anti-CYFIP1 antibody using hippocampal tissue from the wild-type mice, followed by
quantitative PCR (RIP-gPCR). We chose several mMRNAs related to the NMDAR complex
for further validation and indeed found that their mMRNASs were enriched in the anti-CYFIP1
pulled-down samples compared with the IgG pulled-down samples, including Shankl,
Shank2, GrinZa, Grin2b, and GabbrZ2 (Figure 3E). To explore whether these interactions

are conserved in the human brain, we performed RIP-gPCR experiments using surgical adult
human cortical tissues. We found that indeed they were also significantly enriched in the
cerebral cortex samples pulled-down with an anti-CYFIP1 antibody compared to the IgG
pull down (Figure 3F).

Given that CYFIP1 interacts with FMRP, we compared mRNA targets of these two proteins.
Between 1,721 CYFIP1 targets we identified and 842 FMRP targets previously reported
(45), only 130 mRNA targets were shared (Table S4), suggesting independent direct
regulation of many mRNA targets by CYFIP1 and FMRP.

CYFIP1 regulates mRNA translation of NMDAR subunits and associated complex

CYFIP1 represses the translation of its target mMRNAS by inhibiting the interaction between
elF4E and elF4G at the 5’ cap structure (21, 22, 46). The mRNA levels encoding the
NMDAR subunits and associated complex proteins were not changed in either cKO or
cOE mice (Figure S4A-B), indicating that CYFIP1 may not regulate transcription or

the stability of these MRNA targets. To explore whether altered CYFIP1 dosages lead

to dysregulated protein translation of CYFIP1 target mRNAs, we applied the PUNCH-P
technique (47) to monitor the amount of nascent peptides from cKO and cOE hippocampi
(Figure 4A). To determine effects of CYFIP1 ablation on the general translation rate, the
amount of total biotin-puromycin labeled nascent peptides were accessed by streptavidin-
HRP immunoblotting. Similar amounts of peptides were being synthesized in cKO mice
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compared to WT1 mice, suggesting the loss of CYFIP1 function does not change the

general translation rate (Figure 4B). To monitor the protein translation rate of specific

target MRNAs, biotin-puromycin labeled peptides were captured and purified by streptavidin
beads and examined by specific antibodies. The protein synthesis of postsynaptic NMDAR
subunits and associated complex components, but not presynaptic protein SYN1, was
significantly increased in the cKO mice compared to the WT1 mice (Figure 4C). Conversely,
the amount of protein synthesis from those transcripts was substantially lower in cOE mice
compared to WT2 mice (Figure 4D).

To confirm our results, we performed polysome profile analysis with hippocampal lysates.
The general polysome profile was not significantly altered in cKO mice compared to WT1
mice (Figure S4C), consistent with the unchanged general translation rate revealed by
PUNCH-P (Figure 4B). Notably, Grin2band Shank2 mRNA distributions were shifted to
heavier polysome fractions in cKO mice compared with WT1 mice (Figure S4C and S4E),
indicating an enhanced translation efficiency. On the other hand, Grin2b and Shank2 mRNA
distributions were shifted to the lighter fractions in cOE mice compared with WT2 mice
(Figure S4D and S4F), indicating repressed translation of those mMRNAS. These results
suggest that the balanced level of CYFIP1 protein is important for translational regulation of
its target MRNAs.

Protein expression of the NMDAR-associated complex and postsynaptic scaffolding are
altered in the synaptosome depending on CYFIP1 dosages

To examine changes in protein expression at synapses of cKO and cOE mice, including

the CYFIP1-interacting mRNA targets identified by RIP-seq analysis, synaptosomes were
isolated from the hippocampi for Western blotting analysis (Figure S5A). As expected, the
expression of CYFIP1 was completely abolished in the cKO hippocampus and increased in
the cOE hippocampus (Figure 5A-B). Interestingly, the expression levels of the NMDAR
subunits (GRIN1 and GRIN2B) and NMDAR-associated postsynaptic scaffolding proteins
(SHANK2 and PSD95) (48) were significantly increased in the cKO synaptosomes (Figure
5A). In contrast, expression levels of NMDAR subunits (GRIN1, GRIN2A, and GRIN2B),
SHANK?2 and PSD95 were reduced in the cOE synaptosome compared with the WT2
synaptosome (Figure 5B), suggesting a reciprocal regulation of postsynaptic proteins
dependent on different CYFIP1 dosages. The expression levels of the AMPAR subunits,
presynaptic proteins, and Homerl were unchanged both in the cKO and cOE hippocampi.
Different from previous reports (21, 22), we did not observe any significant changes in the
expression of ARC in our models (Figure 5A-B).

To examine whether similar regulation occurs in human models, we used patient induced
pluripotent stem cell (iPSC) lines we previously generated from subjects with 15q11.2del
CNVs and control subjects (49). Western blot analyses of cortical neurons differentiated
from these iPSC lines also showed increased levels of GRIN2B proteins in both the whole
cell lysate and synaptosomes (Figure S5B-C).
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Imbalanced CYFIP1 expression results in reciprocal alterations in NMDAR functions

Dysfunction in NMDARs at synapses is associated with various neuropsychiatric disorders
(43, 50-52). To examine whether the altered molecular composition of synapses at the
postsynaptic site influences the function of NMDAR in cKO and cOE mice, we compared
the relative contribution of the NMDA versus AMPA receptors to evoke EPSCs using
whole-cell patch-clamp recordings from dentate gyrus granule cells in acute hippocampal
slices. Consistent with the reciprocal protein expression of the NMDAR subunits in the
hippocampi of cKO and cOE mice (Figure 5A-B), we found an increased NMDA/AMPA
ratio in cKO mice, but a decreased NMDA/AMPA ratio in cOE mice compared to their
wildtype littermates (Figure 6A-B).

