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SUMMARY
The Ras GTPase-activating protein SYNGAP1 plays a central role in synaptic plasticity, and de novo
SYNGAP1 mutations are among the most frequent causes of autism and intellectual disability. How
SYNGAP1 is regulated during development and how to treatSYNGAP1-associated haploinsufficiency remain
challenging questions. Here, we characterize an alternative 30 splice site (A3SS) of SYNGAP1 that induces
nonsense-mediated mRNA decay (A3SS-NMD) in mouse and human neural development. We demonstrate
that PTBP1/2 directly bind to and promote SYNGAP1 A3SS inclusion. Genetic deletion of the Syngap1 A3SS
in mice upregulates Syngap1 protein and alleviates the long-term potentiation and membrane excitability
deficits caused by a Syngap1 knockout allele. We further report a splice-switching oligonucleotide (SSO)
that converts SYNGAP1 unproductive isoform to the functional form in human iPSC-derived neurons. This
study describes the regulation and function of SYNGAP1 A3SS-NMD, the genetic rescue of heterozygous
Syngap1 knockout mice, and the development of an SSO to potentially alleviate SYNGAP1-associated hap-
loinsufficiency.
INTRODUCTION

Synaptic transmission and plasticity are fundamental to neuronal

functions, and alterations of synaptic protein expression are

direct causes of autism, intellectual disability (ID), and epi-

lepsy.1,2 De novo loss-of-function (LoF) mutations in SYNGAP1,

encoding the synaptic Ras GTPase-activating protein,3,4 are

among the most prevalent causes of ID and autism spectrum

disorders.5–7 Previous human and mouse studies on SYNGAP1

pathogenic mechanisms converge on that de novo mutations

are predominantly LoF alleles and lead to SYNGAP1 haploinsuf-

ficiency.7–9 The development of treatment for SYNGAP1-associ-

ated conditions has a far-reaching impact.

Syngap1 was initially identified by sequencing proteins in the

postsynaptic density (PSD) or interacting with PDZ domains.3,4

Syngap1 suppresses ERK phosphorylation and surface AMPA

receptor levels10,11; phosphorylation of Syngap1 by CaM Kinase

II rapidly disperses Syngap1 from synaptic spines and triggers
AMPA receptor insertion.3,12 Homozygous Syngap1 knockout

(Syngap1 �/�) mice died within 48 h after birth; heterozygous

Syngap1 knockout led to �50% reduction of Syngap1 protein,

reduced long-term potentiation (LTP), impairedmembrane excit-

ability, decreased ability in spatial learning, and reduced cogni-

tion primarily due to defects in forebrain excitatory neurons.13–16

Loss of Syngap1 in GABAergic cells was also reported to impair

cognitive functions.17 Mechanistically, Syngap1 heterozygous

knockoutmice exhibited increased excitatory synaptic transmis-

sion in early postnatal development due to enhanced AMPA

receptor sensitivity.9 The re-expression of Syngap1 in adult

mice slightly improved brain functions and behaviors,18 implying

that upregulating SYNGAP1 protein expression in the brain can

potentially alleviate symptoms in human patients with SYNGAP1

haploinsufficiency.

Alternative splicing coupled with nonsense-mediated mRNA

decay (AS-NMD), or unproductive splicing, is frequently used

by RNA splicing regulators as a negative autofeedback for
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homeostatic protein expression.19,20 AS-NMD is predicted to

regulate hundreds of genes in mammalian brains,21 but its role

in human and mouse brain development has only started to be

explored recently.22–24 In past years, splice-switching oligonu-

cleotides (SSOs) targeting genes such as SMN2 have been suc-

cessful in treating neurological disorders,25,26 paving the path for

SSO-mediated therapy and personalized medicine.27 In our

efforts to study cell-type-specific alternative splicing, we identi-

fied an alternative 30 splice site (A3SS) ofSYNGAP1 intron 10 that

led to NMD in mouse and human brain development, hereafter

referred to asSyngap1A3SS-NMD. Alternative splicing was sug-

gested as a potential way tomodulate SYNGAP1 protein expres-

sion in HEK293 cells,28 but it remains unclear to what extent SSO

works in human neurons. More importantly, as a safety measure,

it is essential to understand the organismal function and dosage

effect of Syngap1 A3SS-NMD in vivo before targeting this exon

for therapy.

We have characterized Syngap1 A3SS-NMD inclusion in brain

development and investigated regulatorymechanisms.We iden-

tified intronic sequences required for Syngap1 A3SS-NMD inclu-

sion, and genetic deletion of such sequences in mice resulted in

the skipping of A3SS-NMD and enrichment of the neuronal iso-

form; therefore, we named this mouse allele Syngap1-NISO

(Neuronal ISOform). Notably, we detected decreased A3SS-

NMD inclusion and increased Syngap1 protein expression in

Syngap1-NISOmouse brains and SSO-treated cerebral organo-

ids. In this study, we investigate the functions of Syngap1 A3SS-

NMD in vivo and explore whether the A3SS-NMD exon is a

possible target to rescue haploinsufficiency.

RESULTS

Alternative splicing of mouse Syngap1 intron10 leads to
nonsense-mediated mRNA decay
We investigated cell-type-specific alternative splicing during

neocortical development at embryonic day 14.5 (E14.5) and

identified an A3SS of Syngap1 intron10 (Figure 1A). We exam-

ined the Syngap1 A3SS in mouse development and found that

the inclusion level was high in non-neural tissues and during early

brain development but decreased substantially in the adult brain

(Figure 1B). RT-PCR of the Syngap1 A3SS showed 76% inclu-

sion at E12.5 and 5% inclusion at postnatal day 40 (P40, Fig-

ure 1C). Notably, intronic sequences around the Syngap1

A3SS are conserved in vertebrates, suggesting a selection pres-

sure during evolution (Figure 1B, bottom track). In cultured pri-

mary cortical neurons, theSyngap1A3SS showed 33%±5%us-

age at day 1 in vitro (DIV1) and decreased to 5% ± 1% at DIV15

(Figure S1A). These results suggest that the Syngap1 A3SS is

included in mouse brain development and remains detectable

in differentiated neurons.

Surprisingly, the Syngap1 A3SS introduces in-frame transla-

tional stop codons, which are predicted to truncate the

RasGAP domain or cause NMD (Figure 1D). Multiple lines of

our results support that Syngap1 A3SS causes NMD (A3SS-

NMD): (1) the predicted premature stop codons are over 50

base pairs away from downstream splice junctions (Figure 1D),

(2) an antibody against the N terminus of Syngap1 recognized

the ectopically expressed Syngap1 N-terminal fragment and
2 Neuron 111, 1–14, May 17, 2023
the endogenous full-length protein but was unable to detect

the truncated isoform from brain lysates (Figure 1E), (3) the Syn-

gap1 A3SS isoform was enriched when NMDwas blocked by in-

hibiting protein translation with cycloheximide (CHX) in Neuro2a

cells and in primary neurons (Figures 1F and S1B), and (4) Syn-

gap1 A3SS was upregulated when NMD was blocked by knock-

ing down Upf1 with two different siRNAs in Neuro2a cells

(Figures 1G and S1C). These results indicate that Syngap1

A3SS causes NMD, whereas the canonical neuronal splice

isoform ensures robust protein expression.

SYNGAP1 unproductive splicing is functionally
conserved in humans
To determine whether human SYNGAP1 is regulated by A3SS in

cortical development, we compared RNA-seq data between the

ventricular zone (VZ, enriched for neural progenitors) and cortical

plate (CP, enriched for post-mitotic neurons) of the gestational

week 16 (GW16) fetal human brains.29 The SYNGAP1 A3SS

showed higher inclusion in the VZ than in the CP (Figure 2A).

