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Abstract

Alternative splicing is one of the key mechanisms to increase the diversity of cellular 

transcriptomes, thereby expanding the coding capacity of the genome. This diversity is of 

particular importance in the nervous system with its elaborated cellular networks. Sam68, a 

member of the Signal Transduction Associated RNA-binding (STAR) family of RNA-binding 

proteins, is expressed in the developing and mature nervous system but its neuronal functions are 

poorly understood. Here, we perform genome-wide mapping of the Sam68-dependent alternative 

splicing program in mice. We find that Sam68 is required for the regulation of a set of alternative 

splicing events in pre-mRNAs encoding several postsynaptic scaffolding molecules that are central 

to the function of GABAergic and glutamatergic synapses. These components include Collybistin 

(Arhgef9), Gephyrin (Gphn), and Densin-180 (Lrrc7). Sam68-regulated Lrrc7 variants engage in 

differential protein interactions with signalling proteins, thus, highlighting a contribution of the 

Sam68 splicing program to shaping synaptic complexes. These findings suggest an important role 

for Sam68-dependent alternative splicing in the regulation of synapses in the central nervous 

system.
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Introduction

One of the hallmarks of nervous systems is the complexity and precision of neuronal 

connectivity. During development, large numbers of distinct neuronal cell types are joined 

into networks with tightly tuned connectivity and function. Recent studies demonstrated that 

many fundamental aspects of cellular morphologies and initial network connectivity occur 

independently of neurotransmitter release, thus, indicating that these developmental steps 

largely proceed through molecularly hardwired mechanisms (Sando et al., 2017; Sigler et al., 

2017). Given the vast number and diversity of cells in the central nervous system, the 

establishment and maintenance of functional networks requires a large number of scaffold 

and cell adhesion molecules. In this respect, one means to increase the limited coding power 

of genomes is alternative splicing (Mauger and Scheiffele, 2017; Nilsen and Graveley, 2010; 

Wang et al., 2008; Zheng and Black, 2013). From some genes, like the Drosophila Downs 

Syndrome Cell Adhesion Molecule (Dscam1) and the mouse neurexins (Nrxn), thousands of 

cell surface recognition molecules are generated through alternative splicing (Schmucker et 

al., 2000; Schreiner et al., 2014; Sun et al., 2013). Importantly, these splice variants are 

functionally important as they encode self-recognition and synapse specification, 

respectively (Aoto et al., 2013; Hattori et al., 2007; Matthews et al., 2007; Nguyen et al., 

2016; Traunmüller et al., 2016). Moreover, disruptions in alternative splicing programs have 

been linked to disease states resulting from neuronal network dysfunction, such as autism 

spectrum disorders (Parikshak et al., 2016; Quesnel-Vallieres et al., 2016). Thus, neuronal 

splicing programs may more broadly encode cell- and synapse-specific properties (Furlanis 

and Scheiffele, 2018).

Several RNA binding proteins have been reported to play an important role in driving 

specific alternative splicing decisions in the nervous system. These include Nova1/2, nElavl, 

Mbnl1/2, nSR100/SRRM4, Rbfox1/2, nPTBs, and members of the Signal Transduction 

Associated RNA binding (STAR) proteins: Sam68, Slm1, and Slm2 (Ehrmann et al., 2013; 

Iijima et al., 2014; Iijima et al., 2011; Ince-Dunn et al., 2012; Lee et al., 2009; Li et al., 

2014; Makeyev et al., 2007; Quesnel-Vallieres et al., 2015; Raj and Blencowe, 2015; Saito et 

al., 2016; Traunmüller et al., 2016; Ule et al., 2003; Ule et al., 2005; Vuong et al., 2016; 

Wang et al., 2012). Slm1 and Slm2 show cell type-specific expression (Iijima et al., 2014; 

Nguyen et al., 2016; Stoss et al., 2004; Traunmüller et al., 2014), whereas Sam68 is 

ubiquitously expressed and functions not only in alternative splicing regulation but also 

other signalling processes (Chawla et al., 2009; Klein et al., 2013; Sanchez-Jimenez and 

Sanchez-Margalet, 2013).

In line with its broad expression pattern, previous studies have linked Sam68 dysfunction to 

multiple pathologies in various tissues, including osteoporosis, infertility, cancer, obesity 

and ataxia (Vogel and Richard, 2012). In the nervous system, Sam68 has been shown to 

regulate alternative splicing events in neuronal precursor cells (Chawla et al., 2009) as well 

as neuronal activity-dependent alternative splicing in mature neurons (Iijima et al., 2011). In 

addition, cytoplasmic Sam68 has been implicated in the regulation of dendritic mRNAs and 

the regulation of synaptic plasticity (Grange et al., 2004; Klein et al., 2013). However, 

despite these important advances, insights into the neuronal functions of Sam68, in 

particular regarding its mRNA targets, remain limited.
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In this work, we performed genome-wide mapping of alternative splicing events in the 

hippocampus of Sam68 knock-out (Sam68KO) mice. We uncover the de-regulation of 

alternative splicing in several key components of both GABA/glycinergic and glutamatergic 

postsynaptic scaffolds, including Collybistin (Arhgef9), Gephyrin (Gphn), and Densin-180 

(Lrrc7). The Sam68-dependent alternative splice variants of Densin 180 exhibit differential 

interaction with activated Calmodulin-dependent kinase 2 and additional binding partners. 

Thus, the Sam68-dependent splice isoforms may differentially control synaptic signalling 

and plasticity. We further compared alternative splicing events dependent on Sam68 with 

events dependent on Slm2, a closely-related STAR family member with similar RNA 

binding properties. Despite the pronounced homology between Sam68 and Slm2, the 

splicing events dependent on either of the two proteins show very little overlap. Thus, there 

is substantial protein- and context-dependent regulation of alternative splicing that cannot be 

easily inferred from the presence or absence of RNA-binding motifs. We propose that 

alternative splicing functions of nuclear Sam68 contribute to the regulation of synapse 

composition in the central nervous system.

Materials and methods

Mice

All procedures involving animals were approved by and performed in accordance with the 

guidelines of the Kantonales Veterinäramt Basel-Stadt. Accordingly, measures were taken to 

minimize pain and discomfort of the animals. Sam68KO mice were previously described 

(Richard et al., 2005) and kept in a C57BL/6JRj background (backcrossed for >10 

generations). To reduce the increased perinatal lethality described for Sam68KO mice 

(Richard et al., 2005), littermate (WT and Sam68KO) male offspring (F2) of RjOrl:SWISS X 

B6 hybrid heterozygous (Sam68+/-) females (F1) and heterozygous (Sam68+/-) C57BL/6JRj 

males was used for the analysis of spine morphology.

Sample sizes were determined based on previous experience with the manipulations, advice 

from colleagues, and literature surveys. A formal sample size calculation was not performed 

as the effect sizes were unknown during the time of study design. Animals that differed by 

20% in weight from the mean of the group or that exhibit visible behavioural abnormalities 

were excluded from the analysis (preestablished criterion). Investigators performing 

anatomical analysis were blinded to the genotype of the sample.

