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Chapter    6
Synap� c proteome changes in the hippocampus 

of Shisa6, Shisa7 and Shisa6/7 KO mice

L. J. M. Schmitz, F. Koopmans, I. Paliukhovich, J. Wortel, K.W. Li, A.B. Smit and S. Spijker
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Abstract

Various transmembrane AMPAR-associated proteins with unique functional properties 
have been identi� ed. AMPA-type glutamate receptor (AMPAR) auxiliary subunits may 
regulate synaptic transmission, by modulating channel properties, synaptic localization 
and tra�  cking of the receptor. Within the Shisa family, Shisa6 and -7 di� erentially 
control AMPAR gating and synaptic plasticity, despite their similarity in structure, 
synaptic localization and interactome. Here we explored changes in the hippocampal 
synaptic proteome induced by deletion of Shisa6, Shisa7, or a double deletion of 
Shisa6 and -7, by using � lter-aided sample preparation (FASP) and the sequential 
window of all theoretical fragment-ion spectra (SWATH) approach. We observed little 
regulation in Shisa6 and -6/7 double KO (dKO) samples and stronger change in protein 
abundance levels in Shisa7 KO samples. Validation experiments using immunoblotting 
con� rmed expression changes detected by SWATH. However, validation in biologically 
independent samples failed, probably indicating that the biological variation between 
batches of mice masks the small change in expression of hippocampal synaptic proteins 
upon deletion of Shisa genes.

Introduc� on
Fast excitatory synaptic transmission in the adult brain is predominantly mediated 
by AMPA-type glutamate receptors (AMPARs), which determine synaptic strength21. 
Stimulus-induced increase in synaptic strength depends on structural synapse 
remodeling16,116, and a combination of pre-and postsynaptic alterations that may involve 
increased neurotransmitter release and enhanced postsynaptic signal transduction48,182,331. 
At the postsynapse, AMPAR biophysical properties and expression levels determine the 
change in synaptic e�  cacy during long-term potentiation (LTP)65,67,332. To regulate basal 
synaptic transmission and experience-/ stimulus-induced changes in activity, the AMPAR 
forms complexes that each may consist of multiple associated proteins151. Most of the 
AMPAR-associated proteins form distinct classes of transmembrane AMPAR-interacting 
proteins that each may modulate AMPAR function by a� ecting synaptic localization, 
tra�  cking and physiological properties of the receptor152,154,261. � e transmembrane 
AMPAR regulatory proteins (TARPs)158,172, the Cornichon homologs (CNIH-2 and 
CNIH3)163,167, Germ Cell-Speci� c Gene 1-Like (GSG1L)168,176, SynDIG1164, porcupine 
(PORCN)166 and the Shisa family of proteins165,170,178,180 all show a distinct pro� le of 
regulation of the AMPAR. Within the Shisa protein family, Shisa6 and -7 uniquely 
modify AMPAR gating and synaptic plasticity. In previous studies we have demonstrated 
that Shisa6 slows down deactivation and desensitization rates when co-expressed with 
the AMPAR in HEK293 cells, whereas Shisa7 fastens desensitization178,252. In addition, 
ex vivo, Shisa6 traps receptors at the postsynaptic site and prevents synaptic depression 
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upon high-frequency stimulation. Furthermore, Shisa6 and -7 KO mice display unique 
hippocampal memory de� cits and show enhanced and decreased hippocampal LTP 
respectively252,262. 
 In this study, we aimed to characterize the hippocampal synaptic proteome of 
Shisa KO mice, to detect changes in protein expression that might contribute to the 
changes in synaptic properties and behavior observed in the KO animals. For this 
purpose, a recently developed proteomics approach, the data independent acquisition 
method named sequential window of all theoretical fragment-ion spectra (SWATH) 
was used333. � is method enables a comparative label-free quanti� cation of protein 
abundance in multiple samples. � e combined FASP-SWATH work� ow has been 
suggested to increase the sensitivity of peptide quanti� cation and reduce variation334. 
It provides time-resolved fragment ion spectra for all the analytes detectable within the 
400-1200 m/z precursor range and a speci� ed retention time window333. 
 Here, we detected a subtle regulation in the synaptic proteome of the Shisa6 
and -6/7 (d)KO mice, implying that the absence of Shisa proteins does not lead to 
drastic changes synaptic content. In Shisa7 KO synaptosome preparations, a signi� cant 
decrease in mitochondrial proteins was found. In addition, validation experiments 
demonstrated that the FASP-SWATH method generated reliable peptide identi� cation 
and protein quanti� cation data, but biological variation limited generalization of the 
obtained results. 