Locomotor hyperactivity induced by systemic administration of an NMDAR antagonist

has been used as an /n vivo measurement of central neurotransmitter system activity

(38, 53). Systemic injection of MK-801, a noncompetitive NMDAR antagonist, increased
locomotor activity in both genotypes, but the levels of hyperactivity were significantly
higher in cKO mice compared to WT1 mice (Figure 6C, top panel). Conversely, cOE mice
showed a decreased level of hyperactivity compared to WT2 mice (Figure 6C, lower panel),
suggesting reciprocal sensitivities for MK-801 in cKO and cOE mice.

Activation of NMDAR results in the upregulation of diverse downstream signaling events
which are critical for synaptic function, such as phosphorylation of CaMKlla (54) and

p38 MAPK (55). We examined the perturbation of NMDAR downstream signaling due to
alterations of the NMDAR activity in cKO and cOE mice. The levels of phosphorylation for
CaMKIlla and p38 MAPK were higher in synaptosomes from hippocampi of cKO versus
WT1 mice, but lower in cOE versus WT2 mice (Figure 6D).

Together, these results show that synaptic NMDAR function and downstream signaling are
reciprocally impaired in opposite directions, depending on CYFIP1 levels in each mouse
model.

Bidirectional modulation of NMDAR signaling rescues behavioral abnormalities in cKO and

cOE mice

Imbalance in NMDAR signaling has been implicated in multiple neuropsychiatric disorders
(51, 52). Since our mouse models showed bidirectional dysfunction in NMDAR signaling
upon different Cyfip1 dosages, we hypothesized that re-balancing NMDAR activity by
reducing it in cKO mice and enhancing it in cCOE mice may rescue the behavioral
abnormalities in these models (Figure 7A). First, we treated cKO mice with the NMDAR
antagonist memantine (56-59), which effectively normalized the augmented synaptic
NMDAR signaling in cKO mice (Figure S6A). Indeed, the memantine treatment rescued
the elevated behavioral despair of cKO mice in both the TST and FST (Figure 7B-C).

In addition, the increased amphetamine-induced hyperactivity of cKO mice was also
normalized with the memantine treatment (Figure 7D). On the other hand, impaired
sensorimotor gating assessed by PPI in cKO mice was not improved with the memantine
treatment (Figure S6B).
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Next, we took advantage of a partial agonist of NMDAR, D-cycloserine (DCS), which

has been shown to rescue ASD-related behaviors in animal models with reduced NMDAR
function (43, 60). In the three-chamber social interaction assay, reduced social interaction

and impaired social novelty recognition of cOE mice was improved by the DCS treatment
(Figure 7E-F). In addition, the increased amphetamine-induced hyperactivity of cOE was

restored by the DCS treatment (Figure 7G). The repetitive behaviors of cCOE mice assessed
by the marble burying assay were not rescued by the DCS treatment (data not shown).

In summary, bidirectional modulation to re-balance NMDAR function in cKO and cOE
mice successfully rescued some behavioral abnormalities related to psychiatric disorders,
implying that dysregulation of the NMDAR complex by abnormal levels of CYFIP1 is
responsible for the abnormal behaviors in our animal models.

DISCUSSION

Balanced action of molecular regulators is essential to maintain the homeostatic control of
the brain. Hence, either loss or gain of molecular functions can be deleterious to the nervous
system (8). CNVs associated with neuropsychiatric disorders are one of the mechanisms

by which an altered gene dosage can cause the failure of neuronal homeostasis. Although
genetic studies have revealed significant overlap of genetic risk factors among mental
disorders, it is not clear how an altered dosage of the same gene may contribute to different
brain disorders. In this study, we generated new mouse models with nervous system-specific
loss- or gain-of-function of RNA binding protein CYFIP1, a genetic risk factor both for SCZ
and ASD. These mouse models displayed both distinct and shared behavioral abnormalities
related to human mental disorders (Table S1). Notably, previous gain- or loss-of-function
CYFIP1 rodent models generated by different strategies showed both similar and distinct
behavioral phenotypes compared to our models (25, 28-30, 32) (Table S1). To investigate
the underlying molecular mechanism, we identified novel CYFIP1-associated mRNA targets
related to synaptic function, postsynaptic density and NMDAR complex by genome-wide
RIP-seq analysis. Protein translation of CYFIP1 targets, including the NMDAR-associated
complex, are diametrically altered upon loss or gain of CYFIP1 function. As a result, protein
levels of CYFIP1 targets at synapses are dysregulated without a change in their mMRNA
expression depending on the level of CYFIP1 in the mouse models. Our study provides

one explanation of how the action of a RNA binding protein can modulate the balance of
protein translation and levels at synapses, which is essential to maintain typical behavioral
responses.

