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Most neurodevelopmental disorders with single gene diagnoses act via
haploinsufficiency, in which only one of the two gene copies is functional'. SCN24
haploinsufficiency is one of the most frequent causes of neurodevelopmental disorder,
often presenting with autism spectrum disorder, intellectual disability and, in a subset
of children, refractory epilepsy?. Here, using SCN2A haploinsufficiency as a proof-
of-concept, we show that upregulation of the existing functional gene copy through
CRISPR activation (CRISPRa) can rescue neurological-associated phenotypesin Scn2a

haploinsufficient mice. We first show that restoring Scn2a expression in adolescent
heterozygous Scn2a conditional knock-in mice rescues electrophysiological deficits
associated with Scn2a haploinsufficiency (Scn2a*"). Next, using an adeno-associated
virus CRISPRa-based treatment in adolescent mice, we show that we can correct
intrinsic and synaptic deficits in neocortical pyramidal cells, amajor cell type that
contributes to neurodevelopmental disorders and seizure aetiology in SCN2A
haploinsufficiency. Furthermore, we find that systemic delivery of CRISPRa protects
Scn2a*” mice against chemoconvulsant-induced seizures. Finally, we also show

that adeno-associated virus CRISPRa treatment rescues excitability in SCN2A
haploinsufficient human stem-cell-derived neurons. Our results showcase the potential
of this therapeutic approach to rescue SCN2A haploinsufficiency and demonstrates
that rescue evenat adolescent stages can ameliorate neurodevelopmental phenotypes.

Neurodevelopmental disorders (NDDs), including intellectual disabil-
ity, autism spectrum disorder (ASD) and early-onset epilepsy, affect
over 3% of the general populationin the USA®. Recentadvancesingene
discovery have facilitated the identification of 387 high-confidence
genes associated with NDDs from autosomal germline de novo vari-
ants*®. Altogether, 227 of these NDD genes are either known or pre-
dicted to cause ASD due to haploinsufficiency, in which the messenger
RNA/protein levels from the residual gene copy are insufficient to
enable the typical function of the gene'. Gene replacement therapy
could potentially restore transcriptional balance and rectify deficits
in haploinsufficient diseases by delivering functional gene copies.
However, in most NDD-related genes, traditional gene therapy vec-
tors cannot be used. Gene therapy relies primarily on using recombi-
nant adeno-associated virus (rAAV) for transgene delivery owing to
the limited pathogenicity and long-term transgene expression of the
virus’. However, rAAV has a limited packaging capacity (4,700-base

pair (bp) optimal packaging capacity minus about1,700 bp needed for
transgene expression)®. Examination of the coding sequence length of
the 227 haploinsufficient NDD-associated genes shows that 117 exceed
rAAV vector capacity (Supplementary Table 1), excluding them from
traditional gene replacement therapy approaches’.

Here we tested whether cis-regulation therapy (CRT) could be aviable
approach for treating NDD-associated haploinsufficiency. CRT usesa
nuclease-deficient gene-editing system, suchas a‘dead’ Cas9 (dCas9),
fused to a transcriptional modulator to target gene regulatory ele-
ments (such as promoters or enhancers) and alter gene expression'.
For this study, we used dCas9 fused to a transcriptional activator,
termed CRISPR activation (CRISPRa), to upregulate gene expression
and correct haploinsufficiency by targeting a gene promoter. For our
proof-of-concept, we used NDD-associated haploinsufficiency of the
sodium voltage-gated channel alpha subunit 2 (SCN2A), a gene with
a 6-kilobase (kb)-long coding sequence®. Variants in this gene can
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Fig.1|Geneticrescue of Scn2ahaploinsufficiencyin adolescent micerescues
electrophysiological deficits.a, Summary of Scn2a haploinsufficiency effects
onmouse mPFC layer 5b pyramidal neurons (L5PNs). b, Strategy for genetic
restoration of Scn2ain Scn2a** conditional knock-in model. ¢, 2PLSM z-stack
oflayer SmPFCin acuteslice from Scn2a”* mouse without Cre injection.

Arrows highlight GFP-negative, presumptive interneurons. d, Schematic

of rAAV-EF1a-Cre-mCherry injection into the mPFC of P30 Scn2a*”* mice.
Electrophysiological and imaging experiments in Scn2a”¥ and control mice
were performed between P60 and P70. e, APs per 300-ms stimulationepoch
acrossarange of currentamplitudesin Scn2a”¥ Cre-negative (green) and
Scn2a”¥ Cre-positive (red) L5PNs. f, Left, representative phase-plane plots (dV/d¢
versus voltage) of somatic APs across conditions. Right, peak dV/d¢ of the first
APevoked by anear-rheobase current. n =44 Scn2a**,37 Scn2a”-,30 Scn2a**!
Cre",215cn2a”¥ Cre* cells. ****P < 0.0001, *P = 0.02, Holm-Sidak multiple
comparisonstest.g, Left,2PLSM imaging of bAP-evoked Ca transients (doublet

enhance channel function, resulting in neonatal-onset seizure phe-
notypes, or inhibit channel function, resulting in SCN2A-related NDDs>.
Loss-of-function (LoF) variants in SCN2A are one of the most preva-
lent genetically defined subsets of NDD, with an estimated incidence
of around 300 births per year in the USA (about 1in 12,000 births)>.
SCN2A-related NDDs are characterized by severe intellectual disability,
global developmental delay, ASD and seizures that can be refractory
to traditional treatment methods®

SCN2A encodes the neuronal voltage-gated sodium channel, Na,1.2,
whichisbroadly expressed inthe central nervous system (CNS), includ-
inginneocortical excitatory pyramidal cells whose dysfunctionisimpli-
cated in NDD aetiology™. In the first year of life in humans and before
postnatal day (P) 7in mice, Nay1.2 has an essential role as the primary
Na, responsible for action potential (AP) initiation in pyramidal cell
axons'?. After this period, Na,1.2 is enriched throughout the somatic
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bursts) in LSPN apical dendrites (more than 400 um from soma) across
conditions. Right, Catransientamplitude of the first of five bursts (top) and area
underthe curve (AUC) (bottom).n =49 Scn2a**,23 Scn2a*",29 Scn2a*’¥' Cre",

26 Scn2a** Cre*imaging sites across >7 L5PNs per condition from =2 animals.
#*:p < 0,0001, Holm-Sidak multiple comparisons test. h, Left, AMPA and mixed
AMPA/NMDA receptor-mediated EPSCs at -80 and +30 mV, respectively. NMDA
receptor-mediated component measured 50 ms after stimulation (dotted
line). Right, quantification of AMPA:NMDA ratio.n =8 Scn2a**,9 Scn2a*”",
8Scn2a”¥'Cre,9 Scn2a”¥ Cre* cells.*P=0.02,**P=0.004, ***P=0.009,
=*:p=0,002, Holm-Sidak multiple comparisonstest. Circles are single cells (f, h)
orsingleimagingsites (g); box plots are medians, quartilesand100%tails. Scale
bars,50 um (a), 5 pm (a, inset), 20 um (c). bAP, backpropagating action potential;
%AG/G,,, per centchangeingreen fluorescence, calibrated to maximal change;
K1, knockin; KO, knockout; 2P, 2-photon.

and dendritic domains in addition to the most proximal region of the
axon initial segment (AIS)". Scn2a haploinsufficiency in mice—either
frombirth (constitutive) or conditionally induced after P7—results in
impairmentsin dendritic intrinsic excitability and excitatory synapse
function®"* (Fig.1a). This suggests that Na,1.2 actively helps to maintain
dendritic function throughout life and raises the possibility that rescue
from Scn2ahaploinsufficiency can be therapeutic, evenif sucharescue
isadministered later in life.

As the intrinsic and synaptic deficits of SCN2A4 haploinsufficiency
can be readily measured by means of electrophysiology, we hypoth-
esized that SCN2A could provide an efficient and quantifiable model
for CRT-based interventions. We administered rAAV-based CRISPRa
targeting the Scn2a promoter to Scn2a heterozygous null mice and
neurons differentiated from human embryonic stem cells (hESCs)®
and demonstrate that this approach can rescue excitability deficits



in both models. In mice, we also observed that CRISPRa can rescue
these deficits at adolescent stages and protect Scn2a heterozygous
mice against chemoconvulsant-induced seizures. Combined, our work
showcases a potential therapeutic approach that could be applied to
many genes that, when haploinsufficient, are associated with NDDs and
suggests thatrescue later in life could ameliorate electrophysiological
phenotypes associated with Scn2a haploinsufficiency.

Adolescent Scn2arescueis therapeutic

To test the feasibility of increasing functional gene copy number to
rescue the electrophysiological deficits associated with Scn2a haplo-
insufficiency, we first developed a conditional knock-in mouse line.
In this mouse, termed Scn2a”¥, exons 3-5 of one Scn2a allele were
flipped and flanked by LoxP sites, with an eGFP sequence in frame to
visualize cells that express Scn2a (Fig. 1b). Acute slices were made from
these animals, and neurons were visualized with two-photon laser scan-
ning microscopy (2PLSM) of GFP fluorescence against a background
image of neuropil imaged with 2PSLM scanning differential interfer-
ence contrast (DIC) imaging (Fig. 1c). GFP-positive neurons targeted
for whole-cell recordings had electrophysiological features indicative
of Scn2a*”” pyramidal cells, including a decrease in the peak change
in voltage during AP depolarization (peak dV/dt) relative to Scn2a**
controls (Fig. 1c-f). Moreover, parvalbumin-positive interneurons
were GFP-negative, consistent with known Na,1.2 functional expres-
sion patterns™'® (Extended Data Fig. 1).