This was further confirmed using RT-PCR with microdissected

VZ and CP samples from multiple postmortem fetal dorsal fore-

brains (Figure 2B). We analyzed the human SYNGAP1 RNA-seq

reads and confirmed the inclusion of premature stop codons

(Figure S2A). We further examined human SYNGAP1 A3SS in-

clusion during induced pluripotent stem cell (iPSC)-to-neuron

differentiation and found the SYNGAP1 A3SS remained 23% ±

2% in NGN1/2-induced neurons at day 4 (Figures 2C and

S2B). CHX treatment in iPSCs and iPSC-derived neurons signif-

icantly increased SYNGAP1 A3SS transcripts (Figures 2D and

2E). Although the human SYGNAP1 transcript was also detect-

able in non-neural tissues (GTEx), the SYNGAP1 A3SS-NMD

provides an orthogonal mechanism to ensure neural-specific

expression of SYNGAP1 protein. Multiple sequence alignment

of mammalian SYNGAP1 intron10 showed that the premature

stop codon (TGA) introduced by the A3SSwas highly conserved,

although the positions of alternative 30 splice sites varied among

different species (Figure 2F). These results indicate that the SYN-

GAP1 A3SS-NMD is functionally conserved in human neural

development.

Human mutations causing SYNGAP1 unproductive
splicing are associated with ID and autism
To understand whether the SYNGAP1 A3SS-NMD is functional

in humans, we focused on two previously reported SYNGAP1

mutations in intron10: thesemutations were identified in patients

with typical ID and autistic features; however, the effects of these

mutations on SYNGAP1 expression were not well under-

stood.7,30 We constructed wild-type and mutant SYNGAP1

mini-genes (spanning exon9 to exon12), introduced the con-

structs into Neuro2a cells, and found that the c.1676+5 G>A

(NM_006772.2) mutation almost completely disrupted the splice

donor and induced high intron10 retention (Figures 2G and 2H).

The pathogenic c.1677-2_1685del mutation disrupted the ca-

nonical splice acceptor of intron 10 and significantly increased

SYNGAP1 A3SS usage (Figures 2G and 2H). Thus, human muta-

tions that lead to SYNGAP1 A3SS-NMD or intron10 retention

could result in autism and ID, suggesting that the SYNGAP1

A3SS-NMD transcript is not functional in vivo.



Figure 1. Alternative 30 splice site of mouse Syngap1 inton10 induces nonsense-mediated mRNA decay

(A) Sashimi plots of isolated cortical neurons and apical neural progenitors showing Syngap1 A3SS in embryonic day 14.5 (E14.5) mouse dorsal forebrain. The

A3SS exon inclusion ratios are indicated.

(B) RNA-seq results showing that Syngap1 A3SS was enriched in early brain development and non-neural tissues.

(C) RT-PCR results showing that the Syngap1 A3SSwas higher in the developing forebrain (76% at E12.5) and remained detectable in adulthood (5% at P40). PSI

represents percent spliced in. One biological sample per lane.

(D) The Syngap1 A3SS introduces in-frame stop codons that truncate the protein and/or induce nonsense-mediated mRNA decay.

(E) The predicted Syngap1 short protein isoform was not detectable in mouse brain lysates by western blot.

(F) The Syngap1 A3SS transcripts were enriched in Neuro2a cells treated with cycloheximide (CHX, two biological replicates per condition, p < 0.001, unpaired

t test).

(G) The Syngap1 A3SS-NMD was upregulated in Neuro2a treated with two siRNAs against Upf1 (adj.p < 0.05 for siRNA-1, adj.p < 0.01 for siRNA-2, one-way

ANOVA). Two biological replicates per condition.

See also Figure S1.
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SYNGAP1 A3SS-NMD is promoted by PTBP proteins
Alternativepre-mRNAsplicing is regulatedbyRNAsequence incis

andsplicing regulator proteins in trans.31–33Weanalyzed theflank-

ing sequences of SYNGAP1 A3SS-NMD and identified CUCUCU

sequences that resemble binding motifs of PTBP1 and PTBP2

(Figure S3A). PTBP proteins are master splicing regulators in

miceandhumans:PTBP1 ishighlyexpressed inneural progenitors

and non-neural tissues (GTEx), and PTBP2 is expressed in imma-

ture and differentiating neurons.22,32,34 Across different develop-

mental stages in the human dorsal forebrain35 (from gestational

week 4 to elderly adults), SYNGAP1 A3SS-NMD inclusion ratios

showed the samedecreasing trend asPTBP1/2mRNA levels (Fig-

ure S3B). We used shRNAs to knock down Ptbp1 and Ptbp2 in

Neuro2a cells and found that theSyngap1A3SS isoformwas sup-
pressed in double knockdown samples (Figures 3A and 3B).

Conversely, ectopic expression of PTBP1 in primary mouse

cortical neurons decreased Syngap1 protein levels (Figures 3C

andS3C). These results suggest that PTBP1 andPTBP2 suppress

Syngap1 protein translation by promoting A3SS-NMD.

To determine whether Syngap1 is a direct binding target of

Ptbp proteins, we re-analyzed RNA crosslinking immunoprecip-

itation and sequencing (CLIP-seq) datasets of Ptbp1 in mouse

embryonic stem cells (ESCs) and neural progenitor cells

(NPCs),36 and Ptbp2 CLIP-seq results in E18.5 neocortices.37

We identified Ptbp1 and Ptbp2 CLIP tags in the Syngap1

intron10 between the canonical and the alternative 30 splice sites

(Figure 3D). Ptbp proteins bind toCU-richmotifs and can redirect

splicing by competing with U2af65/U2af2,38 a core splicing
Neuron 111, 1–14, May 17, 2023 3



Figure 2. Human SYNGAP1 A3SS induces nonsense-mediated mRNA decay in neural development

(A) RNA-seq results showing SYNGAP1 A3SS in the laser microdissected cortical plate (CP) and ventricular zone (VZ) of gestational week 16 (GW16) fetal

brains.29

(B) RT-PCR results showing that SYNGAP1 A3SS was enriched in fetal cortical development.

(C) RT-PCR results showing that SYNGAP1 A3SS levels significantly decreased in iPSCs during NGN1/2-induced neuronal differentiation. Two biological rep-

licates per condition, p < 0.001, one-way ANOVA.

(D) SYNGAP1 A3SS was enriched in iPSCs after CHX treatment. p < 0.001 by t test, three biological replicates.

(E) SYNGAP1 A3SS ratio was increased in iPSC-derived neurons after CHX treatment. p < 0.001 by t test, three biological replicates.

(F) Sequence alignment showing that the premature stop codon (TGA) in SYNGAP1 A3SS is conserved in mammals while the splice acceptor sites (AG) are

variable. The AG sites were annotated according to RNA-seq results of corresponding species in NIH Genome Data Viewer.

(G and H) RT-PCR results of SYNGAP1 mini-gene constructs (G) transfected in Neuro2a cells showing that human SYNGAP1 intronic mutations identified in

autism and ID patients led to intron 10 retention (c.1676 +5 G>A, NM_006772.2) or abnormal A3SS inclusion (c.1677 -2_1685del, p < 0.001 by t test, three

biological replicates in H).

See also Figure S2.
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factor that binds to the polypyrimidine tract for 30 splice site

recognition. We re-analyzed CLIP-seq data of U2af65 from

E18.5 neocortices and found that CLIP-seq tags of U2af65 and

Ptbp1 overlapped with each other on Sygnap1 intron 10 (Fig-

ure 3D), suggesting that Ptbp1/2 may compete with U2af65

and regulate the 30 splice site.
4 Neuron 111, 1–14, May 17, 2023
To identify the specific sequences and potential PTBP1 bind-

ing sites required for human SYNGAP1 A3SS-NMD inclusion/

skipping, we created a series of mini-gene constructs in which

conserved DNA sequences and predicted PTBP1 binding sites

were deleted (Figures 3E and S3A; STAR Methods). We identi-

fied a deep intronic element and a potential U2AF65-PTBP



Figure 3. SYNGAP1 A3SS-NMD is regulated by PTBP proteins

(A) Western blot results showing shRNA knockdown of Ptbp1 and Ptbp2 in Neuro2a cells. Two different shRNAs were used for each of Ptbp1 and Ptbp2.