Abnormal protein synthesis disrupts synaptic function and neuronal networks underlying
the pathophysiology of mental disorders. Accordingly, translational machinery and their
regulatory components have been frequently identified as risk factors for mental disorders.
For example, the mTOR pathway is strongly associated with ASD, and its perturbation in
mouse models leads to the core phenotypes of ASD (61-63). Exaggerated cap-dependent
protein translation causes synaptic and behavioral abnormalities associated with ASD (64,
65), suggesting aberrant general protein translation is an important molecular process for
ASD development. On the other hand, recent studies showed that SCZ patient-derived
neural cells exhibit dysregulated protein translation and translational machinery, suggesting
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translational control may be involved in the disease progression of SCZ (66, 67). However,
molecular regulators that may explain the dysregulation of protein translation in both SCZ
and ASD are unclear. In our study, we identified a set of novel mMRNA targets interacting
with CYFIP1 that are related to synaptic function. We also found that the protein levels of
CYFIP1 targets at synapses are diametrically regulated, depending on the level of CYFIP1.
Intriguingly, the impact appears to be specific to CYFIP1 targets as the total protein levels of
AMPA receptors and Homerl do not show compensatory changes. Further pharmacological
rescue experiments with NMDAR modulators suggest that the behavioral phenotypes related
to SCZ and ASD with loss or gain of CYFIP1 function are, at least in part, caused by the
abnormal protein synthesis of CYFIP1 targets, including the NMDAR complex. This is the
first piece of evidence suggesting that a regulator of protein translation of specific target
genes may diametrically contribute to the pathophysiology of both SCZ and ASD.

NMDARs exhibit a critical role in synaptic transmission and plasticity. Human genetic
studies revealed that mutations of NMDARs are strongly implicated in the etiology of

both SCZ and ASD (68-71). In addition, the expression of NMDARs and their associated
complex are frequently altered in human patients with SCZ (72, 73). An imbalance of
NMDAR signaling in mouse models results in SCZ and ASD-like phenotypes that can be
rescued by pharmacological manipulation of NMDARSs (43, 56, 74-76). Therefore, protein
expression levels of the NMDAR subunits and their associated complex must be tightly
controlled to maintain normal synaptic transmission and behavior. In this study, loss or gain
of CYFIP1 function in mouse models led to imbalanced NMDAR signaling with aberrant
translational control of CYFIP1 target genes. A subset of the behavioral abnormalities
related to SCZ and ASD, such as behavioral despair, impaired social interaction, and
exaggerated amphetamine-induced hyperactivity, were restored by balancing the altered
NMDAR activities pharmacologically in the adult. However, other behavioral abnormalities
including impaired prepulse inhibition in cKO mice and repetitive behavior in cOE mice
were not rescued (Figure S6B and data not shown). A recent study suggested that

CYFIP1 regulates GABAergic neurotransmission at inhibitory synapses to maintain an
excitatory/inhibitory balance (27), implying that these behavoiral abnormalities might be
caused by dysregulation of CYFIP1 targets related to GABA receptor signaling, such as
Gabbr2, Slc6al, and Slc6all. In addition, some behavioral phenotypes might be caused by
functions of CYFIP1 in cytoskeleton remodeling (22, 49, 77). Alternatively, CYFIP1 may
regulate neuronal developmental processes that are not restored by the later pharmacological
treatments used in this study. It remains to be investigated whether other psychotic drug
treatments may rescue some of the behavioral phenotypes in these mouse models.

Although it is not straightforward to directly correlate mouse behavioral phenotypes with
patient symptoms, our study provides systematic /77 vivo evidence on how abnormal levels
of CYFIP1 lead to common and distinct defects associated with SCZ and ASD at the
biochemical, synaptic and behavioral levels. Future research on other CNV risk factors for
various psychiatric disorders will further highlight the homeostatic control of molecular
processes governing synaptic function and behavior.
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Figure 1. Cyfipl cKO mice displayed impaired social novelty recognition, abnormal sensorimotor
gating, elevated despair and altered psychostimulant response.

(A-B) Normal social approach and impaired social novelty recognition of cKO mice in the
three-chamber assay. In the first stage, both WT1 mice and cKO mice showed a significant
preference for a mouse (stranger 1) over an empty cage, as measured by time spent in close
interaction (A). In the second stage, cKO mice showed no preference for a novel mouse
(stranger 2) over a familiar mouse (stranger 1), while WT1 mice interacted significantly
more with stranger 2 than stranger 1 (B). Values represent mean + SEM (n = 10 WT1, 10
cKO; ***p < 0.001; * p < 0.05; n.s.: p > 0.05; Student’s t-test). (C-D) Abnormal prepulse
inhibition (C) and increased basal acoustic startle response (120 dB, D) of cKO mice
compared with WT1 mice. Values represent mean + SEM (n =19 WT1, 15 cKO; *p < 0.05;
**p < 0.01; Student’s t-test). (E-F) Elevated behavioral despair in cKO mice. The immobile
time in both tail suspension test (TST, E) and forced swim test (FST, F) was increased in
¢KO mice compared with WT1 mice. Values represent mean = SEM (n = 19 WT1, 15 cKO;
*p < 0.05; **p < 0.01; Student’s t-test). (G) Enhanced amphetamine-induced hyperactivity
in cKO mice compared with WT1 mice. Amphetamine (2.5 mg/kg, i.p.) was injected after
1 hr habituation in an open field. Shown on the left is the trace of the locomotor activity
presented as the number of beams broken every 10 min. An arrow represents the time of
the amphetamine injection. Shown on the right is the total number of beams broken after
amphetamine injection. Values represent mean £ SEM (n = 11 WT1, 14 cKO; **p < 0.01; *p
< 0.05; n.s.: p > 0.05; Student’s t test).
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Figure 2. Cyfipl cOE mice displayed impaired social interaction, increased repetitive behaviors,
abnormal maternal behaviors and altered psychostimulant response.

