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Abstract

Heterozygous mutations in the X-linked gene CASK are associated with intellectual disability, 

microcephaly, pontocerebellar hypoplasia, optic nerve hypoplasia and partially penetrant seizures 
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in girls. The Cask+/− heterozygous knockout female mouse phenocopies the human disorder and 

exhibits postnatal microencephaly, cerebellar hypoplasia and optic nerve hypoplasia. It is not 

known if Cask+/− mice also display seizures, nor is known the molecular mechanism by which 

CASK haploinsufficiency produces the numerous documented phenotypes. 24-hour video 

electroencephalography demonstrates that despite sporadic seizure activity, the overall 

electrographic patterns remain unaltered in Cask+/− mice. Additionally, seizure threshold to the 

commonly used kindling agent, pentylenetetrazol, remains unaltered in Cask+/− mice, indicating 

that even in mice the seizure phenotype is only partially penetrant and may have an indirect 

mechanism. RNA sequencing experiments on Cask+/− mouse brain uncovers a very limited 

number of changes, with most differences arising in the transcripts of extracellular matrix proteins 

and the transcripts of a group of nuclear proteins. In contrast to limited changes at the transcript 

level, quantitative whole-brain proteomics using iTRAQ quantitative mass-spectrometry reveals 

major changes in synaptic, metabolic/mitochondrial, cytoskeletal, and protein metabolic pathways. 

Unbiased protein-protein interaction mapping using affinity chromatography demonstrates that 

CASK may form complexes with proteins belonging to the same functional groups in which 

altered protein levels are observed. We discuss the mechanism of the observed changes in the 

context of known molecular function/s of CASK. Overall, our data indicate that the phenotypic 

spectrum of female Cask+/− mice includes sporadic seizures and thus closely parallels that of 

CASK haploinsufficient girls; the Cask+/− mouse is thus a face-validated model for CASK-related 

pathologies. We therefore surmise that CASK haploinsufficiency is likely to affect brain structure 

and function due to dysregulation of several cellular pathways including synaptic signaling and 

cellular metabolism.
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Introduction

Heterozygous mutations in the X-linked gene CASK are associated with mental retardation 

and microcephaly with pontine and cerebellar hypoplasia in girls (MICPCH; OMIM 

#300749) ([1-5]). CASK mutations in boys can produce neurodevastating conditions with 

epileptic encephalopathies [6,7], but some CASK missense mutations in boys are milder and 

are commonly found in cases of X-linked intellectual disability in normocephalic boys [8]. 

The molecular function of CASK and the mechanism of CASK-linked disorders remain 

unknown.

CASK (Calcium/calmodulin Activated Serine Kinase) is a multi-domain protein belonging to 

the MAGUK (Membrane Associated Guanylate Kinase) class of scaffolding proteins. From N-

to C-terminus, CASK is comprised of a CaMK (calcium/calmodulin dependent kinase) 

domain, two L27 (lin-2/lin-7) domains, a PDZ (PSD95, dig-1 and ZO1) domain, SH3 (Src 

homology 3) domain and a GuK (guanylate kinase) domain [9-11]. Proposed functions for 

CASK have included, among others, a role as a presynaptic scaffolding molecule [9], 

involvement in Tbr1-mediated transcription [12], establishing cell polarity [13], and 

trafficking of ion channels [14, 15]. Deletion of CASK does not alter active or passive 
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membrane properties of neurons or cell polarity [16-18], indicating that there may be 

molecular redundancy in these CASK functions. Additionally, Cask mutations do not alter 

neuronal migration in mice, suggesting that the Tbr-1/reelin pathway is not the cause of the 

observed phenotypes [17,19,18,20]. Although synapse formation itself remains unaltered in 

Cask mutant mice [17], we have observed a reduction in the number of active zones within 

the large retinogeniculate synapses of Cask+/− mice [21]. Biochemically, CASK interacts 

with and phosphorylates the cytosolic tail of neurexins via its PDZ domain. CASK also links 

neurexins to presynaptic scaffolding molecules such as Mint1, Caskin and the active zone 

organizer liprins-α [22]. In addition to neurexins, the PDZ domain of CASK may also 

interact with other proteins such as syndecan2, syncam/IGSF4 and parkin, as well as 

phospholipids [23-26].

CASK is an evolutionarily conserved protein [27,28], and an unbiased analysis of CASK-

interacting proteins in Drosophila melanogaster revealed that CASK is also likely to interact 

with a set of mitochondrial proteins [29]. Using a murine model, we have previously 

demonstrated that the heterozygous deletion of CASK in female mice is sufficient to 

produce postnatal progressive microcephaly, cerebellar hypoplasia and optic nerve 

hypoplasia [21,20], thereby phenocopying the human disorder. Here we use this face-

validated model to examine underlying mechanisms of the observed phenotypes. 

Constitutive CASK deletion in mice does not affect overall core neuronal functions but 

performs a selectively essential role [17]. Specifically, CASK seems to play an 

evolutionarily conserved role in postnatal brain growth in mammals. To uncover the 

molecular role/s of CASK, in this study we performed unbiased analyses of electrographic 

changes and molecular changes present in the whole brain of CASK haploinsufficient adult 

mice. We also performed an unbiased protein interaction mapping of CASK to understand 

the mechanism/s of these molecular changes. Our data indicate that CASK may participate 

in multiple cellular pathways, including mitochondrial, synaptic and protein metabolism. 

Dysfunction of these cellular functions is likely to underlie the complex neurological 

condition associated with CASK loss-of-function.

Materials and Methods

Study Approval - Procedures Involving Animals

All procedures involving the use of animals were approved by the Institutional Animal Care 

and Use Committee of the University of Virginia and the Institutional Animal Care and Use 

Committee of Virginia Tech.