Previously, we showed that inducing Scn2a haploinsufficiency during
adolescence impairs intrinsic and synaptic function™. To test whether
these deficits can be rescued by gene reinstatement during adoles-
cence, we injected rAAV-EF1a-Cre-mCherry into the medial prefrontal
cortex (mPFC) of these Scn2a*”* mice around P30 (Fig. 1d). After at
least 4 weeks, to allow for transgene expression, mCherry-positive
neuronswere targeted for whole-cell recordings inacuteslices. Inthe
presence of Cre, several measures of neuronal and synaptic function
were comparable to those found in wild-type (WT) mice, including peak
AP dV/dt, AP-burst-evoked calcium influx in the apical dendritic tuft
and AMPA:NMDA ratio, whichis acommon proxy for synapse strength
and is abnormally low in Scn2a*” cells®® (Fig. 1f-h). Together, these
data show that features of intrinsic and synaptic function that depend
directly and indirectly on proper Na,1.2 function canberestored toWT
levelsuponreactivation of the second allelein adolescent stages. They
also suggest that the development of a CRT approach to increase the
expression of the functional SCN2A allele could rescue deficits caused
by haploinsufficiency.

Scn2a-CRISPRa optimizationin vitro

To optimize anrAAV-based CRISPRa approach to rescue Scn2a haplo-
insufficiency, nine different single-guide RNAs (sgRNAs) targeting the
Scn2a promoter were screened for their ability to upregulate Scn2ain
mouse neuroblastoma cells (Neuro-2a). Guides were co-transfected
with a Staphylococcus aureus (sa) dCas9 fused to the transcriptional
activator VP64 (Supplementary Table 2). sadCas9-VP64 is compactin
size (3.3 kb), allowingit to fitintoan rAAV vector, and has beenshown to
promote upregulationto therapeuticlevelsin other forms of haploin-
sufficiency”. Three sgRNAsincreased Scn2a mRNA levels and were pack-
agedintoanrAAV-DJ serotype vector, which provides high expression
levels in many cell types and tissues, including neurons'®. rAAV-sgRNA
viruses were then co-transduced with the rAAV-sadCas9-VP64 activator,
both using the adeno-associated virus (AAV)-DJ serotype, into Neuro-2a
cells for 5 days. One of the three rAAV-sgRNAs was found to increase
Scn2a mRNA expression by twofold and was selected for subsequent
mouse studies (Extended Data Fig. 2a,b).

To test for off-target effects, we carried out RNA sequencing
(RNA-seq) using two biological replicates and three technical replicates

foreach condition (six samples per condition) and analysed the mRNA
expression of all genes in the same topologically associated domain
(TAD) and all Scn sodium channel genes following plasmid CRISPRa
transfectioninto Neuro-2a cells. We observed that Scn2a was the only
upregulated geneinits TAD and also the only upregulated Scn sodium
channel compared with negative control using RNA-seq (Extended
DataFig.3a-c). We observed more genesto be upregulated compared
with the negative control, with gene ontology (GO) analysis showing
an enrichment for viral response (Extended Data Fig. 3d,e), prob-
ably from our AAV infection. In addition, we analysed differentially
expressed genes that are close to (10 kb) sgRNA sequence off-targets
using Cas-OFFinder® with sequences up to three mismatches and two
bulges. With these criteria, we found six differentially expressed genes
from our RNA-seq (Extended Data Fig. 3f). These include Ptpni4 and
one transcript with unknown function (ENSMUSG00000125254) which
have asequence hit with three mismatches and one bulge near the gene.
We also found three genes (Zfp697, Ifi44land Csmd1) and one transcript
(Gm17131) with unknown function that have three mismatches and
two bulges. Thus, the odds of the Scn2a-targeted sgRNA binding are
low. Furthermore, Ptpni4regulates cell proliferationand is not known
to have a major functional role in the brain®. The three other genes
are related to viral response: Zfp697 is involved in the mediation of
interferon-y response in muscle cells?, Ifi44lis interferon-induced and
involved inanti-viral response”and Csmdl1 is acomplement inhibitor?
that was downregulated. In summary, our results show that Scn2a is
significantly upregulated with minimal off-target effects using our
CRISPRa approach.

Cell-autonomous CRT in Scn2a” mice

To test whether Scn2a-rAAV-CRISPRa (rAAV-sadCas9-VP64 + rAAV-
Scn2a-sgRNA) could be used as a therapeutic intervention for Scn2a
haploinsufficiency in adolescent mice, we stereotaxically injected
Scn2a-rAAV-CRISPRa into the mPFC of constitutive Scn2a”” mice at
about P30 (Supplementary Table 3). Mice were injected unilaterally in
one hemisphere and the opposite hemisphere was used as abiologically
matched uninjected control (Fig.2a,b). Asanegative (nosgRNA) control,
Scn2a* mice were co-injected with rAAV-sadCas9-VP64 along withan
rAAV-mCherry (termed empty vector). At least 4 weeks after injection,
the mPFCs of the injected and uninjected hemispheres were dissected
and extracted for quantitative PCR (qPCR) analysis and electrophysi-
ological recordings. Scn2a* mice injected with Scn2a-rAAV-CRISPRa
showed an upregulation of Scn2a mRNA of around 1.5-fold by means
of reverse transcription quantitative PCR(RT-qPCR) compared with
the uninjected hemisphere, whereas rAAV-empty-mCherry-injected
mice showed no upregulation of Scn2a mRNA expression (Fig. 2c).

To assess the phenotypic effects of Scn2a-rAAV-CRISPRa on neu-
ronal excitability, acute slices from the mPFC were dissected 4 weeks
after injection and electrophysiological recordings were carried out
from neurons in these slices. AP waveforms, measured with somatic
current-clamp recordings, are sensitive to Scn2a expression levels
insingle cells, with peak dV/dt being directly proportional to Na,1.2
density at the somatic membrane®?*. We found that peak dV/dr was
restored to WT levelsin mCherry-positive neurons in CRISPRa-treated
Scn2a*” mice (Fig. 2d). mCherry-negative neurons, recorded either
from the same slices or in interleaved constitutive controls, showed
dV/dtvalues expected for Scn2a”* and Scn2a* neurons, respectively.
Similarly, no upregulation in dV//dt was noted in mCherry-positive
empty vector controls (Fig. 2d). Other aspects of neuronal excitability
were stable (Extended Data Fig. 4).

Scn2a haploinsufficiency is also known to impair dendritic excit-
ability and excitatory synapse function. We found that P30 Scn2a-
rAAV-CRISPRa administration was able to rescue these impairments.
AMPA:NMDA ratio was rescued to WT levels (Fig. 2e). Similarly,
AP-evoked calcium transients in distal apical dendrites, which are
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Fig.2|Intracranial Scn2a-rAAV-CRISPRainmPFCrescues excitability
deficitsinScn2a” neurons. a, CRT design to rescue Scn2a haploinsufficiency.
b, Localinjection of Scn2a-rAAV-CRISPRa (virusesinjected in brackets) and
coronalsectiondetailinginjectionssite, stained for mCherry and DAPI. ¢, RT-qPCR
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***P=0.0007, Mann-Whitney test.d, AP phase-plane plots of CRT-treated and
empty-treated Scn2a” and Scn2a*” mice. Populations also compared with
interleaved, uninjected controls.n=16 Scn2a**,12Scn2a*",24 Scn2a”* + CRISPRa,
19 Scn2a*” + CRISPRa, 17 Scn2a** + empty and 27 Scn2a*” + empty cells.

*++p < 0,0001, Holm-Sidak multiple comparisons test.e, AMPA:NMDA ratio,

readily observedin WT butnot Scn2a*” cells, were also restored (Fig. 2f).
This suggests that CRT may be effective for Scn2ato help tore-engage
such processes in the mPFC.

Systemic CRT inScn2a” mice

We next explored the feasibility of intravenous systemic rAAV-CRIS-
PRa delivery, asit is amore clinically translatable delivery approach.
Scn2a*”” mice were injected, either through the tail vein or the retro-
orbital sinus, with Scn2a-rAAV-CRISPRa constructs (sadCas9-VP64
and Scn2a-sgRNA) packaged using the PHP.eB rAAV serotype, which
can readily pass through the blood-brain barrier in C57BL/6 mice
and provide robust brain transgene expression. Mice injected at
P30 through the tail vein or retro-orbital sinus showed widespread
expression throughout the brain when collected more than 4 weeks
later (Fig. 3a,b). To test for off-target effects, we carried out RNA-seq
on nuclei from cortical neurons sorted from WT, Scn2a”” and Scn2a-
rAAV-CRISPRa Scn2a*” PHP.eB rAAV serotype-injected mice using three
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asinFig. 1h, for Scn2a*” + CRISPRa (mCherry*, purple, n=7) and Scn2a*”"
(mCherry’, cyan, n=4)internal controls. Grey bar: 95% confidence interval

of Scn2a™* control data fromref. 13.**P=0.006, Mann-Whitney Wilcoxon test.
f bAP-evoked Caimaging, as in Fig. 1g, in LSPNs from P55 to P84 Scn2a**
(black, n=38sites, 11 cells, 5Smice), Scn2a” (cyan, n = 40ssites, 11 cells, 5 mice),
Scn2a*” + CRISPRa (purple, n=18sites, 5 cells, 5mice) and Scn2a”* + CRISPRa
(grey, n=29sites, 8 cells, 8 mice). **P=0.0002, ***P=0.0004, ****P< 0.0001,
mixed-effect model, Holm-Sidak multiple comparisons test. Circles are animals
(c), singlecells (d,e) orimagingsites (f); box plots are medians, quartilesand
100% tails. Scale bars, 1 mm (b), 100 um (). NS, not significant.