(A-B) Reduced social approach and impaired social novelty recognition of cOE mice in the
three-chamber assay. In the first stage, COE mice showed a significantly lower preference
for a mouse (stranger 1) over an empty cage compared with WT2 mice (A). In the second
stage, cOE mice showed no preference for a novel mouse (stranger 2) over a familiar mouse
(stranger 1), while WT2 mice interacted significantly more with stranger 2 than stranger

1 (B). Values represent mean + SEM (n = 13 WT2, 13 cOE; ***p < 0.001; **p < 0.01;

*p < 0.05; n.s.: p > 0.05; One-way ANOVA). (C) Increased repetitive behavior of cOE

mice in the marble burying test. Number of marbles buried during a 30 min test period was
counted. Values represent mean + SEM (n = 16 WT2/male, 11 cOE/male, 8 WT2/female, 13
cOE/female; ***p < 0.001; Student’s t-test). (D) Increased digging behavior of cOE mice.
Time spent in digging was measured during a 10 min test period. Values represent mean +
SEM (n =11 WT2, 10 cOE; **p < 0.01; Student’s t-test). (E) Pups from cOE dams showed
reduced survival rate in the early postnatal period. Survival rate of pups from each litter
was quantified according to genotypes of the dams. Values represent mean + SD (n = 10
WT2, 14 cOE litters; ***p < 0.001; Student’s t-test). (F) cOE females displayed abnormal
nest building behavior. Shown on the left is the percentage weight of the un-shredded nest
and shown on the right is the nest building score 24 h after a new nestlet presentation.
Values represent mean £ SEM (n = 15 WT2, 12 cOE; **p < 0.01; Student’s t-test). (G) cOE
females showed impaired pup retrieval behavior. The retrieval latencies of three pups in the
pup retrieval test are shown. Values represent mean + SEM (n = 13 WT2, 11 cOE; **p <
0.01; *p < 0.05; Student’s t test). (H) Enhanced amphetamine-induced hyperactivity in cOE
mice compared with WT2 mice. Shown on the left is the trace of the locomotor activity
presented as the number of beams broken every 10 min. An arrow represents the time of the
amphetamine injection. Shown on the right is the total number of beams broken after the
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amphetamine injection. Values represent mean = SEM (n = 11 WT1, 14 cKO; ***p < 0.001;
**p < 0.01; *p < 0.05; Student’s t-test).
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Figure 3. RIP-seq experiments reveal mMRNA targets of CYFIP1.
(A) An experimental scheme for RIP-seq. (B) Protein-protein interaction network showing

interactions between mRNA targets of CYFIP1 related to synapse, postsynaptic density
and NMDAR complex. g-values: p-value adjusted for false discovery rate (FDR) using
Benjamini-Hochberg procedure. (C) Representative coverage plots for mRNA targets of
CYFIP1 (Shankl, Shank2, Shank3). Coverage plot for Homerl (control, non-target) is also
shown for comparison. Read coverage is normalized by library size. Top panel shows
coverage in the RIP library; middle panel shows the control library, and lower panel shows
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a representation of the genetic features of each mRNA. For genes with multiple transcripts,
the longest one is shown. (D) GO analysis of CYFIP1 mRNA targets reveals enrichment
for terms related to neuronal function and postsynaptic density. Disease ontology analysis
shows enrichment for genes associated with mental disorders, including schizophrenia and
ASD. (E) Association of the CYFIP1 protein with mRNAs encoding the NMDAR complex.
Shown on the top is a representative immunoblot of the CYFIP1 protein pulled-down by
immunoprecipitation (IP) from hippocampal lysates. Shown on the bottom are quantitative
PCR results from co-1Ped mRNAs by anti-CYFIP1 antibody compared with co-1Ped
MRNAs by control IgG. Values represent mean + SEM (n = 4 independent experiments;
***n < 0.001; **p < 0.01; *p < 0.05; Student’s t-test). (F) RIP-gPCR of human surgical
cerebral cortex samples confirms that CYFIP1 binds its targets in the human brain. Values
represent mean + SEM (n = 3 independent experiments; ***p < 0.001; **p < 0.01; *p <
0.05; Student’s t-test).
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Figure 4. Translational regulation of mMRNAs encoding the NMDAR complex by CYFIP1.
(A) A schematic diagram of the experimental design. Ribosomal fractions from hippocampal

lysates were pelleted by ultracentrifugation, and then labeled with biotin-puromycin to
release newly synthesizing peptides. Released biotin-puromycin-tagged nascent peptides
were directly applied to Western blotting with HRP-conjugated streptavidin (StAv-HRP) to
monitor the general translation rate (B), or pulled-down with magnetic beads conjugated
with streptavidin and applied to Western blotting with specific antibodies (C-D). (B) Normal
general translation rate in cKO mice. Shown on the left is a representative immunoblot