(B) RT-PCR results showing that loss of Ptbp1/2 promoted splicing of the canonical/productive Syngap1 isoform.

(C) Immunofluorescence staining of primary cortical neurons (DIV5) showing that ectopic expression of PTBP1 (red, mCherry) decreased Syngap1 protein

level (green).

(D) CLIP-Seq analyses showing Ptbp1, Ptbp2, and U2af65 binding peaks in the A3SS region.

(E) Mini-gene constructs of the human SYNGAP1 showing deletion of predicted splicing elements, and RT-PCR results showing their effects on A3SS insertion.

Noticeably, the intronic element #1 and predicted upstreamU2AF65-PTBP binding site #1were required for A3SS inclusion; the predicted U2AF65-PTBP binding

site #2 was required for canonical splicing and A3SS skipping. Two biological replicates for each condition.

(F) EMSA assay showing that PTBP1 protein had a higher affinity to the PTBP binding site #2 RNA probe.

(G) Current working model: in neural progenitors and differentiating neurons, PTBP proteins bind to site#2 in A3SS (red) and suppress the canonical/neuronal 30

splice site; in neurons, PTBP proteins are turned down/off, and site #2 is exposed for splicing machinery (U2AF65) recognition, which promotes neuronal isoform

expression.

See also Figure S3.
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binding site #1 (Site #1) required for SYNGAP1 A3SS inclusion.

Additionally, we identified a fragment within the A3SS-NMD

exon that is required for the canonical/productive 30 splice site

usage of SYNGAP1 intron10. After serial deletion, we narrowed

it down to a 30-base pair CUCUCU-rich polypyrimidine region,

designated potential U2AF65-PTBP potential binding site #2

(Site #2, Figures 3E and S3A). Noticeably, U2AF65/U2AF2
CLIP-seq tags were concentrated near both splice acceptor

sites in HEK293 cells (Figure S3A).

To examine the affinity of PTBP1 to the two predictedU2AF65-

PTBP binding sites #1 and #2, we performed an electrophoretic

mobility shift assay (EMSA) with PTBP1 protein and two sets of

RNA probes (Figure 3F). When mixed with increasing amounts

of in vitro translated PTBP1 protein, Cy5-labeled probes (hot)
Neuron 111, 1–14, May 17, 2023 5



Figure 4. Genetic deletion of Syngap1 A3SS-NMD increases Syngap1 protein in the neocortex

(A) CRISPR deletion of Syngap1 A3SS-NMD in mice to generate the Syngap1 NISO (N) allele (chr17:26959184-26959451, mm10) and the short NISO allele (S,

chr17:26959185-26959353, mm10).

(B and C) RT-PCR results showing thatSyngap1 A3SS-NMD exon was included in wild-type controls (+/+), decreased in Syngap1-NISO heterozygotes (N/+), and

excluded in Syngap1-NISO homozygotes (N/N) in P1 (B) and P10 (C) dorsal cortices.

(D) Western blot results showing Syngap1 protein levels in P2 cortices.

(E) Quantification of Syngap1 Western bot signals in (D) relative to Gapdh showing that Syngap1 levels were significantly increased in Syngap1 N/+ (32% ± 9%,

p < 0.005) and Syngap1 N/N (58% ± 6%, p < 0.001, one-way ANOVA, Dunnett’s multiple comparison test) when compared with wild type (+/+).

(F) fEPSP recordings of adult mice showing that the LTP was moderately decreased in Syngap1N/N. Numbers of animals and slices for each genotype were: +/+

(n = 6 animals, 11 slices), N/+ (n = 6, 13), N/N (n = 5, 11). *, adj.p = 0.0223.

(G–I) Barnes maze test results showing similar performance between wild type (+/+, n = 6) and mutants (N/+, n = 7; N/N, n = 6). (G) All genotypes show

improvement in the primary latency to the exit zone over the course of training. (H) Comparisons of primary latency to the exit zone during the probe trial shows

(legend continued on next page)
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for both Sites #1 and #2 shifted significantly; in parallel, unla-

beled cold probes successfully competed with their correspond-

ing hot probes, suggesting that PTBP1 can bind to both Sites #1

and #2 (Figure 3F). Interestingly, cold probe#2 showed more

potent competition effects to hot probe#1 than cold probe#1

(Figure 3F, left), and consistently, cold probe#1 showed weaker

competition than cold probe#2 to hot probe#2 (Figure 3F, right).

These results suggest the model that PTBP proteins bind to the

CUCUCU-rich polypyrimidine tract upstream of the canonical

splice site and compete with the splicing machinery, likely

through U2AF65, for the 30 splice site definition of intron10:

in neural progenitors, PTBP1 protein is expressed, binds to

U2AF65-PTBP binding site #2, and suppresses the canonical/

productiveSYNGAP1 splice site, whereas in neurons, PTBP pro-

teins are turned down (Figure S3B), resulting in exposure of the

SYNGAP1 canonical splice site and increased expression of

the neuronal SYNGAP1 isoform (Figure 3G).

Deletion of Syngap1 A3SS-NMD in mice upregulates
Syngap1 protein expression
We sought to understand whether Syngap1 A3SS-NMD is

required for mouse development by genetically deleting this

NMD event without affecting the protein-coding isoform (Fig-

ure 4A). Based on the results above (Figure 3E), we deleted the

intronic elements and the splice acceptor site required for

A3SS-NMD inclusion with CRISPR-Cas9 and created a mouse

strain named Syngap1-NISO (standing for Neuronal ISOform,

N allele, 268 bp deletion, Figures 4A and S4A). We also estab-

lished a Shorter NISO allele (S allele, 160 bp deletion) where

the intronic elements were deleted and the alternative 30 splice
site remained intact (Figures 4A and S4A). The Syngap1-NISO

heterozygotes (Syngap1 N/+, and S/+) and homozygotes

(Syngap1 N/N, and S/S) were born at expected Mendelian ratios

and appeared indistinguishable from their littermates.

We confirmed the depletion of Syngap1 A3SS-NMD intron10

in Syngap1 N/N animals with RT-PCR amplification of the total

RNA extracted from P1 and P10 neocortices (Figures 4B and

4C). Importantly, the inclusion of Syngap1 A3SS decreased in

Syngap1-NISO heterozygotes (N/+, Figures 4B and 4C). Simi-

larly, the Syngap1 A3SS significantly decreased in neocortices

of P1 S/+ and S/S mutants (Figures S4A–S4C). We focused on

the N allele thereafter because it led to the complete depletion

of Syngap1 A3SS-NMD in the neocortex (Figures 4B and 4C).

Western blot on cortical lysates uncovered that the Syngap1

protein levels were increased by 32% ± 9% in Syngap1 N/+

(adj.p < 0.005) and by 58% ± 6% in Syngap1 N/N samples at

P2 (adj.p < 0.001, one-way ANOVA, Dunnett’s multiple compar-

isons) when compared with wild-type controls (+/+, Figures 4D

and 4E), suggesting that one N allele can increase the protein

level to 1.6 times of one wild-type allele. Syngap1 protein was

also significantly increased by the Syngap1 N/+ (96% ± 22%,

adj.p = 0.018) and N/N (153% ± 25%, adj.p = 0.004) in P2 hippo-

campi when compared with wild type (p < 0.005, one-way
that Syngap1mutant mice performed similarly to wild-typemice. (I) Heat maps an

the probe trial. Syngap1 N/+ and Syngap1 N/N animals were not significantly di

probability for each genotype corresponds to the exit zone.

See also Figure S4.
ANOVA, Figures S4D and S4E). No Syngap1 protein was de-

tected in E18.5 Syngap1 N/+ heart or lung tissues (Figure S4G).

These results indicate that suppressing Syngap1 A3SS-NMD

can increase Syngap1 protein in the developing mouse brain.