RNA isolation and RT-PCR

For RNA isolation, brain tissue was dissected in ice-cold 1xPBS, homogenized in 1 ml TRI 

Reagent (Sigma #T9424) and thoroughly mixed with 200 μl chloroform (Sigma #2432). 

After three minutes incubation at room temperature samples were centrifuged at 16’000 g, 

+4°C for 15 min. The aqueous phase was used for RNA purification with the RNeasy Plus 

Mini kit (Qiagen #74134) following the manufacturer’s instructions, including on-column 

DNase-treatment to remove traces of genomic DNA. 1 μg of total RNA was reverse 

transcribed using random hexamers (Promega #C1181) and ImProm II reverse transcriptase 

(Promega #A3802).
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Illumina paired-end sequencing and data analysis

RNA-Seq and alternative splicing analysis anlysis was done as previously described 

(Traunmüller et al., 2016). Total hippocampal RNA was extracted with TRI Reagent (Sigma 

#T9424) and purified using Qiagen RNeasy Plus Mini Kit including on-column DNase-

treatment as described above. Total RNA was quality-checked on a Bioanalyzer instrument 

using RNA 6000 Nano Chips and quantified by spectrophotometry. Library preparation was 

performed with 1μg total RNA using the TruSeq PolyA+ Stranded mRNA Library Prep Kit. 

Libraries were quality-checked on a Fragment Analyzer using the Standard Sensitivity NGS 

Fragment Analysis Kit revealing excellent quality of libraries. The eight samples (4x WT, 4x 

Sam68KO) were pooled to equal molarity. Each pool was run on a Fragment Analyzer for 

quality-check and quantification purposes in order to be adjusted to 12pM and used for 

clustering on the cBot2. Samples were sequenced Paired-end over 100 cycles on HiSeq2500. 

Primary data analysis was performed with the Illumina RTA version 1.18.64 and 

bcl2fastq-2.16.0.10. Primary RNA-Seq data analysis was performed by Dr. Pierre de la 

Grange (GenoSplice, France). Sequencing, data quality, reads repartition, and insert size 

estimation were performed using FastQC, Picard-Tools, Samtools and rseqc. Reads were 

mapped using STARv2.4.0 (Dobin et al., 2013). Gene expression was estimated as described 

(Noli et al., 2015) using Mouse FAST DB v2015_1 annotations. Only genes expressed in at 

least Sam68KO or WT were further analyzed. Genes were considered as expressed if their 

rpkm value was greater than the background rpkm value based on intergenic regions. 

Analysis at the splicing level was first performed taking into account only exon reads and 

flanking exon-exon junction reads (“EXON” analysis) in order to potentially detect new 

alternative events that could be differentially regulated (i.e., without taking into account 

known alternative events). In particular, all microexons from FAST DB annotations are 

analyzed, even if they have not been already described as alternative exons. The Mouse 

FAST DB 2015_1 annotations contain 4,926 microexons (from 3 to 27bp), including 1,515 

internal microexons (i.e., not first or terminal gene exons). Three of the 4,926 microexons 

were significantly altered in the Sam68KO datasets as compared to WT (Hira exon3, Ptprz 

exon 16 and Sgce exon 9). Analysis at the splicing level was also performed by taking into 

account known patterns (“PATTERN” analysis) using the FAST DB splicing patterns 

annotation (i.e., for each gene, all possible splicing patterns were defined by comparing exon 

content of transcripts). All types of alternative events can be analyzed: Alternative first 

exons, alternative terminal exons, cassette exon, mutually exclusive exons, alternative 5’ 

donor splice site, alternative 3’ acceptor splice sites, intron retention, internal exon deletion 

and complex events corresponding to mix of several alternative event categories). “EXON” 

and “PATTERN” analyses were based on the splicing-index calculation as previously 

described (Gandoura et al., 2013). Results were considered statistically significant for P-

values ≤ 0.05 and fold-changes ≥ 1.50. Finally, significant results from “EXON” and 

“PATTERN” analyses were merged to obtain a single result list.

Predictions by this computational pipeline were validated previously by PCR-based methods 

(Traunmüller et al., 2016). For the present dataset, a validation rate of >90% was confirmed 

by PCR assays for 13 selected targets: Arhgef9, Cap1, Epha6, Dlgap, Gephn, Gria2, Hdac1, 
Homer1a, Lrrc7, Lrrtm1, Nrxn1, Usp15. One predicted intron retention event in Ube3a 
could not be validated in the assays performed. We note that the alterations in Hdac1 need to 
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be interpreted with caution as this gene lies in direct proximity to the Sam68 locus and may 

be affected by strain-specific alterations (arising from the 129/SvJ strain background used 

for original generation of the mice which may not be removed even with extensive 

backcrossing).

For statistical analysis of differential gene expression, parametric Wald test is applied by 

DESeq, with multiple testing correction using the Benjamini-Hochberg method for p-value 

adjustment (Benjamini and Hochberg, 1995). T-test is used for statistical analysis of 

alternative splicing as previously described (Traunmüller et al., 2016).

Raw sequencing data was deposited at the European Nucleotide Archive ENA under 

accession number PRJEB27529 (https://www.ebi.ac.uk/ena).

Alternative splicing analysis by RT-PCR

For experimental validation of analyzed RNA-Seq data, DNA amounts and PCR cycle 

numbers were carefully titrated to ensure correct amplification range in RT-PCRs. 

Sequences of PCR primers were as follows:

Name Sequence (5’-3’)

Arhgef9_ex8_fwd GACAGGCTGCAATGACTGTG

Arhgef9_ex10_rev TGGTTTAACGGGTCCTGTGG

Gapdh_fwd GCTTGTCATCAACGGGAAG

Gapdh_rev TTGTCATATTTCTCGTGGTTCA

Gphn_ex8_fwd GAGACACAGCCTCCCTTAGC

Gphn_ex11_rev TGCTGCACCTGGACTGG

Lrrc7_ex22_fwd CAAACCAGGCCAGTTTCAGC

Lrrc7_ex27_rev TATCCCCGGGCTGTAGTAGG

Nrxn1_AS4_fwd TGTTGGGACAGATGACATCGCC

Nrxn1_AS4_rev GAGAGCTGGCCCTGGAAGGG

Lrrc7-pulldown assay

Full-length Lrrc7 splice variants missing or containing alternative exons 23 and 24 (stable 

exon ID: ENSMUSE00000668385 and ENSMUSE00000440890, respectively) were cloned 

from hippocampal cDNA into pEGFP-C1 and expressed in HEK293T cells (ATCC 

#CRL-3216) for two days. Empty pEGFP-C1 was used as a negative control. HEK293T 

cells expressing GFP-tagged Lrrc7 isoforms were collected in ice-cold 1x PBS and lysed for 

10min at +4°C in lysis buffer (150mM NaCl, 50mM Tris-HCl pH 7.5, 5% glycerol, 1% 

TX-100, 5mM NaF) supplemented with 1x cOmplete EDTA-free Protease inhibitor cocktail 