Sexually mature adult animals were used for RNA sequencing (ages 2-4 months) and 

proteomics (P40), since the postnatal progressive microcephaly associated with CASK 

heterozygosity has stabilized by this age. EEG experiments were conducted at either P7-P14 

for pups or between 2 and 4 months of age for adults. The age range for pups (P7-P14) was 

chosen since this stage of murine development is considered equivalent to human infancy; 

between 2 and 4 months was chosen for adult mice so as to observe changes between 

genotypes once the microcephalic phenotype has plateaued. Cask+/− mutants and Cask+/+ 

wild-type (WT) littermates are both from a C57BL/6J background and were backcrossed for 
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at least 25 generations. Mice were genotyped using polymerase chain reaction followed by 

gel electrophoresis with primers targeted to the exon 1-intron 1 boundary of CASK.

Electrode Implantation Surgery and EEG Data Acquisition

Pups—Pups (P7-P14) were anesthetized using 5% isoflurane for induction and 2-2.5% 

isoflurane for maintenance adapted from a previously published protocol [31]. Unipolar 

insulated stainless steel depth electrodes were stereotaxically implanted in the right 

hippocampus and right parietal cortex, with two reference electrodes on the left parietal 

cortex and the cerebellum. After the surgery, pups were allowed to recover for 24 hours with 

the mother. The next day, the pups were connected to a video-EEG monitoring system via a 

flexible cable connected to the amplifier. The output signal was amplified using a Grass 

amplifier (Model1, Natus Neurology Incorporated-Grass Products, Warwick, RI), digitized 

and recorded for later review using Labchart software (ADInstruments, Dunedin, New 

Zealand).

Adults—Female C57BL/6J mice of each genotype (four WT and three Cask+/−) between 

68 and 93 days old were initially anesthetized using 5% isoflurane and head-fixed in a 

stereotaxic apparatus with continual 3% isoflurane administration throughout the surgery. 

Burr holes were drilled free-handed through the skull at 3mm anteroposterior and 3mm 

mediolateral from bregma to expose the dura. Two stainless steel electrodes were lowered 

into the hippocampus and overlying cortex; electrode positions were verified in post-hoc 

analysis by the presence of a characteristic theta peak recorded from hippocampal 

electrodes. Mice were allowed to recover for at least 6 days post-surgery before recordings 

began.

PTZ Experiments

Adult mice received an intraperitoneal (IP) injection of 40mg/kg of PTZ. If the animal did 

not seize for approximately 10 minutes after the first injection, then 20mg/kg of PTZ was 

injected every approximately 10 minutes until the animal seized. The highest dose received 

in the study was 80mg/kg of PTZ. Latency to seizure was calculated from the time of the 

first injection to electrographic seizure onset, and duration was calculated by the time length 

of electrographic seizure.

EEG Data Analysis

Raw data were visually inspected within the GRASS Technologies software for epileptiform 

activity by two trained observers. Upon identification of a seizure, the video recording was 

inspected to rule out artifacts due to movement or physical alterations in the recording setup. 

While blinding was not possible during recording due to the noticeably smaller size of the 

Cask+/− mice, subsequent spectral analyses were conducted by an independent experimenter 

blinded to the genotypes corresponding to each recording. Power spectra were calculated 

using the EEGlab toolbox in MATLAB2017a. Data were sampled at 400Hz. 20-hour-long 

epochs spanning the full day and majority of the night were used for spectral analysis, 

including periods of sleep and wake as well as all typical locomotor behaviors. No raw data 

during this 20-hour period was excluded from downstream analysis. The raw data were 

filtered from 0-50Hz using a finite impulse response (FIR) filter, DC offset was removed, 

Patel et al. Page 4

Exp Neurol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and mean power spectral densities were calculated using the spectopo() function in EEGlab 

with a window length of 400 samples, FFT length of 400, and 0 overlap for each channel 

independently over 20 hours of recording. The mean power spectral density for hippocampal 

and cortical electrode placements were then averaged within each genotype. These genotype 

averages were then compared between WT and (Cask+/− conditions. Subsequently, the 

0-50Hz filtered data was manually binned into frequency ranges of 0-4Hz, 4-8Hz, 8-12Hz, 

12-15Hz, 15-20Hz, 20-30Hz, and 30-50Hz. Mean power spectral densities for each 

genotype in each frequency bin were calculated and compared as described above. Data 

were analyzed for statistical significance (p<0.05) using an f-test to determine homogeneity 

of variation and then a two-tailed Student’s t-test with equal variance for all comparisons; 

data were collected from three Cask+/− mice and four WT mice.

RNA Sequencing Analysis

Whole brain RNA was extracted from four Cask+/− and four WT adult mice (age 2-4 

months) using Aurum™ Total RNA Fatty and Fibrous Tissue kit from Biorad following 

manufacturer’s instructions. PolyA mRNA was extracted and fragmented into 180-200 

nucleotide fragments. RNA sequencing experiments were performed at the Biocomplexity 

Institute of Virginia Tech on an Illumina Nextseq 500 platform. Strand-specific libraries 

were constructed using Illumina’s TruSeq Stranded mRNA HT Sample Prep Kit (Illumina, 

RS-122-2103). Generated libraries were validated using an Agilent 2100 Bioanalyzer and 

clustered. Single-stranded, paired-end sequencing was performed on an Illumina NextSeq 

500 (sequencing reagent kit was NextSeq 500/550 High Output kit V2; P/N FC-404-2005) 

with 75-bp read lengths (1 x 75; 400 million clusters). Illumina NextSeq Control Software 

v2.1.0.32 with Real Time Analysis RTA v2.4.11.0 was used to provide the management and 

execution of the NextSeq 500 and to generate BCL files. The BCL files were converted to 

FASTQ files using bcl2fastq Conversion Software v2.20, and sequences were trimmed of 

adapters and demultiplexed using ea-utils and Btrim [32,33]. Sequencing reads were then 

aligned to the genome (Ensembl Mus_musculus.GRCm38.78) using Tophat2/HiSat2 [34] 

and counted via HTSeq [35]. Quality control summary statistics were examined to identify 

any problematic samples (e.g. total read counts, quality and base composition profiles (+/− 

trimming)). Following successful alignment and counting, mRNA differential expression 

was determined using contrasts of reads from the two groups and tested for significance 

using the false discovery rate (FDR) (Benjamini-Hochberg) corrected Likelihood Ratio Test 