Syngap1 has been shown to suppress AMPA receptor inser-

tion at the postsynaptic membrane; Syngap1 heterozygous

knockout mice showed enhanced synaptic transmission and

displayed defects in learning.9 Our Syngap1-NISO allele contra-

dicts the effects of Syngap1 knockout alleles: the NISO allele in-

creases Syngap1 protein expression, whereas the knockout

allele decreases. Thus, the newly established Syngap1-NISO

mouse model provides an opportunity to address whether the

Syngap1 A3SS-NMD is required to express LTP and influences

learning and/or memory in mice.

We generated the input-output curves to evaluate basal syn-

aptic transmission and examined the paired-pulse ratio of the

field excitatory postsynaptic potentiation (fEPSP) to evaluate

neurotransmitter release probability in adult wild type, Syngap1

N/+ and N/N mice. Neither the input-output relationship nor the

paired-pulse ratio was significantly different across the geno-

types (Figures S4I and S4J). We measured the LTP of fEPSP in

Syngap1 N/+ and Syngap1 N/N adult mouse hippocampi (Fig-

ure 4F). Recordings from each of the wild type (n = 8), Syngap1

N/+ (n = 7), and Syngap1 N/N (n = 5) genotypes showed that

although LTP in wild type and Syngap1 N/+ mutants were com-

parable, the magnitude of LTP was moderately but significantly

reduced in Syngap1 N/N mutants (Figure 4F). These data sug-

gest that synaptic plasticity was affected in Syngap1 N/N but

not in Syngap1 N/+ adults.

We next assessed performance in the Barnes maze

(Figures 4G–4I) to determine spatial learning and memory abili-

ties in Syngap1 N/+ and N/N mice.39 Six or more adult male an-

imals for each genotype were trained using an abbreviated

Barnes maze protocol. There were three consecutive days of

training followed by a fourth-day probe trial where the exit hole

was closed. The primary latency to exit decreased throughout

training in all genotypes (Figure 4G). When compared with the

wild type, neither Syngap1 N/+ nor N/N mutant mice showed

differences in primary latency to exit or entry probability to exit

during the probe trial (Figures 4H and 4I). We also performed

Rotarod assays to assess motor learning ability, and neither

Syngap1 N/+ nor Syngap1 N/N animals showed a difference in

the latency to fall when compared with wild-type mice (Fig-

ure S4H). Together, these results suggest that genetic deletion

of Syngap1 A3SS-NMD does not overtly impair spatial learning

and memory or motor learning behaviors.

The NISO allele alleviates LTP and membrane
excitability deficits caused by aSyngap1 knockout allele
Increased Syngap1 protein by the Syngap1-NISO allele sug-

gests that it may alleviate or rescue the Syngap1 haploinsuffi-

ciency in mice. Emx1-Cre drives Cre expression in excitatory

neurons in the dorsal forebrain and is sufficient to induce
d a boxplot showing entry probability to the exit zone and each false exit during

fferent in behavior from wild-type (+/+) mice (adj.p > 0.05). The greatest entry
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Figure 5. Genetic deletion of Syngap1

A3SS-NMD alleviates LTP and membrane

excitability deficits caused by a conditional

Syngap1 knockout allele

(A) fEPSP recordings showing that the N allele al-

leviates the LTP deficit in young adult Syngap1

cKO mice. Numbers of animals and slices for

each genotypes are: WT (replotted from Fig-

ure 4F), cKO/+ (n = 5, 12), and cKO/N (n = 6, 12).

****adj.p < 0.0001.

(B) Typical traces from L2/3 pyramidal neurons in

S1 cortex in WT (top row), cKO/+ (middle row), and

cKO/N mice (bottom row). Left to right: traces at

current steps�200 pA (left),�400 pA (middle), and

�600 pA (right).

(C) Spike count (number of evoked spikes) per

current step for WT (n = 8), cKO/+ (n = 8), and cKO/

N mice (n = 7). The average ± SD is shown for all

data points. p = 0.0003, F (2, 177) = 8.420 for ge-

notype, two-way ANOVA.

(D) Dot plots showing the maximal spike frequency

obtained from the same recordings. p = 0.0007 by

one-way ANOVA. Each dot represents one animal.

The average ± SD is shown for all data points.

See also Figure S5.
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Syngap1 haploinsufficient phenotypes in Syngap1 fl/+; Emx1-

Cre (cKO/+) mice.15 We validated the Syngap1 conditional

knockout allele (Figure S5A) in which Syngap1 exon6-7 were

floxed9,13 and confirmed that the Syngap1 protein level

decreased in adult Syngap1 cKO/+ cortices (Figure S5B). We
8 Neuron 111, 1–14, May 17, 2023
combined the Syngap1-NISO allele with

the Syngap1 floxed allele and generated

Syngap1 fl/N; Emx1-Cre (cKO/N) and

control animals (Figure S5C). We as-

sessed basal synaptic transmission and

neurotransmitter release probability in

cKO/+ and cKO/N mice and did not find

a significant difference in the input-output

curve or paired-pulse ratio between ge-

notypes (Figures S5E and S5F). We then

evaluated LTP of the fEPSP in the hippo-

campi and found the LTP was impaired

in Syngap1 cKO/+ mice and rescued in

Syngap1 cKO/N animals (Figure 5A), indi-

cating that deletion of the Syngap1 A3SS-

NMD alleviated the LTP deficits caused

by the Syngap1 knockout allele.

Syngap1 has been reported to maintain

membrane excitability in L2/3 pyramidal

neurons ofmouse primary somatosensory

cortex (S1).16 As an independent electro-

physiological test for the efficacy of our

rescue strategy, we performed whole-cell

patch-clamp recordings on L2/3 pyrami-

dal neurons in the mouse S1 cortex. The

current steps of increasing amplitude

(500ms) resulted inan increase in thenum-

ber of evoked spikes (Figures 5B and 5C).
Consistent with the earlier report, we observed a lower number of

evoked spikes in the Syngap1 cKO/+ mice (n = 8) compared with

WT mice (n = 8; two-way ANOVA, genotype: F2,177 = 8.420;

p = 0.0003, pairwise adj.p = 0.0022). The difference in evoked

spike output stayed constant over the range of injected current



Figure 6. The lead SSO upregulates SYNGAP1 expression in human iPSCs and iPSC-derived neurons

(A) Schematic illustration of the SSO design targeting the SYNGAP1 A3SS.

(B) RT-PCR results showing the screening of SSOs in iPSCs (PGP1-iNGN). SC71 (scrambled control) and ASO71 were reported before.28 One biological sample

per lane.

(C–E) Identification of the lead SSO in iPSC-derived neurons. RT-PCR results (C) and quantification (D) showing that CH937 suppressesSYNGAP1 A3SS in iPSC-

derived neurons. Q-PCR results (E) showing that the productive SYNGAP1 transcript was upregulated in CH937-treated human iPSC-derived neurons.

(F–K) The lead SSO suppresses SYNGAP1 A3SS in two additional human iPSC lines. RT-PCR results (F and I) and quantification (G and J) showing that CH937

suppressed SYNGAP1 A3SS in human iPSCs (NA19101 and 28126). Q-PCR results (H and K) showing that the CH937 significantly increased the productive

SYNGAP1 transcript levels in human iPSC lines.

(legend continued on next page)
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amplitudes (genotype 3 current amplitude: F16,117 = 0.1349,

p > 0.9999). In Syngap1 cKO/N mice (n = 7), the excitability

deficit was restored, resulting in no significant difference when

compared with WT mice (adj.p = 0.9306), but a significant

difference when compared with the Syngap1 cKO/+ mice

(adj.p = 0.0011). In addition to the findings on the overall excit-

ability, we also observed that the maximal spike firing frequency

(measured from the interval of the first two evoked spikes during

the current injections) was lower in Syngap1 cKO/+ mice (n = 8)

compared with WT mice (n = 8; WT: 221.43 ± 46.85 Hz; cKO/+:

140.73 ± 21.04 Hz; adj.p= 0.0004). In Syngap1 cKO/N mice

(n = 7), the higher maximal spike frequency was restored

(183.99± 30.95Hz; comparedwithWT: adj.p = 0.1197; compared

with mutant: adj.p = 0.0646 by one-way ANOVA, Figure 5D). Indi-

vidual action potential parameters, including overall amplitude,

threshold, and width at half amplitude, did not differ between

thegenotypes (FiguresS5G–S5I). These results indicate that dele-

tion of the Syngap1 A3SS-NMD alleviated the membrane excit-

ability deficit caused by Syngap1 haploinsufficiency in mice.

