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Deficiency of calcium/calmodulin-dependent serine protein kinase (CASK) disrupts the
excitatory-inhibitory balance of synapses by down-regulating GluN2B.
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Abstract

Calcium/calmodulin-dependent serine protein kinase (CASK) is a membrane-associated guanylate
kinase protein (MAGUK) that is associated with neurodevelopmental disorders. CASK is thought to
have both pre- and postsynaptic functions, but the mechanism and consequences of its functions in the
brain have yet to be elucidated, because homozygous CASK-KO mice die before brain maturation.
Taking advantage of the X-chromosome inactivation (XCI) mechanism, here we examined the synaptic
functions of CASK-KO neurons in acute brain slices of heterozygous CASK-KO female mice. We also
analyzed CASK knock-down (KD) neurons in acute brain slices generated by in utero electroporation.
Both CASK-KO and CASK-KD neurons showed a disruption of the excitatory and inhibitory (E/T)
balance. We further found that the expression level of the NMDA receptor subunit GluN2B was
decreased in CASK-KD neurons and that overexpressing GluN2B rescued the disrupted E/I balance in
CASK-KD neurons. These results suggest that the down-regulation of GluN2B may be involved in the

mechanism of the disruption of synaptic E/I balance in CASK-deficient neurons.
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Introduction
Calcium/calmodulin-dependent serine protein kinase (CASK) is a membrane-associated guanylate
kinase protein (MAGUK) that consists of N-terminal calcium/calmodulin kinase-like (CAM), LIN,
PDZ, SH3, and C-terminal guanylate kinase (GK) domains'™. CASK interacts with other synaptic
proteins involved in cell adhesion, cytoskeletal organization, signal transduction, and/or gene
transcription*'?, and is thought to have both pre- and postsynaptic functions. As a postsynaptic role,
CASK is translocated to the nucleus and functions as a co-activator of transcription regulatory factor
TBR1, a T-box transcription factor, through binding at its GK domain". The cooperation of CASK and
TBR1 facilitates the transcription of T-element-containing genes, such as Reelin and the NMDA
receptor subunit GluN2B"*",

Genomic variants of CASK have been linked to neurodevelopmental disorders'®, including mental

retardation with or without nystagmus'”'¥, Otahara syndrome'?, infantile spasms™"*"

, mental retardation
and microcephaly with pontine and cerebellar hypoplasia (MICPCH)™> %, and FG syndrome 4°* .
Variants that disrupt the entire CASK protein, such as deletions or stop mutations located in N-terminal
regions, have been identified only in females®™. CASK mutations may affect males more severely”’
because the human CASK gene is located on the X-chromosome (mapped to Xpl11.4)* %, The
complete loss of CASK is probably lethal, as observed in knockout mice®. Genes on the
X-chromosome are subjected to X-chromosome inactivation (XCI) in female humans® and mice®.
During early embryogenesis, one of the two alleles of the X-chromosome is randomly selected and
inactivated by non-coding RNA called an X-inactive specific transcript. The inactivated and activated
pair of X-chromosomes is transmitted to daughter cells after every cell division, resulting in a random

mixture of cells with two different X genotypes throughout the body. Thus, both CASK-intact and

CASK-deficient cells are likely to be distributed in a mosaic pattern in the brain of affected females. The
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mosaicism of CASK mutant neurons affects normal brain networks and may be responsible for the
pathogenesis of neurological disorders.

The synaptic functions of CASK-knockout (CASK-KO) mice were previously analyzed in dissociated
cortical cultured neurons®. CASK-KO disrupts the balance between excitatory and inhibitory (E/I)
synaptic functions, as indicated by an increase in the frequency of miniature excitatory postsynaptic
currents (MEPSCs) and a decrease in the frequency of miniature inhibitory postsynaptic currents
(mIPSCs).

Despite accumulating knowledge about CASK at the protein and cellular levels, its functions in the
brain remain elusive. Here we examined the effect of CASK on synaptic function in acute brain slices,
taking advantage of XCI and in utero electroporation. In patch-clamp electrophysiological analyses,
both CASK-KO and CASK-KD pyramidal neurons in the forebrain replicated the disrupted E/I balance
phenotype observed in cultured KO neurons. Since CASK-deficient neurons are distributed in a mosaic
pattern in these tissues, we concluded that this effect was caused by a postsynaptic CASK deficiency.
Rescue experiments in CASK-KD neurons showed that this disrupted E/I balance was due to the
down-regulation of GIuN2B transcription, which is normally promoted by the cooperation of TBR1 and

CASK.

Materials and Methods
All animal procedures were approved by the Animal Care and the Use Committee of Shinshu

University School of Medicine. Detailed procedures are described in the Supplementary Information.

Animals. CASK-KO mice were obtained by crossing mice carrying floxed CASK
(B6;129-Cask™ "1, JAX Stock #006382)* and ZP3-Cre (C57BL/6-Tg(Zp3-cre)93Knw/F*, JAX

Stock #003651).
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Plasmid construction. shRNA constructs (see Supplementary Information for target sequences) were
cloned into an I.309 backbone vector™. The CASK, GIuN2B, and tdTomato genes in eukaryotic expression

vectors were driven by a CAG promoter.

In utero electroporation. I utero electroporation was performed essentially as described previously™
% Briefly, pregnant ICR mice at E15.5 were anesthetized, and the uterine horns were exposed.
Approximately 1 pl of DNA solution was injected into the lateral ventricles of embryos. The embryos
were subjected to five square electric pulses (35 V, 50 ms, 1 Hz) using an electroporator (CUY21E;

NEPA Gene). The brains with abnormal morphology were excluded from the experiments.

Electrophysiology. Slice recording was performed essentially as described previously®. P14-P18
mouse brains were cut into 350-um-thick coronal sections. In the current clamp experiments, pyramidal
neurons were patched with a glass pipette containing potassium-based intra-cellular solution (ICS) or
cesium-based ICS. Miniature postsynaptic currents (mPSCs) were recorded in the presence of 1 UM
tetrodotoxin (Abcam). Membrane potential was held at -60 mV for mEPSCs and 0 mV for mIPSCs.
Evoked postsynaptic currents were triggered with a 0.1-ms current injection by a nichrome-wire

electrode placed 100-150 um from the soma of recorded neurons.