mice per condition (Methods). We then analysed the mRNA expression
of all genes in the same TAD and all Scn sodium channel genes. We
observed that Scn2a showed an upregulated trend that was not signifi-
cant after correcting for multiple testing in the Scn2a-rAAV-CRISPRa
Scn2a*-injected mice compared with Scn2a*” -uninjected mice and
no other gene in its TAD or Scn sodium channel gene showed signifi-
cant differential expression compared with the WT and Scn2a” mice
(Extended DataFig. 5a). In contrast to our in vitro RNA-seq, we did not
observe any viral response-associated differentially expressed genes
(Extended Data Fig. 5b-e). Differentially expressed genes between
Scn2a-rAAV-CRISPRa Scn2a*-injected and Scn2a* -uninjected mice
included dCas9 and mCherry along with a handful of transcripts that
represent genes of unknown function. Inaddition, we analysed sgRNA
sequence off-targets with sequences up to three mismatches and two
bulges. With these criteria, we found only one putative off-target with
three mismatches and two bulges, nearby to a downregulated gene,
Ptchd4, a negative regulator of the hedgehog pathway? (Extended
DataFig. 5f). This gene did not have a significant expression difference
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CRISPRa-PHP.eBintravenous tail vein delivery. Viruses injected described
inbrackets. b, Sagittal brainsection from P80 Scn2a” + CRISPRamouse following
tail veininjection of Scn2a-rAAV-CRISPRa-PHP.eB at P30, stained for mCherry and
DAPI. ¢, Peak AP dV/dt from P82 to P241Scn2a** (black, n=44),Scn2a”" (cyan,
n=37) andtail vein Scn2a-rAAV-CRISPRa-PHP.eB-injected Scn2a** + CRISPRa
(grey,n=23)and Scn2a*" + CRISPRa (purple, n=20) L5PNs.***P< 0.0001,
Holm-Sidak multiple comparisons test.d, AMPA:NMDA ratio from P79 to P85
Scn2a** and Scn2a*" uninjected controls (left) and P82 to P241Scn2a-CRISPRa-
PHP.eB-treated Scn2a** and Scn2a*" mice (right).n=7,14,11,13 cells, respectively.
*P<0.05, Holm-Sidak multiple comparisons test versus Scn2a”". e, Left,
modelled distribution of Na,1.2and Na,1.6 across AlS, soma and proximal apical
dendrite. Middle, AP phase-plane plots with varying Na,1.2 plasma membrane

when comparing Scn2a-rAAV-CRISPRa Scn2a™ -injected mice with the
WT. Our inability to observe significant upregulation for Scn2ain the
RNA-seq data from Scn2a-rAAV-CRISPRa could be because of its low
expression levels and manifestation in specific neuronal cell types®
as well as the last Scn2a exon having high similarity to Scnla, Scn3a
and Scn9a (ranging from 92% to 96% identity). Both attributes prob-
ably ‘dilute’ its expression levels in RNA-seq despite sorting neurons
from the cortex. However, we should note that we observed signifi-
cantupregulation by means of RT-qPCR for Scn2a for numerous mice
injected with Scn2a-rAAV-CRISPRa, through either local or systemic
injection (Fig.2cand Extended Data Fig. 2d), and Scn2a-rAAV-CRISPRa

Time from 8 mg kg™ + CRISPRa

4-AP application (min)

densities. Right, predicted peak AP dV/dtas afunction of Na,1.2 expression
levels. f, Empirical measurements of peak AP dV/dtin Scn2a**, Scn2a* and
Scn2a”” L5PNs compared with Scn2a”* + CRISPRa. Scn2a™*, Scn2a*” and Scn2a™”
valuesare fromref. 24.Scn2a** + CRISPRaare merged local and tail vein peak
dV/dtvalues. Data placed at175% of WT based on PCR upregulation (Fig. 2c). Scn2a™*
versus Scn2a”* + CRISPRa; P=0.5, Mann-Whitney test. g, EEG from screws placed
above PFCin naive or CRISRPa-treated WT and Scn2a” micereceiving 8 mg kg™
4-AP atonsetofrecording. h, Expansionof grey bar areaing. Red marks denote
automated identification of ictal-like activity. i, Ictal spikes, binned per 5 min,
across groups. Barsand shading are mean +s.e.m. j, Events per animal at

the peak of ictal event period.*P < 0.03, **P < 0.004, Holm-Sidak multiple
comparisonstest. Circlesare single cells (c,d,f) or animals (k); box plots are
medians, quartiles and 100% tails. Scale bar, 1 mm.

dual vector components were detected in the RNA-seq and until
460 days (16 months) by means of RT-qPCR, demonstrating the
long-term, persistent AAV transgene expression (Extended Data
Fig.6).

Electrophysiological analysis of Scn2a-rAAV-CRISPRa-PHP.eB-
injected Scn2a*” mice showed a rescue of AP peak dV/dt and AMPA:
NMDA ratio, comparable to that of local stereotactic Scn2a-rAAV-
CRISPRatreatmentdirectly into the mPFC (Fig. 3c,d). Together, these
data demonstrate the feasibility of systemic administration of rAAV-
CRISPRatorescue Scn2a haploinsufficiency-associated electrophysi-
ological defects.
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Scn2a upregulationis well tolerated

Gain-of-function missense variants in SCN2A are associated with several
forms of epilepsy® Thus, amajor concernwith a CRISPRaapproachto
rescue SCN2A haploinsufficiency is overexpression beyond normal
physiological amounts, as this may resultin hyperexcitability, similar
to that observed with gain-of-function missense variants. To assess this,
we administered CRISPRaintracranially to WT mice and assessed their
cellular excitability. Intracranial Scn2a-rAAV-CRISPRa injection into
mPFC upregulated Scn2a mRNA approximately 1.75-fold in WT mice
(Fig. 2c). Compartmental models of pyramidal cells predicted that such
increasesin mRNA, iftranslated into Nay,1.2 channels thatincorporate
into neuronal membranes, should increase peak dV/dt of APs (Fig. 3e).
Indeed, AP velocity in such models was proportional to Na,1.2 mem-
brane density from 0% to 200% of normal levels. In empirical studies,
we observed a similar linear relationship between AP peak dV/dt and
Scn2a copy number between 0% and 100% of normal levels; however,
Scn2a-rAAV-CRISPRa-treated Scn2a*” cells had peak dV/dt values that
were no different than untreated controls (Fig. 3f). This suggests that
maximal Na,1.2 function is regulated, perhaps by auxiliary subunits,
scaffolding partners and post-translational modifications, and cannot
exceed WT levels?, mirroring similar observations made with other
approaches that increase expression of SCNIAZ.

CRT suppressesinduced seizures

Children with SCN2A haploinsufficiency can experience seizures after
the first few months of life that are often refractory to treatment?.
As such, there is a clear unmet need for treatment options that can
reduce seizure burden in SCN2A haploinsufficiency. At the cellular
level, these seizures may be due to loss of Na,1.2 expressionin neocor-
tical pyramidal cell dendrites, as marked reductions in Scn2a expres-
sion can increase intrinsic excitability in these cells through the loss
of Na,1.2-supported activation of dendritic potassium channels that
contribute to membrane repolarization during APs**?, Furthermore,
complete loss of Na,1.2 in layer 5 pyramidal cells is sufficient to gen-
erate seizure-like electroencephalography (EEG) activity in mice®,
possibly through their interactions with potassium channels. Given
these observations, we tested whether Scn2a haploinsufficient mice
had increased sensitivity to the chemoconvulsant 4-aminopyridine
(4-AP), anon-selective blocker of delayed rectifier potassium channels
that drive AP repolarization. Scn2a*~ mice exhibited a bias towards
seizure-related behavioural activity at earlier times and at lower doses
of 4-AP compared with WT (Extended Data Fig. 7). Simultaneous EEG
in these mice showed that 4-AP administration, at an intermediate
dose (8 mg kg™), evoked ictal spikes in the frontal cortex that were
associated with myoclonic jerking behaviour (Fig. 3g-j and Extended
Data Fig. 7). These events peaked in frequency 30-40 min after 4-AP
administration, but then subsided withinan hour of dosing. At higher
doses (15 mg kg™), ictal spikes often preceded tonic-clonic seizures.
To determine whether these seizures could be prevented with our CRT
approach, we injected PHP.eB-based Scn2a-rAAV-CRISPRa systemi-
cally through the retro-orbital sinus at P30 and challenged mice with
8 mg kg'4-AP 42-65 days later. Remarkably, ictal spike frequency was
reducedtolevels observed in naive WT animalsin CRT-treated Scn2a™”
mice (Fig. 3g-j).

Using whole-cell electrophysiology, we found that CRISPRa-based
Scn2amRNA overexpressionin WT neurons does notlead toincreased
Na,1.2 expression in membranes beyond normal WT levels (Fig. 3).
Thus, mice should tolerate systemic Scn2a overexpression without
increased seizure burden. To test this, we injected PHP.eB-based
Scn2a-rAAV-CRISPRainto WT mice and assessed animal response to
4-AP as in Scn2a”” mice. Ictal spike rates in these mice were compara-
ble to those in untreated WT mice, suggesting that the ceiling placed
on Na,1.2 density observed at the cellular level can help to ensure
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that CRT-based treatments do not inadvertently increase seizure
burden.

CRTinhuman SCN2A"" excitatory neurons

To further investigate the translational potential of this approach,
we tested the ability of SCN2A-rAAV-CRISPRa to rescue the electro-
physiological phenotypes of SCN24*~ neurons differentiated from
hESCs. sgRNA constructs that target the human SCN2A promoter were
designed in a similar strategy to those for mouse and screened for
upregulation of SCN24 ina human neuroblastoma cell line (SH-SYSY).
One sgRNA out of the ten tested increased SCN24A mRNA by 1.5-fold
or 1.3-fold following transient co-transfection with dCas9-VP64 or
transduction by means of an rAAV-DJ serotype, respectively (Extended
DataFig.8a,b). SCN2A"* and SCN2A”~ hESCs" were differentiated into
excitatory neurons using the SMADi STEMDiff forebrain differentiation
and maturation protocol (Fig. 4a and Methods). Immunostaining of
cells at day in vitro (DIV) 65 with MAP2 and GFAP suggested efficient
neuronal differentiation alongside supporting glial cells (Fig. 4b).