(LRT) in the R-package DESeq2 [36]. The gene ontology classification of significant 

changes (padjusted <0.05) was performed on the NIH DAVID web interface (https://

david.ncifcrf.gov/).

iTRAQ Proteomics

Three C57BL/6J mice from each genotype (WT and Cask+/−) were sacrificed by cervical 

dislocation, and the brains were hemisected. One hemisphere of each brain was used for 

isobaric Tagging for Relative and Absolute Quantitation (iTRAQ) Liquid Chromatography 

Tandem Mass Spectroscopy (LC-MS/MS) [37]. iTRAQ experiments were performed 

commercially by MtoZ Biolabs (Boston, MA, USA). Total brain protein was extracted by 

physical homogenization in lysis buffer and subjected to trypsin digestion at a concentration 

of 0.025μg/μL overnight at 37°C. The TMT10plex Isobaric Label Reagent Set from 
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Thermofisher Scientific (USA) dissolved in 41μL anhydrous acetonitrile was used to label 

peptides. The three WT samples were labelled with TMT10-126, TMT10-129N, and 

TMT-129C respectively; the three Cask+/− samples were labelled with TMT10-130N, 

TMT10-130C, and TMT10-131N, respectively. Peptides were subjected to tandem LC-

MS/MS using an Easy-nLC1000 chromatograph (Thermofisher Scientific, USA) and an 

Orbitrap™ Fusion™ Lumos™ Tribrid™ Mass Spectrometer (Thermofisher Scientific, 

USA).The raw MS/MS data were searched against the UniProt Mus musculus protein 

database using Proteome Discover 2.1 (Thermofisher Scientific, USA) using the following 

parameters: protein modifications were set to carbamidomethylation (C) (fixed), oxidation 

(M) (variable); enzyme set to trypsin; maximum missed cleavages set to 2; precursor ion 

mass tolerance set to 10ppm; MS/MS tolerance set to 20ppm. The resulting proteomic 

changes between WT and CASK+/− were selected based on significance (p<0.05) using a 

one-tailed Student’s t-test assuming equal variance comparing abundance levels for each 

peptide between the three Cask+/− and three WT samples. Only changes with p<0.05 

between groups were analyzed. Significant changes were categorized into subcellular 

compartments by using the GO_CC_DIRECT algorithm (NIH DAVID). The changes were 

also categorized into functional pathways using the KEGG_PATHWAY algorithm to sort 

them into functional categories (NIH DAVID). We also performed R spider analysis and 

Profcom GO analysis using the bioprofiling.de web interface [38,39].

Co-Immunoprecipitation Mass Spectroscopy

These experiments were done using methodology described previously [29]. Briefly, lysates 

of HEK 293 cells expressing either GFP or GFP-CASK were incubated overnight at 4°C 

with whole rat brain lysate, to allow in vitro complex formation. Both cellular and rat brain 

lysates were made using a solubilizing buffer consisting of 20mM HEPES-KOH (pH7.2), 

150mM NaCl, 2mM EDTA, 1% Triton-X 100, 1% sodium deoxycholate and protease 

inhibitor cocktail. The lysate mixture was filtered through 0.2 micron filter and pre-cleared 

with glutathione agarose for 2 hours. GFP-Trap beads were subsequently incubated with the 

lysate mixtures for an hour to precipitate GFP-tagged proteins. Beads were washed thrice 

with ice cold solubilizing buffer without protease inhibitors. The GFP-Trap beads were then 

treated with trypsin, and peptide mixtures were then separated by nano-liquid 

chromatography (1260 Infinity from Agilent Technologies, Santa Clara, CA) and analyzed 

by tandem mass spectrometry with an LTQ XL™ linear ion trap mass spectrometer 

(ThermoFisher, Waltham, MA). Separation columns were prepared in-house using 100 μm 

i.d. fused silica capillaries (Polymicro Technologies Phoenix, AZ) and 5 μm Zorbax SB-C18 

particles (Agilent technologies, Santa Clara, CA). The length of the column ranged from 10 

cm to 12 cm. Mobile phases A and B consisted of 0.01% TFA in 4% and 90% acetonitrile, 

respectively. The peptides were eluted at a flow rate of ~160-180 nL/min by using a 200 min 

long gradient with increasing concentrations of solvent B [40]. MS data were acquired via a 

data-dependent acquisition strategy by performing Zoom/MS2 scans on the 5 most intense 

peaks in each MS scan. Data were acquired over a mass range of 500 – 1600 m/z. Collision-

induced dissociation (CID) was performed at a normalized collision energy of 35%, 

activation Q = 0.250, and activation time of 30 msec. The threshold for triggering MS2 scans 

was set as 100 counts. The data-dependent parameters were set for exclusion mass width 

±1.5 m/z, zoom scan width ± 5 m/z, dynamic exclusion repeat count 1, repeat duration 30 
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sec, and exclusion duration 60 sec, and exclusion list size of 200. The Thermo Proteome 

Discoverer 1.4 software package was employed to search the MS/MS spectra against the 

Rattus norvegicus (Rat) protein database (SwissProt/TrEMBL, combined 36081 entries) 

extracted from UniProt on November 7, 2017 (https://www.uniprot.org) (rat brain 

homogenate was used for protein interactions). The database search used the Sequest HT 

algorithm and included fully tryptic peptides with a maximum of 2 missed cleavages, 

minimum/maximum peptide length of 6/144, precursor ion mass ranging from 500-5000 Da 

with a precursor ion tolerance of 2 Da and fragment tolerance of 1 Da, no posttranslational 

modifications, and a stringent FDR of <1 % and relaxed of <3 %. In the case of 0 peptides 

coming down with GFP, a threshold of at least 2 peptide spectrum matches from a protein 

coming down with CASK-GFP was qualified as a putative interaction. In cases with 

background binding with GFP-beads, 3 times more peptides coming down with CASK over 

GFP alone was used as a threshold to identify putative interactors.