Single-cell RT-PCR. Single-cell RT-PCR was performed as described previously with modifications™.
After the RT reaction, single-cell cDNA was amplified by two rounds of semi-nested PCR with the
primers listed in Supplementary Table 1. The animals were genotyped before recording and recorded

cells were genotyped after the recording for blind experiments.
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Measurement of CASK and GluN2B mRNA levels in knock-down cultured neurons. Quantitative
RT-PCR (qRT-PCR) was performed using the RNA isolated from cultured primary cortical neurons
infected with shRNA-expressing lentivirus. The cells were harvested and lysed, and the total RNA was
purified with Trizol reagent (Invitrogen). After cDNA synthesis, real-time PCR reactions (see

Supplementary Table 1 for primers) were run and analyzed on a StepOnePlus system (Thermo Fisher).

Sample size and Statistical analysis. Samples sizes were determined based on established

30, 35, 37
7> 2" The number of

practice and on our previous experience in respective assays
independent samples (e.g. neurons) is indicated on the graphs and the numbers of animals
indicated in the figure legends. All values represent the average of independent experiments =+
SEM. The variance among analyzed samples was similar. Statistical significance was determined by
Student's t-test (for two groups) or one-way ANOVA followed by Bonferroni's post-hoc test (for

multiple groups). Statistical analysis was performed with Prism 6.0 (Graphpad Software Inc.). Statistical

significance is indicated by asterisks (* p <0.05, ** p <0.01, *** p <0.001).

Results

Heterozygous CASK-KO mice exhibit a hypomorphic phenotype and a mosaic distribution of
CASK-deficient neurons in the brain due to XCI.

To examine the physiological role of CASK, we studied the effect of CASK-KO in adult mouse brain.
As described previously™, all CASK-KO mice (CASKY/ ") died within 24 hours after birth. In contrast,
the survival and growth of heterozygous female KO mice (CASK™) varied among individuals.
Approximately 75% of the CASK " mice were viable at P15 (Figure 1a), with 63.5%-102.9% of the
mean wild-type (WT) body weight (Figure 1b and c). The cerebellar cortex was smaller in the CASK ™

mice compared to WT (Supplementary Figure 1a), but its overall structure, including its laminar
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arrangement, was normal (Figure 1d and Supplementary Figure 1b). We did not observe apparent
spontaneous  seizures, but found a reduction of seizure threshold in CASK'"™ mice by
pentylenetetrazol-injection (Supplementary Figure 1¢ and 1d).

We speculated that the variable survival and body weight of the CASK " mice was due to XCL. Thus,
we examined the CASK genotype in single neurons in acute brain slices of CASK ™ mice by single-cell
RT-PCR, using cytosol from pyramidal neurons extracted through patch pipettes® (Figure 1e and ). We
found that approximately half (46.6 %) of these neurons expressed CASK mRNA while half did not
(Figure 1g), suggesting that CASK was subjected to XCI. The same method was used hereafter to
determine the CASK genotype in neurons recorded by patch-clamp electrophysiology in CASK " mice.

38,39 -
*>, inward

CASK is known to affect the properties of ion channels, including calcium (e.g., Cav1.2)
rectifier potassium (Kir2)®, and voltage-gated sodium (NaV 1.5)*"" channels. To investigate whether
CASK deletion affected the function of ion channels in neocortical pyramidal neurons, we examined the
membrane properties and excitability in CASK ”-KO neurons by whole-cell recording in the current
clamp mode (Figure 1h). In this experiment, we did not detect changes in any of the parameters we
tested, including the resting potential, threshold of action potential (AP), amplitude of AP, half-time
width of AP, input resistance, or input-output relationship between the injected current amount and spike

numbers (Figure 1i-n), suggesting that the CASK deletion did not affect the intrinsic excitability in

cortical pyramidal neurons.

Postsynaptic CASK deficiency during development disrupts the E/I balance in synaptic
transmission in heterozygous CASK-KO mice.

Next, to examine the effect of CASK deficiency on synaptic function, we studied the spontaneous
mPSCs in CASK"" and WT mice. We recorded both the mEPSCs and mIPSCs from each pyramidal

neuron in layer 2/3 of the somatosensory cortical slices in CASK" ’ CASKY * and CASK™" mice. We
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identified the genotypes of the postsynaptic neurons by single-cell RT-PCR after recording as described
above. We found that the frequency but not the amplitude of the mEPSCs was significantly increased in
the CASK"-KO neurons in CASK™ mice (Figure 2a-c). In contrast, the frequency but not the
amplitude of the mIPSCs was decreased in the CASK"-KO neurons in CASK " mice (Figure 2d-f). A
scatter plot revealed that the distribution of the frequency of mEPSCs versus mIPSCs in CASK KO
neurons was different from that in the other genotypes (Figure 2g). The E/I balance index in
CASK KO neurons (0.615+0.016) was significantly higher than that in the WT genotypes (CASK "
=0.267 £0013, CASKY" = 0.262 £ 0,015, CASK"-WT neurons = 0.259 0021, p<0.001, ANOVA,
Bonferroni's post-hoc test; Figure 2h). Similar phenotypes were also observed in the pyramidal neurons of
the CA1 region of the hippocampus (Supplementary Figure 2). In CASK " mice, approximately half of
the presynaptic inputs onto recording neurons should be CASK-positive and the other half
CASK-negative. The genotype-dependent phenotype of the recording neurons suggested that these
effects were caused by CASK deficiency in the postsynaptic neurons.

Next, to address whether the disrupted E/I balance phenotype in CASK™-KO neurons was due to the
absence of CASK during neural development or after synapse formation, we knocked out CASK in the
adult cerebral cortex by AAV-mediated cre recombination. We injected AAV-GFP-Cre or AAV-GFP into
the somatosensory cortex of CASK floxed mice at P10-13 and analyzed mPSCs in acute brain slices at
P24-28 (Figure 2i). We recorded from the GFP-Cre-positive cells, in which CASK was knocked out by
cre recombination. The adult CASK-KO neurons exhibited unaltered mPSCs (Figure 2j and k),
suggesting that the disrupted E/I balance was caused by the CASK deficiency during neural

development.

CASK deficiency impairs NMDA receptor-mediated synaptic function.
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Alterations in the frequency but not in the amplitude of mPSCs indicated that presynaptic functions
projecting to the CASK "-KO neurons might have been impaired. To examine the release probability of
presynaptic inputs, we analyzed the paired-pulse ratio (PPR) of the excitatory and inhibitory
neurotransmission evoked by electrical stimulation. We found that the PPRs of both excitatory and
inhibitory inputs were unaltered in the CASK™-KO neurons (Figure 2I), indicating that CASK
deficiency did not affect the release probability of synaptic inputs, but instead might have affected the
number of functional synapses. We further investigated the NMDA receptor function by measuring the
evoked NMDA currents recorded at a holding potential of +40 mV. We found that the NMDA/AMPA

ratio and NMDA decay time constant were decreased in the CASK"-KO neurons (Figure 2m).