Earlyinlife,both humanandrodentexcitatory pyramidal cellsrely
onNa,1.2expressionin the AIS to support AP electrogenesis'. During
this period, which persists over the first year in of life in humans, Scn2a
haploinsufficiency suppresses AP output®. Assuch, CRT canbe evalu-
ated in hESCs by examining both AP waveform and AP output. At DIV
65-66, SCN2A"* neurons were mature enough to support repetitive AP
activity (Fig.4c). By contrast, AP electrogenesis was markedly blunted
in SCN2A* neurons, with few evoked APs that had very low peak dV/d¢t
values compared withinterleaved controls (Fig. 4d,e). Furthermore,
the AISs of these SCN2A"" neurons were approximately 19% longer
than those from SCN2A"* counterparts (Extended DataFig. 9a,b), sug-
gesting that these neurons are responding to reduced excitability by
expanding this region associated with AP initiation'2. SCN24*" neu-
rons treated with SCN2A-rAAV-DJ-CRISPRaat DIV30 had mRNA levels
that were comparable to WT amounts (Extended Data Fig. 8c) and
at DIV 65-66 exhibited a full recovery in AP output with a concomi-
tant increase in peak dV/dt (Fig. 4c-e). Moreover, CRISPRa-infected
SCN2A*" initial segments were 19% shorter than those of uninfected
SCN2A*" neurons visualized in the same preparation, suggesting that
AlS structural plasticity was reversed by CRISPRa treatment (Extended
DataFig.9c,d).Inconclusion, these datademonstrate that CRISPRa can
provide a potential therapeutic benefit for SCN2A haploinsufficiency
inhuman neuronal cell types, rescuing both electrical and structural
aspects of neuronal excitability.

Discussion

Itis thought that 227 high-confidence NDD-associated genes cause
NDDs due to haploinsufficiency, with SCN2A4 haploinsufficiency being
one of the most prevalent*. Here, we showed how a CRISPRa-based CRT
approach could be used to rescue the electrophysiological deficits
associated with SCN2A haploinsufficiency. First, using a Cre-induced
rescue of Scn2a haploinsufficiency in adolescent mice, we showed
the feasibility of this approach to provide a potential therapeutic dur-
ing adolescence. Next, by direct stereotaxic mPFC and intravenous
tail vein injections of Scn2a-rAAV-CRISPRa, we upregulated Scn2ain
adolescent Scn2a* mice and demonstrated rescue of several features
of intrinsic excitability, including AP electrogenesis and associated
activation of dendritic calcium channels, as well as synaptic efficacy,
as measured by AMPA:NMDA ratio. Of note, these synaptic features
were rescued with CRISPRa administration in early adolescence, sug-
gesting both that Scn2a haploinsufficiency interrupts normal circuit
refinement and that these processes canbereinitiated if normal levels
of Nayl.2 are restored. Furthermore, we found that Scn2a* mice are
susceptible to seizure induced by a potassium channel antagonist, and
that such seizures can be prevented by CRISPRa treatment. Together,
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these results indicate that CRT is a viable therapeutic approach for
SCN2A haploinsufficiency and could be a viable approach to mitigate
treatment-refractory seizures observed in this patient population
CRT hasbeensuccessfulintreating rodent models of both CNS and
non-CNS haploinsufficiency-related disorders*' %, In the case of
sodium channel haploinsufficiency, CRT also overcomes two of the
main limitations of traditional gene replacement therapy, rAAV packag-
ing capacity and ectopic expression. Sodium channels are long genes
whose complementary DNA length exceeds the rAAV payload capacity.
Classical gene replacement therapy would require splitting the channel
into two components using dual AAVs and placing a linker to connect
them as was recently used for Scnia®. CRT overcomes this limitation
by packaging CRISPRacomponents that target the gene’s endogenous
regulatory elements to upregulate its expression. In addition, results
fromatransgenic-based CRISPRasuggest that upregulation occursonly
inthe tissue/cell type where the targeted regulatory element is active”,
providing further specificity to the rAAV serotype or promoter used to
drive expression. In particular, this could be extremely beneficial for
sodium channels that have similar protein structures yet have distinct
functionsinskeletal, cardiac, central nervous and peripheral nervous
systems, which make it difficult to target specific isoforms pharmaco-
logically without off-target effects*®*. An extra advantage is that CRT
uses a nuclease-deficient DNA targeting molecule that does not edit
the DNA, and thus off-target effects willnotlead to ‘DNA scars’. The use
of a CRISPR-based CRT approach couldlead toimmunogenicity due to
the dCas9. However, there are many efforts to engineer Cas proteins
with reduced immunogenicity by epitope masking*?*?, or by use of
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box plots are medians, quartiles and 100% tails. Scale bar, 50 pm.

alternate Cas proteins, such as those from non-pathogenic bacteria that
have not been exposed to humans'™. Alternatively, other DNA targeting
molecules such as zinc fingers or transcription activator-like effector
nucleases (TALENS), which should be less immunogenic and smaller
in size*, could be used instead.

A major goal of CRT is to achieve physiological levels of the modu-
lated gene that provide therapeutic benefit. Obtaining levels that are
too high could also have deleterious physiological effects, whereas
levels too low may not be within the therapeutic window of efficacy.
For SCN2A, thisis of particularimportance as gain-of-function variants
are associated with epileptic encephalopathies® Here, we intention-
ally used VP64 as the transcriptional activator to avoid excess Na,1.2
production, asit has modest upregulating potential. Furthermore, we
assessed whether Scn2a overexpression through CRISPRa above nor-
mal physiological conditions affected brain function by upregulating
Scn2amRNA in WT mice. Heightened amounts of Scn2a mRNA did not
correspond to elevated intrinsic or network neuronal hyperexcitability.
We speculate that this could be because of a potential ceiling on total
Na,1.2 membrane density, perhaps imposed by ancillary subunits, scaf-
folding partners or post-translational modifications', whose regulation
remains unchanged. Furthermore, we observed no electrophysiological
effects or gene expression changes that would indicate that CRT altered
the expression of other CNS sodium channel genes or genes that are
inthe Scn2a TAD region (Extended Data Fig. 3a,b).

Treatments for NDDs would probably be most beneficial when
administered early, ideally before symptom onset. Nevertheless,
brain development is a dynamic process that spans several decades
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of life, and interventions administered even later in life could have
some therapeutic benefit®. One example is an antisense oligonucleo-
tide therapy for Angelman syndrome that improved communication
and motor skills and reduced epileptiform discharges when adminis-
tered to 4-17-year-old children*, despite work in rodent models sug-
gesting that therapies should ideally be administered prenatally*’*%,
Scn2ahaploinsufficiency in miceresultsin life-long, cell-autonomous
impairments in neocortical pyramidal cell dendritic excitability and
synapse function®, Here, we find that these impairments can be rescued
with adolescent reactivation of a LoF allele (Fig. 1) or by CRT-based
overexpression through the residual, functional allele (Figs. 2 and 3),
suggesting that rescue of normal dendritic excitability can restore
many aspects of neuronal function. Future work will help to clarify
other Scn2a-dependent processes and the critical therapeutic periods
needed to address various treatment outcomes across development.

Here, we focused on seizure susceptibility as a primary behavioural
outcome measure for CRT. Seizures are amajor health concernin the
SCN2A community, affecting an estimated 20-30% of children with
LoF variants, and, by definition, all gain-of-function cases*. We found
that 4-AP application resulted in a robust, sex-independent increase
inictal spiking in prefrontal cortex (PFC) EEG records that allowed for
CRT evaluationin Scn2a” and safety in WT littermates (Fig. 3g-j). CRT
treatment did notlead to any change inseizure burdenin 4-AP-treated
mice. Thisis critical, asit suggests that overexpression of Scn2a genes
can be regulated, avoiding overexpression of Na,1.2 function at neu-
ronal membranes. This places an intrinsic safety factor for Scn2a CRT
implementation.

In the future, it will be critical to evaluate CRT approaches further
with otherbehaviours that better reflect NDD aspects of Scn2a haplo-
insufficiency. Unfortunately, the field has struggled to identify robust
phenotypesin Scn2a*”” mice in commonly assessed behaviours'>¥°-*,
Leveraging other model systems will probably be critical for assessing
proper therapeutic developmental windows and safety profiles. Fur-
thermore, several aspects of this approach will need to be optimized,
including safety assessments of rAAV components, off-target CRISPRa
effects, the use of non-human primates to assess efficient delivery,
upregulation levels, cytotoxicity, immunogenicity and AAV toxicity
and serotypes®™*°, For the latter point, the PHP.eB serotype used here
is effective only in specific mouse strains*, but recently described
serotypes that pass the blood-brain barrier in non-human primates*
or low-intensity focused ultrasound® to increase infiltration could
potentially be used. Inaddition, it will be vital to confirm that the SCN2A
variant to be treated causes a non-functional transcript, as this cur-
rent approach upregulates both alleles. Last, it isimportant to note
that this therapeutic approach is useful only for variants that lead to
acomplete LoF allele. Approaches that use allele-specific targeting
could potentially be used to overcome this hurdle in cases in which
the variant allele does not promote gain-of-function.