(Roche #11836170001) and 1x PhosSTOP phosphatase inhibitor cocktail (Roche 

#04906837001) using sonication (Hielscher Vial Tweeter). The resulting lysate was 

incubated for 10 min at +4°C on a rotator, spun for 10 min at 20’000 g at +4°C and the 

resulting supernatant was used further. Biotinylated single-chain anti GFP nanobody was 

coupled to magnetic streptavidin beads (Pierce #88816), excess nanobody was removed by 

washing 2x with ice-cold lysis buffer, then incubated on a rotator for 1-2 h at +4°C with the 
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GFP-Lrrc7-containing HEK293T cell lysate to isolate GFP-Lrrc7 isoforms on the magnetic 

beads (Lrrc7-beads) and subsequently washed 3x with ice-cold lysis buffer. In parallel, total 

brain lysate of adult male C57BL/6JRj mice (12-16 weeks old) was prepared using 15 ml 

lysis buffer per gram tissue in a Dounce glass homogenizer, incubated on a rotator for 10 

min at +4°C, and spun for 10 min at 20’000 g at +4°C. The soluble supernatant was filtered 

through a 0.45 μm-filter to further clarify the brain lysate and then incubated with Lrrc7-

beads overnight at +4°C on a rotator. The next morning Lrrc7-beads were washed 3x with 1x 

ice-cold lysis buffer and 1x with ice-cold 1x PBS. Beads were split and bound proteins 

either eluted using 1% sodium deoxycholate (Sigma #30970) in 50mM ammonium 

bicarbonate (Sigma #A6141) for mass spectrometry analysis or directly in 1x protein 

loading buffer (50mM Tris-HCl pH 6.8, 2% SDS, 100mM DTT, 10% glycerol, 0.012% 

bromphenol blue) for Western Blot. Elution was aided by incubating the beads for 5 min at 

50°C or 95°C for mass spectrometry or Western Blot analysis, respectively.

Antibodies, dyes and and Western Blot

Polyclonal antibodies for SAM68, SLM1, and SLM2 have been previously described and 

validated (Iijima et al., 2011). In brief, polyclonal antibodies were raised in rabbits and 

guinea pigs using the following synthetic peptides: RGVPPPPTVRGAPTPRAR-(C) (anti-

SAM68), VNEDAYDSYAPEEWAT -(KKKC) (anti-SLM1), and PRARGVPPTGYRP-(C) 

(anti-SLM2). The residues in brackets were added for coupling and to improve the solubility 

of the peptide. Antibodies were affinity-purified from serum on the antigens. Polyclonal 

anti-GFP antibodies generated in rabbits and affinity purified using recombinant EGFP 

produced in E. coli have been descried before (Taniguchi et al., 2007). The following 

commercially available antibodies and dyes were used in this study: mouse anti beta3-

tubulin (Tuj-1; Covance #Co-MMS-435P-250), rabbit anti Calnexin (StressGen #SPA-865); 

rabbit anti Gapdh (Cell Signaling #5174); mouse anti CaMKII alpha (Thermo Fisher 

Scientific #MA1-048); mouse anti phospho Thr 286-CaMKII alpha (Thermo Fisher 

Scientific #MA1-047); rabbit anti Cyfip1 (Millipore #07-531); rabbit anti Cadherin 10 

(Abcam #ab134137).

Fluorophore-coupled secondary antibodies were from Life Technologies (Alexa Fluor 488 

donkey anti-mouse #A-21202; Alexa Fluor 568 donkey anti-rabbit #A10042). Hoechst 

33342 dye (Sigma #B2261) was used for nuclear staining.

Secondary antibodies coupled to horse radish peroxidase (HRP) were from Jackson 

ImmunoResearch (goat anti-rabbit HRP #111-035-003; goat anti-mouse #115-035-174). For 

enhanced chemiluminescence detection, WesternBright ECL kit (Advansta #K-12045-D20) 

was used.

Dissociated hippocampal neurons

Hippocampi from E18.5 or P0 animals were dissected, trypsinized for 12min in 0.05% 

trypsin (Gibco #25300) buffered with 10mM HEPES (Gibco #15630) at 37°C, washed 3x 

with HBSS (Gibco #14025) buffered with 10mM HEPES (Gibco #15630) and titurated 

using a fire-polished glass Pasteur pipette. Cells were plated at a density of 10-12’000 cells 

per cm2 on poly-D-lysine (Sigma #P7886)-coated glass coverslips (Marienfeld #0111520 or 
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0111550) in DMEM (Sigma #D5796) containing 1% Penicillin/Streptomycin (Sigma 

#P4333) and 10% fetal bovine serum (Gibco #10270). 4-6 h after plating, media was 

changed to serum-free Neurobasal media (Gibco #21103) supplemented with 2 mM 

GlutaMax (Gibco #35050) and B27 supplement (Gibco #17504). Cells were then grown at 

37°C / 5% CO2.

Immunocytochemistry

Cells were fixed for 15 min using 4% PFA / sucrose in 100mM phosphate buffer pH 7.5 at 

room temperature (RT), washed 3x with 1x PBS, permeabilized for 5 min with 1x PBS 

containing 0.1% TX-100 and blocked for 1h at RT with blocking solution (mix of 2% FBS 

(Gibco #10270) / 2% bovine serum albumin (Sigma #A9647) / 2% donkey serum (Jackson 

ImmunoResearch #017-000-121) / 0.4% fish gelatine (Sigma #G7765) in 1x PBS).

In subsequent steps, antibodies were diluted in 10% blocking solution in 1x PBS and 0.1% 

TX-100. Primary antibodies were applied for 1-2 h at RT or overnight at +4°C. After 4 

washes with 1x PBS, fluorophore-coupled secondary antibodies were applied 30-45 min at 

RT. Cells were then washed 3x with 1x PBS, once with deionized water, mounted using 

Fluoromunt G (Southern Biotech #0100-01), and dried at RT. Hoechst dye was co-applied 

with secondary antibodies at a final concentration of 0.5 μg/ml. Stained cells were imaged 

on a Zeiss LSM 700 confocal microscope using 10x or 63x Plan-Apochromat objectives 

(numerical aperture 0.45 and 1.40, respectively).

DiOlistic labelling

Diolistic labeling with DiI (Molecular Probes #D282) was performed as previously 

described (Gan et al., 2000; Staffend and Meisel, 2011). Images were acquired on an upright 

LSM700 confocal microscope (Zeiss) controlled by Zen 2010 software, using 10x or 63x 

Plan-Apochromat objectives (numerical aperture 0.45 or 1.40, respectively). For spine 

counting, confocal image stacks (0.13μm optical sections, 63x objective, 2x zoom) of 

higher-order dendritic branches in the stratum radiatum of CA1 pyramidal neurons were 

acquired. Spines were counted per length of dendritic segment evaluated by assessing the 3D 

information of the confocal image stacks using ImageJ. Headed and non-headed spines were 

distinguished manually. All assessments were performed by an investigator blinded to the 

genotype of the respective samples.

Overrepresentation assay

Analysis of GO terms was done using the statistical overrepresentation test (Mi et al., 2013) 

of the PANTHER classification system (release 20171205), available on http://

pantherdb.org/. Genes showing significant alternative splicing events (FC ≥ 1.50; p ≤ 0.05) 

were analysed using the GO cellular component annotation data set and Fisher's Exact test 

with false discovery rate correction for multiple testing. As reference list, all genes 

expressed in the deep sequencing data set were used.