Postsynaptic CASK KD disrupts the E/I balance of synaptic transmission and downregulates the
expression of GluN2B.

To investigate the mechanism by which CASK regulates the E/I balance of synapses during neural
development, we knocked-down CASK specifically in a population of pyramidal neurons in layer 2/3
of the somatosensory cortex using in utero electroporation. The CASK mRNA level in the KD neurons
was decreased to 13.5% of that found in control virus-infected neurons (Supplementary Figure 3a). The
CASK-KD neurons showed normal migration in the six-layer cortical structure (Supplementary Figure
3b) and unaltered spine density (Supplementary Figure 4). CASK-KD also did not affect the membrane
properties or the intrinsic excitability of neurons (Supplementary Figure 5).

We next measured the mEPSCs and mIPSCs in the CASK-KD neurons. Consistent with the results of
CASK KO neurons, the CASK-KD neurons had mEPSCs with an increased frequency but unaltered
amplitude (Figure 3a-c), and mIPSCs with a decreased frequency and unaltered amplitude (Figure 3d-f).
The scatter plot of the frequency of mEPSCs versus mIPSCs was different for the CASK-KD neurons

compared to controls (Figure 3g). The E/I balance index of the CASK-KD neurons (0.583 + 0.022;
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Figure 3h) was greater than that of controls (0.295 £0.022). Like CASK-KO, CASK-KD showed no
change in the either the excitatory or inhibitory PPRs (Supplementary Figure 6).

CASK contains CAM, LIN, PDZ, SH3, and GK domains. To investigate which domain of CASK is
responsible for the synaptic phenotype, we performed rescue experiments in which we co-expressed
deletion mutants of CASK lacking each domain in CASK-KD neurons (Supplementary Figure 7). The
co-expression of CASK lacking the CAM (AC), LIN (AL), PDZ (AP), or SH3 (AS) domain, as well as
CASK full-length (FL), restored the frequency of both the mEPSCs and mIPSCs to the control levels
(Figure 3a-f). However, CASK lacking the GK domain (AG) failed to rescue the altered frequencies of
mEPSCs/mIPSCs and the disrupted E/I balance (Figure 3a-h).

Consistent with the results in CASK-KO neurons, CASK-KD impaired the NMDA receptor function.
The NMDA/AMPA ratio and decay time constant were decreased in CASK-KD neurons (Figure 3i-1),
and these phenotypes were not rescued by co-expressing the CASK AG construct (Figure 3i-l). A
shortened decay time constant of the NMDA receptor-mediated current implies that the composition of
NMDA receptor subunits is altered”. We therefore examined the expression levels of GluN2A and
GluN2B in CASK-KD cultured neurons and found that the GIuN2B expression was selectively
decreased (Figure 3m).

The GIuN2B expression is known to be regulated by T-box transcription factor TBR1 bound to the
GK domain of CASK". Indeed, we detected TBR1 immunoreactivity mostly in the layer 2/3 neurons
of P14 mice (Supplementary Figure 8). To examine whether the synaptic phenotype of CASK-deficient
neurons was related to the CASK/TBRI interaction, we co-transfected them with CASK containing a
T704A mutation, which interferes with CASK’s binding to TBRI, in the CASK-KD neurons and
analyzed mPSCs*™®. Like the CASK AG mutant, the CASK T704A mutant failed to rescue the

aberrant frequencies of mEPSCs and mIPSCs (Figure 3b,e).
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GluN2B-KD replicates the disrupted E/I balance of synaptic transmission.

Next, we examined the effects of GluN2B deficiency on synapses using GluN2B-KD and compared
them to those of CASK-KD. We confirmed that our shRNA construct for GIluN2B (shGluN2B)*
suppressed the expression of GluN2B mRNA, to 6.6% of the level of control construct-transfected
neurons (Supplementary Figure 9a). Introducing shGIuN2B into the pyramidal neurons in layer 2/3 of
the somatosensory cortex by in utero electroporation did not affect the layer formation of the brain or
the migration of KD neurons (Supplementary Figure 9b). Reflecting the loss of GIuN2B function, the
NMDA/AMPA ratio was decreased (Figure 4a, b) and the decay time constant of the NMDA current
was shortened in the GIuN2B-KD neurons (Figure 4c, d). As observed in CASK-KD neurons, the
GIluN2B-KD neurons had mEPSCs of increased frequency, but not amplitude (Figure 4e-g). Likewise,
the frequency but not the amplitude of the mIPSCs was decreased in the GluN2B-KD neurons (Figure
4h-j). The E/I relationship was also different between the GluN2B-KD and control neurons (Figure 4k).
The E/I balance index in GluN2B-KD neurons was shifted toward excitatory dominance (Figure 41).
The PPR was unchanged in GluN2B-KD neurons (Supplementary Figure 10), suggesting that the

presynaptic release machinery was unaffected.

GlulN2B rescues the disrupted E/I balance caused by CASK deficiency.

To examine whether the overexpression of GIuN2B rescued CASK-KD’s synaptic effects, we
introduced a GIuN2B construct together with shCASK into the pyramidal neurons in layer 2/3 of the
somatosensory cortex by in utero electroporation, and analyzed the mPSCs. Overexpressing GluN2B in
the CASK-KD neurons did not affect the brain morphology (Figure 5a). Notably, the increased
frequency of mEPSCs and decreased frequency of mIPSCs in the CASK-KD neurons were rescued to
control levels by co-transfecting the GIuN2B construct (Figure 5b-f). The E/I balance expressed by

scatter plot (Figure 5g) and the E/I balance index were also restored to the control levels (Figure Sh).
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These results indicated that the disruption of the E/I balance caused by CASK deficiency was due to the

down-regulation of GIuN2B function.

Discussion

In the present study, we obtained the following findings. 1) CASK was subjected to XCI in mice, in
which CASK-intact and -deficient neurons were distributed almost equally in a mosaic pattern in the
brain. 2) The frequency of mEPSCs was increased and that of mIPSCs was decreased in both
CASK""-KO and CASK-KD neurons through a developmental mechanism. 3) These effects were not
rescued by overexpressing GK domain-mutant forms of CASK, which affect its interaction with TBR1.
4) The level of GluN2B mRNA was down-regulated in CASK-KD neurons, and overexpressing
GIuN2B in CASK-KD neurons rescued the E/I balance impairment (Figure 5i).