In summary, this study shows how CRT using CRISPRa can rescue
phenotypesinagenetic mouse model of a prevalent cause of NDDs. CRT
is a customizable platform technology that can modify gene expres-
sionwithout directly editing the genome and can be tailored to rescue
other disorders caused by haploinsufficiency. The application of CRT
to treat SCN2A haploinsufficiency leverages a growing understanding
of the genetic aetiology of NDDs and demonstrates a potential path
forward for treating complex neurodevelopmental conditions through
modern genetic medicine approaches.
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Methods

CRISPRainvitro optimization

Ten sgRNAs targeting the mouse Scn2a or human SCN2A promoters
were designed using the Broad Institute’s GPP sgRNA Design Tool
(Genetic Perturbation Platform, Broad Institute). These guides were
individually cloned into pAAV-U6-sasgRNA-CMV-mCherry-WPREpA
(Addgene, 217015) at the BstXl and Xhol restriction enzyme sites using
the In-Fusion HD cloning kit (Clontech). rAAV vectors were generated
using similar plasmids and cloning methods as described previously'.
Mouse sgRNAs were tested in the neuroblastoma cell line Neuro-2a
(ATCC CCL-131). Cells were grown in Dulbecco’s modified Eagle’s
medium with 10% FBS and 1% penicillin-streptomycin, and SH-SY5Y
cells were grown in Eagle’s minimum essential medium with 10% FBS
and 1% penicillin-streptomycin, following ATCC guidelines. Cells were
transiently co-transfected with individual sgRNAs cloned into pAAV-
U6-sasgRNA-CMV-mCherry-WPREpA along with pCMV-sadCas9-VP64
(Addgene, 115790) for 48 h using Opti-MEM Reduced Serum Medium
(Thermo Fisher) and X-tremeGENE HP (Sigma-Aldrich). RNA was iso-
lated using the RNeasy Mini Kit (Qiagen) following the manufacturer’s
protocol. cDNA was synthesized using SuperScript Il First-Strand Syn-
thesis System (Invitrogen) and qPCR was conducted using SsoFast
EvaGreen Supermix (Bio-Rad) and analysed using the AAC; methods,
comparing with a no-sgRNA transfection and normalized to Actb as a
housekeeping gene. rAAVs were produced at the Stanford Gene Vector
and Viral Core (see Supplementary Table 3 for genomic titre).

RNA-seq
For cell culture RNA-seq, we used two biological replicates and three
technical replicates for each condition (six samples per condition) from
Neuro-2atreated with either rAAV-sadCas9-VP64 (negative control) or
rAAV-sadCas9-VP64 + rAAV-Scn2a-sgRNA. For mouse RNA-seq, corti-
ces were dissected from WT and heterozygous mice, with or without
rAAV-sadCas9-VP64 + rAAV-Scn2a-sgRNA injection, three mice per
condition. For each sample, nuclei were isolated from approximately
200 mg of cortex using the Singulator 100 System (S2 Genomics)
with the Single Shot Standard Nuclei Isolation v.2 program. The iso-
lation was performed in 3 ml of lysis buffer (10 mM Tris-HCI, pH 7.4;
10 mM NaCl; 3 mM MgCl,.6H,0; 0.05% IGEPAL CA-630; 0.5 mM DTT;
nuclease-free water) and 3 ml of wash buffer (5% BSA, 0.25% glycerol
in1x PBS). To preserve RNA integrity, 50 pl of Protector RNase Inhibi-
tor (Sigma-Aldrich, 3335402001) was added directly to the Singulator
cartridge. Followingisolation, nuclei were centrifuged, and debris were
removed by centrifugationin wash buffer supplemented with1x Nuclei
Debris Removal Stock Reagent (S2 Genomics, 100253628) and 37.5 pl
of RNase inhibitorat 600gfor15 minat4 °C, with decelerationsetto1.
Purified nucleiwere then washed once in wash buffer and resuspended
in 500 pl of wash buffer supplemented with 6.5 pl of Protector RNase
Inhibitor, DAPI (Biotium,40043;1:1,000) and anti-NeuN-488 antibody
(Sigma-Aldrich, MAB377X;1:500). The suspension was incubated for
1hat4°Cinthedarktoallow staining. Finally, nuclei were washed once
withwashbuffer, resuspendedin1 ml of wash buffer supplemented with
12.5 pl of Protector RNase Inhibitor and transferred toa FACS tube. Neu-
ronal nuclei were sorted on the basis of DAPland NeuN positivity using
aBD FACSAria™ 11 (BD Biosciences) (Extended Data Fig. 5g-i). Sorted
nucleiwere thenresuspendedin 700 pl of QIAzol lysis reagent (Qiagen,
79306), and total RNA was extracted using the miRNeasy kit (Qiagen,
217084) following the manufacturer’sinstructions. Extracted RNA was
sent to Novogene for mRNA library preparation (polyA enrichment)
and sequenced using aNovaSeq 6000, generating 150-bp end reads.
RNA-seq reads were trimmed on the 3’ ends of reads for which the
quality score was less than 20 using trim galore 0.6.10 through nf-core
RNA-seq pipeline v.3.18 (ref. 60). In brief, sequences were mapped
to mm39 with STAR 2.7.8a (ref. 61) and counts were computed using
featureCounts with gtf provided from Ensembl (Mus_musculus.

GRCm39.113). Post alignment, gene annotation was carried out using
Ensembl Transcripts release 113. Genes exhibiting a maximum count
of one or less were removed. The remaining gene counts were normal-
ized to counts per million. Differential expression was characterized
using DESeq2 v.1.44 (2024-05-01)* and R v.4.4. Genes with an average
normalized count of less than one across all samples were considered
notsignificantly different. Gene ontology over-representation analysis
using GSEApy v.1.1.3 (ref. 62) was performed on significantly upregu-
lated genes. Upregulated genes were tested for gene ontology term
enrichment against a background of genes expressed in the RNA-seq
samples using Fisher’s exact test for statistical significance. Benjamini-
Hochberg multiple testing correction was performed and gene ontol-
ogy terms with an adjusted P value less than 0.05 were considered
significantly enriched. AllRNA-seq data are available on the NCBI Gene
Expression Omnibus as Bioproject PRINA1292778.

Mouse generation, husbandry and genotyping

Allmouse work was approved by the University of California, San Fran-
ciscolnstitutional Animal Care and Use Committee. All mice were main-
tained on a C57BL/6) background on a12:12 light-dark cycle (light on
at6.00a.m.)withad libitum food and water, with daily health monitor-
ing. Genotyping was performed by means of tail clips using the KAPA
Mouse Genotyping Kit (Roche, 07961766001). See Supplementary
Table 2 for primer sequences. Scn2a*” were as described in ref. 63;
conditional knockout (Scn2a™?) were as described in ref. 13. Scn2a*
mice were created at Cyagen Biosciences by inverting exons 3-5of the
Scn2agene and inserting an SA-2A-eGFP-polyA cassette upstream of the
inverted exons. Theinverted exons and the SA-2A-eGFP-polyA cassette
were flanked with loxP and Lox2272 sites to ensure the excision of the
SA-2A-eGFP-polyA cassette and the reversion of exons 3-5 to the cor-
rect orientation following Cre recombinase-induced recombination.
A targeting vector containing the inverted exons, SA-2A-eGFP-polyA
cassette, recombination sites, selection markers and homology arms
was assembled from mouse genomic fragments amplified from BAC
clones RP23-332C13 and RP23-55C23. The targeting vector was lin-
earized by restriction enzyme digestion and transfected into C57BL/6
embryonicstem cells through electroporation, and successfully trans-
fected cells were identified by drug selection, PCR verification and
Southern blot confirmation. Confirmed clones were introduced into
hostembryos and transferred to surrogate mothers. Chimerismin the
resulting pups wasidentified by means of coat colour. FO male chimeras
were bred with C57BL/6) females to generate F1 heterozygous mutants
that were identified by PCR.

Invivo AAV administration

Forlocal AAV administration, mice aged P30-P40 were kept under live
anaestheticisoflurane at 0.5-2.0% and mounted onto the stereotaxic
machine (Kopf1900). Then, 500 nl of rAAV at a 1:1ratio of sgRNA and
sadCas9-VP64 or1plof EFla-Cre-mCerry wasinjected into the mPFC at
stereotaxic coordinates (mm): anterior-posterior, +1.7; mediolateral,
-0.35; dorsoventral, -2.6, at a viral infusion rate of 0.1 ul min™. For
systemic AAV administration, mice aged P30-P40 werekeptona37 °C
warm pad and harnessed using a brass mouse restrainer (SAl Infusion
Tech). Lateral tail vein injections were carried out with rAAVatal:1
ratio of sgRNA and sadCas9-VP64 (1 x 10" viral genomes per mouse)
suspendedin 200 pl of saline usinga30 G needle. For either injection,
mice were used for subsequent experiments 4 weeks after injection.
Tail-vein-injected animals used for EEG recording experiments were
subsequently divided across experiments for electrophysiological
recordings, RT-qPCR and immunofluorescence.

Invivo dissections

At 4 weeks after injection, mouse brains were removed and 250-pm-
thick coronal slices containing the mPFC were dissected in artificial
cerebrospinal solution containing (in mM): 87 NaCl, 25 NaHCO,,
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25 glucose, 75 sucrose, 2.5 KCl, 1.25 NaH,PO,, 0.5 CaCl, and 7 MgCl,;
bubbled with 5%C0,/95%0,; 4 °C. Fluorescence mCherry expression
in the mPFC of the injected hemisphere was validated using a fluo-
rescence stereomicroscope (Nikon SMZ1500). For mRNA expression
analyses, both the injected (mCherry-positive) and uninjected hemi-
spheres (mCherry-negative) were dissected using a sterile Miltex dis-
posable punch biopsy (Medline MIL3332P25) and flash-frozen in RLT
lysis buffer (Qiagen). RNA was extracted using the RNAEasy Micro Kit
(Qiagen) following the manufacturer’s protocol. cDNA and downstream
qPCR were conducted using SuperScript Il (Invitrogen) and SsoFast
EvaGreen Supermix (Bio-Rad) on a QuantStudio 6 Flex Real Time PCR
system (Applied Biosystems). qPCR results comparing the injected
and uninjected hemispheres were analysed using the AAC; methods
and normalized to Actb, a housekeeping gene.