Results

Cask+/− mice display minimal electrographic changes

Mutations in CASK may co-occur with partially penetrant epilepsy with the majority not 

showing any seizures [2]. Mutations specifically in boys are associated with epileptic 

encephalopathies during infancy such as Ohtahara syndrome and West syndrome [6,7]. The 

mechanism of the seizures remains unknown. Although an imbalance in excitatory and 

inhibitory synaptic transmission has been noted, these changes are limited to spontaneous 

action potential-independent release events [17,18]. Evoked excitatory or inhibitory synaptic 

responses and neuronal excitability remain unchanged in CASK-null neurons [17]. The 

effect of spontaneous release of single vesicles on larger field potentials is uncertain. The 

electroencephalographic (EEG) signal emerges as a measure for large-scale extracellular 

voltage changes which includes both post-synaptic potentials as well as pre-synaptic 

currents and action potentials [41].

To better characterize CASK-associated epileptic encephalopathies, we therefore performed 

video EEG (vEEG) recordings in infant mice at postnatal day 7, 8, 13, and 14. The vEEG 

recordings in infant CASK+/− mice did not reveal any interictal discharges or seizures (data 

not shown). We next performed two weeks of 24-hour vEEG recording of adult Cask+/− 

mice, which only revealed a single hippocampal seizure in a single mouse identified visually 

by two trained observers (Figure 1A). Because we did not observe frequent seizures or 

interictal discharges, we next performed a power spectral analysis of the EEG signal to 

determine whether electrographic activity was altered in a non-ictal manner. No significant 

differences in mean power were found in the entire 0-50Hz range or when binned into 

biologically relevant frequency bands of delta, theta, alpha, beta, and low gamma (Figure 

1B,C). Overall, the Cask+/− mice displayed a qualitatively and quantitatively normal EEG 

signature (Figure 1D,E). Although we failed to see more than one readily observable 

epileptic episode or resting power spectral differences at the height of the phenotype in the 

young and adult mice that we recorded, it may still be that the epileptic threshold in these 

animals is lowered. We therefore performed a kindling experiment with pentylenetetrazol 

(PTZ) [42]. Our data suggest that CASK+/− mice do not differ from wildtype mice with 
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respect to epileptic threshold (Figure 1F). Overall our data suggest that although seizures 

may occur in Cask+/− mice, overall electrographic signals remain unaltered at the ages of the 

Cask+/− mice that we recorded. Any cellular or molecular changes are thus unlikely to be the 

result of large-scale changes in activity of neuronal ensembles. Furthermore, our data 

indicate that an imbalance in spontaneous action potential independent release does not 

translate into changes in field potentials, and the observed seizures in some cases of 

MICPCH cannot be accounted for simply by a change in baseline synaptic activity in 

isolation.

Transcriptional changes in CASK+/− mice

RNA-Sequencing analysis was performed on three Cask+/− mice and four wildtype 

littermates to determine transcriptional changes. In all three Cask+/− mice, CASK mRNA 

was reduced to a similar degree, confirming that the X-chromosome inactivation was not 

skewed. Significant changes were seen in only a very few transcripts, with 105 transcripts in 

addition to the CASK transcript reaching statistical significance (p-adjusted value of lower 

than 0.05). Out of the altered transcripts, 43 transcripts were reduced in amount and 62 

transcripts showed an increase. CASK has been proposed to affect transcription via the Tbr1 

pathway [12], but we did not see changes in transcription of RNAs downstream of Tbr1, 

such as reelin or NR2b [12,43,18]. This is consistent with our previous biochemical analysis 

of MICPCH-associated missense mutations, in which we found that the CASK-Tbr1 

interaction does not underlie CASK-associated brain pathology [5]. Only 11 transcripts are 

ascribed functions related to core neuronal function such as synaptic transmission or 

membrane excitability (Figure 2; category:synapse). Approximately 50% of the reduced 

transcripts fall within the Gene Ontology category 0005737 (cytoplasm), which includes “all 

of the contents of a cell excluding the plasma membrane and nucleus, but including other 

subcellular structures” Other than that, the largest subcellular class of decreased transcripts 

are identified as nuclear, encoding transcription factors or proteins responsible for mRNA 

processing or export (Figure 2). Most of the transcription factors that are reduced are known 

to regulate cell cycle rather than neuronal or synaptic function. The remaining intracellular 

transcript changes include proteins in metabolic pathways, with five of them belonging to 

the oxidative phosphorylation pathway in mitochondria and five belonging to the solute 

carrier family. Intriguingly, the majority of the transcripts in the mitochondrial pathway that 

are upregulated are not nuclear but rather mitochondrially encoded. Strikingly, the largest 

class of increased transcripts (24 out of 62) belong to proteins of the extracellular matrix 

(Figure 2). The relatively small number of changes precluded further meaningful 

bioinformatics analysis, such as functional pathway analysis. R-spider or KEGG-spider 

analysis did not reach significance, and KEGG pathway analysis included less than a third 

(~30%) of the genes identified in our study as having altered transcript levels. Overall, the 

most notable changes which rise to a level of significance are found in Gene Ontology 

groups that have the rather generic descriptions of “extracellular region”, “membrane 

fraction” and “cytoplasmic fraction”. Our transcriptomic data thus do not support an overall 

nuclear reprogramming in the brains of CASK heterozygous knockout mice, and we do not 

observe any specific cellular pathway alteration induced by haploinsufficiency of CASK. 