Approximately 97% of the genes in mice and 85% of those in humans are predicted to be subject to
XCI. We demonstrated that CASK was subjected to XCI, by single-cell genotyping combined with
patch-clamp electrophysiology. To our knowledge, this is the first study to use an XCI mechanism to
analyze molecular functions in the brain by a single-cell genotyping technique. We observed an
approximately 50%-50% ratio between CASK-WT and CASK"-KO neurons by random sampling
of the pyramidal neurons in layer 2/3 of the somatosensory cortex in heterozygous CASK-KO mice
(Figure 1g). It is conceivable that the distribution of two different genotyped cells is skewed owing to
biases in the timing or microenvironment upon XCI. While we focused on a small region of the brain in
this study, overviewing the macroscopic distribution of CASK-deficient neurons in individual mice in
relation to phenotype severity may help to elucidate the pathophysiology in human cases™ .

Atasoy et al. reported that the E/I balance is disrupted in CASK-KO cultured neurons™. Both
CASK""-KO and CASK-KD replicated this effect in the pyramidal neurons in acute brain slices. This

effect appeared to be attributable to a developmental function of CASK, because conditional removal of
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CASK in the adult brain did not reproduce this phenotype (Figure 2j, k). Given that differences in the
frequencies of mPSCs were observed between CASK™-WT and CASK "-KO, but not between WT
and CASK"-WT neurons, these phenotypes were related to the postsynaptic CASK deficiency. This
scenario was supported by experiments performed in mosaic CASK-KD brain slices generated by in
utero electroporation. While the synaptic effects of CASK have been studied primarily with respect to

its presynaptic function®"**%

, our present study adds new insight that postsynaptic CASK influences
the E/I balance of synaptic transmission. However, we cannot exclude the possibility that presynaptic
CASK contributes to E/I function, and further studies are needed to clarify the presynaptic/postsynaptic
effects of CASK on the maintenance of E/I synapse balance. As observed in cultured neurons, the
membrane and firing properties in CASK KO or CASK-KD neurons in brain slices were unchanged.

Thus, the seizures seen in patients with CASK mutations'**'

are unlikely to be attributable to alterations
in intrinsic excitability.

The distorted profiles of the mPSCs in CASK-KD neurons failed to be rescued by co-transfecting
CASK lacking the GK domain. One well-documented function of CASK’s GK domain is to mediate
target-gene transcription by interacting with TBR1“" * * CASK’s GK domain binds to the
C-terminal region of TBR1, then the CASK/TBR1 complex is translocated to the nucleus, where it
binds the T-element of target genes to induce transcription. Thus, we speculated that the observed
synaptic phenotypes were mediated by a down-stream target gene of the CASK/TBR1 complex. This
notion was further supported by our finding that the CASK-T704A mutant failed to rescue the synaptic
phenotype caused by CASK deficiency (Figure 3b,e).

We observed a reduction in the GIuN2B mRNA level in CASK-KD neurons. CASK-KO and
CASK-KD neurons also showed a reduced amplitude and shortened decay time constant of the NMDA

receptor-mediated currents, suggesting that the GIuN2B function was down-regulated. GIuN2B

expression is decreased in TBRI1-knockout mice' *'>*. Considering that CASK functions as a
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co-activator of TBRI, this decrease in GIuN2B appeared to result from dysfunctional
CASK/TBR1-mediated transcription. GluN2B-KD neurons showed an increased mEPSC frequency
and decreased mIPSC frequency, mimicking the CASK-deficient synaptic phenotypes. Furthermore,
overexpressing GIuN2B restored the altered mPSCs in CASK-KD neurons.

The roles GluN2B in excitatory synaptic functions have been studied in GluN2B-KD and -KO
hippocampal neurons, both of which exhibit an increased mEPSC frequency™® >, as we observed. In
addition, we analyzed the effect of GIuN2B deficiency on inhibitory synaptic functions and found that
the change was shifted in the opposite direction. Changes in the frequency, but not amplitude, of mPSCs
suggest that the anomaly is in the presynapses. The absence of a PPR phenotype in both excitatory and
inhibitory synaptic transmission indicated that the number of functional synapses projecting onto
CASK-deficient neurons may be altered.

In summary, our study provides evidence for a molecular mechanism in which CASK deficiency
down-regulates the GIuN2B subunit of NMDA receptors, due to the loss of CASK’s GK domain,
resulting in disruption of the E/I synaptic balance in the brain. Further studies addressing how a mosaic

deficiency of CASK in neural circuits causes defective brain functions are needed to understand the

pathophysiology of CASK-deficient diseases.

Supplementary information is available at the Molecular Psychiatry website.

Acknowledgements
We thank all of the Tabuchi lab members for helpful comments and technical support. This work was
supported by Grant-in-Aid for Young Scientists (B) 25871060 (T.M.), Grant-in-Aid for Scientific

Research (C) 17K01975 (T.M.), Grant-in-Aid for Scientific Research (B) 25290021 (T.U.) and



323

324

325

326

327

328

329

330

331

25282242 (K.T.), Grant-in-Aid for challenging Exploratory Research 26640039 (T.U.), 16K14592,
24650183 (K.T.), and 15K15730 (T.Y.), the Foundation of Growth Science (T.M.), the Japan Epilepsy
Research Foundation (T.M.), the Takeda Science Foundation (T.U and K.T.), the Uehara Memorial
Foundation (K.T.), the Ichiro Kanehara Foundation (K.T.), CREST, JST (JPMJCRI1XMS, T.U.), and

the JST PRESTO Program: Development and Foundation of Neural Networks (K.T.).

Competing financial interests.

The authors declare no competing financial interests.



332

333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366

References

1.

Hsueh YP. The role of the MAGUK protein CASK in neural development and
synaptic function. Current medicinal chemistry 2006; 13(16): 1915-1927.

Won S, Levy JM, Nicoll RA, Roche KW. MAGUKs: multifaceted synaptic

organizers. Current opinion in neurobiology 2017; 43: 94-101.

Hsueh YP. Calcium/calmodulin-dependent serine protein kinase and mental
retardation. Annals of neurology 2009; 66(4): 438-443.

Hata Y, Butz S, Sudhof TC. CASK: a novel dlg/PSD95 homolog with an
N-terminal calmodulin-dependent protein kinase domain identified by interaction
with neurexins. The Journal of neuroscience ‘ the official journal of the Society for
Neuroscience 1996; 16(8): 2488-2494.

Setou M, Nakagawa T, Seog DH, Hirokawa N. Kinesin superfamily motor protein
KIF17 and mLin-10 in NMDA receptor-containing vesicle transport. Science
2000; 288(5472): 1796-1802.