Ex vivo electrophysiology and two-photon imaging

Allex vivo electrophysiology and two-photon imaging were acquired
and performed using the same methods as described previously™*.
Mice were anaesthetized using isoflurane and 250-um coronal slices
were prepared. Cutting solution contained (in mM): 87 NacCl, 25
NaHCO;, 25 glucose, 75 sucrose, 2.5KCl, 1.25NaH,P0O,, 0.5 CaCl,and 7
MgCl,; bubbled with 5%C0,/95%0,; 4 °C. Following cutting, slices were
incubated either in the same solution or in the recording solution for
30 min at 33 °C, then at room temperature until recording. Record-
ing solution contained (in mM): 125 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,,
25NaHCO;,1.25 NaH,P0,, 25 glucose; bubbled with 5%CO,/95%0,;
32-34°C, approximately 310 mOsm. Neurons were visualized with
DIC optics for conventional visually guided whole-cell recording,
or Dodt contrast imaging, or with two-photon-guided imaging of
reporter-driven mCherry or GFP fluorescence overlaid on animage
of the slice (scanning DIC). Cells of interest were chosen on the basis
of fluorescence expression in all experiments in Scn2a”€ mice and in
all experiments using CRISPRa constructs. For current-clamp record-
ings, patch electrodes (Schott 8250 glass, 3-4-MQtip resistance) were
filled with a solution containing (in mM): 113 K-gluconate, 9 HEPES, 4.5
MgCl,, 0.1 EGTA, 14 Tris,-phosphocreatine, 4 Na,-ATP, 0.3 Tris-GTP;
approximately 290 mOsm, pH 7.2-7.25. For Ca*" imaging, EGTA was
replaced with 250 pM Fluo-5F and 20 pM Alexa 594. For voltage-clamp
recordings of synapticactivity, internal solution contained (in mM): 110
CsMeSO0;, 40 HEPES, 1KCI, 4 NaCl, 4 Mg-ATP, 10 Na-phosphocreatine,
0.4Na,-GTP, 0.1EGTA; approximately 290 mOsm, pH 7.22. All datawere
corrected for measured junction potentials of 12 and 11 mV in K- and
Cs-based internals, respectively.

Electrophysiological data were acquired using Multiclamp 700A
or 700B amplifiers (Molecular Devices) by means of custom routines
inIgorPro (Wavemetrics). For measurements of AP waveform, data
were acquired at 50 kHz and filtered at 20 kHz. For all other measure-
ments, data were acquired at 10-20 kHz and filtered at 3-10 kHz. For
current-clamp recordings, pipette capacitance was compensated by
50% of the fast capacitance measured under gigaohmseal conditionsin
voltage-clamp before establishing a whole-cell configuration, and the
bridge was balanced. For voltage-clamp recordings, pipette capacitance
was compensated completely, and series resistance was compensated
50%.Series resistance was less than15 MQinall recordings. Experiments
were omitted if input resistance changed by more than +15%.

2PLSM was performed as previously described®. A two-photon
source (Coherent Ultra II) was tuned to 810 nm for morphology and
calcium imaging. Epi- and trans-fluorescence signals were captured
either through a x40, 0.8 numerical aperture (NA) objective for cal-
cium imaging or with a x60, 1.0 NA objective for spine morphology
imaging, paired with a1.4 NA oil immersion condenser (Olympus).
Fluorescence was splitintored and green channels using dichroic mir-
rors and band-pass filters (575 DCXR, ET525/70m-2p, ET620/60m-2p,
Chroma). Green fluorescence (Fluo-5F) was captured with 10770-40
photomultiplier tubes selected for high quantum efficiency and low

dark counts (Hamamatsu). Red fluorescence (Alexa 594) was captured
withR9110 photomultiplier tubes. Datawere collected inlinescanmode
(2-2.4 ms per line, including mirror flyback). For calciumimaging, data
were presented as averages of 10-20 events per site and expressed
as AG/G, * 100, where G, was the maximal fluorescence in saturat-
ing Ca** (2 mM). AP backpropagation experiments were performed in
25 puM picrotoxin, 10 yM NBQX and 10 pM R-CPP.

EEGimplant surgeries

Mice were anaesthetized with isoflurane and placed on a stereotaxic
apparatus. Screws withwire leads were implanted in2-3 turnsinto five
burr holes at (stereotaxic coordinates relative to bregma (mm)): PFC:
1.7 anterior-posterior,-0.3 mediolateral; S1: 1.8 anterior-posterior, 2.5
mediolateral; reference and ground: -5 anterior-posterior, 0.9 medi-
olateral (Pinnacle Technology). Ahead mount was then attached to the
wire leads and secured in adhesive dental cement. Mice were given at
least 1 week for post-surgery recovery before EEG recordings.

EEG recordings and analysis

EEG recordings were performed using the Sirenia Acquisition Software
(Pinnacle Technology) at 2-kHz sampling frequency with simultaneous
video capture.4-AP doses at 6 and 8 mg kg ' were delivered in sessions
spaced at least 2 d apart. We administered 15 mg kg™ at least 1 week
thereafter.4-AP was prepared fresh at the start of every recording day.
Recordings were performed between10.00 a.m.and 6.00 p.m. to con-
trol for the circadian light-dark cycle. EEG analyses were performed
with customroutinesinIgorPro based on deconvolution-based event
detection for spontaneous synaptic activity as described previously®. A
series of ictal spike events from EEG screws placed above the frontal cor-
tex were averaged to create a100-ms template event for all subsequent
analyses. Ictal spikes were identified as all events with a deconvolved
signal 3.5x above background noise.

Behavioural seizure scoring was made from simultaneous video
and EEG monitoring. Behavioural classification of increasing sei-
zure severity was based on the Racine scale and a previous report
of seizures in Scn2a*~ mice®**, Latency to seizure activity was con-
sidered the time from 4-AP administration to the onset of the first
seizure. Behavioural arrest was defined as a sudden immobilization
of the animal. A myoclonic jerk was defined as a neck or body twitch
accompanied by a single sharp spike in the EEG signal. A tonic—clonic
seizure was defined as clonic convulsions leading to wild jumping
also with high-amplitude spiking in the EEG signal. The animal was
considered deceased when the tonic-clonic seizure led to tonic exten-
sion of hind limbs followed by loss of body tone and close to flat EEG
signal.

Computational compartmental modelling

A pyramidal cell compartmental model was implemented in the
NEURON environment (v.7.7) based on the Blue Brain Project thick-
tufted layer 5b pyramidal cell (TTPC1) model used in our previous
study?*¢>%¢, The TTPC1 model was adjusted to include an AIS, and the
original Na channels in the TTPC1 model were replaced with Na,1.2
and Na,1.6 channels in compartments with densities as described
previously?.

hESC differentiation, maturation and electrophysiology

WT and SCN2A"~ HUES66 (NIH Registration 0057) hESC cell lines were
obtained from the Harvard Stem Cell Institute and plated on Matrigel
(Corning)-coated standard tissue culture plates maintainedin mTESR
(STEMCELL). Neural progenitor cell hESCs were differentiated follow-
ingthe manufacturer’sinstructions using the STEMDiff SMADi Embry-
oid Body Neural Induction protocol (STEMCELL), following a similar
strategy to one documented previously®. Neural progenitor cells
were further differentiated into neuronal forebrain precursors using
the STEMdiff ForeBrain Neuron Differentiation protocol (Document
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10000005464, STEMCELL, CanadaSTEMcell Tech), and neuronal
precursors were matured into forebrain neurons using the STEMdiff
Forebrain Maturation Kit with BrainPhys (STEMCELL). Neuronal pre-
cursors were maturated on poly-L-ornithine laminin-coated German
glass coverslips (Neuvitro GG-25-1.5-Laminin) for 65 d. Whole-cell
current-clamp recordings were done as in mouse acute slices, using
identical solutions.

Immunofluorescence of fixed cells or tissue

For hESCs, differentiated neurons were fixed at DIV 65 with 4% par-
aformaldehyde and 4% sucrose and blocked with 10% normal goat
seruminPBSin 0.2% Triton-X. All coverslips within aset of experiments,
including those used previously that day for electrophysiology, were
fixed within 1 h of each other to minimize developmental differences
across coverslips. Following fixation, cells were incubated with pri-
mary antibodies against MAP2 (Invitrogen, PA1-10005) at 1:5,000
and Ankyrin-G (Neuromab, 75-146) at 1:1,000 overnight at 4 °C. Cells
were thenincubated with the secondary antibodies Goat anti-Chicken
IgY (H+L) Cross-Absorbed Secondary Antibody, Alexa Fluor Plus 647
(Invitrogen, A32933) at 1:500 and Goat anti-Mouse IgG (H+L) Highly
Cross Adsorbed Secondary Antibody, Alexa Fluor 488 (Thermo Fisher,
A-11029) at 1:500. They were then mounted on coverslips with Pro-
Long Diamond Antifade Mountant with DAPI (Thermo Fisher). Images
were captured witha x40, 1.4 NA objective using an Olympus Fluoview
FV3000 confocal microscope. AlS length was measured from maximum
intensity projections generated from z-stacks that contained the entire
bounds of the neuron based on ankyrin-G and MAP2 immunofluo-
rescence. Only initial segments with clearly detectable start and end
points were quantified using the segmented line tool in FIJI (ImageJ).
Start and end points were determined with a threshold of 50% peak
ankyrin-G fluorescence intensity using plot profiles (pixel intensity/
distance) in FIJI.

For whole-brain mouse immunohistochemistry, mice were per-
fused with 4% paraformaldehyde in PBS and brains were removed
and sectioned coronally or sagittally on a vibratome (Leica, VT1000)
at 50-75 um, and then mounted on slides with ProLong Gold Anti-
fade Mountant with DAPI. For imaging of Scn2a*”¥ sections, tissue
was permeabilized, blocked and immunostained for GFP (anti-GFP
AlexaFluor 488, 1:500, ThermoFisher A-21311) and parvalbumin
(PV27,1:500, Swant; AlexaFluor 564 secondary, 1:500, ThermoFisher).
Sections were imaged with either an Olympus Fluoview FV3000 (coro-
nal sections) or aKeyence BZ-X widefield microscope (sagittal sections).