The changes noted in transcripts for extracellular proteins are more likely to reflect 

increased ECM turnover, a phenomenon observed in many developmental disorders [30].
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Proteomic changes in CASK+/− mice

Changes at the transcript level may not always be representative of changes at the protein 

level [44,45]. An additional factor which complicates interpretation of changes at the 

transcript level specifically in the setting of CASK reduction is that CASK has been 

implicated as a scaffolding protein that facilitates the localization and binding of protein 

complexes in situ; if CASK’S scaffolding function is reduced or eliminated in a cell, it is 

possible that this will impact turnover of its binding partners. We therefore decided to 

examine changes in the levels of brain proteins in Cask+/− mice, using sensitive and 

unbiased iTRAQ mass spectrometry. Comparisons were made between three wild-type (WT) 

and three Cask+/− mice at postnatal day 40. In contrast to the limited number of changes 

observed at the transcript level, we observed significant changes in 525 different proteins, 

excluding CASK. CASK was again found to be reduced in all three mutant mice, confirming 

previous literature [17,18,20]. Of all the changes observed, only a single one correlated with 

a change also noted at the level of transcription: the CART (Cocaine- and Amphetamine-

Regulated Transcript) peptide. CART peptide acts as a neurotransmitter and a hormone. It 

plays a role in body energy metabolism and body weight [46], and its promoter is known to 

be regulated by cyclic adenosine monophosphate response element [47]. All other alterations 

at the protein level appear to be post-transcriptional in nature. Of the 525 proteins, 246 

proteins are decreased and 279 proteins are increased (Figure 3). The largest single organelle 

group (99 out of 525) identified as having altered protein levels is the mitochondrion; this is 

a ~2-fold higher number of proteins changed than the number of synaptic protein changes 

(49 (excluding CASK) out of 525) (GO analysis in Supplementary Table 1). KEGG pathway 

analysis included approximately half of the proteins observed to be altered but did identify 

oxidative phosphorylation and cardiac contractility as the top cellular pathways that are 

disturbed (Supplementary Table 2), and the proteins involved with these pathways were 

overlapping. Of the proteins that were increased in the setting of lower CASK levels, many 

were membrane and cytoplasmic proteins (Figure 3A). In addition to the expected adhesion 

molecules such as CASK’S known interactors, neurexins and syndecan2, other proteins 

found at increased levels include synaptic proteins, many members of ribosomal, 

cytoskeletal, proteasome protein families and metabolic proteins (Figure 3A,B and 

Supplementary Table 3). Intriguing changes were also found in ion channels and proteins 

known to be involved in axonal guidance, long-term plasticity and glutamatergic synapse 

(Supplementary Table 3 and 4). Of the proteins found to be increased, only 86 were able to 

be mapped in the R spider analysis [39], and the only significant pathway alteration 

identified by this analysis as significant was in the protein degradation pathway (Figure 3B). 

Less significant, but notable nonetheless, were changes seen in synaptic pathways. GO 

analysis of proteins found to be decreased in the brains of Cask+/− mice again identified the 

mitochondrion as the most significant group, with 65 proteins (Figure 3C and 

Supplementary Table 5 and 6) from the mitochondrial matrix, inner membrane and 

respiratory chain complex III KEGG pathway analysis was possible on nearly 50% of the 

proteins with altered levels and revealed enrichment in mostly metabolic pathways including 

oxidative phosphorylation, glycolysis/gluconeogenesis, biosynthesis of antibiotics, and 

amino acids (Supplementary Table 2). R spider analysis included only 67 proteins from the 

decreased expression group, and several pathways were identified that may be significantly 

impeded in the Cask+/− mouse brain, including the electron transport chain, NADH 
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metabolic processes and oxaloacetate metabolism (Figure 3D). The population of proteins 

found to be decreased in the Cask+/− mouse brain was enriched with proteins that play a role 

in intracellular protein transport and mRNA processing (Figure 3D). The proteomic data 

thus explains at a protein expression level the mitochondrial dysfunction we previously 

observed in the Cask+/− mouse brain [20].

CASK can phosphorylate the presynaptic adhesion molecule neurexin1 and link it to the 

active zone organizers liprins-α. CASK has also been speculated to play a role in the 

trafficking of post-synaptic molecules and to participate in Tbr1-mediated gene regulation, 

particularly that of reelin and NR2b [48]. Recently it has been reported that CASK null cells 

in Cask+/− mice may express lower amounts of NR2b [17,18]. A mitochondrial and 

trafficking function of CASK has also been suggested [14,29,20]. To gain a more 

comprehensive understanding of the changes induced in the Cask+/− mouse brain, we 

therefore did a heat map analysis on the three functional groups with the largest change 

(synaptic, protein biosynthesis, and mitochondrial; Figure 3) to examine which of the above 

pathways are most affected in Cask+/− mice.

First we examined bona fide presynaptic and postsynaptic proteins. We observed changes in 

many categories of presynaptic proteins. Five major active zone proteins (liprin-α4, Rims1, 

piccolo, bassoon and munc13) are all decreased in the Cask+/− mice. We also found changes 

in proteins involved in synaptic vesicle cycling, including decreases in Munc18c, 

synaptotagmin-12, rabphilin and SNAP25 and an increase in tomosyn (Figure 4). Overall the 

changes in these proteins suggest that loss of CASK should affect synaptic vesicle recycling 

negatively. On the postsynaptic side, postsynaptic density proteins are almost entirely 

increased. In a striking contrast to expected and previously published data [18], levels of 

NR2b protein are increased in the setting of lower CASK expression (Figure 4). Within the 

protein biosynthetic pathway, most of the RNA processing proteins are decreased, whereas 

ribosomal subunits are increased in abundance. Mitochondrial proteins operating in the 

oxidative phosphorylation pathway are mostly decreased, with the exception of an increase 

in a subset of mitochondrial proteins (Figure 4). We also observed changes in several 

cytoskeletal molecules, including tubulins. Overall these data confirm a synaptic function for 

CASK and also indicate that CASK additionally participates in mitochondrial and protein 

biosynthetic pathways.

Putative protein complexes in which CASK participates

Previous experiments examining protein interactions in Drosophila melanogaster were done 

using transgenic flies expressing a transgene of CASK fused with YFP (yellow fluorescence 

protein); a GFP-Trap matrix was employed to capture interacting partners. YFP-CASK can 

rescue CASK loss-of-function in Drosophila ([49] and unpublished observations), and GFP-

CASK maintains all of its known interactions [50,4,5,22,29]. In these Drosophila 

experiments, both synaptic and mitochondrial proteins were pulled down by CASK [29]. 