Tabuchi K, Biederer T, Butz S, Sudhof TC. CASK participates in alternative
tripartite complexes in which Mint 1 competes for binding with caskin 1, a novel
CASK-binding protein. The Journal of neuroscience - the official journal of the
Society for Neuroscience 2002; 22(11): 4264-4273.

Mukherjee K, Sharma M, Urlaub H, Bourenkov GP, Jahn R, Sudhof TC et al
CASK Functions as a Mg2+-independent neurexin kinase. Cell 2008; 133(2):
328-339.

Stafford RL, Ear J, Knight MdJ, Bowie JU. The molecular basis of the Caskinl and
Mint1 interaction with CASK. Journal of molecular biology 2011; 412(1): 3-13.

LaConte LE, Chavan V, Liang C, Willis J, Schonhense EM, Schoch S et al CASK
stabilizes neurexin and links it to liprin-alpha in a neuronal activity-dependent
manner. Cellular and molecular life sciences - CMLS 2016; 73(18): 3599-3621.



367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402

10.

11.

12.

13.

14.

15.

16.

17.

18.

Hsueh YP, Yang FC, Kharazia V, Naisbitt S, Cohen AR, Weinberg Rd et al Direct
interaction of CASK/LIN-2 and syndecan heparan sulfate proteoglycan and their
overlapping distribution in neuronal synapses. The Journal of cell biology 1998;
142(1): 139-151.

Cohen AR, Woods DF, Marfatia SM, Walther Z, Chishti AH, Anderson JM.
Human CASK/LIN-2 binds syndecan-2 and protein 4.1 and localizes to the
basolateral membrane of epithelial cells. 7he Journal of cell biology 1998; 142(1):
129-138.

Jeyifous O, Waites CL, Specht CG, Fujisawa S, Schubert M, Lin EI et al SAP97
and CASK mediate sorting of NMDA receptors through a previously unknown
secretory pathway. Nature neuroscience 2009; 12(8): 1011-1019.

Hsueh YP, Wang TF, Yang FC, Sheng M. Nuclear translocation and transcription
regulation by the membrane-associated guanylate kinase CASK/LIN-2. Nature
2000; 404(6775): 298-302.

Wang GS, Hong CdJ, Yen TY, Huang HY, Ou Y, Huang TN et al Transcriptional
modification by a CASK-interacting nucleosome assembly protein. Neuron 2004;
42(1): 113-128.

Wang TF, Ding CN, Wang GS, Luo SC, Lin YL, Ruan Y et al Identification of
Thbr-1/CASK complex target genes in neurons. Journal of neurochemistry 2004;
91(6): 1483-1492.

Sudhof TC. Synaptic Neurexin Complexes: A Molecular Code for the Logic of
Neural Circuits. Cel/2017; 171(4): 745-769.

Tarpey PS, Smith R, Pleasance E, Whibley A, Edkins S, Hardy C et al A
systematic, large-scale resequencing screen of X-chromosome coding exons in
mental retardation. Nature genetics 2009; 41(5): 535-543.

Hackett A, Tarpey PS, Licata A, Cox J, Whibley A, Boyle J et al. CASK mutations
are frequent in males and cause X-linked nystagmus and variable XLMR
phenotypes. European journal of human genetics - EJHG 2010; 18(5): 544-552.



403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437

19.

20.

21.

22.

23.

24.

25.

26.

Saitsu H, Kato M, Osaka H, Moriyama N, Horita H, Nishiyama K et al CASK
aberrations in male patients with Ohtahara syndrome and cerebellar hypoplasia.
Epilepsia 2012; 53(8): 1441-1449.

Nakajiri T, Kobayashi K, Okamoto N, Oka M, Miya F, Kosaki K et al. Late-onset
epileptic spasms in a female patient with a CASK mutation. Bramm &
development 2015; 37(9): 919-923.

Michaud JL, Lachance M, Hamdan FF, Carmant L, Lortie A, Diador1 P et al The
genetic landscape of infantile spasms. Human molecular genetics 2014; 23(18):
4846-4858.

Hayashi S, Okamoto N, Chinen Y, Takanashi J, Makita Y, Hata A et al Novel
intragenic duplications and mutations of CASK in patients with mental
retardation and microcephaly with pontine and cerebellar hypoplasia (MICPCH).
Human genetics 2012; 131(1): 99-110.

Najm J, Horn D, Wimplinger I, Golden JA, Chizhikov VV, Sudi J et al Mutations
of CASK cause an X-linked brain malformation phenotype with microcephaly and
hypoplasia of the brainstem and cerebellum. Nature genetics 2008; 40(9):
1065-1067.

Piluso G, D'Amico F, Saccone V, Bismuto E, Rotundo IL, D1 Domenico M et al A
missense mutation in CASK causes FG syndrome in an Italian family. American
Journal of human genetics 2009; 84(2): 162-177.

Piluso G, Carella M, D'Avanzo M, Santinelli R, Carrano EM, D'Avanzo A et al
Genetic heterogeneity of FG syndrome: a fourth locus (FGS4) maps to
Xp11.4-p11.3 in an Italian family. Human genetics 2003; 112(2): 124-130.

Moog U, Kutsche K, Kortum F, Chilian B, Bierhals T, Apeshiotis N et al
Phenotypic spectrum associated with CASK loss-of-function mutations. Journal of
medical genetics 2011; 48(11): 741-751.



438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473

27.

28.

29.

30.

31.

32.

33.

34.

35.

Takanashi J, Okamoto N, Yamamoto Y, Hayashi S, Arai H, Takahashi Y et al
Clinical and radiological features of Japanese patients with a severe phenotype
due to CASK mutations. American journal of medical genetics Part A 2012;
158A(12): 3112-3118.

Dimitratos SD, Stathakis DG, Nelson CA, Woods DF, Bryant PdJ. The location of
human CASK at Xpll.4 identifies this gene as a candidate for X-linked optic
atrophy. Genomics 1998; 51(2): 308-309.

Stevenson D, Laverty HG, Wenwieser S, Douglas M, Wilson JB. Mapping and
expression analysis of the human CASK gene. Mammalian genome - official
Jjournal of the International Mammalian Genome Society 2000; 11(10): 934-937.

Atasoy D, Schoch S, Ho A, Nadasy KA, Liu X, Zhang W et al Deletion of CASK in
mice is lethal and impairs synaptic function. Proceedings of the National
Academy of Sciences of the United States of America 2007; 104(7): 2525-2530.

Augui S, Nora EP, Heard E. Regulation of X-chromosome inactivation by the
X-inactivation centre. Nature reviews Genetics 2011; 12(6): 429-442.