Quantification and statistical analysis

Unless otherwise noted, all data are shown in figures as box plots,
with median and quartiles and minimum and maximum tails, with
individual data points overlaid, or asmean + standard error with indi-
vidual data points overlaid. A Kruskal-Wallis non-parametric test with
Holm-Sidak multiple comparisons testing was performed unless oth-
erwise noted. Statistical tests are noted in figure legends. All tests used
were two-sided. Results were considered significant at an alpha value
of P< 0.05. For multiple comparisons tests used to compare several
conditions, no indication of significance in the figure means not sig-
nificant. Statistical analysis was performed using Prism 9 (GraphPad).
For electrophysiology and imaging experiments, acute slices were typi-
cally generated blind to genotype and experiments were interleaved
between two or three genotypes/injection conditions to control for
recording conditions. Group sample sizes were chosen on the basis
of standardsin the field and previous similar experiments conducted
by our group™?*. No statistical methods were used to predetermine
sample size. A minimum of two biological replicates were tested in all
experiments.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

AlIRNA-seq data are available at the NCBI Gene Expression Omnibus
as Bioproject GSE302897. Requests for materials can be directed to
N.A. (CRT-based approaches) or K.J.B. (mouse models). Source data
are provided with this paper.

Code availability
No custom code was generated for this work.

60. Ewels, P. A. et al. The nf-core framework for community-curated bioinformatics pipelines.
Nat. Biotechnol. 38, 276-278 (2020).

61. Love, M. ., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

62. Fang, Z., Liu, X. & Peltz, G. GSEApy: a comprehensive package for performing gene set
enrichment analysis in Python. Bioinformatics 39, btac757 (2023).

63. Planells-Cases, R. et al. Neuronal death and perinatal lethality in voltage-gated sodium
channel a,-deficient mice. Biophys. J. 78, 2878-2891(2000).

64. Van Erum, J., Van Dam, D. & De Deyn, P. P. PTZ-induced seizures in mice require a revised
Racine scale. Epilepsy Behav. 95, 51-55 (2019).

65. Markram, H. et al. Reconstruction and simulation of neocortical microcircuitry. Cell 163,
456-492 (2015).

66. Ben-Shalom, R. et al. Opposing effects on NaV1.2 function underlie differences between
SCN2A variants observed in individuals with autism spectrum disorder or infantile
seizures. Biol. Psychiatry 82, 224-232 (2017).

67. Ruden, J. B., Dixit, M., Zepeda, J. C., Grueter, B. A. & Dugan, L. L. Robust expression of
functional NMDA receptors in human induced pluripotent stem cell-derived neuronal
cultures using an accelerated protocol. Front. Mol. Neurosci. 14, 777049 (2021).

Acknowledgements We thank the Bender and Ahituv laboratory members for comments and
discussions on this manuscript, and members of the FamilieSCN2A Foundation who provided
the core motivation and inspiration for this work. We acknowledge the UCSF Parnassus Flow
ColLab (RRID:SCR_018206) supported in part by NIH grant no. P30 DKO63720 and by the NIH
$10 Instrumentation Grant no. S10 1S100D021822-01. This work was supported by grants

from SFARI (grant no. 629287: K.J.B., N.A.; grant no. 513133: K.J.B.), the Broad Institute Target
Practice Initiative (K.J.B.), the Autism Science Foundation (ST.), the Weill Neurohub Investigator
Program (K.J.B., N.A.), an NSERC Predoctoral Fellowship (PW.E.S.), the Ford Foundation
Dissertation Fellowship (S.S.H.), the Weill Foundation Graduate Student Fellowship (S.S.H.),

an NSF Graduate Fellowship (S.T.) and the NIH (grant no. RO1 MH125978: K.J.B.; grant no. RO1
MH136475: K.J.B., N.A.; grant nos. F32 MH125536 and K99 MH135209: A.D.N.; grant nos. RO1
NS078118 and RO1NS121287: JT.P.; grant no. RO1 MH115045, RO1 NS108874 and RO1 MH118298:
J.Q.P; grant no. T32 GM007449: S.S.H.; grant no. MH126960: P.M.J.; grant no. RO1 MH129751:
S.J.S.), EMBO (ALTF 585-2021: C.A.), the Medical Research Council Centre of Research Excellence
in Therapeutic Genomics (MR/Z504725/1: S.J.S., N.A.), the UCSF Bakar Aging Research Institute
postdoctoral fellowship (C.A.) and the Bettencourt Schueller foundation (C.A.).

Author contributions Conceptualization: K.J.B., S.J.S., N.A. Methodology: ST., A.D.N., PW.E.S.,
HK., JZ,NM., JQP., JTP, PM.J, RB.-S., N.A,, K.J.B. Software: H.K., J.Z., R.B.-S. Formal
analysis: ST.,, A.D.N., PW.E.S., V.B., BK., L.M., PM.J., HK., J.Z., K.J.B. Investigation: ST., A.D.N.,
PWES., ECH., XZ,HK,ZL,C.A., VB, KY., JZ,SSH,AS., CMK, CL,SET,SS., YC.L.,
K.J.B. Writing—original draft: ST., A.D.N., N.A., K.J.B. Writing—review and editing: all authors.
Visualization: ST., A.D.N., PW.E.S., H.K., J.Z., K.J.B. Supervision: N.A., K.J.B. Funding acquisition:
ST.,AD.N., PWES.,SSH., JQP,JTP,SJS., N.A, KJB.

Competing interests N.M. is the cofounder and former board member and CSO of Regel
Therapeutics, N.A. is the cofounder of Regel Therapeutics and both N.A. and K.J.B. are on the
scientific advisory board of Regel Therapeutics. PW.E.S. is a Program Director at Regel
Therapeutics. N.M. and N.A. are the inventors on patent ‘Gene therapy for haploinsufficiency’
WO02018148256A9. N.A., K.J.B. and S.J.S. receive funding from BioMarin Pharmaceutical
Incorporated. The other authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-025-09522-w.

Correspondence and requests for materials should be addressed to Nadav Ahituv or

Kevin J. Bender.

Peer review information Nature thanks Elvir Becirovic, James Trimmer and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer reviewer
reports are available.

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


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE302897
https://doi.org/10.1038/s41586-025-09522-w
http://www.nature.com/reprints

Extended DataFig.1|Excitatory pyramidal neuronsinthe mPFCare GFP+
inCre-negative Scn2a”%'animals. a. Coronal brain sections from P60 Scn2a**!
mouse (Cre-) immunostained with anti-GFP and anti-parvalbumin (PV).
b.Zoom ofareahighlighted by dashed box in panela, with GFP and Parvalbumin
channelsseparated thenmerged at bottom. Parv+somataare circled in the GFP
panel.c.Further zoom of regioninlayer 5Sb in panel b. Parv+somataarecircled
asinpanelc.d. Quantification of mean fluorescence intensify of GFPin
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Alexa 488 intensity
(norm. to mean of Parv-negative somata)

Parv- Parv* Neuropil

®@0 s 0r @NO)
[

o
o
1

PV-negative cells, PV-positive cells, and neuropil (areawithout somataasa
measure of background fluorescence). Data are from 2 mice. Circles are mean
GFPintensity values in ROIs of Parv- somata, Parv+somata, or neighboring
neuropilinsingle optical sections. Box plots are medians, quartiles,and 100%
tails.n= 67 Parv-and 37 Parv+cells analyzed; Parv- vs. Parv + : ****p < 0.0001.
Parv-vs. neuropil: ****p < 0.0001. Holm-Sidak multiple comparisons test.
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cells.Circlesarereplicates, overlaid on mean + SD. c. Total animal weight at time

of 8 mg/kg 4-AP administration (animals aged 69-119 days). Circles are animals.
Box plots are medians, quartiles and 100% tails. d. RT-qPCR analysis of dCas9
and mCherry mRNA within the mPFC of tail vein injected Scn2a*”* + CRISPRa
(lightgray) and Scn2a*~+ CRISPRa (purple) versus uninjected controls Scn2a
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Extended DataFig. 3| Scn2a-CRISPRa off-target analysisin cell lines.
a.RNA-seq expression levels of Scn2a TAD-domain genes from Scn2a-rAAV-
CRISPRatreated Neuro-2a cellscompared to VP64-only. Circles areindividual
replicates, box plots are medians, quartiles and 100% tails. p-values noted
above data. Wald test. b. RNA-seq expression levels of sodium channels from
Scn2a-rAAV-CRISPRatreated Neuro-2a cellscompared to VP64-only. Circles
areindividual replicates, box plots are medians, quartiles and 100% tails.

p-values noted above data. Wald test. c. Volcano plot representing Log, fold-
changeinexpression levels for each gene. Wald test. P-values noted above each
comparison. Grey dots represent no significant DEGs for CRISPRa, purple dots
signify Scn2a and nearby genes, and orange dots denote upregulated genes.

d. Gene ontology (GO) analysis showing enrichment of molecular functions.
e.Gene ontology (GO) analysis showing enrichment of biological processes.