Methods
Animals
Shisa6 and -7 male knockout (KO) mice and their respective wild type (WT) male 
littermate controls, bred from heterozygous parents for each genotype, were used for 
collection of hippocampal tissue between 10–14 weeks of age. Shisa6/7 female dKO 
mice were generated by breeding of Shisa6 and -7 single KO mice, from adult (10–14 
weeks of age) and they were matched with similarly aged female WT mice from the 
Shisa6 and -7 lines. 

Synaptosome isolati on 
Hippocampi of naive animals were dissected from fresh brains and stored at –80 °C. 
Synaptosome fractions were isolated on a sucrose gradient. In short, pools of dissected 
hippocampi (n=2 per genotype) were homogenized in ice-cold 0.32 M sucrose bu� er 
and centrifuged at 1000x g for 10 min. � e supernatant was loaded on a discontinuous 
sucrose gradient consisting of 0.85 M and 1.2 M sucrose. After centrifugation at 
100,000x g for 2 h the synaptosome fraction at the interface of 0.85/1.2 M sucrose was 
collected and centrifuged at 70,000 g for 30 min. Pellets were collected and protein 
concentration was determined using a Bradford assay (Bio-Rad).
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FASP

Synaptosomes were digested using the � lter-aided sample preparation (FASP) protocol335. 
Per sample 20 µg was incubated in 100 µL reducing bu� er (2% SDS, 100 mM Tris pH 
8.8, 1.33 mM TCEP) at 55°C at 950 rpm for 1 h. MMTS blocking bu� er was added 
and incubated at 950 RPM for 10 min at RT. After adding 200 µL 8 M urea, samples 
were centrifuged for 10 min at RT, transferred to a 30 kDa microcon centrifugal � lter 
(Millipore, Amsterdam, the Netherlands) and centrifuged at 15 min at 14,000x g at 
RT. Samples were washed 4 times with urea and 3 times with 50 mM ammonium 
bicarbonate. Samples were incubated with 100 µL trypsin/endoLysC overnight in a 
humidi� ed chamber at 37°C. Peptides were eluted from the � lters with 0.1% TFA and 
samples were stored at –20°C after drying in a speedvac.

SWATH mass spectrometry
Peptides were analyzed by micro-LC MS/MS using an Ultimate 3000 LC system 
(Dionex, � ermo Scienti� c) coupled to the TripleTOF 5600 mass spectrometer (Sciex). 
SWATH experiments consisted of a parent ion scan of 150 ms followed by SWATH 
window of 8 Da with scan time of 80 ms, and stepped through the mass range between 
450–770 m/z. � e total cycle time was about 3.2 s, which yielded in general 9–10 
measurement points across a typical peptide with elution time of 30 s. � e collision 
energy for each window was determined based on the appropriate collision energy for a 
2+ ion, centered upon the window with a spread of 15 eV. 

SWATH analysis & stati sti cal analysis
Spectronaut was used to extract peptide abundances from the raw SWATH data. � e 
retention time prediction type was set to dynamic iRT and pro� ling peak re� nement 
was enabled. Finally, cross-run normalization based on total peak areas was performed 
by Spectronaut. Peptide abundances were exported as a Spectronaut report and further 
processed using the R language for statistical computation, in which each unique 
precursor was considered a peptide (e.g., the same peptide sequence observed with 
distinct modi� cations or charge was considered a distinct peptide).