Because both of these categories of protein (synaptic and mitochondrial) were identified in 

the proteomic study described here (Figure 4), and since the protein changes cannot be 

explained by changes in either electrical activity (Figure 1) or nuclear reprogramming 

(Figure 2), we investigated CASK interacting partners in a mammalian system with a focus 
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on non-plasma membrane proteins. Because we have previously shown that using antibodies 

to internal epitopes of CASK for immunoprecipitation sometimes inhibits binding of crucial 

interactors due to steric hindrance [22], we once again used a recombinant GFP-CASK 

pulldown approach with GFP-Trap beads. GFP-CASK expressed in HEK293 cells was used 

to precipitate all CASK-interacting proteins from rat brain, and mass spectrometry was used 

for identification. GFP alone was employed as a negative control; 640 GFP peptides were 

identified in the GFP-beads sample, while 224 GFP peptides were identified in GFP-CASK 

beads. Additionally, 2018 CASK peptides were identified in GFP-CASK beads while no 

CASK peptides were identified on GFP-beads. Based on our candidate inclusion criteria 

(minimum of two peptides identified and at least 3 times more peptides with GFP-CASK 

over GFP alone), we identified 170 candidate proteins that interact with CASK either 

directly or indirectly. A complete list of interactors which met our inclusion criteria can be 

found in Supplemental Table 7. Many of the peptides belonged to previously known 

interactors such as veli, Mint1 and liprins-α. The dataset of putative interacting proteins 

were mapped using known interactions in the STRING database (Figure 5, Supplemental 

Table 7; [51]). Five major clusters emerged: presynaptic proteins, mitochondrial proteins, 

ribosomal proteins, chaperone proteins, and cytoskeletal proteins (Figure 5, Supplemental 

Table 7). Based on the STRING (database) mapping derived from previously known 

interactions on which we have overlaid the list of proteins from our pulldown experiment 

and the design of the experiment itself, it is likely that proteins pulled down in these 

experiments may represent both direct and indirect binding partners. In the future it will be 

critical to validate specific interactions that are described here. However, the similarity of 

these clusters with the proteomic changes in the brain suggests that CASK most likely forms 

complexes within these pathways. Furthermore, multiple new interacting partners identified 

here exhibit changes in their abundance in the iTraq proteomic study such as Nedd4, 

CamKIIa, Ppp2r1a, Slc25a5, Wars, Uqcrc2 and Tufm (Figure 6A), increasing our confidence 

in these interactions. Since CASK is a scaffolding protein, lack of CASK may destabilize 

interacting molecules and reduce their amount. Strikingly, analysis of 27 direct interacting 

partners revealed that interacting proteins can either increase or decrease in amount in the 

Cask+/− brain (Figure 6A), suggesting that CASK likely regulates these protein complexes 

dynamically.

Discussion

Mutations in the gene encoding CASK associate with MICPCH, ONH, growth retardation 

and often seizures. Seizures are, in fact, a common accompaniment of a multitude of 

neurodevelopmental disorders [52]. As CASK is a putative synaptic molecule [9], one could 

argue that a shift in steady state (excitatory/inhibitory) E/I balance induced by loss of CASK 

might lead to epileptiform activity. We were able to record at least one apparent spontaneous 

seizure, but an extensive analysis of EEG data from adult and young mice failed to reveal 

significant electrographic changes in Cask+/− mice. Overall these data indicate that epilepsy 

in rodents is likely to have low penetrance with CASK haploinsufficiency; these findings are 

consistent with clinical data, since many CASK mutation subjects do not exhibit seizures 

[53,4,5,54]. Typical epileptic disorders are characterized by epileptiform activity in less than 

1% of total brain activity [55], indicating that ictogenic triggers may play a role in such 
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cases. Cask+/− mice do not display a decreased threshold for seizures after exposure to the 

kindling agent PTZ, a GABA antagonist. These data suggest that in Cask+/− mice, E/I 

imbalance is unlikely to be the major ictogenic trigger. Our data thus indicate that previously 

described changes in spontaneous vesicular release are insufficient to precipitate 

hypersynchronous neuronal activity required for ictogenesis.

In mammals, CASK was discovered due to its ability to interact with the cytosolic tail of the 

presynaptic adhesion molecule neurexin [10] and was proposed to be a scaffolding molecule 

involved in presynaptic assembly [9]. This idea was challenged since CASK deletion did not 

affect synapse formation and assembly [17] and also because the CASK-neurexin interaction 

is not needed for neurexin’s synaptogenic activity [56]. CASK, however, interacts with other 

probable presynaptic scaffolds such as Mint1 [9], Caskin1 [57], liprin-α [58], and rabphilin 

[59], and participates in presynaptic specialization [60]. We have previously demonstrated 

that CASK is critical for linking presynaptic adhesion molecules to the active zone via 

interaction with the liprins-α [22]. Furthermore, we have demonstrated that CASK 

haploinsufficiency reduces the number of release sites (active zones) in the large 

retinogeniculate synapses [21]. Despite our and others’ numerous studies, CASK’S role in 

the assembly of the presynaptic active zone remains a subject of debate. The increase in the 

level of neurexin1 and concomitant decrease in five major presynaptic active zone proteins 

in the Cask+/− mouse brain provide strong evidence for the role of CASK in active zone 

assembly, formation, and maintenance. Specifically, lack of CASK decreases the levels of: 

1) piccolo and 2) bassoon, two large proteins involved in synaptic vesicle clustering [61]; 3) 

RIM1, a molecule involved in docking, presynaptic short term plasticity and positioning of 

calcium channels [62,63]; 4) Munc13, a protein involved in the priming of synaptic vesicles 

[64,65]; and 5) liprin-α4, which is involved in active zone organization [66,67]. In summary, 

lack of CASK affects the biochemical composition of the active zone. In addition to the 

changes seen in active zone protein levels, we also observe a decrease in a number of 

proteins that are involved in synaptic vesicle cycling, including the SNARE protein SNAP25 

and a number of SNARE fusion-regulating proteins such as Munc18c [68], complexin-2 

[69], rabphilin [70] and synaptotagmin-12 [71]. The only presynaptic molecule which is 

increased is tomosyn, a protein shown to inhibit vesicle fusion by inducing formation of 

non-fusogenic SNARE complexes [72]. Based on decreases in the many vital active zone 

and fusion-related proteins we observe, neurotransmitter release should be negatively 

impacted in the Cask+/− brain.