Binding motif enrichment

Frequency of Sam68 binding motifs (AUAAAA;(Ray et al., 2013) was assessed using the 

RBPmap web server [http://rbpmap.technion.ac.il/;(Paz et al., 2014)], using high stringency 
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level and applying the conservation filter. The number of non-overlapping motifs was 

counted 500bp up- and downstream of alternatively spliced segments regulated by Sam68 as 

well as of a set of 359 control exons comparable in size to the Sam68-regulated exons. 

Control exons were selected from all exons expressed in the RNA sequencing data set 

(alternative-splicing regulation by Sam68 <2% FC SI, size range within ±5% of Sam68-

regulated exons). For motif enrichment, the ratio of the average motif count for Sam68-

regulated and control exons was calculated. For statistical analysis, a permutation test was 

used (50’000 Monte Carlo replications) to reveal the distribution of motif enrichment scores. 

The quantiles of this distribution were used to determine the significance level of the 

observed enrichment.

Mass spectrometry analysis and label-free quantification

For carbamidomethylation of cysteines, samples were shaken at 37°C for 1h in Tris-(2-

carboxyethyl)- phosphine hydrochloride (TCEP, 1:40 v:v), alkylated in iodoacetamide at RT 

for 30min in the dark (1:40 v:v) and then incubated with N-acetyl-cysteine at RT for 10min. 

Subsequently, samples were digested overnight at 37° with trypsin (1μg). The resulting 

peptides were purified and desalted using MicroSpin C18 silica columns (The Nest Group, 

MA, USA #SEM SS18V) according to the manufacturer’s instructions, dried under vacuum, 

resuspended in LC Buffer A (2% acetonitrile 0.15% formic acid) and stored at -80°C until 

further processing.

From each sample, 1μg of peptide was subjected to LC–MS analysis using a dual pressure 

LTQ-Orbitrap Elite mass spectrometer (Thermo Fisher Scientific) connected to an 

electrospray ion source (Thermo Fisher Scientific) as described (Glatter et al., 2012). 

Peptide separation was carried out on an EASY nLC-1000 system (Thermo Fisher 

Scientific) equipped with a RP-HPLC column (75 μm × 30 cm) packed in-house with C18 

resin (ReproSil-Pur C18–AQ, 1.9 μm resin, Dr. Maisch GmbH). A linear gradient from 95% 

solvent A (0.15% formic acid, 2% acetonitrile) and 5% solvent B (98% acetonitrile, 0.15% 

formic acid) to 28% solvent B over 90 min at a flow rate of 0.2 μl/min was used. Data 

acquisition mode was set to obtain one high resolution MS scan in the FT part of the mass 

spectrometer at a resolution of 120,000 full widths at half-maximum (at m/z 400) followed 

by 10 MS/MS scans in the linear ion trap of the most intense ions (TOP10) using rapid scan 

speed. Unassigned and singly charged ions were excluded from analysis and dynamic 

exclusion duration was set to 30 s.

MS1-based label-free quantification of MS data was performed using Progenesis QI 

software (Nonlinear Dynamics (Waters), version 2.0). MS raw files were imported into 

Progenesis QI software and analyzed using the default parameter settings. MS/MS-data were 

exported from the software in “mgf” format and searched with a target/decoy strategy by 

MASCOT (version 2.4.1) against a database containing forward and reverse sequences of 

the proteome from Mus musculus (UniProt, 33,984 entries) using. Search criteria required 

full tryptic specificity allowing for three missed cleavages. Carbamidomethylation of 

cysteine was specified in Mascot as a fixed modification. Oxidation of methionine and 

acetylation of the N-terminus were specified in Mascot as variable modifications. Mass 

tolerance was set to 10 ppm for precursor ions and 0.6 Da for fragment ions. The peptide 
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and protein false discovery rate (FDR) was set to 1%. Results from the database search were 

imported into Progenesis QI and the resulting peptide measurement list containing peak area 

values of identified peptides was exported. Processing and statistical evaluation of peptide 

and protein quantities between samples was performed using SafeQuant (Glatter et al., 

2012). Normalized peptide and protein intensities from SafeQuant analysis were used to 

calculate intensity ratios, log2 ratios and q values between experimental conditions for 

identified proteins.

SAINT analysis (significance analysis of interactome) was carried out using SAINTexpress 

(v. 3.6) (Choi et al., 2011), using spectral counts as input data. The results were filtered to 

only include interaction partners assigned a Bayesian False Discovery Rate (BFDR) < 0.01.

The subset of Lrrc7 interactors derived from SAINT analysis was re-evaluated by label-free 

quantification as described above to identify a list of Lrrc7 isoform-specific interaction 

partners. To this end, results from the Mus musculus-proteome database search were 

imported into Progenesis. The database search results were filtered, (1) limiting the peptide 

and protein level FDR to 1% and (2) to only include the list of LRRC7 interaction partners 

identified using SAINTexpress (v. 3.6). The Progenesis analysis results were further 

processed using the SafeQuant R package (Ahrne et al., 2016), to obtain protein relative 

abundances. This analysis included data normalization (based on the peak areas of LRRC7 

peptides common to all isoforms), summation of MS1 peak areas per protein and LC-

MS/MS run, followed by calculation of protein abundance ratios and testing for differential 

abundance using empirical Bayes method. The resulting p-values, reflecting the probability 

of detecting a given mean abundance difference across sample conditions by chance alone, 

were corrected for multiple testing using the Benjamini-Hochberg method (Benjamini and 

Hochberg, 1995). The final list of LRRC7 isoform specific interaction partners include those 

proteins that were found to be significantly differentially abundant (adjusted p-value < 0.05, 

fold-change ≥ 20%) in at least one bait-bait condition comparison.

Results

Genome-wide mapping of Sam68-dependent alternative splicing

Previous work reported nuclear and cytoplasmic functions for Sam68 (Chawla et al., 2009; 

Grange et al., 2004; Iijima et al., 2011; Klein et al., 2013; Matter et al., 2002; Paronetto et 

al., 2007). To begin to investigate the functions of Sam68 in the mouse hippocampus, we 

assessed its localization in cultured hippocampal neurons. In line with previous studies we 

detected the vast majority of Sam68-immunoreactivity in the nucleus (Fig. 1A, B). The 

specificity of our immunological reagents was confirmed with immunostainings on 

hippocampal cultures prepared from Sam68 knock-out (Sam68KO) mice (Fig. 1B) and 

probing of lysates from adult mouse hippocampus (Fig. 1C). The nuclear immunoreactivity 

was almost completely abolished in Sam68 knock-out cultures (Fig. 1B). Only very low 

signals remained in the cells, and we conclude that these remnants of immunoreactivity 

represent background due to unspecific interactions.

For a genome-wide identification of transcripts that depend on Sam68 expression in the 

hippocampus we performed RNA sequencing of poly-adenylated RNAs isolated from wild-
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type (WT) and knock-out (KO) hippocampi (n=4 for both WT and Sam68KO, postnatal day 

30 (P30) males). We obtained 150-200 Mio paired-end reads for each replicate. Of these, 

84-87% uniquely mapped to the mouse genome and only <0.5% mapped to ribosomal 

RNAs. Quantitative comparison of gene expression between Sam68KO and WT 

hippocampus uncovered only very modest changes in overall transcript levels. Transcripts 

from ten loci were more than 2-fold upregulated (including Oacyl and Mir 219-a2) whereas 

transcripts from 26 loci were found to be down-regulated more than 2-fold in the mutant 

mice, amongst them Sam68/Khdrbs1 itself, Iqcc, and Sdf2l1 (Fig. 2A, adjusted p-value cut-

off for all p<0.05; Supplementary Data 1).