of total biotin-puromycin labeled peptide detected by StAV-HRP. Vertical line traces of

the HRP signal on each lane are shown on the right of the immunoblot. HRP signals

were normalized with RPS6 signals and quantified. Values represent mean + SEM (n = 3
independent experiments, 3 animals per group in each experiment; n.s.: p > 0.05; Student’s
t-test). (C-D) Protein synthesis for the NMDAR complex was increased in cKO mice (C)
and reduced in the cOE mice (D). Shown on the left are representative immunoblots of the
total pulled-down nascent peptides detected by StAV-HRP. The same samples were applied
to Western blotting with specific antibodies shown in the middle. Relative protein synthesis
in cKO and cOE mice were normalized by StAV-HRP signals, quantified and compared with
WT1 and WT2 mice, respectively, shown on the right. Values represent mean = SEM (n =

3 independent experiments, 3 animals per group in each experiment; ***p < 0.001, **p <
0.01; *p < 0.05; n.s.: p > 0.05; Student’s t-test).
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Figure 5. Altered postsynaptic protein expression in synapses with differential Cyfipl dosages.
(A) Increased expression of the NMDAR subunits and associated complex in cKO mice.

Shown are representative immunoblots of synaptosomal fractions from the hippocampal
lysates of 3-month-old littermate WT1 and cKO mice. All data were normalized to ACTIN
levels for the loading control, and then the protein expression levels of cKO mice were
normalized to that of WT1 mice and plotted as relative changes of the expression level.
Values represent mean + SEM (n = 3-7 animals; **p < 0.01; *p < 0.05; Student’s t-test). (B)
Decreased expression of the NMDAR subunits and associated complex in cKO mice. Shown
are representative immunoblots of synaptosomal fractions from the hippocampal lysates of
3-month-old littermate WT2 and cOE mice. All data were normalized to ACTIN levels for
the loading control, and then the protein expression levels of cOE mice were normalized to
that of WT2 mice and plotted as relative changes of the expression level. Values represent
mean + SEM (n = 3-6 animals; **p < 0.01; *p < 0.05; Student’s t-test).
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Figure 6. Reciprocal changes in NMDAR function in the Cyfipl cKO and cOE mice.
(A-B) NMDA/AMPA ratio recorded from acute hippocampal slices of cKO and cOE mice.

Shown on the left are sample recording traces. Shown on the right are summary of NMDA/
AMPA mediated evoked synaptic current ratio. Values represent mean £ SEM (n=7

WT1, 7 cKO, 9 WT2, 7 cOE; **p < 0.01; *p < 0.05; Student’s t-test). (C) Reciprocal
sensitivity on MK-801 administration in cKO (upper panel) and cOE (lower panel) mice.
Shown on the left, MK-801 (0.3 mg/kg, i.p.) was injected after a 1 hr habituation, and the
locomotor activity in an open field was presented by the number of beams broken every

10 min. Arrows represent the time of the MK-801 injection. Shown on the right, locomotor
activity was quantified during the first 1 hr and the last 1 hr after MK-801 injection.

Values represent mean £ SEM (n = 15 WT1, 14 cKO, 9 WT2, 12 cOE; **p < 0.01; *p <

0.05; Student’s t-test). (D) Reciprocal alteration in NMDAR-mediated signaling in cKO and

cOE mice. Shown on the left are representative immunoblots of the synaptosomal fraction
from the hippocampal lysate of 3-month-old mice. Levels of phosphorylated CaMKIla and
p38 were increased in cKO mice compared with WT1 mice, but decreased in cOE mice
compared with WT2 mice. Shown on the right are quantified levels of phosphorylated
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protein normalized to the amount of total protein. Values represent mean + SEM (n =6
animals; ***p < 0.001; **p < 0.01; *p < 0.05; Student’s t test).
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Figure 7. Treatment with memantine in cKO and D-cycloserin in cOE rescued behavioral
abnormalities.

(A) A model of NMDAR dysfunction with different levels of CyfipI and pharmacological
approaches to re-balance NMDAR signaling. (B-C) Behavioral despair in cKO mice was
rescued by memantine (MEM), but not vehicle (VEH) treatment. Immobile time in both the
TST (B) and FST (C) was restored in cKO mice after memantine treatment to the level

of WT1 mice. Values represent mean + SEM (TST: n = 10 WT1+VEH, 9 cKO+VEH, 8
WT1+MEM, 8 cKO+MEM; FST: n =11 WT1+VEH, 9 cKO+VEH, 10 WT1+MEM, 8
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cKO+MEM; **p < 0.01; n.s: p > 0.05; One-way ANOVA). (D) The level of amphetamine-
induced hyperactivity in cKO mice was restored to the level of WT1 mice after memantine
treatment. Shown on the left is the trace of locomotor activity. An arrow represents the