Wu H, Luo J, Yu H, Rattner A, Mo A, Wang Y et al. Cellular resolution maps of X
chromosome inactivation: implications for neural development, function, and
disease. Neuron 2014; 81(1): 103-119.

de Vries WN, Binns LT, Fancher KS, Dean J, Moore R, Kemler R et al
Expression of Cre recombinase in mouse oocytes: a means to study maternal
effect genes. Genesis 2000; 26(2): 110-112.

Maximov A, Tang J, Yang X, Pang ZP, Sudhof T'C. Complexin controls the force
transfer from SNARE complexes to membranes in fusion. Science 2009;
323(5913): 516-521.

Uemura T, Mori T, Kurihara T, Kawase S, Koike R, Satoga M et al. Fluorescent
protein tagging of endogenous protein in brain neurons using
CRISPR/Cas9-mediated knock-in and in utero electroporation techniques.
Scientific reports 2016; 6: 35861.



474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509

36.

37.

38.

39.

40.

41.

42.

43.

44.

Mori T, Morimoto K. Rabies virus glycoprotein variants display different patterns

in rabies monosynaptic tracing. Frontiers in neuroanatomy 2014; T: 47.

Tabuchi K, Blundell J, Etherton MR, Hammer RE, Liu X, Powell CM et al A
neuroligin-3 mutation implicated in autism increases inhibitory synaptic
transmission in mice. Scrence 2007; 318(5847): 71-76.

Maximov A, Sudhof TC, Bezprozvanny 1. Association of neuronal calcium
channels with modular adaptor proteins. The Journal of biological chemistry
1999; 274(35): 24453-24456.

Nafzger S, Rougier JS. Calcium/calmodulin-dependent serine protein kinase
CASK modulates the L-type calcium current. Cel/ calcium 2017; 61 10-21.

Leonoudakis D, Conti LR, Radeke CM, McGuire LM, Vandenberg CA. A
multiprotein trafficking complex composed of SAP97, CASK, Veli, and Mint1 is
associated with inward rectifier Kir2 potassium channels. The Journal of
biological chemistry 2004; 279(18): 19051-19063.

Eichel CA, Beuriot A, Chevalier MY, Rougier JS, Louault F, Dilanian G et al.
Lateral Membrane-Specific MAGUK CASK Down-Regulates NaV1.5 Channel in
Cardiac Myocytes. Circulation research 2016; 119(4): 544-556.

Monyer H, Burnashev N, Laurie DJ, Sakmann B, Seeburg PH. Developmental
and regional expression in the rat brain and functional properties of four NMDA
receptors. Neuron 1994; 12(3): 529-540.

Huang TN, Chang HP, Hsueh YP. CASK phosphorylation by PKA regulates the
protein-protein interactions of CASK and expression of the NMDAR2b gene.
Journal of neurochemistry 2010; 112(6): 1562-1573.

Huang TN, Hsueh YP. CASK point mutation regulates protein-protein
interactions and NR2b promoter activity. Biochemical and biophysical research
communications 2009; 382(1): 219-222.



510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545

45.

46.

47.

48.

49.

50.

51.

52.

53.

Huang TN, Hsueh YP. Calcium/calmodulin-dependent serine protein kinase
(CASK), a protein implicated in mental retardation and autism-spectrum
disorders, interacts with T-Brain-1 (TBR1) to control extinction of associative
memory in male mice. Journal of psychiatry & neuroscience © JPN 2017; 42(1):
37-417.

Kim MdJ, Dunah AW, Wang YT, Sheng M. Differential roles of NR2A- and
NR2B-containing NMDA receptors in Ras-ERK signaling and AMPA receptor
trafficking. Neuron 2005; 46(5): 745-760.

Berletch JB, Yang F, Disteche CM. Escape from X inactivation in mice and
humans. Genome biology 2010; 11(6): 213.

Srivastava S, McMillan R, Willis J, Clark H, Chavan V, Liang C et al. X-linked
intellectual disability gene CASK regulates postnatal brain growth in a non-cell

autonomous manner. Acta neuropathologica communications 2016; 4: 30.

Maximov A, Bezprozvanny 1. Synaptic targeting of N-type calcium channels in
hippocampal neurons. 7he Journal of neuroscience - the official journal of the
Society for Neuroscience 2002; 22(16): 6939-6952.

Biederer T, Sudhof TC. CASK and protein 4.1 support F-actin nucleation on
neurexins. 7he Journal of biological chemistry 2001; 276(51): 47869-47876.

Huang TN, Hsueh YP. Brain-specific transcriptional regulator T-brain-1 controls
brain wiring and neuronal activity in autism spectrum disorders. Frontiers in

neuroscience 2015; 9: 406.

Chuang HC, Huang TN, Hsueh YP. T-Brain-1--A Potential Master Regulator in
Autism Spectrum Disorders. Autism research - official journal of the International
Society for Autism Research 2015; 8(4): 412-426.

Huang TN, Chuang HC, Chou WH, Chen CY, Wang HF, Chou SJ et al. Thrl
haploinsufficiency impairs amygdalar axonal projections and results in cognitive
abnormality. Nature neuroscience 2014; 17(2): 240-247.



546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563

564

54.

55.

56.

57.

Chuang HC, Huang TN, Hsueh YP. Neuronal excitation upregulates Thrl, a
high-confidence risk gene of autism, mediating Grin2b expression in the adult

brain. Frontiers in cellular neuroscience 2014; 8: 280.

Hall BJ, Ripley B, Ghosh A. NR2B signaling regulates the development of
synaptic AMPA receptor current. 7he Journal of neuroscience - the ofticial journal
of the Society for Neuroscience 2007; 27(49): 13446-13456.

Wang CC, Held RG, Chang SC, Yang L, Delpire E, Ghosh A et al. A critical role
for GluN2B-containing NMDA receptors in cortical development and function.
Neuron 2011; 72(5): 789-805.

Gray JA, Shi Y, Usui H, During MdJ, Sakimura K, Nicoll RA. Distinct modes of
AMPA receptor suppression at developing synapses by GluN2A and GIluN2B:
single-cell NMDA receptor subunit deletion in vivo. Neuron 2011; 71(6):
1085-1101.



565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

Figure Legends

Figure 1. CASK is subjected to XCI in female mice.

a. Survival rate of CASK KO and WT mice. ~25% of the CASK™ mice died within 15 days.
Percentage of live animals of each genotype is shown. CASK"* (black, n=12), CASKY* (gray, n=10),
CASK" (red, n=14), and CASK™" (green, n= 10).

b. Photographs of CASK ™" (left) and CASK ™ (right) female mice at 7 days of age. The CASK ™ mice
were smaller than the CASK ™" mice. Scale bar represents 1 cm.