f. Analysis of sgRNA sequence off-targeting using Cas-OFFinder.
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Extended DataFig. 4 |Intrinsic electrophysiology of Scn2a”' and CRISPRa
treated neurons. a. AP threshold from P57-85 Scn2a-rAAV-empty vector
Scn2a** (light gray) and Scn2a*” (magenta) neurons, Scn2a-rAAV-CRISPRa
treated Scn2a** (dark gray) and Scn2a”" (purple) neurons, and Scn2a*”¥ Cre-
(green) and Scn2a”¥ Cre+ (gray) neurons. Threshold of the first AP evoked by a
near-rheobase current. Scn2a** + empty: n =17 cells; Scn2a* + empty:n =27
cells; Scn2a** + CRISPRa: n = 24 cells; Scn2a*~ + CRISPRa: n =19 cells; Scn2a”
Cre-:n=29 cells; Scn2a” Cre +:n = 21 cells. No significant differences. Holm-
Sidak multiple comparisons test. Circles are individual cells, box plots are
medians, quartiles and100% tails. b. Input resistance (MQ). Scn2a*™* + empty:
n=17cells; Scn2a™~ +empty: n =27 cells; Scn2a”* + CRISPRa: n =17 cells;
Scn2a*”~+CRISPRa: n=11cells; Scn2a” ! Cre-:n=26 cells; Scn2a” Cre +:n=19
cells. Nosignificant differences. Holm-Siddk multiple comparisons test. Circles

Current (pA)

areindividual cells, box plots are medians, quartiles and 100% tails.
c.Rheobase current (pA) to generate first spike. Scn2a** + empty: n =16 cells;
Scn2a* +empty:n =27 cells; Scn2a”* + CRISPRa: n =17 cells; Scn2a* +
CRISPRa: n =12 cells; Scn2a”¥ Cre-:n =25 cells; Scn2a™¥ Cre + :n=19 cells.
Nosignificant differences. Holm-Sidak multiple comparisons test. Circles
areindividual cells, box plots are medians, quartiles and 100% tails. d. APs per
300 msstimulation epoch for each current amplitude. Left: Quantification of
firing rate slope of data on Right. Scn2a** + empty: n=16 cells; Scn2a”™ +empty:
n=27cells; Scn2a*"* + CRISPRa: n =17 cells; Scn2a*~+ CRISPRa: n =12 cells;
Scn2a”¥ Cre-:n=25cells; Scn2a*¥' Cre + :n=19 cells. No significant differences.
Holm-Sidak multiple comparisons test. Circles are individual cells, box plots
aremedians, quartiles and 100% tails.Right: Number of APs versus current
amplitude injected. Circles and bars are mean + SEM at each stimulus intensity.
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Extended DataFig. 5|Scn2a-CRISPRa off-target analysis in the mouse
neocortex.a.RNA-seqexpressionlevels of Scn2a TAD-domain genes from
Scn2a-rAAV-CRISPRatreated Neuro-2a cellscompared to VP64-only. Circles
areindividual mice, box plots are medians, quartiles and 100% tails. b. RNA-seq
expression levels of sodium channels from Scn2a-rAAV-CRISPRa treated
Neuro-2acellscompared to VP64-only. Circles are individual mice, box plots
are medians, quartiles and 100% tails. c. Volcano plot representing Log,
fold-changein expression levels for each gene for WT vs Scn2a*” “Het”. Wald
test. P-values noted above each comparison. Grey dots represent no significant

DEGs for CRISPRa, purple dots signify Scn2a and nearby genes, and orange dots

denote upregulated genes. d.Same as c, but for CRISPRa-treated Scn2a*”
“CRISPRa” vs WT.e.Same as ¢, but for CRISPRa-treated Scn2a” “CRISPRa” vs
Scn2a* “Het”.f. Analysis of sgRNA sequence off-targeting using Cas-OFFinder.
g.Datarepresentation of NeuN-positive neuronal nucleiisolated from cortical
tissue for FACS sorting. Representative FACS plots visualized with FlowJo V10
with percentage of parent gates for each population. Singlets were selected
based on FSC-H versus FSC-A. h. From singlets, DAPI-positive events were gated
toidentify nuclei. i. NeuN-positive neuronal nuclei were selected using an
anti-NeuN antibody conjugated to Alexa Fluor 488.
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featureCounts with gtf provided from Ensembl (Mus_musculus.GRCm39.113). Post-alignment, gene annotation was carried out using Ensembl
Transcripts release 113. Differential expression was characterized using DESeq2 version 1.44 (2024-05-01) and R version 4.4. Gene Ontology
(GO) over-representation analysis was carried out using GSEApy version 1.1.3.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All RNA-seq data is available on the NCBI Gene Expression Omnibus as Bioproject GSE193605. Source data for all statistical analyses are provided with this article.
Requests for materials can be directed to NA (CRT-based approaches) or KIB (mouse models).

Research involving human participants, their data, or biological material

>
Q
Y
(e
)
1®)
o
=
o
S
_
(D
1®)
o
=
5
(@}
wm
[
=
3
Q
<

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Group sample sizes were chosen based on standards in the field and previous similar experiments conducted by our group (e.g., Spratt et al.,
2019). No statistical methods were used to predetermine sample size.

Data exclusions  Data exclusions were made solely for EEG analysis based on SCN2A, dCas and mCherry expression levels. Two of 23 animals were excluded
due to a lack of upregulation, presumably due to failed injections.

Replication All experiments were replicated in at least 3 animals, with multiple recordings from individual cells within animals. There were no failures of
replication.

Randomization  All animals were allocated randomly into experimental groups.

Blinding All experiments were performed blind to genotype.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq

|Z Eukaryotic cell lines |:| |Z Flow cytometry

|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|Z Animals and other organisms
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Antibodies
Antibodies used GFP, Parv, mCherry, Ank-G, MAP2
Validation GFP - anti-GFP AlexaFluor 488, ThermoFisher A-21311; Species reactivity: Mouse, Tag; Applications: ICC, IHC,
WB, ChIP assay, Flow cytometry; Validation: https://www.thermofisher.com/antibody/product/GFP-Antibody-Polyclonal/
A-21311

Parvalbumin - Swant P27; Species reactivity: Human, Rat, Mouse, Bovine and Equine; Applications: ICC, IHC, WB, IP, Flow cytometry,
ELISA; Validation: https://webshop.swant.com/catalog/product/view/id/99/s/pv27a-parvalbumin/category/2/
mCherry - anti-RFP Rockland Immuno #600-401-379 ; Species reactivity: Rabbit; Applications: WB, ELISA, IHC, IF, EM, FISH, IP;
Validation: https://www.rockland.com/categories/primary-antibodies/rfp-antibody-pre-adsorbed-600-401-379/
Ankyrin-G - Neuromab 75-146; Species reactivity: Feline, Hamster, Human, Mouse, Non-Human Primate, Rat; Applications: ICC, IHC,
IP, WB; Validation: https://www.antibodiesinc.com/products/anti-ankyrin-g-staining-antibody-n106-36-75-146
MAP2 - Invitrogen PA1-10005; Species reactivity: Human, Mouse, Rat; Applications: ICC, IHC, WB, PLA; https://
Validation: www.thermofisher.com/antibody/product/MAP2-Antibody-Polyclonal/PA1-10005

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Neuro-2A and SH-SY5Y cells were obtained from ATCC. HUES66 wild type and SCN2A heterozygous iPSCs were obtained from
Jen Q. Pan at the Stanley Center for Psychiatric Research, Broad Institute of MIT and Harvard.

Authentication Neuro-2A and SH-SY5Y were ordered from ATCC. For the SCN2A HUESEG6 lines, these lines were extensively characterized in
PMID 30698461.

Mycoplasma contamination All lines were tested monthly for mycoplasma.

Commonly misidentified lines  n/a
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals C57BL/6J mice, aged postnatal day 25 to 240. Mice are housed on a 12/12 hr light dark cycle, with ambient temperature maintained
between 67-74° F and ambient humidity maintained between 30-70%.

Wild animals No wild animals were used.

Reporting on sex Data were collected from animals of both sexes. Prior work indicated that effects of Scn2a haploinsufficiency in mouse are not
dependent on sex in the neuronal classes studied (Spratt et al., 2019). Therefore, data were pooled across sex.

Field-collected samples  No field collected samples were used.

Ethics oversight UCSF Institutional Animal Care and Use Committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-atithentication-procedtres foreach seed stock- tised-ornovel genotype generated—Describe-any-experiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Flow Cytometry

Plots
Confirm that:

g The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

Mice cortices were dissected and nuclei were isolated from approximately 200 mg of cortex using the Singulator™ 100
System (S2 Genomics) with the "Single Shot Standard Nuclei Isolation v2" program. The isolation was performed in 3 mL of
lysis buffer (10 mM Tris-HCI, pH 7.4; 10 mM NaCl; 3 mM MgCl,-6H,0; 0.05% IGEPAL® CA-630; 0.5 mM DTT; nuclease-free
water) and 3 mL of wash buffer (5% bovine serum albumin, 0.25% glycerol in 1x PBS). To preserve RNA integrity, 50 pL of
Protector RNase Inhibitor (Sigma-Aldrich, #3335402001) was added directly to the Singulator cartridge. Following isolation,
nuclei were centrifuged, and debris were removed by centrifugation in wash buffer supplemented with 1x Nuclei Debris
Removal Stock Reagent (S2 genomics #100253628) and 37.5 pL of RNase inhibitor at 600 x g for 15 min at 4°C, with
deceleration set to 1. Purified nuclei were then washed once in wash buffer and resuspended in 500 uL of wash buffer
supplemented with 6.5 L of Protector RNase Inhibitor, DAPI (Biotium, #40043; 1:1000), and anti NeuN-488 antibody (Sigma-
Aldrich, #MAB377X; 1:500). The suspension was incubated for 1 hour at 4°C in the dark to allow staining. Finally, nuclei were
washed once with wash buffer, resuspended in 1 mL of wash buffer supplemented with 12.5 ulL of Protector RNase Inhibitor,
and transferred to a FACS tube.

BD FACS ARIA
FACSDiva Software

The proportion of neuronal (NeuN-positive) nuclei among total nuclei was approximately 40%, depending on the sample and
the enrichment of neuronal nuclei was evaluated post sorting by RNA-seq.

Singlets were identified on the FSC-A versus FSC-H plot. Nuclei were gated as DAPI-positive events. Neuronal nuclei were
then selected as NeuN-488—positive events.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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