time of amphetamine injection. Shown on the right is the total number of beams broken
after the amphetamine injection. Values represent mean + SEM. (n =8 WT1+VEH, 8
cKO+VEH, 7 WT1+MEM, 11 cKO+MEM; **p < 0.01; n.s: p > 0.05; Student’s t-test).
(E-F) Social impairments of cOE mice were improved after D-cycloserin (DCS) treatment.
In the first stage, interaction time with stranger 1 by cOE mice after DCS treatment was
significantly increased compared to cOE mice without treatment, similar to WT1 mice with
or without treatment (E). In the second stage, cOE mice showed a significant preference for
stranger 2 after DCS treatment, whereas the non-treated cOE mice showed no preference
for stranger 2 (F). Values represent mean + SEM (n =7 WT2+VEH, 7 cOE+VEH, 7
WT2+DCS, 7 cOE+DCS; ***p < 0.001; *p < 0.05; n.s: p > 0.05; One-way ANOVA). (G)
The level of amphetamine-induced hyperactivity in cOE mice was restored to the level of
WT2 mice after DCS treatment. Shown on the left is the trace of locomotor activity. An
arrow represents the time of amphetamine injection. Shown on the right is the total number
of beams broken after the amphetamine injection. Values represent mean = SEM (n = 10
WT2+VEH, 12 cOE+VEH, 8 WT2+DCS, 8 cOE+DCS; **p < 0.01; n.s.: p > 0.05; One-way
ANOVA).
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Resource Type Specific Reagent or Resource Source or Identifiers Additional
Reference Information
Add additional rows Include species and sex when applicable. Include name of Include catalog numbers, Include any
as needed for each manufacturer, stock numbers, database additional
resource type company, 1Ds or accession numbers, | information or
repository, and/or RRIDs. RRIDs are notes if
individual, or highly encouraged; search necessary.
research lab. for RRIDs at https://
Include PMID or scicrunch.org/resources.
DOI for references;
use “this paper” if
new.
Antibody Mouse anti-ACTIN Millipore MAB1501, 1/5000
RRID:AB_2223041 dilution
Antibody Rabbit anti-ACTIN Cytoskeleton AANO1, 1/2000
RRID:AB_10708070 dilution
Antibody Rabbit anti-ARC Synaptic Systems 156003, 1/3000
RRID:AB_887694 dilution
Antibody Mouse anti-bllI-Tubulin Sigma Aldrich T5201, RRID:AB_609915 | 1/3000
dilution
Antibody Mouse anti-CaMKlla Santa Cruz Biotech | sc-13141, 1/3000
RRID:AB_626789 dilution
Antibody Rabbit anti-CYFIP1 Millipore AB6046, 1/3000
RRID:AB_10807712 dilution
Antibody Mouse anti-GAPDH Abcam AB9484, 1/5000
RRID:AB_307274 dilution
Antibody Rabbit anti-GRIA1 Alomone Labs AGC-004, 1/2000
RRID:AB_2039878 dilution
Antibody Mouse anti-GRIA2 Millipore MAB397, 1/2000
RRID:AB_2113875 dilution
Antibody Mouse anti-GRIN1 Millipore MAB363, 1/2000
RRID:AB_94946 dilution
Antibody Rabbit anti-GRIN2A Millipore 05-901R, 1/2000
RRID:AB_11215116 dilution
Antibody Rabbit anti-GRIN2B Abcam PRB-512P, 1/2000
RRID:AB_10720558 dilution
Antibody Mouse anti-HA Covance MMS-101P, 1/2000
RRID:AB_2314672 dilution
Antibody Mouse anti-HOMER1 Synaptic Systems 160011, 1/3000
RRID:AB_2120992 dilution
Antibody Mouse anti-p38 MAPK Cell signaling 9228, 1/1000
RRID:AB_10694990 dilution
Antibody Rabbit anti-phospho-p38 MAPK Cell signaling 9215, RRID:AB_331762 1/1000
dilution
Antibody Rabbit anti-phospho-CaMKIla Cell signaling 3361, RRID:AB_2275070 | 1/1000
dilution
Antibody Mouse anti-PSD95 Synaptic Systems 124011, 1/3000
RRID:AB_10804286 dilution
Antibody Mouse anti-SHANK2 Santa Cruz Biotech sc-271834, 1/500 dilution
RRID:AB_10707674
Antibody Mouse anti-SHANK3 Santa Cruz Biotech sc-30193, 1/1000
RRID:AB_2301759 dilution
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Resource Type Specific Reagent or Resource Source or Identifiers Additional
Reference Information
Antibody Streptavidin-HRP R&D Systems DY998 1/1000
dilution
Antibody Mouse anti-SV2 DSHB SV2, RRID:AB_2315387 | 1/3000
dilution
Antibody Rabbit anti-SYNAPSIN1 Millipore 5747717, 1/3000
RRID:AB_2200124 dilution
Antibody Mouse anti-SYNAPTOPHYSIN Millipore MAB5258, 1/2000
RRID:AB_2313839 dilution
Antibody Rabbit anti-SYNGAP1 Thermo Fisher PA1-046, 1/2000
Scientific RRID:AB_2287112 dilution
Antibody goat anti-rabbit I9gG-HRP Santa Cruz sc-2004, RRID: 1/7000
AB_631746 dilution
Antibody goat anti-mouse 1gG-HRP Santa Cruz sc-2005, RRID: 1/7000
AB_631736 dilution
Chemical Compound | 5’ Biotin-dC-puromycin Jena Bioscience NU-925-BIO-S
or Drug
Chemical Compound | Cycloheximide Sigma Aldrich C7698
or Drug
Chemical Compound | Dithiothreitol Sigma Aldrich 43815
or Drug
Chemical Compound | Complete EDTA-free protease inhibitor Roche 11873580001
or Drug cocktail
Chemical Compound | Phosphatase Inhibitor Cocktail Cell Signaling 5870
or Drug
Chemical Compound | Protease Inhibitor Cocktail Sigma P8340
or Drug
Chemical Compound | 4x Laemmli Sample Buffer Bio-Rad 1610747
or Drug
Chemical Compound | RNAsin RNase inhibitor Promega N2111
or Drug
Chemical Compound | IGEPAL CA-630 Sigma Aldrich 18896
or Drug
Chemical Compound | QIAzol Lysis Reagent Qiagen 79306
or Drug
Chemical Compound | luciferase spike-in control RNA Promega L4561
or Drug
Chemical Compound | TRIzol reagent Thermo Fisher 15596026
or Drug Scientific
Chemical Compound | Dynabeads Protein G Thermo Fisher 10003D
or Drug Scientific
Chemical Compound | CNQX Tocris Bioscience 190
or Drug
Chemical Compound | Bicuculline Tocris Bioscience 131
or Drug
Chemical Compound | Memantine hydrochloride Sigma Aldrich M9292
or Drug
Chemical Compound | D-Cycloserine Abcam ab120121
or Drug
Chemical Compound | D-amphetamine Sigma Aldrich A5880