Cask+/− mouse brain also displays an increase in a number of postsynaptic proteins (Figure 

4) like the NR2B subunit of the NMDA receptor and the scaffolding molecules PSD95, 

SHANK3, SYNGAP1, CaMKII and Homer. Since a parallel increase in mRNA production 

is not observed (Fig. 2), we suspect that these protein-level increases are not a nuclear 

response at the level of transcription but rather a change in turnover rate. Proteins associated 

with the postsynaptic density might, for example, be stabilized by changes in presynaptic 

function, thus decreasing the turnover rate. In fact, RIM1 knockout mice also display a 

modest increase in postsynaptic density proteins [73]. Reduction or deprivation of 

presynaptic release also often results in an observed increase in levels of postsynaptic 

density proteins [74,75]. Multiple studies have shown that neurons adjust synaptic strength 

in response to chronically increased or decreased activity in a process called homeostatic 
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synaptic scaling, utilizing mechanisms independent of those traditionally associated with 

long-term potentiation/depression [76,77]. As such, decreases observed here in active zone 

proteins resulting from loss of CASK may induce compensatory changes in protein turnover 

at the post-synapse. Further, it has recently been shown that changes to presynaptic neurexin 

composition can differentially affect postsynaptic glutamatergic responses [78,79], and an 

increase in presynaptic neurexin may also increase Homer1 in positive excitatory post-

synapses [80]. A caveat to this argument is that the reported changes are global and may 

arise from different synapses and indeed different kinds of neurons. The experimental 

approach described here does not have the resolution to provide a more detailed description 

of neuron-specific changes. Furthermore, at a cellular level, both the MICPCH disorder and 

its animal model presented here are mosaic in regard to the expression of the X-linked gene 

CASK in the female population. Approximately 50% of neurons express normal levels of 

CASK while approximately 50% express no CASK. Some of the observed changes may also 

represent compensatory changes in CASK-expressing cells.

Indeed, CASK has also been proposed to be present in the postsynaptic compartment, with 

evidence suggesting that it interacts with parkin [25], syndecan2 [24], SAP-97 [16,81] and 

CaMKII [82,83,29], as well as potentially playing a role in the trafficking of NMDA 

receptors [84]. Therefore, an alternative and equally intriguing possibility is that CASK 

plays a cell-autonomous, but negative, role in formation of the postsynaptic density via 

interaction with postsynaptic molecules, specifically CaMKII. Herein, we, for the first time, 

demonstrate that this critical interaction with CaMKII first described in the Drosophila 

literature is evolutionarily conserved [82,83,29]. CaMKII plays a crucial role in the 

postsynaptic compartment in the process of long-term potentiation (LTP). LTP may involve 

interaction with and phosphorylation of the NR2b subunit of the NMDA receptor by 

CaMKII [85,86]. The increase noted in NR2b and other postsynaptic density proteins may 

thus be explained by the CASK-CaMKII interaction. Our results suggest that mammalian 

CASK via interaction with CaMKII may participate in postsynaptic plasticity.

We also demonstrate that CASK interacts with mitochondrial proteins and that a lack of 

CASK alters levels of mitochondrial proteins. We have previously demonstrated that the 

CASK+/− mouse brain exhibits reduced mitochondrial respiration [20], but the mechanism 

for this observation remained unclear. Our proteomic data thus provides a biochemical 

explanation for our prior observation. Overall, we find that the mitochondrial proteome is 

disproportionately affected in the brain of CASK+/− mice (99 of the 525 total proteins found 

to be altered are mitochondrial; Figure 4). The majority of these changes were decreases and 

would negatively impact mitochondrial function. Our data suggest a critical role of CASK in 

regulating mitochondrial function. Strikingly, in our RNA sequencing analysis, we observed 

increases in mitochondrial DNA encoded genes, indicative of a compensatory response. 

Future studies are required to determine where and how CASK interacts with the 

mitochondrial proteins and regulates their function. Interestingly, it also remains unclear 

how a reduction in mitochondrial function in CASK mutant mice affects overall 

neurophysiology. Finally, we found protein-level changes suggestive of a role for CASK in 

protein biosynthetic and degradation pathways, including proteins involved in mRNA 

processing, ribosomal subunits and proteins belonging to proteasomal pathways. This 

function of CASK was hitherto unknown and also needs further investigation. Furthermore, 
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a function within protein biosynthesis or degradation pathways by itself may contribute 

directly to post-transcriptional alterations described here (Figure 6B).

CASK is not a neuron-specific or indeed even a brain-specific molecule [10], and in 

Caenorhabdites elegans (C. elegans), deletion of CASK does not produce a neuronal 

phenotype [87]. Could CASK have a more central cellular function that may explain many 

of the observed changes reported here? CASK forms a well-characterized and evolutionarily 

highly conserved tripartite complex with Mint1/X11-α/lin-10 and veli/Mals/lin-7 [9,88,29]. 

Orthologs of all these genes were discovered in a vulval precursor cell-fate patterning screen 

in C. elegans as early as 1980, which suggests a functional relevance of this complex 

[89,90]. The vulval differentiation function of these three genes in C. elegans is dependent 

on proper membrane targeting of the tyrosine kinase LET-23. One possibility is that CASK/

Mint-1/veli complex may also be involved in polarized and regulated trafficking of proteins 

from the endoplasmic reticulum/golgi complex in other animal clades. In fact Mint1 and 

CASK have both been shown to participate in such trafficking [91,92], which could explain 

changes in both pre-and post-synaptic molecules. Furthermore recent evidence suggests 

mitochondrial protein import also involves the endoplasmic reticulum [93], and veli has 

been shown to localize to mitochondria [94]. Indeed CASK has been isolated from 

endoplasmic reticulum-mitochondria contact sites [95,96]. Future experiments need to 

address these ideas.

There are number of limitations in this study, including lack of spatial and temporal 

resolution in the molecular changes, and number and age of animals used. Interpretation of 

findings here must also acknowledge the possibility that species differences may play a role. 