SSOs suppress SYNGAP1 A3SS-NMD in human iPSC-
derived neurons
SSOs have been successfully developed to treat neurological

disorders such as spinal muscular atrophy,26 attempted for

personalized medicine,27 and suggested to treat haploinsuffi-

cient human diseases.40 Increased Syngap1 protein levels due

to Syngap1 A3SS deletion in mice and the conserved SYNGAP1

A3SS in human brains led us to determine whether the

SYNGAP1 productive isoform can be upregulated in human cells

through SSO-mediated suppression of SYNGAP1 A3SS-NMD.

SSOs with 2’-O-methoxyethyl (20-MOE) chemistry have been

successfully developed to redirect splicing, manipulate gene

expression, and treat diseases.41 To identify SSOs that suppress

human SYNGAP1 A3SS-NMD, we performed a rationale design

by targeting the following sequences (Figure 6A): (1) critical

splice elements identified through serial deletion of the human

SYNGAP1 mini-gene (Figure 3), (2) predicted splicing regulatory

sequences such as branch points,42 (3) predicted stem-loop

structures and conserved sequences that overlap with experi-

mentally identified splice elements (Figures 6A and S6A).

We synthesized eleven SSOs using a phosphorothioate back-

bone with 20-MOE modified residues and tested them in human

iPSCs (Figures 6A and 6B). SSOs CH933 and CH937 most effi-

ciently suppressed A3SS-NMD inclusion in a human iPSC line

(PGP1-iNGN, Figures 6B and S6A–S6C). We delivered SSOs

CH933 and CH937, a scrambled control, and a previously re-

ported ASO7128 into human iPSC-derived neurons and found

that CH937 was the most effective in decreasing the A3SS-

NMD inclusion (Figures 6C and 6D). We further measured the

productive/functional SYNGAP1 transcript using Q-PCR primers

specific to the non-NMD isoform, and CH937 induced a 2.5-fold
(L–N) The lead SSO suppresses SYNGAP1 A3SS-NMD in SYNGAP1 patient-de

suppressedSYNGAP1A3SS inSYNGAP1 patient-derived iPSCs (333del, Lys114S

productive SYNGAP1 mRNA level.

(O–Q) Application of CH937 to human iPSC-derived cerebral organoids (O) led to

unpaired t test.

See also Figure S6.
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increase of functional SYNGAP1 mRNA (Tukey’s multiple com-

parisons tests, adj.p < 0.001, Figure 6E). By contrast, the

ASO71 developed in HEK293 cells was less efficient in upregu-

lating SYNGAP1 transcript in human iPSC-derived neurons

(1.5 fold, adj.p = 0.029, Figure 6E). These results indicate that

the lead SSO CH937 can effectively suppress human A3SS-

NMD and increase the alternative SYNGAP1 isoform in human

iPSCs and iPSC-derived neurons.

We further examined the effects of the SSO CH937 in two

additional control human iPSC lines (NA19101 and 28126) and

confirmed that CH937 was more effective than ASO71 in

decreasing the SYNGAP1 A3SS-NMD inclusion (Figures 6F–

6K). Importantly, CH937 significantly increased the functional

SYNGAP1 transcript to 6.3-fold and 3.6-fold of non-treated

controls in NA19101 and 28126, respectively (Figures 6H

and 6K). Next, we delivered CH937 to a SYNGAP1 patient-

derived iPSC line harboring a heterozygous frameshift mutation

(Lys114SerfsX20) and found that the SSO CH937 decreased

SYNGAP1 A3SS-NMD inclusion (Figures 6L and 6M) and signif-

icantly increased functional SYNGAP1 transcript to 2.6-fold of

non-treated controls (Figure 6N). These results support that the

lead SSO CH937 can effectively suppress the SYNGAP1

A3SS-NMD and increase functional SYNGAP1 isoform levels in

SYNGAP1 patient-derived iPSCs.

To determine whether suppressing the SYNGAP1 A3SS-NMD

can upregulate SYNGAP1 protein, we evaluated the effects of

SSO CH937 in iPSC-derived brain organoids. Cerebral organo-

ids were induced from human iPSCs (28,126) following an estab-

lished protocol,43 transfectedwith CH937 at post-induction days

133, 135, and 137, and harvested at day 139 for protein analysis

(Figures 6O and 6P). CH937 significantly increased SYNGAP1

protein when compared with control organoids (83% ± 28%,

p < 0.05 by unpaired t test). We further tested SSO CH937

in cerebral organoids derived from another iPSC line (21,792)

at post-induction day 174 and again observed increased

SYNGAP1 protein when compared with control oligonucleotides

(Figures S6E–S6G, increased by 51% ± 10%, adj.p = 0.0051 by

one-way ANOVA). These results suggest that the SSO CH937

can upregulate SYNGAP1 protein in human iPSC-derived cere-

bral organoids.

DISCUSSION

Alternative splicing coupled with NMD selectively removes un-

productive transcripts and has been reported to regulate the

expression of neuronal genes.21–23,44 The therapeutic potential

of targeting AS-NMD with SSOs has evoked unprecedented

enthusiasm, and SSO screens in cultured cells have been re-

ported in recent studies.28,40,45 However, whether it is safe to

target naturally occurring AS-NMD for therapy remains a crucial

question. Specifically, we need to understand whether such an
rived iPSCs. RT-PCR results (L) and quantification (M) showing that CH937

erfsX20). Q-PCR results (N) showing that the CH937 significantly increased the

increased SYNGAP1 protein expression (83% ± 28%, P and Q). p < 0.05 by
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AS-NMD exon is required for normal organismal functions and

whether it is safe to suppress or completely block such an AS-

NMD exon in vivo.

Since presenting our SYNGAP1 A3SS-NMD results at the

2019 Society for Neuroscience meeting (Chicago), we have

further explored the function and therapeutic potential of the

SYNGAP1 A3SS using mouse genetics and human iPSCs.

Syngap1 is a synaptic protein barely detected in non-neuronal

tissues.4 By contrast, the SYNGAP1 transcript is detectable in

non-neural tissues in mice and in humans (Figure 1 and GTEx),

where the Syngap1 A3SS-NMD inclusion is nearly constitutive

(Figure 1B). These observations suggest that A3SS-NMD pro-

vides an orthogonal mechanism in non-neuronal cells to sup-

press excess or leaky SYNGAP1 expression that would waste

cellular resources and interfere with Ras signaling. Our results

support that heterozygous genetic deletion of Syngap1 A3SS

in mice upregulated SYNGAP1 protein during brain develop-

ment. Although homozygous deletion of mouse Syngap1 A3SS

led to a modest reduction in the magnitude of LTP, it did not

overtly impact behavioral performance in the Barnes maze or

Rotarod assays. We were unable to detect Syngap1 protein in

E18.5 heart or lung tissues from Syngap1 N/+ animals

(Figure S4G), and there was no significant cortical neurogenesis

defect in Syngap1 N/N mice (Figure S4F). Our results suggest

that the Syngap1 A3SS is moderately required during neural

development, and its functions in non-neural tissues remain to

be further explored.

Heterozygous deletion of mouse Syngap1 A3SS alleviated

the LTP deficits caused by a heterozygous Syngap1 knockout

allele, suggesting that suppressing A3SS-NMD may alleviate

Syngap1 haploinsufficiency in vivo (Figure 5). A previous study

has reported that Syngap1 heterozygous deletion reduced

membrane excitability, as tested via the trains of injected cur-

rent pulses of increasing amplitude.16 Here, we adapted this

experimental protocol to capture a cell-autonomous physiolog-

ical parameter that differs from LTP. We found that the maximal

spike firing frequency–which, because of spike frequency

adaptation occurs at the beginning of the current pulse46 and

is typically determined from the interval of the first two

spikes—was lower in Syngap1 heterozygous knockouts than

in wild-type mice. Both the general excitability and the maximal

spike frequency defects were alleviated by the heterozygous

deletion of Syngap1 A3SS.