We next assessed changes in alternative splicing events on a genome-wide level. Using cut-

offs of 1.5 fold-change (FC) in splicing index (SI) and p-value <0.05 we identified 73 altered 

alternative splicing events in Sam68KO compared to WT (Fig. 2B, Supplementary Data 2). 

In about 60% of the events inclusion of the alternatively spliced segments is increased in 

Sam68KO (Fig. 2C). This is consistent with a role for Sam68 in promoting exon skipping. 

Cassette exon splicing (e.g. for Lrrc7, Epha6, or Kif21a), usage of alternative terminal exons 

(e.g. for Dlgap1, Gria2 or Lrrtm1), or intron retention (e.g. for Arhgef9 or Cacnb3) 

constituted the majority of events with increased inclusion. For events with decreased 

inclusion, changes in cassette exon splicing (e.g. for Gphn, Sorbs1, or Sorbs2) and 

alternative terminal exons (e.g. for Homer1 or Hdac1) were observed as well, in addition the 

usage of alternative 3’- (e.g. for Dhdds or Ank3) or 5’-splice sites (e.g. for Celf3 or Szt2) 

was observed (Fig. 2C).

For several RNA binding proteins, alternative splicing programs have been shown to control 

transcript levels by generating transcript isoforms that are targeted by nonsense-mediated 

decay (Eom et al., 2013; McGlincy and Smith, 2008; Yap et al., 2012). However, the 

majority of transcripts with significantly changed alternative splicing events displayed 

overall minor expression level changes of (less than 20%) between wild-type and Sam68KO 

mice (Fig. 3A). Thus, the impact of Sam68 -dependent alternative splicing on transcript 

abundance is low. Given the ubiquitous expression of Sam68, we examined whether the 

putative Sam68 alternative splicing targets are expressed in neurons or rather in other 

hippocampal cell types. We compared expression levels of Sam68-regulated transcripts in 

neurons, astrocytes, endothelial cells, microglia, and myelinating oligodendrocytes (using 

transcript data from (Zhang et al., 2014)). A large fraction of genes with Sam68-dependent 

splicing events was preferentially expressed in neurons (Fig. 3B). In addition, a subset of 

Sam68-dependent transcripts exhibited higher expression in other cells types. This supports 

a role for Sam68 in the regulation of alternative splicing in neurons as well as other cell 

types in the mouse hippocampus. Gene ontology (GO) analysis provided further support for 

neuronal functions of Sam68-dependent alternative splicing targets. Statistical analysis (Mi 

et al., 2013) revealed synapse-related GO-terms to be overrepresented in these Sam68-

regulated transcripts (Fig. 3C). This suggests a preferential requirement for Sam68 in the 

regulation of alternative splicing events in transcripts that encode synaptic proteins, 

particular components of the postsynaptic density.
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Regulation of postsynaptic scaffolding proteins by Sam68

To further investigate Sam68-dependent alternative splicing regulation of synaptic proteins, 

we analysed the alternative splicing patterns for several candidate targets encoding key 

synaptic proteins in the Sam68KO hippocampus (Fig. 4A) [Collybistin (Arhgef9), Gephyrin 

(Gphn), and Leucine-rich repeat containing protein 7 (Lrrc7, also called Densin-180), 

Neurexin1 (Nrxn1)]. We examined several time points across early postnatal development 

over the time when synaptogenesis proceeds in the mouse hippocampus ((postnatal day 0 to 

postnatal day 21). During the first three postnatal weeks, Arhgef9 (exon 11; exon ID 

ENSMUSE00000817669) and Lrrc7 (exon 23; ENSMUSE00000668385) showed an 

increase in exon skipping, whereas Gphn (exon 10 which is referred to as the C4a splice 

cassette [(Fritschy et al., 2008); ENSMUSE00000418916)] and Nrxn1 (exon 21 at 

alternatively spliced segment 4 (AS4); ENSMUSE00001309616) showed an increase in 

exon inclusion (Fig. 4B).

Sam68 as well as other STAR-proteins (Slm1 and Slm2) are highly expressed during these 

postnatal stages (Fig. 4C). We note that overall Sam68 expression slightly declines over the 

first 5 postnatal weeks. However, Sam68 activity appears to significantly depend on post-

translational modifications (Iijima et al., 2011; Matter et al., 2002; Paronetto et al., 2007). In 

Sam68KO hippocampus, alternative splicing patterns of Arhgef9 (exon 11), Gphn (exon 10/ 

C4a), Lrrc7 (exon 24; ENSMUSE00000440890), and Nrxn1 (exon 21 / AS4) were 

significantly changed, confirming predictions based on the RNAseq analysis [Fig. 4D, 

arrowheads; Supplementary data 2, RNA-Seq-based changes at P32: Arhgef9 exon 11, 1.59x 

up; Gphn exon 10/C4a, 1.86x down; Lrrc7, exon 24 1.5x up; Nrxn1 exon 21 (AS4) 1.18x 

up]. This analysis experimentally confirms the conclusion that Sam68 regulates alternative 

splicing in transcripts encoding key structural components of both GABAergic and 

glutamatergic synapses.

Sam68-dependent splicing events regulate synaptic protein complexes

The alternative segment 4 in Nrxn1 which we find here to be regulated by Sam68 at P0, 

depends strongly on the Sam68 paralogue Slm2 at later postnatal stages (Ehrmann et al., 

2013; Traunmüller et al., 2014). Alternative splicing at this site directs functional 

specification of hippocampal synapses and gates trans-synaptic interactions with 

postsynaptic ligands (Boucard et al., 2005; Chih et al., 2006; Traunmüller et al., 2016). To 

explore whether additional Sam68-dependent alternative splicing events change synaptic 

protein complexes we tested the impact on biochemical interactions with binding partners. 