or Drug
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Resource Type Specific Reagent or Resource Source or Identifiers Additional
Reference Information

Chemical Compound | A83-01 Stemcell 72022

or Drug Technologies

Chemical Compound | Dorsomorphin Stemcell 72102

or Drug Technologies

Chemical Compound | Y-27632 Cellagen C9127-2s

or Drug Technology

Chemical Compound | StemPro Accutase Cell Dissociation Reagent Thermo Fisher A1110501

or Drug Scientific

Chemical Compound | Dulbecco’s Phosphate-Buffered Saline Corning 21-031

or Drug (DPBS)

Chemical Compound | Dulbecco’s Modification of Eagle’s Medium Corning 10-013

or Drug (DMEM)

Chemical Compound | DMEM/F-12, HEPES Gibco 11330-032

or Drug

Chemical Compound | Neurobasal® Medium Gibco 21103049

or Drug

Chemical Compound | KnockOut™ Serum Replacement Gibco 10828028

or Drug

Chemical Compound | GlutaMAX™ Supplement Gibco 35050061

or Drug

Chemical Compound | MEM Non-Essential Amino Acids Solution Gibco 11140050

or Drug

Chemical Compound | Penicillin-Streptomycin (10,000 U/mL) Gibco 15140122

or Drug

Chemical Compound | 2-Mercaptoethanol Gibco 21985023

or Drug

Chemical Compound | N-2 Supplement Gibco 17502048

or Drug

Chemical Compound | B-27® Supplement Gibco 17504044

or Drug

Chemical Compound | Matrigel® Growth Factor Reduced (GFR) Corning 354230

or Drug Basement Membrane Matrix

Chemical Compound | Insulin solution Sigma-Aldrich 10516

or Drug

Chemical Compound | Fetal Bovine Serum (FBS) Corning 35-010

or Drug

Chemical Compound | 0.1% Gelatin in Water Stemcell 7903

or Drug Technologies

Chemical Compound | Advanced DMEM/F-12 Gibco 12634010

or Drug

Chemical Compound | Human recombinant LIF Stemcell 78055

or Drug Technologies

Chemical Compound | Costar® 6 Well Clear Flat Bottom Ultra Low Sigma-Aldrich CLS3471

or Drug Attachment plate

Chemical Compound | Recombinant Human FGF-basic Peprotech 100-18B

or Drug

Chemical Compound | BDNF Peprotech 450-02

or Drug

Chemical Compound | GDNF Peprotech 450-10

or Drug
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Resource Type Specific Reagent or Resource Source or Identifiers Additional
Reference Information

Chemical Compound | Cyclopamine Selleckchem S1146

or Drug

Chemical Compound | Ascorbic acid Sigma 1043003

or Drug

Chemical Compound | cAMP Sigma A6885

or Drug

Chemical Compound | SUPERase In RNase Inhibitor Thermo Fisher AM2694

or Drug Scientific

Chemical Compound | Pierce™ streptavidin magnetic beads Thermo Fisher 88816

or Drug Scientific

Commercial Assay RNeasy Mini kit Qiagen 74104

Or Kit

Commercial Assay SuperScript 111 First-Strand Synthesis System Thermo Fisher 18080051

Or Kit Scientific

Commercial Assay Fast SYBR Green Master Mix Thermo Fisher 4385610

Or Kit Scientific

Commercial Assay NEBNext Ultra RNA Library Prep Kit for New England E7530

Or Kit Hlumina Biolabs

Cell Line C1-1 (iPSC from normal human foreskin Yoon et al., 2014 N/A
fibroblasts)

Cell Line C1-2 (iPSC from normal human foreskin Yoon et al., 2014 N/A
fibroblasts)

Cell Line C3-1 (iPSC from normal human foreskin Yoon et al., 2014 N/A
fibroblasts)

Cell Line C3-2 (iPSC from normal human foreskin Yoon et al., 2014 N/A
fibroblasts)

Cell Line Y1-3 (iPSC from a fibroblast with 15q11.2 Yoon et al., 2014 N/A
deletion)

Cell Line Y1-4 (iPSC from a fibroblast with 15q11.2 Yoon et al., 2014 N/A
deletion)