Furthermore, our lead SSO CH937 suppressed SYNGAP1

A3SS in human iPSCs and iPSC-derived neurons and

significantly increased the functional SYNGAP1 isoform. The

SSO CH937 also increased SYNGAP1 protein expression

in cerebral organoids induced from two different human iPSC

lines. Despite these encouraging results, several key questions

remain to be further addressed: (1) it is important to understand

at what time and in which brain regions the rescuing effects of

Syngap1 upregulation are sufficient to rescue haploinsuffi-

ciency. Specifically, it is critical to understand whether deleting

or suppressing the A3SS-NMD exon at postnatal stages can

rescue the heterozygous knockout allele. It is equally important

to systematically characterize neural circuits and mouse behav-

iors because SYNGAP1 patients display pleiotropic symp-

toms.7 (2) It is important to understand whether the SSO can
effectively upregulate Syngap1 protein in vivo and rescue the

heterozygous knockout mouse. Although the Syngap1 NISO

mouse model and the lead SSO CH937 suggest that SYNGAP1

A3SS is a promising target, rigorous further in vivo studies are

required to understand its therapeutic potential fully.

SYNGAP1 protein directly interacts with PSD-95 in the post-

synaptic density, and remarkably, both genes undergo unpro-

ductive splicing that is promoted by PTBP1 and PTBP2 in

early neural development. Although PTBP proteins promote

SYNGAP1 A3SS-NMD inclusion, they suppress the inclusion of

a coding exon in PSD-95/DLG4 and lead to NMD.44 Previous

studies showed that protein levels of SYNGAP1 and PSD-95

exhibit a near stoichiometric ratio in the PSD and the appropriate

protein ratio is critical for the formation of SYNGAP1-PSD-95

liquid-like droplets.47 Strikingly, two AS-NMD events are co-

regulated by the PTBP1/2 proteins for equilibrated protein

expression. De novo mutations in PSD-95 have been reported

to cause synaptopathy.48 It is interesting to speculate on the

functions of the PSD-95 AS-NMD exon and its potential as a

therapeutic target.

Hundreds of genes have been reported to undergo AS-NMD

during cortical development, and chromatin regulators were

highly enriched.21 The AS-NMD exons are regulated by splicing

regulators, and mutations in the host genes are frequently

associated with neurodevelopmental disorders such as autism

and epilepsy.22,23,31,32,33,45,49,50 Although AS-NMD exons have

been reported as promising targets to treat diseases such as

the Dravet Syndrome,40 the biological functions of such AS-

NMD events are undetermined. Furthermore, the dosage effect

of their host genes requires rigorous studies in animal models

and human neurons to fully explore their therapeutic potential.

Genetic studies of AS-NMD exonswill illuminate their organismal

functions and further the development of therapeutic targets and

strategies.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Syngap1 (C terminal) Thermo Fisher Cat# PA1-046; RRID: AB_2287112

Anti-Syngap1 (N terminal) Thermo Fisher Cat# PA5-37909; RRID: AB_2554517

Anti-mCherry MyBioSource Cat# 12158167001; RRID: AB_2827808

Anti-Ptbp1 Abcam Cat# ab5642; RRID: AB_305011

Anti-Ptbp2 Millipore Cat# ABE431; RRID: AB_2928034

Anti- GAPDH Cell Signaling Cat# 97166S; RRID: AB_2756824

Chemicals, peptides, and recombinant proteins

Cycloheximide solution Sigma-Aldrich Cat# C4859-1ML

Doxycycline hyclate, R98% (HPLC) Sigma-Aldrich Cat# D9891-1G

NotI-HF NEB Cat# R3189L

AscI NEB Cat# R0558L

Phusion Hot Start II High-Fidelity

DNA Polymerase

Thermo Fisher Cat# F537S

FuGENE HD Transfection Reagent Promega Cat# E2311

Lipofectamin 2000 Thermo Fisher Cat# 12566014

Novex 4-12% Tris-Glycine Mini Gels Thermo Fisher Cat# XP04122BOX

Novex TBE Gels, 8% Thermo Fisher Cat# EC6215BOX

Critical commercial assays

TnT SP6 High-Yield Wheat Germ

Protein Expression System

Promega Cat# L3260

Quick-RNA MiniPrep Zymo Cat# R1054

GeneJET Genomic DNA Purification Kit Thermo Fisher Cat# K0721

TruSeq RNA Library Prep Kit Illumina Cat# RS-122-2001

Alt-R Genome Editing Detection Kit IDT Cat# 1075931

SuperScript IV Thermo Fisher Cat# 18091050

Gibson Assembly Master Mix NEB Cat# E2611S

Quick Ligation Kit NEB Cat# M2200S

Deposited data

Mouse cortical neurons and neural

progenitors RNA-seq

This study BioProject ID: PRJNA930469

Experimental models: Cell lines

Neuro2a ATCC Cat# CCL-131

SYNGAP1-mutant iPSCs

(333del, Lys114SerfsX20)

SFARI Cat# 15209-x1

iNGN Benoit Laurent lab, Université

de Sherbrooke

N/A

NA19101 Marcelo A. Nobrega lab,

The University of Chicago

N/A

28126 Yoav Gilad lab, The University

of Chicago

N/A

21792 Yoav Gilad lab, The University

of Chicago

N/A

Primary mouse neurons This study (from E18.5 CD1

mouse embryos or neonatal pups)

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Syngap1 conditional knockout mouse The Jackson Laboratory Cat# 029303, RRID: IMSR_JAX:029303

Emx1-Cre mouse The Jackson Laboratory Cat# 005628, RRID: IMSR_JAX:005628

Syngap1-NISO mouse This study N/A

Oligonucleotides

Nucleotide synthesis IDT https://www.idtdna.com/pages

Software and algorithms

STAR 2.7 PMID: 23104886 https://github.com/alexdobin/STAR

rMATS 3.2.5 PMID: 25480548 http://rnaseq-mats.sourceforge.net/rmats3.2.5/

rMAPS2 PMID: 27174931 http://rmaps.cecsresearch.org/

CLIPSeqTools PMID: 26577377 https://github.com/mnsmar/clipseqtools

MAFFT v7 PMID: 28968734 https://mafft.cbrc.jp/alignment/server/

Vertebrate RNA-Seq NIH Genome Data Viewer RNA-seq tracks for each species
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xiaochang

Zhang (xczhang@uchicago.edu).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completedMaterials Transfer Agreement.

Data and code availability
d The RNA sequencing results shown in Figure 1A have been uploaded to NCBI (PRJNA930469: SRR23308049, SRR23308050).

The microscopy data reported in this paper will be shared by the lead contact upon request.

d This study does not generate new code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Mouse protocols were reviewed and approved by the University of Chicago Institutional Animal Care and Use Committee. Animals

were housed under 12 hours light/dark cycles and supplied with food and water ad libitum.

Guide RNAs (SG321 and SG322) flanking the designed Syngap1 deletion region were selected with the CRIPSOR online tool.

Guide RNAs, tracrRNA, and Cas9 protein were purchased from IDT. Guide RNAs were annealed with tracrRNA, mixed with Cas9

protein in the injection buffer, and injected into C57BL/6 mouse zygotes by the Transgenic Core (University of Chicago). Founder

mice were PCR screened for the deletion and positive founders were bred with C57BL/6 (Charles River) to obtain positive F1s, which

were further mated with C57BL/6 for positive F2s. F2s and later generations were used in this study. The Syngap1-NISO allele is gen-

otyped using primers SG245F-SG331R-SG202R, and the expected product sizes are: wild-type allele is 405bp (and weak 761bp),

and the NISO N allele is 493 bp. The Syngap1 conditional knockout (cKO, Jax#029303) and Emx1-Cre (Jax#005628) mice were

obtained from the Jackson Lab and genotyped following providers’ protocols.