We focused on Lrrc7 since this protein has emerged as a critical regulator of glutamatergic 

postsynaptic structure and plasticity (Carlisle et al., 2011; Wang et al., 2017). We performed 

affinity-isolation of Lrrc7-binding proteins from mouse whole brain lysate using three full-

length Lrrc7 isoforms expressed in HEK293 cells as bait. These isoforms differ in the 

presence (+) or absence (-) of insertions encoded by the Sam68-regulated alternative 

segment (exon 23/24, resulting in Lrrc7 23-/24-, 23-/24+, and 23+/24+, respectively). Lrrc7 

23-/24- is strongly de-regulated in Sam68KO hippocampus; 23-/24+ is significantly elevated 

in Sam68KO hippocampus; 23+/24+ is expressed at birth and then down-regulated both in 

wild-type and knock-out hippocampus (Fig. 4D). As a positive control, we probed immuno-

precipitates for calcium/calmodulin-dependent kinase II (CaMKII) alpha, which is known to 
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interact with these Lrrc7 variants (Strack et al., 2000). We find robust recovery of CaMKII 

alpha for all three Lrrc7 variants under our experimental conditions (Fig. 5A). Interestingly, 

the active Thr286-phosphorylated form of CaMKII alpha was preferentially recovered on the 

23+/24+ splice variant that is highly expressed in newborn mice and then downregulated 

over the first 2 postnatal weeks (Fig. 4B; Fig. 5A, B). We next performed an unbiased 

proteome-wide survey of Lrrc7 binding partners by mass spectrometry. Tryptic peptides 

from n=4 independent affinity purifications on baits and negative control proteins where 

analysed by label-free proteomic shotgun analysis. To identify proteins selectively binding 

to Lrrc7 we used SAINT analysis which models the probability for true protein-bait 

interactions by comparing the distribution of spectral counts recovered for proteins across 

replicates from bait versus negative control conditions (Choi et al., 2011). This analysis 

yielded several common (isoform-independent) Lrrc7-interactors, including previously 

identified partners CaMKII alpha, beta, gamma and delta, alpha and delta Catenins and 

Shank1,2,3 proteins (Fig.5C). In addition, we identified several previously unknown Lrrc7-

interactors (Fig. 5C; complete list see Supplementary Data 3). These include the 

phosphodiesterase 4a and the mindbomb E3 ubiquitin ligase 1 which have been implicated 

in synaptic plasticity (Hansen et al., 2014; Havekes et al., 2016; Yoon et al., 2012). To 

specifically identify splice isoform-specific interactors, we used the SAINT-filtered list of 

Lrrc7 binders and assessed their interactions with the different Lrrc7 variants (23-/24-, 23-/

24+, 23+/24+, respectively). Notably, several Lrrc7 interaction partners displayed 

differential retention on the Lrrc7 variants, including the cytoplasmic Fmr1-interacting 

protein 1 (Cyfip1), the adhesion molecule cadherin 10, and the TNF-receptor associated 

protein 7 (Traf7) (preferentially binding to the Lrrc7 23+/24+ variant; Fig. 5D-F, 

Supplementary Data 4). Using Western blots on co-immunoisolates we confirmed isoform-

selective Lrrc7-interactions for Cyfip1and Cadherin 10 (Fig. 5E). As judged by the relatively 

low retention of the proteins on the affinity matrix as compared to the common binding 

partners CaMK2 and Shank proteins (see Supplementary Data 3 and 4) we conclude that the 

binding affinities of these ligands are lower than those seen for the previously identified 

ligands, at least under our experimental conditions. Nevertheless, the proteins did exhibit 

differential recovery for the LRRC7 variants. Thus, the Sam68-dependent splice isoform 

choices may indeed regulate specific postsynaptic protein assemblies.

Considering that the set of targets of Sam68-regulated alternative splicing was enriched for 

genes that control glutamatergic synapse development and properties, we tested whether 

Sam68KO neurons may exhibit alterations in the density or morphology of dendritic spines. 

We used DiOlistic labelling (Gan et al., 2000; Staffend and Meisel, 2011) on adolescent 

animals (P32) to visualize individual neurons in sagittal brain sections. We then quantified 

density and morphology of dendritic spines on higher-order branches of dendrites of CA1 

neurons in the stratum radiatum (Fig. 6A, B). We observed overall very similar densities of 

dendritic protrusions in neurons from Sam68KO mice and littermate control animals (Fig. 

6C). The numbers of both headed and non-headed spine-like protrusions were unchanged 

(Fig. 6C). Thus, in these preparations, the density and morphological maturation of dendritic 

spines is not altered by global loss of Sam68.
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Differential dependence of splicing events on Sam68 and its paralogue Slm2

The A-U-rich consensus motif of Sam68 (AUAAAA) has previously been characterized (Lin 

et al., 1997; Ray et al., 2013). When we assessed the frequency of binding sites in sequences 

upstream and downstream of the Sam68-dependent exons we found a significant enrichment 

compared to control exons (1.59x and 2.44x, respectively; p-value <0.05 and <0.001, 

respectively). Notably, Sam68 and Slm2 are co-expressed in CA1 neurons and interact with 

the same RNA consensus motif (Lin et al., 1997; Ray et al., 2013). Surprisingly, there was 

little overlap between splicing events de-regulated in Sam68KO and Slm2KO hippocampi 

(Fig. 7A, B). Two commonly de-regulated transcript were Stxbp5l and Nrxn1 AS4, although 

de-regulation was more severe for Slm2KO than for Sam68KO (Stxbp5l at exon 24; SI 

FCSam68 = 1.48 and SI FCSlm2 = 1.58 and Nrxn1 AS4 SI FCSam68 = 1.18 and SI FCSlm2 = 

2.07). When focusing on alternative splicing events severely de-regulated in Sam68KO mice 

(FC SI≥1.5, p<0.05) none of the 73 events showed equivalent changes in Slm2KO (Fig 7B, 

C). Thus, despite recognizing similar RNA motifs, Sam68 and Slm2 proteins do not 

compensate each other’s loss-of-function. This observation indicates that, in addition to the 

RNA binding motif, also cellular context, presence of cofactors and/or the concentration of 

the respective RNA-binding protein in a given cell have major impact on the candidate 

targets recovered in these loss-of-function studies.

Discussion

In this study, we mapped the SAM68-dependent alternative splicing program and cellular 

phenotypes in mouse hippocampus. Previous work has shown Sam68 to be involved in 

various processes including transcription, translation, RNA transport, miRNA processing 

and alternative splicing (Vogel and Richard, 2012). Sam68 has been reported to regulate 

alternative splicing events during neurogenesis and to shift alternative splicing of neurexins 

in response to neuronal activity (Chawla et al., 2009; Iijima et al., 2011). However, a 

genome-wide mapping of Sam68-dependent splicing events in mature neurons has not been 

previously performed. We uncover a panel of Sam68-dependent splicing events in mRNAs 

encoding synaptic proteins which are regulated over postnatal development at a time when 

synapse formation and maturation proceed.

The synaptic proteins encoded by Sam68-dependent mRNAs include adhesion molecules 

and synaptic scaffolding proteins of excitatory as well as inhibitory synapses. Gephyrin and 

Collybistin are two interesting targets as they serve key scaffolding functions at postsynaptic 

glycinergic and GABAergic sites. The Sam68-dependent gephyrin C4 exon cluster contains 

multiple alternative exons (C4a through C4d) which may modify oligomerization and/or 

phosphorylation state (Fritschy et al., 2008; Herweg and Schwarz, 2012). Notably, gephyrin 

is also alternatively spliced at another cassette (C3) controlled by the splicing factor Nova2 

(Ule et al., 2003) which is independent of Sam68. Alternative splicing regulation of 

collybistin (encoded by Arhgef9) produces isoforms that differ in their N- and C-termini 

(Harvey et al., 2004; Kins et al., 2000). The internal alternatively spliced segment uncovered 

in our study differs from these previously described sites and may render the transcript 

isoform subject to nonsense-mediated decay. This adds further complexity to Arhgef9 
transcript regulation. The alternative segment in Lrrc7 has been implicated in modulating 

Witte et al. Page 13

Eur J Neurosci. Author manuscript; available in PMC 2019 December 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



protein complexes at glutamatergic postsynaptic sites, in particular association with calcium/

calmodulin-dependent kinase II (Strack et al., 2000). Moreover, alternative splicing of Nrxn1 
at AS4 controls interactions with multiple synaptic ligands, in particular the glutamatergic 

proteins neuroligin-1, leucine-rich repeat proteins (LRRTMs), and the Cbln1-GluD2 

complex (Chih et al., 2006; de Wit et al., 2009; Ichtchenko et al., 1995; Matsuda et al., 2016; 

Schreiner et al., 2015; Uemura et al., 2010). Thus, the Sam68-dependent splicing program 

controls both, glutamatergic and GABAergic synapse components.