Stati sti cal analysis
For statistical analysis, all peptides that were identi� ed with Spectronaut’s FragmentGroup 
Q-value above 10-4 were considered not con� dently quanti� ed and excluded. Only 
proteins that were identi� ed with 2 or more con� dently quanti� ed peptides were 
included. � e distribution of the coe�  cient of variation (CoV) was plotted to determine 
the variation between samples of the same genotype. To test for regulation of protein 
expression between genotypes empirical Bayes moderated t-statistics with multiple 
testing correction (FDR) was used. An FDR corrected P-value of P<0.05 was considered 
signi� cant. In addition, a Student’s t-test P-value was provided.
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Gene group functi onal profi ling

Functional enrichment was determined using the gene group functional pro� ling 
application g:GOSt of the g:Pro� ler web server336. Functional enrichment of GO 
terms related to Biological Process (BP) were based on selected regulated proteins 
(Supplementary Fig. 1) tested against a background list of all proteins detected by 
SWATH analysis in synaptosome mouse fractions without exclusion of proteins 
according to Q-value or peptide � ltering. Enrichment was tested for signi� cance using a 
Fisher's one-tailed test and P-values were corrected for multiple testing. GO terms with 
a corrected P-value<0.05 were considered signi� cant. 
 
Immunoblot analysis
Protein samples were dissolved in SDS sample-bu� er (Laemmli), heated to 96°C for 5 
min, and 5 µg/sample was loaded onto a 4–15% Criterion TGX Stain-Free gel (Bio-
Rad). � e gel-separated proteins were imaged with the Gel-Doc EZ system (Bio-Rad), 
transferred onto PVDF membrane (Bio-Rad) and probed with various antibodies (see 
“Antibodies” section). Scans were acquired with the Odyssey Fc system (Li-Cor), and 
adjusted using Image Studio Lite 5.2.5 software (Li-Cor). Immunoblot band intensities 
were normalized to the total amount of protein loaded as quanti� ed using Image Lab 3.0 
software (Bio-Rad). Antibodies used for immunoblotting were anti-GluN1 (Neuromab, 
1;1,000), anti-Syngap1 (Millipore, 1:2,000), anti-FBXO41 (Abgent, 1:500) anti-GFAP 
(Dako, 1:2,000), anti-HADHA (Proteintech Group, 1:2,000), anti-Synaptotagmin2 
(homemade, 1:1,000), anti-Syntaxin1 (homemade, 1:1,000), anti-Munc18-1 (Synaptic 
Systems, 1:1,000). Horseradish peroxidase-conjugated secondary antibodies were 
obtained from Dako (1:10,000).

Electron microscopy
Brains were � xed by transcardial perfusion with 4% paraformaldehyde and 2.5% 
glutaraldehyde in phosphate bu� ered saline (PBS), followed by ON post� xation and 
incubation in 30% sucrose in PBS. Brains were rapidly frozen on dry ice and kept 
at –80°C. From the frozen tissue 40 µm coronal sections were post � xed in 1% 
OsO4/1%K4Ru(CN)6. After embedding in Epon, ultrathin (~90 nm) sections were 
collected on 400 mesh copper grids, and stained with uranyl acetate and lead citrate. 
Hippocampal sections from rostral to caudal containing the CA1 were imaged at 100,000 
magni� cation with a Jeol (Peabody, MA) 1010 electron microscope. From ~30 images 
per brain the distance from the active zone to a presynaptic localized mitochondrion was 
measured. � e active zone was recognized as part of the pre-synaptic plasma membrane, 
containing nearby docked vesicles, opposed to the postsynaptic density. In addition, 
the number of mitochondria in mitochondria-containing presynaptic terminals was 
counted. 
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Results