Primary cell culture
Primary hippocampal neurons or cortical neurons were isolated from E18.5 CD1mouse embryos or neonatal pups with Papain (Wor-

thington). Primary neurons were plated onto poly D-lysine coated coverslips and cultured following standard protocols (Neurobasal

medium supplemented with GlutaMax, N2, B27, and 1mM AraC during DIV1-DIV3).

Human iPSCs
iPSC lines, including PGP1-iNGN,51 28126, 21792 (Yoav Gilad lab at The University of Chicago), and NA19101 (Marcelo A. Nobrega

lab at The University of Chicago), were grown in Essential 8 (Thermo Fisher, A1517001) with penicillin-streptomycin (100U/mL,
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Thermo Fisher, 15140122) in 10-cm dishes coated with GelTrex (Thermo Fisher, A1413301) in an incubator at 37 �C with 5% CO2.

Instead of Essential 8, SYNGAP1-mutant (Lys114SerfsX20, Simons Foundation) iPSCs were grown in StemFlex (Thermo Fisher,

A3349401). Rock inhibitor Y-27632 dihydrochloride (10 mM, Tocris, 1254) was added into culture media for 24 hours after passage.

For neuron induction, PGP1-iNGN iPSCs were grown in Essential 8 supplemented with doxycycline (1mg/mL, Sigma-Aldrich, D9891)

and penicillin-streptomycin (100 U/mL) for 4 days. To analyze the NMD-transcript of SYNGAP1, iPSCs cells and iPSC-derived neu-

rons were treated with cycloheximide (200 mg/mL dissolved in DMSO) for 5 hours in 12-well plates with 1 mL culture media in each

well, followed by RNA extraction and analyses.

Cerebral organoids
Induction of brain organoids was performed according to published protocols.43 Briefly, 33106 human iPSCs (28126 and 21792)

were seeded per AggreWell 800 well (STEMCELL Technologies, 34815) in Essential 8 supplemented with Y-27632 dihydrochloride

(10 mM) (Tocris, 1254) and penicillin-streptomycin (100 U/mL). 24 hours later, iPSC spheroids were transferred into ultra-low attach-

ment 6-well plates and then incubated in Essential 6 supplemented with dorsomorphin (2.5 mM) (Sigma-Aldrich, P5499) and SB-

431542 (10 mM) (Tocris, 1614) for 6 days to induce neural spheroids. Then the neural spheroids were incubated in Neurobasal

A medium (Thermo Fisher Scientific, 10888022) supplemented with B-27 without vitamin A (1:50) (Thermo Fisher Scientific,

12587010), GlutaMax (1:100) (Thermo Fisher Scientific, 35050-061), epidermal growth factor (EGF) (20ng/mL) (R&D Systems,

236-EG), basic fibroblast growth factor (bFGF) (20ng/mL) (R&D Systems, 233-FB) and penicillin-streptomycin (100 U/mL)

for 19 days, after which the EGF and bFGF were replaced by brain-derived neurotrophic factor (BDNF) (20ng/mL) and NT-3

(20ng/mL) for 18 days. From the 43rd day, brain organoids were incubated in Neurobasal A media supplemented with B-27 without

vitamin A (1:50), GlutaMax (1:100) and penicillin-streptomycin (100 U/mL) for long-term culture.

Fetal cortical tissue
De-identified frozen fetal human cortical tissues were obtained from the NIH Neurobiobank at the University of Maryland (Baltimore,

MD), microdissected, and subjected to RNA extraction. The works described here involving de-identified postmortem tissues were

reviewed and approved by The University of Chicago Institutional Review Board.

METHOD DETAILS

Molecular cloning
To detect the A3SS with RT-PCR, the human SYNGAP1 alternative exon11 was amplified with primer pairs CH748-CH749, and the

mouse Syngap1 A3SS was amplified with primer pairs CH743-CH744.

pCAG-SYNGAP1 (N-terminus). The N-terminal SYNGAP1 coding sequence was amplified using SG020 and SG022 and inserted

into pCZ01 using Gibson Assembly (NEB). pCZ01 is a modified pCAG-IG vector described previously.22

pCAG-HA-Flag-PTBP1-IRES-mCherry: PTBP1 cDNA was amplified with CH448-CH422-2, digested with AscI and NotI, and

ligated into linearized pCAG-HA-Flag-IRES-mCherry.

For in vitro translation, PTBP1 cDNA was amplified using primer pair SG209-SG210. To knock down Ptbp1/2, shRNA lenti-vectors

were used as described previously.22

The SYNGAP1wild-type mini-gene construct spanning exon9 through exon12: genomic DNA extracted from HEK293FT cells was

amplified with primer pairs SG085-SG086 and the purified PCR product was inserted to pCZ01 using Gibson Assembly (NEB).

SYNGAP1 mini-gene deletion constructs: To delete the deep intronic element, two fragments were amplified using PCR primer

pairs SG159-SG086 and SG160-SG085, and inserted into linearized pCZ01 using Gibson Assembly.

To delete predicted U2AF65 binding site #1, two fragments were amplified using PCR primer pairs SG155-SG086 and SG156-

SG085, and inserted into pCZ01.

To delete predicted U2AF65 binding site #1 + extended, two fragments were amplified using PCR primer pairs SG095-SG086 and

SG098-SG085, and inserted into pCZ01.

To delete the A3SS, two fragments were amplified using PCR primer pairs SG087-SG086 and SG088-SG085, and inserted

into pCZ01.

To delete predicted U2AF65 binding site #2, two fragments were amplified using PCR primer pairs SG089-SG086 and SG090-

SG085, and inserted into pCZ01.

SYNGAP1mini-gene with patient mutations: To introduce themutation c.1676 +5G>A (NM_006772.2), two fragments were ampli-

fied using PCR primer pairs SG189-SG086 and SG190-SG085, and inserted into pCZ01.

To introduce the mutation c.1677-2_1685del, two fragments were amplified using PCR primer pairs SG191-SG086 and SG192-

SG085, and inserted into pCZ01.

Plasmids were transfected into Neuro2a cells (ATCC) with Lipofectamine 2000 (Thermo Fisher), selected by puromycin and total

RNA was extracted with Trizol (Sigma). Reverse transcription was performed with random primers following manufacturer’s proto-

cols (Superscript IV, Thermo Fisher). Primers sequences are listed in Table S1.
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RT-PCR and Western blot
For RNA extraction, brain tissues, or culture cells were dissolved in TRIzol by firmly pipetting and then subjected to either precipita-

tion or Direct-zol RNA Purification Kit. For Western blotting, protein lysates were extracted with RIPA buffer (Thermo Fisher, PI89901)

supplemented with proteinase inhibitors (Sigma-Aldrich, 11836170001). Protein samples were loaded onto SDS-PAGE gels,

transferred to PVDF membranes, incubated with primary and secondary antibodies successively (Key Resources Table), and then

imaged using the LI-COR Odyssey system (LI-COR, 9142).

EMSA
Cy5 conjugated RNA probes (SG-probe1/2) and unlabeled cold competitors of potential PTBP1 binding sites were synthesized by

IDT. PTBP1 protein was produced by TnT SP6 High-Yield Wheat Germ Protein Expression System (Promega). In vitro translated

PTBP1 was diluted in the RNA-protein binding solution, incubated with Cy5 probes with or without cold competitor probes, and

resolved on 8% TBE gels (Thermo Fisher, EC6215BOX). The gel was directly visualized with a Typhoon imaging system.