¢. Growth curve of CASK KO and WT mice. CASK ™" mice (n = 10) were smaller than CASK™ (n =
10) and CASKY* (n = 12) mice.

d. DAPI staining of the somatosensory cortex of 5-week-old CASK ™" (left) and CASK ™" (right) mice.
Numbers indicate cortical layers. Scale bar: 100 pm.

e. Schematic illustration of XCI and single-cell genotyping in heterozygous CASK KO mice. In the
progenitor cells of female heterozygous CASK KO mice, one of the X chromosomes is randomly
selected and inactivated by XCI early in development. The XCI pattern is transferred to their daughter
cells during cell division, resulting in a mosaic distribution pattern of the CASK WT and CASK KO
cells in tissues. In adult brain slices, the genotypes and physiological functions of neurons were
examined by patch-clamp recording followed by single-cell RT-PCR.

f. Agarose gel electrophoresis image of single-cell RT-PCR. Positions of the primer sets for the RT-PCR
of CASK are shown above. Note that the CASK band is absent in the right-most lane (KO; CASK-). M,
100-bp DNA ladder; Act, B-actin PCR product; Cask, CASK PCR product.

g. Percentage of CASK-positive cells. CASK expression was detected in about half of the cells in the
CASK™ brains. CASK+/+, n = 6 animals; and CASK™ , n = 10 animals. Numbers on bars are the

CASK-positive cells/total cells analyzed.
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h. Representative traces of the membrane potential of CASK-positive (WT, left, blue traces) and
-negative (KO, right, red traces) neurons from a CASK ” mouse. The CASK genotypes of the recorded
neurons of CASK"" mice were determined by single-cell RI-PCR. Scale bars represent 20 mV (vertical
axis) and 0.2 s (horizontal axis). 0 mV indicates the potential at the ground.

i-n. Resting membrane potential (i), AP threshold (j), AP amplitude (k), AP half-time width (1), input
resistance (m), and input (injected current)/output (spike number) curve (n) of WT (CASK"*, CASKY",
CASK™ WT) and CASK" KO neurons. (Animal numbers; CASK ™" female n=3, CASKY" male n=3,
CASK"" female n="7).

Numbers on bars are the numbers of cells analyzed (i-m). * p < 0.05, ** p < 0.01, as examined by

ANOVA and Bonferroni's post-hoc test.

Figure 2. CASK deficiency disrupts the E/I balance and NMDA receptor-mediated synaptic
function in a developmental mechanism.

a. Representative traces of miniature excitatory postsynaptic currents (mEPSCs) in neurons with four
different genotypes. The CASK genotype of the recorded neurons from CASK"" mice was determined
by single-cell RT-PCR. Scale bars represent 10 pA (vertical axis) and 1 s (horizontal axis).

b-c. Frequency (b) and amplitude (c) of the mEPSCs in neurons with four different genotypes. The
frequency of mEPSCs in CASK-deficient neurons (CASK”-KO) was increased. Numbers on bars
represent the number of cells recorded. (Animal numbers; CASK ™" female n= 3, CASKY" male n=3,
CASK"" female n=7)

d. Representative traces of the mIPSCs in neurons with four different genotypes. The CASK genotype
of the recorded neurons from CASK™ mice was determined by single-cell RT-PCR. Scale bars

represent 10 pA (vertical axis) and 1 s (horizontal axis).
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e-f. Frequency (e) and amplitude (f) of the mIPSCs in neurons with four different genotypes. The
frequency of the mIPSCs in CASK-deficient neurons (CASK "-KO) was decreased. Numbers on bars
represent the number of cells recorded. (Animal numbers; CASK ™" female n= 3, CASKY" male n=3,
CASK"" female n=7)

g. Scatter plot of the frequency of mEPSCs versus mIPSCs in neurons with four different genotypes.
Each dot represents a single cell. CASK-deficient cells (CASK "-KO) showed a different pattern from
those of the other genotypes.

h. E/I balance index for each genotype. The E/I balance of CASK-deficient cells (CASK™-KO) was
shifted toward excitatory dominance. Numbers on bars represent the number of cells recorded.

1. AAV-Cre-mediated conditional knockout of CASK. The timings of AAV injection and recording (top),
a histological image of the AAV-injected area (middle), and a schematic illustration of the conditional
deletion of CASK in a cell and confocal images for CASK immunostaning (red) in AAV-CreGFP
(green) infected brains in wild-type and CASK-floxed mice (bottom) are shown. Note that the CASK
and GFP double positive neurons are missing in CASK-floxed mice. Scale bars are 100 (middle) and 50
(bottom) pm.

j and k. Frequency and amplitude of mEPSCs (I) and mIPSCs (m) were unaltered in CASK conditional
KO neurons (green). Numbers on bars represent the number of cells recorded. (Animal numbers; floxed
CASK+GFPCre n=4, floxed CASK+GFP n=3, floxed CASK n=3, WT+GFPCre n=3)

1. Paired-pulse ratios of evoked excitatory and inhibitory postsynaptic contents (¢PPR and iPPR) were
unaltered in CASK""-KO neurons. Representative traces (left) and summary graphs (right) are shown.
Scale bars represent 100 pA (vertical axis) and 200 ms (horizontal axis). Numbers on bars represent the
number of cells recorded. (Animal numbers; CASK" female n= 9)

m. Representative traces (left) and summary graphs (right) of the NMDA/AMPA ratio and NMDA

decay time constant of WT and CASK"-KO neurons. The NMDA/AMPA ratio and decay time
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constant of the NMDA current were decreased in CASK "-KO neurons. Scale bar represents 200 ms.
Numbers on bars represent the number of cells recorded. (Animal numbers; CASK"" female n= 8)
Statistical significance was determined by ANOVA and Bonferroni's post-hoc test. * p < 0.05, *** p <

0.001.