Cell Line Y2-3 (iPSC from a fibroblast with 15q11.2 Yoon et al., 2014 N/A
deletion)

Cell Line Y2-4 (iPSC from a fibroblast with 15q11.2 Yoon et al., 2014 N/A
deletion)

Organism/Strain Mouse: B6.Cg-Tg(Nes-cre)1KIn/J Jackson Laboratory | 003771 RRID:

IMSR_JAX:003771

Organism/Strain Mouse: Cyfip1 floxed This paper N/A

Organism/Strain Mouse: CyfipI conditional knock-in This paper N/A

Recombinant DNA gPCR primer_forward for mouse GrinZa: This paper N/A
GACCCCAAGAGCCTCATCAC

Recombinant DNA gPCR primer_reverse for mouse GrinZa: This paper N/A
CTGGATGGACGCTCCAAACT

Recombinant DNA gPCR primer_forward for mouse Grin2b. This paper N/A
TCTGACCGGAAGATCCAGGG

Recombinant DNA gPCR primer_reverse for mouse Grin2b: This paper N/A
TCCATGATGTTGAGCATTACGG

Recombinant DNA gPCR primer_forward for mouse Shank2: This paper N/A
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CTTTGGATTCGTGCTTCGAGG

Recombinant DNA gPCR primer_reverse for mouse Shank2. This paper N/A
GACTCCAGGTACTGTAGGGC

Recombinant DNA gPCR primer_forward for mouse Psd95: This paper N/A
TCGGTGACGACCCATCCAT

Recombinant DNA gPCR primer_reverse for mouse Psd95: This paper N/A
GCACGTCCACTTCATTTACAAAC

Recombinant DNA gPCR primer_forward for mouse Homerl: This paper N/A
CCGGGCAAACACCGTTTATG

Recombinant DNA gPCR primer_reverse for mouse Homerl: This paper N/A
TGCTAGTCGAGCAGCTTCTTTA

Recombinant DNA gPCR primer_forward for mouse Synapsini: This paper N/A
AGTTCTTCGGAATGGGGTGAA

Recombinant DNA gPCR primer_reverse for mouse Synapsini: This paper N/A
CAAACTGCGGTAGTCTCCGTT

Recombinant DNA gPCR primer_forward for mouse CyfipI: This paper N/A
AACCCGAGGTCACAAAACTG

Recombinant DNA gPCR primer_reverse for mouse CyfipI: This paper N/A
TTCAGCTCATCCAACACAGC

Recombinant DNA gPCR primer_forward for mouse GrinI: This paper N/A
TACAAGCGACACAAGGATGC

Recombinant DNA gPCR primer_reverse for mouse GrinI: This paper N/A
TCAGTGGGATGGTACTGC TG

Recombinant DNA gPCR primer_forward for mouse Grial: This paper N/A
CGGAAATTGCTTATGGGACA

Recombinant DNA gPCR primer_reverse for mouse Grial: This paper N/A
AC ACAGCGATTTTAGACCTCCT

Recombinant DNA gPCR primer_forward for human GRINZA: This paper N/A
GACCCCAAGAGCCTCATCAC

Recombinant DNA gPCR primer_reverse for human GRINZA: This paper N/A
CTGGATGGACGCTCCAAACT

Recombinant DNA gPCR primer_forward for human GRINZB: This paper N/A
TCTGACCGGAAGATCCAGGG

Recombinant DNA gPCR primer_reverse for human GRINZB: This paper N/A
TCCATGATGTTGAGCATTACGG

Recombinant DNA gPCR primer_forward for human SHANKZ: This paper N/A
CTTTGGATTCGTGCTTCGAGG

Recombinant DNA gPCR primer_reverse for human SHANKZ. This paper N/A

GACTCCAGGTACTGTAGGGC
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Recombinant DNA gPCR primer_forward for human HOMERI: This paper N/A
CCGGGCAAACACCGTTTATG
Recombinant DNA gPCR primer_reverse for human HOMERI: This paper N/A
TGCTAGTCGAGCAGCTTCTTTA
Recombinant DNA gPCR primer_forward for human This paper N/A
SYNAPSINI:
AGTTCTTCGGAATGGGGTGAA
Recombinant DNA gPCR primer_reverse for human This paper N/A
SYNAPSINI:
CAAACTGCGGTAGTCTCCGTT
Software; Algorithm | Tophat2 Kim et al., 2013 https://cch.jhu.edu/
software/tophat/
index.shtml
Software; Algorithm | Fastx Toolkit http:// http://hannonlab.cshl.edu/

hannonlab.cshl.edu/
fastx_toolkit

fastx_toolkit/
download.html

Software; Algorithm

Toppgene

Chen et al., 2009

https://
toppgene.cchmc.org

Software; Algorithm

Webgestalt

Zhang et al., 2005

http://
www.webgestalt.org/
option.php

Software; Algorithm

RIPSeeker

Lietal., 2013

https://bioconductor.org/
packages/release/bioc/
html/RIPSeeker.html

Software; Algorithm

AnyMaze

Stoelting

http://
www.anymaze.co.uk/
index.htm

Other SuperSignal West Dura Extended Duration Thermo Fisher 34075
Substrate Scientific

Other Immun-Blot PVDF Membrane Bio-Rad 1620177

Other 2 ml Potter-Elvehjem Tissue Grinders Thermo Fisher 358029

Scientific
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