Mouse behavioral tests
Barnes maze test was performed following published protocols.39,52 Motor coordination and balance of mice (aged around 2months

to 4 months) were examined by Rotarod tests: mice were gently placed on a rotatable rod (Columbus Instruments, ECONOMEX) that

was accelerated at 0.2 rpm/second from 5 rpm over a 3-minute period. Time from rotation start to mouse fall in each trial was

recorded as the latency to fall. Three trials were performed for each mouse on the test day.

fEPSP recordings
Acute hippocampal slices were prepared from young adult (1-2.5 months) male mice, which were anesthetized with isoflurane and

euthanized by rapid decapitation. The brain was rapidly harvested and blocked, rinsed with cold artificial cerebrospinal fluid (aCSF)

and mounted for vibratome sectioning. The mounted brain tissue was submerged in aCSF (4�C; equilibrated with 95% O2, 5% CO2)

and coronal cortico-hippocampal brain slices (350 mm thick) were prepared. Slices were immediately transferred into a holding

chamber containing aCSF equilibrated with 95% O2, 5% CO2 (at 20.5±1�C). Slices were allowed to recover a minimum of one

hour prior to the transfer into recording chamber and were used within eight hours following tissue harvest. The composition of

aCSF (in mM):118 NaCl, 10 Glucose, 20 sucrose, 25 NaHCO3, 3.0 KCl, 1.5 CaCl2, 1.0 NaH2PO4 and 1.0 MgCl2. The osmolarity of

aCSF was 305-315 mOsm and equilibrated, and the pH was 7.42±0.02.

The extracellular recording of the fEPSP was established in aCSF (31.0 ± 2oC, equilibrated with 95% O2 5% CO2) superfused and

recirculated over the preparation. The stimulation electrode, a custom constructed bipolar electrode composed of twisted Teflon

coated platinum wires (wire diameter: 127 mm, catalog number 778000, AM Systems.), was positioned in the Schaffer Collateral

and the recording electrode (1-2 MU) was placed into the stratum radiatum of the CA1. The intensity of the electrical current

(100-400 mA; 0.1-0.2 ms duration) was set to the minimum intensity required to generate the 50% maximal fEPSP. After 10 minutes

of recording the baseline fEPSP, LTPwas induced using Theta Burst Stimulation (TBS: four trains of 10 bursts at 5 Hz, each burst was

comprised four pulses at 100 Hz). Following stimulation, recordings continued for up to one hour. The fEPSP slope was normalized to

baseline values. Recordings were made using either a Multiclamp 700B (Molecular Devices) or using a differential amplifier (AM

system).

Whole-cell patch-clamp recordings
Slices from primary somatosensory cortex (S1; 350mm thick) were prepared from young mice (postnatal day 16-28) after isoflurane

anesthesia and decapitation. The procedure was described in detail before46 and is in accordance with the guidelines of the Animal

Care and Use Committee of the University of Chicago. The slices were cut on a vibratome (Leica VT1000S) using ceramic blades. To

preserve thalamocortical projections, slices were cut at a 55� angle to the right (posterior) of the anterior-to-posterior axis of the brain

(see Agmon and Connors, 1991). The slices were cut in a sucrose slicing solution containing the following (in mM): 185 sucrose,

2.5 KCl, 25 glucose, 25 NaHCO3, 1.2 NaH2PO4, 0.5 CaCl2, and 0.5 MgCl2, bubbled with 95% O2 and 5% CO2. Following slicing,

the slices were kept in artificial cerebrospinal fluid (ACSF) containing the following (in mM): 124 NaCl, 5 KCl, 1.25 NaH2PO4,

2 CaCl2, 2 MgSO4, 26 NaHCO3, and 10 D-glucose, bubbled with 95%O2 and 5%CO2. The slices were allowed to recover for at least

1h and were subsequently transferred to a submerged recording chamber superfused with ACSF at elevated temperature (28-30�C).
Whole-cell patch-clamp recordings were performed under visual control using a 40x water-immersion objective in combination with

near-infrared light illumination (IR-DIC) and a Zeiss AxioCamMRm camera mounted on a Zeiss Examiner A1 microscope (Carl Zeiss

MicroImaging). Patch pipettes (�2.5-4.5 MU) were filled with internal saline containing the following (in mM): 9 KCl, 10 KOH, 120

K-gluconate, 3.48MgCl2, 10 HEPES, 4 NaCl, 4 Na2ATP, 0.4 Na3GTP, and 17.5 sucrose, pH adjusted to 7.25. Patch-clamp recordings

were performed in current-clamp mode using an EPC-10 amplifier (HEKA Electronics). Input resistance (Ri) was measured by injec-

tion of hyperpolarizing test currents (100pA, 100ms). For all recordings and analyses, we used a blind approach, in which the

researcher was ignorant of the mouse genotype. Data obtained from the patch-clamp recordings were analyzed using Pulsefit

(HEKA Electronics), Igor Pro (WaveMetrics) and MatLab. For statistical comparison of action potential-related parameters between

genotypes, we used the one-way ANOVA. A two-way ANOVA test was used to examine statistical relationships between a) geno-

types and b) genotypes x current amplitude in the input (current injection) - output (spike number) measurements.
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Primary neuron transfection and immunostaining
Primary neurons were transfected by Lipofectamine 2000 (Thermo Fisher) or jetOPTIMUS (Polyplus). For immunostaining, primary

neurons were fixed for 10 minutes in 4% paraformaldehyde (PFA) at 4�C, rinsed with 1x PBS, and incubated with blocking buffer

(1x PBS containing 0.03% Triton X-100 and 5% normal donkey serum) in room temperature for 30 mins, and further incubated

with primary antibodies diluted in PBST buffer (1x PBS containing 0.03% Triton X-100) overnight at 4�C. After 3 times washing

with 1x PBS, slides were incubated for one hour at room temperature with fluorophore-conjugated secondary antibodies in the

dark. Slides were scanned with a Leica SP8 confocal microscope. The antibodies were listed in the Key Resources Table.

Splice-switching oligonucleotides
SSOs were synthesized by Integrated DNA Technologies (IDT). For SSO transfection, 43105 cells were seeded in 12-well plates

coated with GelTrex (Thermo Fisher, Gibco, A1413301). 200nM SSOswere transfected into cells using TransIT-LT1 Transfection Re-

agent (Mirus,MIR2300) according to themanufacturer’s instructions. Brain organoids derived from iPSC 28126were treated by three

doses of SSOs (300nM) from day 133 to 137. On day 139, RNA and protein were extracted from brain organoids for PCR andwestern

blot analyses. For brain organoids derived from iPSC 21792, they were treated by five doses of SSOs (200nM) from day 169 to 173.

RNA and protein were extracted on day 174. Total RNAwas extracted using TRIzol reagent (Thermo Fisher, 15596018) andDirect-zol

RNA Purification Kit (Zymo Research, R2060) 24 hours after transfection. cDNA was synthesized by SuperScript IV Reverse Tran-

scriptase kit (Thermo Fisher, 18090050). Quantitative PCR (Q-PCR) was performed using SYBR Green PCR Master Mix (Thermo

Fisher, 4344463) in QuanStudio Real-Time PCR Systems (Thermo Fisher, ZG11CQS3STD) according to manufacturers’ instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

To identify differential splicing events, we analyzed at least two biological replicates for each genotype using rMATS and filtered

by False Discovery Rate (FDR)<0.05 and |differential PSI|>10%. CLIP-Seq data were aligned and mapped to the mouse (mm10)

or human (hg38) genomes by CLIPSeqTools, using the default parameters. The aligned files were visualized in IGV. CLIP-Seq data-

sets used in this study: PTBP1_ESC (SRR2121761), PTBP1_NPC (SRR2121762), U2AF65 (ERR208893, ERR208897, GSE83923),

PTBP2 (SRR871026, SRR871030). Multiple Sequence Alignment Genome sequences of multiple vertebrates were obtained from

NCBI HomoloGene database. Multiple sequence alignment and phylogeny analysis were performed by MAFFT over the conserved

region of SYNGAP1 intron10. The splice site usage was validated by RNA-Seq data of non-neuronal tissues from the corresponding

species. Comparisons of electrophysiology recordings were assessed by a one-way ANOVA followed by the Bonferroni correction in

Prism (GraphPad). Comparisons of mouse behaviors and Q-PCR results were done with Tukey’s multiple comparisons in Prism, and

the adjusted p-values were indicated.
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