In our phenotypic analysis we focused on alterations at glutamatergic synapses, since 

Sam68KO mice had been reported to exhibit defects in mGluR-dependent long-term 

depression (Klein et al., 2015). We hypothesize that this phenotype may – at least in part – 

result from alterations in alternative splicing. Notably, Lrrc7, one of the mRNAs the 

alternative splicing pattern of which we find to be altered in Sam68KO mice, has itself been 

linked to mGluR signalling. In Lrrc7KO mice, there is a reduction in PSD-association of 

mGluR5 and a loss of mGluR-dependent long-term depression in the hippocampus (Carlisle 

et al., 2011). On the other hand, some Sam68KO phenotypes may also arise from putative 

cytoplasmic functions of SAM68, including the control of mRNA translation (Klein et al., 

2015; Klein et al., 2013). We note that with our immunological reagents we could not detect 

cytoplasmic Sam68 protein in hippocampal neurons. However, considering different 

reagents or different antigen-accessibility due to experimental protocols, such findings need 

to be interpreted with caution.

Despite the significant changes in splice isoforms of postsynaptic scaffolding proteins, we 

did not observe changes in the density or shape of dendritic spines on CA1 pyramidal cells. 

Thus, the Sam68-dependent alterations in postsynaptic scaffolding proteins may be more 

important for signalling and plasticity properties of spines rather than their formation. Our 

observation contrasts a previous report that described a 40% reduction in spine density on 

primary dendrites with Sam68 loss-of-function (Klein et al., 2013). The reasons for these 

divergent observations are not clear. However, we note differences in tissue integrity when 

using different labelling methods (DiOlistic vs. Golgi staining) and differences in the area 

assessed (primary dendrite vs. higher order branches), mouse strain background, and 

potentially age of animals used in the two studies.

Another important aspect of our study is the direct comparison of alternative splicing 

programs regulated by two closely-related paralogues, Sam68 and Slm2. The sequencing 

and analysis pipeline in this study was exactly the same used previously for exploring Slm2-

dependent alternative splicing events in the mouse hippocampus (Traunmüller et al., 2016). 

Despite the high homology of the RNA-binding domains and identical RNA-binding motifs 

for Sam68 and Slm2, we did not detect much overlap in the alternative splicing events de-

regulated in the respective knock-out mice. Interestingly, we identify several strongly de-

regulated splicing events in Sam68 knock-out hippocampus that are essentially unchanged in 

Slm2 knock-out tissue. On the other hand, several events that are severely de-regulated in 

Slm2 mutants are only slightly changed in Sam68 mutant mice. Thus, it is unlikely that this 

apparent target selectivity can be explained by the relative abundance of the RNA binding 

proteins in the hippocampus. Much rather, it appears that the cellular context and/or 

signalling state have important impact on the alternative splicing regulation by these STAR 
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proteins. Notably, previous work highlighted the possibility of differential activities based on 

heterodimer formation between STAR proteins and additional RNA-binding proteins (RBPs) 

(Iijima et al., 2014) or the density of binding motifs in target mRNAs (Danilenko et al., 

2017). This complexity highlights the challenges of predicting outcomes of alternative 

splicing regulation based on RBP expression or presence of binding motifs and emphasises 

the necessity to interrogate alternative splicing programs using cell type-specific methods in 

the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AS Alternative segment

BFDR Bayesian False Discovery Rate

CaMKII calcium/calmodulin-dependent kinase II

FDR false discovery rate

FC fold-change

GO gene ontology

RBP RNA-binding proteins

RT room temperature

SAINT analysis (significance analysis of interactome analysis)

STAR Signal Transduction Associated RNA-binding family of 

RNA-binding proteins

SI splicing index
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Figure 1. Subcellular localization of Sam68
A, B) Cultured dissociated hippocampal neurons (12 days in vitro (DIV 12) from WT and 

Sam68 knock-out (KO) P0 animals. Distribution of Sam68 was assessed by co-

immunostaining for neuron-specific tubulin and Sam68, nuclei were visualized by Hoechst 

staining. In the high-magnification image in (B) Sam68 is shown using a false color lookup 

tabe (LUT) for better visualization. Notably, a vast majority of Sam68 shows nuclear 

localization.

Scale bars 50μm (A), 10μm (B).

C) Confirmation of anti-Sam68 antibody specificity (mouse whole brain lysates, adult WT 

and Sam68KO). Calnexin is used as loading control. Representative Western Blot of n>3 

experiments is shown.
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Figure 2. RNA deep sequencing assessment of Sam68KO

A) Scatter plot of normalized gene expression (Log10-scale) for WT and Sam68KO (n = 4 

hippocampal samples, age P30; cut-off DESeq normalized expression > 100). (R2 = 0.9924, 

Pearson correlation coefficient). Genes highlighted in orange show adjusted p-values of 

<0.05. Selected genes with p<0.05 and fold-change (FC) > 2 are annotated.

B) Volcano plot of fold change (FC) of splicing index (SI) and p-values for all exons with an 

FC SI > 10% (total of 9110 exons).
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Vertical blue lines indicate a FC of ±1.50, dashed horizontal line indicates p=0.05. Values 

highlighted in dark blue show a significant (p<0.05) fold-change of ≥ 1.50

C) Pie chart of alternative splicing events with significantly (p<0.05; FC SI ≥ 1.50) increased 

(left) or decreased (right) inclusion in Sam68-deficient animals, plotted by event class. 

Schematic representations of splicing events are shown on the right. pA indicates poly-

adenylation sites.

Witte et al. Page 22

Eur J Neurosci. Author manuscript; available in PMC 2019 December 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 3. Classification of Sam68KO target genes
A) Heat map of significant (FC SI ≥ 1.50, p<0.05) alternative splicing events vs. 

corresponding changes in expression level (log2-scale) in hippocampal samples of Sam68KO 

compared to WT. Changes in overall expression level of Sam68 target genes are small.