Furthermore, the study has been done in a highly homogeneous genotypic background; 

while this does allow us to draw statistical significance from a smaller group of animals, it 

may also fail to represent the spectrum of CASK-linked disorders in the highly 

heterogeneous human subject population. This issue is particularly pertinent in incompletely 

penetrant phenotypes such as seizures, which may derive from a complex interaction of 

CASK dysfunction and genotypic background. While it may be possible for us to document 

more seizures in the C57Bl6 background by increasing number and time periods of 

recordings, it is more likely that we would observe higher seizure numbers in a different 

strain of mice. These deficiencies will be addressed in future studies. Overall, the data 

presented here elucidate several biochemical functions of the CASK protein in multiple 

aspects of cellular physiology (Figure 6B). Pathology of the CASK-linked brain phenotype 

is highly complex and involves the entire brain, therefore here we have taken an approach 

which is highly sensitive, but does not address specific molecular or cell-type roles of 

CASK. This is to delineate identifiable cellular pathways that are affected by loss of CASK. 

In the future, we will investigate specific molecular interactions and region and cell-type 

specific changes to obtain mechanistic insights into this multifaceted neurodevelopmental 

disorder. Our data here confirm the canonical synaptic role of CASK while furthering the 

discussion of effects of heterozygous deletion at the whole brain level. Furthermore, non-

canonical phenotypic observations such as effects on mitochondrial respiration have been 

explained at the level of mRNA, protein, and protein-protein interactions. In doing so, these 

data enhance our understanding of the diverse functions of CASK and the microcephaly 

produced by clinically relevant heterozygous CASK mutations at a whole brain level.
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• Heterozygous deletion of murine Cask phenocopies human cases of CASK-

linked MICPCH.

• Global electrographic activity remains normal in Cask+/− brains.

• Transcriptional changes are largely limited to extracellular matrix related 

mRNAs.

• Proteomic analysis reveals altered synaptic, metabolic and proteostasis 

pathways.

• Protein interaction mapping reveal CASK binds with proteins in these same 

pathways.
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Figure 1: Electroencephalographic analysis of Cask+/− mice.
A) The only spontaneous hippocampal (Hc) seizure recorded with vEEG, with 

corresponding cortical (Ctx) recording. No behaviorally apparent phenotype was observed in 

the video during this spectrographic ictal event. B) Mean power in the 0-50Hz frequency 

range for cortical and hippocampal electrode placements. C) Mean power binned into 

biologically relevant frequency bands including delta, theta, alpha, beta, and low gamma. D) 

Qualitative power spectral density over 15 minutes comparing a single Cask+/− and WT 

mouse. E) Shape of power spectral density versus frequency curve for each individual mouse 

(n=4 WT, n=3 Cask+/− for B, C, and E). F) Latency to PTZ-induced seizure and length of 

PTZ-induced seizures for each genotype (n=3 wild-type, 5 Cask+/−). Comparisons for B, C, 

and F were made using a two-tailed Student’s t-test for each frequency band; data represent 

mean±SEM.
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Figure 2: Transcriptomic changes in brains of Cask+/− mice.
Results from RNA-seq were analyzed. 105 genes with p<0.05 were observed. A pie chart 

depicts enrichment in particular pathways and relative contribution to total changes. Redness 

indicates negative-fold change and blackness reflects positive-fold change. The fold change 

of genes in individual groups has been plotted as indicated by arrows. Comparisons were 

made using the false discovery rate (FDR) (Benjamini-Hochberg) corrected Likelihood 

Ratio Test (LRT) in the R-package DESeq2. Note that the GO:0005737 classification 

“cytoplasm” includes all genes which do not fall under nuclear, transmembrane, or 

extracellular; therefore, we manually curated genes into their respective subcellular 

compartments, leaving those transcripts which could not be otherwise grouped in the 

“cytoplasm” category.
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Figure 3: Protein changes in Cask+/− mouse brain.
iTraq proteomic results were analyzed using bioprofiling.de web interface for ProfCom and 

R spider analysis [38,39]. A) Top 12 GO changes noted upon analysis of the proteins that 

were found at increased levels in Cask+/− mouse brain. The full table can be found as 

Supplemental Table 3. B) Top 12 functional changes noted upon analysis of the proteins that 

were found at increased levels in Cask+/− mouse brain. The full table can be found as 

Supplemental Table 4. C) Top 12 GO changes in proteins that were found at decreased levels 

in Cask+/− mouse brain. The full table can be found as Supplemental Table 5. D) Top 12 top 

functional changes in proteins that were found to be decreased in Cask+/− mouse brain. The 

full table can be found as Supplemental Table 6. IA is the ratio of changes within the 

particular GO group to total changes (enrichment observed). IB is the ratio of the total 

number of proteins in the specific GO group in the database to the total number of proteins 
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in the database (enrichment by chance). The odds ratio strength of association is calculated 

as IA/IB.
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Figure 4. Protein changes encompassing protein synthetic, synaptic and mitochondrial pathways 
in Cask+/− mouse brain.
iTraq proteomic results from Figure 3 were analyzed and subdivided into subcellular 

compartments using NIH DAVID and manual curation. 526 proteins, including CASK, are 

altered. Pathways altered were identified using NIH DAVID functional annotation database. 

Heat maps of three major pathways were plotted using heatmapper.ca. Neuron and organelle 

diagrams are for representational purposes only since subcellular proteomics was not 

conducted.
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Figure 5. Brain proteins identified to be interacting with GFP-CASK through GFP-Trap mass 
spectrometry analysis are plotted using the STRING database interface.
Protein clusters belonging to a specific pathway are indicated with ellipses. Color of strings 

between proteins indicates whether an interaction is experimentally determined or predicted 

as per the legend. Solved structures are indicated within each sphere for a given protein.
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Figure 6. CASK interacting proteins exhibit both increase and decrease in Cask+/− mouse brain.
A) Heat map of proteins found to interact with CASK that are also significantly changed in 

the iTRAQ proteomics data. B) A model indicating three cellular pathways that are likely to 

be altered by CASK haploinsufficiency. Our model highlights the likelihood that changes 

seen in mRNA processing and ribosomal proteins themselves impact other pathways.
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