Figure 3. The guanylate kinase domain of CASK is responsible for the disrupted E/I balance and
NMDA receptor function in CASK KD neurons.

a-h. Miniature postsynaptic currents of control and CASK-KD neurons co-transfected with or without
various rescue constructs in layer 2/3 of the somatosensory cortex. Representative traces (a) and graphs
of the frequency (b) and amplitude (c) of mEPSCs. Representative traces (d), summary graphs of the
frequency (e) and amplitude (f) of mIPSCs. FL, full-length; AC, CAM domain deleted; AL, LIN
domain deleted; AP, PDZ domain deleted; AS, SH3 domain deleted; AG and AGK, GK domain deleted;
TA, T704A mutant of CASK. The CASK AG or TA constructs failed to rescue the increased frequency
of mEPSC:s (b) or the decreased frequency of mIPSCs (e) in CASK KD neurons. Scale bars represent
10 pA (vertical axis) (a) and 20 pA (vertical axis) (d) and 1 s (horizontal axis) (a and d). (Animal
numbers; n=3 in each condition)

g. Distribution of the frequency of mEPSCs versus mIPSCs for neurons of four genotypes. Each dot
represents a single cell.

h. E/I balance index for neurons with each KD.

i. Representative traces of evoked AMPA (lower trace) and NMDA (upper trace) receptor-medicated
synaptic currents in control and CASK-KD neurons. Scale bars represent 50 pA (vertical axis) and 0.2 s
(horizontal axis).

j. Graph of the NMDA/AMPA ratio in control, CASK-KD, and CASK-KD + rescue vector transfected

neurons. (Animal numbers; n=3 in each condition)
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k. Normalized traces of NMDA receptor-mediated currents recorded from control and CASK-KD
neurons were superimposed. Scale bar represents 0.2 s.

1. Weighted decay time constant (t) of the NMDA receptor-mediated current in control, CASK-KD, and
CASK-KD + rescue vector transfected neurons. The decay time constant of the NMDA current was
decreased in CASK-KD neurons, and was not rescued by CASKAGK co-transfection.

m. The mRNA (left) and protein (middle) levels of GIuN2A and GIuN2B in control and CASK-KD
neurons examined by qRT-PCR and immunoblot, respectively. Representative images (right) of
immunoblot bands of B-actin, GluN2A and GluN2B obtained from control and CASK-KD neurons.
(Sample numbers; Cntl n=3, shCASK n=3 in mRNA. Cntl n=5, shCASK n=5 in protein)

Statistical significance was determined by unpaired t-test (m) or by ANOVA and Bonferroni's post-hoc
test (b, c, e, f, h,jand ). * p <0.05, ** p <0.01, *** p <0.001. Numbers on bars are the number of cells

analyzed.

Figure 4. GluN2B-KD disrupts the E/I balance in pyramidal neurons in layer 2/3 of the
somatosensory cortex.

a. Representative traces of evoked AMPA (lower trace) and NMDA (upper trace) receptor-mediated
synaptic currents in control (black) and shGluN2B-transfected (green) neurons. Scale bars represent 50
pA (vertical axis) and 0.2 s (horizontal axis).

b. NMDA/AMPA ratio in control and shGluN2B-transfected neurons. The NMDA/AMPA ratio was
significantly decreased in the shGluN2B-transfected neurons. (Animal numbers; Cntl n=3, shGluN2B
n=3)

c. Normalized sample traces of NMDA receptor-mediated synaptic currents recorded from control and
shGIuN2B-transfected neurons. Fitted double exponential curves are shown in red. Scale bar represents

0.2s.
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d. Weighted decay time constant (T) of the NMDA receptor-mediated current in control and
shGluN2B-transfected neurons. The decay time constant (t) in shGIluN2B-transfected neurons was
decreased compared to control neurons. (Animal numbers; Cntl n=3, shGIuN2B n=3)

e. Representative traces of the mEPSC in control (upper) and shGIluN2B-transfected (lower) neurons.
Scale bars represent 10 pA (vertical axis) and 1 s (horizontal axis).

f-g. Frequency (f) and amplitude (g) of the mEPSC in control and shGluN2B-transfected neurons. The
frequency of the mEPSC was increased by GluN2B-KD. (Animal numbers; Cntl n=3, shGluN2B n=3)
h. Representative traces of the mIPSC in control (upper) and shGluN2B-transfected (lower) neurons.
Scale bars represent 10 pA (vertical axis) and 1 s (horizontal axis).

i-j. Frequency (i) and amplitude (j) of the mIPSC in control and shGIluN2B-transfected neurons. The
frequency of the mIPSC was decreased by GluN2B-KD. (Animal numbers; Cntl n=3, shGIluN2B n=3)
k. Scatter plot of the frequency of mEPSCs versus mIPSCs in control and shGluN2B-transfected
neurons. Each dot represents a single cell. The control and shGIluN2B-transfected neurons showed
different distributions.

1. E/l balance index of control and shGluN2B-transfected neurons.

Statistical significance was determined by unpaired #test. * p < 0.05, *** p <0.001. Numbers on bars

are the number of cells analyzed.

Figure 5. Co-transfection with GluN2B rescues the disrupted E/I balance in the spontaneous
synaptic transmission in CASK KD neurons.

a. Histological images of shCASK + GluN2B-transfected somatosensory cortex. The laminar structure
was visualized by DAPI staining (left). tdTomato-labeled shCASK + GluN2B-transfected neurons were
in layer 2/3 of the somatosensory cortex (right). Cortical layers are indicated by numbers. Scale bar: 100

um.
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b. Representative traces of the mEPSC (left) and mIPSC (right) from shCASK neurons (top) and
shCASK + GIuN2B neurons (bottom). Scale bars represent 10 pA (vertical axis) and 1 s (horizontal
axis).

c-d. Frequency (c) and amplitude (d) of the mEPSC in control (black), sS\CASK (red), and shCASK +
GIuN2B (green) neurons. GIuN2B transfection rescued the increased mEPSC fiequency in
shCASK -transfected neurons. (Animal numbers; Cntl n=3, shCASK n=3, shCASK+GIuN2B n=3)

e-f. Frequency (e) and amplitude (f) of the mIPSCs in control, shCASK, and shCASK + GluN2B
neurons. GIuN2B transfection rescued the decreased mIPSC frequency in the shCASK-transfected
neurons.

g. Distribution of the frequency of mEPSCs versus mIPSCs shown in a scatter plot. Each dot represents
a single cell.

h. E/I balance index of neurons with each KD.

1. Molecular mechanism underlying the disruption of the E/I synaptic balance in CASK heterozygous
female mice. Either the CASK KO or WT allele is randomly inhibited (Xi) by XCI, and the activated X
chromosome (Xa) determines the genotype of the cell. In CASK KO neurons, GluN2B expression is
down-regulated, resulting in a shifting of the E/I synaptic balance toward excitatory dominance.
Statistical significance was determined by ANOVA and Bonferroni's post-hoc test (c—f, and h). * p <

0.05, ** p<0.01, *** p <0.001. Numbers on bars are the number of cells analyzed.
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