B) Heat map of cell type-specificity of expression of genes showing Sam68-dependent 

alternative splicing. Expression levels were assessed using expression data from cortical 

neurons (Zhang et al., 2014). Expression is displayed mean-centered per row.
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C) Analysis of the GO cellular component-association of Sam68 alternative splicing targets 

using the PANTHER classification system (Overrepresentation Test). Numbers of genes in 

the lists of Sam68 alternative splicing targets and gene expression changes, respectively, are 

displayed. Adjusted p-values (Fisher's Exact test with FDR multiple test correction) are 

0.0326, 0.0249, and 0.0078 for GO terms postsynapse (GO:0098794), synaptic membrane 

(GO:0097060), and postsynaptic membrane (GO:0045211), respectively.
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Figure 4. Sam68-dependent alternative splicing of synaptic components
A) Schematic gene structure representation of four Sam68 alternative splicing targets: 

Arhgef9 (Collybistin), Gphn (gephyrin), Lrrc7 (Densin-180), and Nrxn1 (Neurexin 1) 

Sam68-dependent alternative segments are highlighted in colours different from constitutive 

exons. Stop codons are indicated by asterisks for Arhgef9. Stable exon IDs or genomic 

positions (GRCm38/mm10) are: Arhgef9 exon 11: ENSMUSE00000817669, Arhgef9 exon 

12 ENSMUSE00000697324; Gphn exon 10 (splice cassette C4a; Fritschy et al., 2008, 

PMID 18403029): ENSMUSE00000418916, Gphn exon 11 (C4c): 

ENSMUSE00000418905, Gphn exon 12 (C4d): chr12:78560360-78560422; Lrrc7 exon 23: 

ENSMUSE00000668385, Lrrc7 exon 24: ENSMUSE00000440890; Nrxn1 exon 21 (AS4): 

ENSMUSE00001309616.

The Gphn C4 cluster (Fritschy et al., 2008) is particularly complex with multiple alternative 

exon cassettes C4a-d. In our validation experiments, C4b isoforms were not significantly 

detected.

Exons and introns are not depicted to scale.

B) Developmental time course of Arhgef9, Gphn, Lrrc7, and Nrxn1 at P0, P7, P14 and P21 

in WT animals (mouse hippocampus). Representative RT-PCR of n=3 independent 

experiments is shown. Identity of PCR products was confirmed by TOPO-cloning and DNA 

sequencing. Individual bands for gephyrin single and double C4 insertions were mixed 

products of C4a,c,d exons that could not be electrophoretically resolved.
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C) Expression of STAR-proteins in hippocampus during the first five weeks of postnatal 

development (P0, P14, and P35). Calnexin and Gapdh are used as loading controls. Western 

blot representative of n=3 independent experiments is shown.

D) Comparison of alternative splicing patterns in hippocampus during the first four to five 

weeks of postnatal development (P0, P14, and P32) for WT and Sam68KO. Marked changes 

are highlighted by arrow heads for selected time points. Representative RT-PCR of n>4 

independent experiments is shown.
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Figure 5. Functional relevance of Lrrc7 protein isoforms
A) Affinity isolation of Lrrc7 interaction partners. GFP-tagged full length Lrrc7 isoforms 

lacking (-) or containing (+) domains encoded by exon 23 and 24 were expressed in 

HEK293T cells, affinity purified and used to isolate Lrrc7 binding partners from whole brain 

lysate of adult mice (C57BL/6JRj male mice, 12-16 weeks old). [For example, -/+ represents 

the Lrrc7 protein isoform lacking the domain encoded by exon 23 and containing the 

domain encoded by exon 24.] CaMKII, a well-characterized interactor of Lrrc7 is robustly 

recovered. Western blot representative of n=3 independent experiments is shown.

B) Lrrc7 isoform-specific recovery of active CaMKII (phosphorylated on Thr286). Mean 

intensity values plus standard error are shown. p-values are 0.089 and 0.078 for Lrrc7 -/+ 

and Lrrc7 +/+, respectively (two-tailed t-test).

C) Mass spectrometry-based analysis of affinity-isolated Lrrc7 interaction partners. Proteins 

binding to GFP-tagged Lrrc7 were affinity-isolated from adult whole brain lysates (C57BL/

6JRj male mice, 12-16 weeks old) on GFP-Lrrc7 isoform matrices and quantified by shotgun 

mass spectrometry (MS). The ten most significant isoform-independent Lrrc-interaction 

partners (in alphabetical order), as ranked by SAINT protein-protein interaction confidence 

score (Choi et al., 2011), are shown, in addition known interaction partners (CaMKII). The 

number of spectral counts per interaction partner, i.e. the number of confidently identified 

peptide spectrum matches (PSMs) per protein interactor is displayed. The isoform-specific 

quantitative read-out is presented per protein; (from left to right); GFP-tagged bait protein 

Lrrc7 23-/24-, Lrrc7 23-/24+, Lrrc7 23+/24+, and GFP (control). Error bars show the 

standard deviation of biological replicates (n=4). Technical mass spectrometry replicates 

were acquired for each biological replicate and the average spectral count per protein was 

retained.

D) Lrrc7 isoform-specific interaction partners. Heat-map of summed ms1-intensities (log2 

scale) per bait and interaction partner. The data is mean-centred per protein interactor, and 
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biological replicates (n=4) of each bait experiment are represented by the average intensity. 

The displayed interaction partners are those that were found to be isoform-specific i.e, 

significantly differentially abundant (Benjamini-Hochberg adjusted moderated t-test p-value 

< 0.05) in at least one bait-bait condition comparison (SafeQuant).

E) Validation of isoform-specific Lrrc7 interactions by Western Blot. Recovery of Cyfip1 

and Cadherin 10 by pulldown was moderate, thus extended exposures of the pulldown 

fractions are shown. Western blot representative of n=3 independent experiments is shown.

F) Selected interactors of Lrrc7 / Densin-180. Densin-180 engages in interactions with 

multiple binding partners including scaffold proteins, receptors, GTPase-activating proteins 

and guanine nucleotide exchange factors (GAPs / GEFs), ubiquitin ligases, kinases, adhesion 

proteins, and regulators of mRNA translation. A majority of these interactions are splicing-

independent, i.e. independent of the splice variant of Densin-180 involved. Sam68 regulates 

the alternative splicing of Lrrc7/Densin-180 at the alternatively spliced segment exon 23 / 

24. The Densin-180 domains encoded by these domains modulate the interaction with an 

important subset of binding partners.
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Figure 6. Assessment of spine density in Sam68KO hippocampus
A) DiOlistic labelling of CA1 hippocampal neurons. Individual neurons were labelled using 

DiI dye, nuclei were visualized using Hoechst dye to ensure assessment of pyramidal 

neurons. Spine density on higher order branches of dendrites of CA1 neurons in the stratum 

radiatum was evaluated on 150μm sagittal sections. Dashed line indicates 100μm distance 

from stratum pyramidale. Scale bar represents 50μm.
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B) High magnification images of representative examples of DiOlistic labelling of pyramidal 

neuron spines. Examples shown are from three independent littermate pairs (WT and 

Sam68KO). Scale bars represent 1μm.

C) Spine density of headed and non-headed spines as assessed by confocal microscopy. 

Light points indicate individual counts, circles indicate animal means. n = 4 littermates (WT/

Sam68KO) per genotype, animal age P32.
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Figure 7. Target specificity of STAR proteins
A, B) Heat maps of fold changes (FC) in splicing index (SI) of Sam68 targets (this study) 

compared to targets of Slm2 (Traunmüller et al., 2016). Targets of Sam68 were only slightly 

changed in Slm2KO animals (A). Likewise, alternative splicing of targets of Slm2 was hardly 

changed in Sam68KO animals (B).

C) Scatter plot of direct comparison of SI FC of Sam68 (black) and Slm2 (grey) targets. 

Log2 values of SI FC is shown.
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