Synaptosome fractions were isolated from hippocampus tissue of male Shisa6 and -7 
KO mice together with age-matched WT littermates, and from female Shisa6/7 dKO 
mice with age-matched WT mice as a control group (Fig. 1a). From these preparations, 
the total number of unique proteins based on con� dently identi� ed peptides was 
respectively 861, 908 and 1005 in the Shisa6, -7 and -6/7 datasets. Furthermore, the 
deletion of Shisa6 and/or -7 was con� rmed in all KO samples using FASP/SWATH. 
Based on FDR corrected P-values and a signi� cance threshold of P=0.05, in the Shisa6 
samples no proteins with signi� cantly changed levels were detected. Compared with 
WT littermates, in the Shisa7 KO synaptosome samples, 11 proteins showed higher 
levels and 53 proteins had lower levels, and in the Shisa6/7 dKO only 1 protein was 
signi� cantly decreased. 
 To examine whether within-group variation could account for the di� erence 
in detection of signi� cantly changed protein abundance, the coe�  cient of variation 
(CoV) was determined (Fig. 1b-d). � e CoV indicated that the within-group variation 
in Shisa6 KO and WT samples (CoV, mdn=0.12; Fig. 1b) was slightly higher compared 
with Shisa7 KO and WT samples (CoV, mdn=0.09; Fig. 1c). Shisa 7 samples were run 
with a higher number, suggesting enhanced statistical power in the Shisa7 data, leading 
to smaller CoV, and hence, to detection of signi� cantly regulated proteins after FDR 
correction. � e within-group variation in the Shisa6/7 dKO samples was highest (Fig. 
1d; CoVWT, mdn=0.19, CoVKO, mdn=0.17), possibly, because hippocampal samples 
were not derived from littermates.
 Subsequently, the regulation of protein expression was explored with analysis 
of functional enrichment using gene ontology (GO) analysis with the gene group 
functional pro� ling tool (g:GOSt) of the g:Pro� ler web server336. For this approach, 
a selected group of regulated proteins was compared with a list containing all proteins 
identi� ed in the synaptosomal preparations (2397 proteins in total). In the Shisa6 
and -6/7 datasets, proteins were selected based on the e� ect size, the fold change and 
non-corrected P-values of the t-test (Supplementary Fig. 1). In the Shisa7 dataset, all 
signi� cantly regulated proteins were included for further analysis. Application of the 
e� ect size based selection criteria in the Shisa7 dataset indicated a highly similar list of 
regulated proteins (data not shown), supporting the validity of the selection approach 
used in Shisa6 and -6/7 datasets.
 First in the Shisa6 dataset, 22 proteins that showed increased level (Supplementary 
Table 2) and 19 proteins that were decreased (Supplementary Table 3) were tested for 
functional enrichment using a Fisher’s exact test. Only in the group of proteins decreased 
by Shisa6 deletion a signi� cant overrepresentation was found, involving regulation of 
neuronal synaptic plasticity (Table 1). Interestingly, the level of the GluA3 subunit of the 
AMPAR, an interactor of Shisa6178, was found increased in the Shisa6 KO, suggesting 
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Figure 1. Average varia� on in protein expression per genotype. a) Unique pep� des and genes 
iden� fi ed in the synap� c proteome analysis of the hippocampus of Shisa6, -7, and -6/7 (d)KO mice 
and WT controls. No signifi cant changes in the proteome were detected in the Shisa6 group a� er 
FDR correc� on. For the Shisa7 dataset, 64 signifi cantly changed proteins were detected, of which 11 
were increased and 53 decreased in the KO. Finally, in the Shisa6/7 dKO mouse only a single decreased 
protein met the criterion for FDR signifi cance. b-d) Coeffi  cient of varia� on of protein abundance within 
Shisa6 (b), Shisa7 (c) and Shisa6/7 (d) (d)KO groups and WT controls, indica� ng that the varia� on 
between samples in the Shisa6/7 dataset was higher than varia� on in the Shisa6 and -7 datasets.

that the subunit composition of the AMPAR might be a� ected (Supplementary Table 
2; GRIA3, t-test P=0.011).
 Second, in the Shisa7 list of 11 upregulated proteins (Supplementary Table 4) no 
functional enrichment was detected. In contrast, the majority of the 53 decreased proteins 
were mitochondrial proteins (indicated in Supplementary Table 5), as grouped using the 
Uniprot Knowledgebase. In line with these results, GO analysis demonstrated a strong 
and signi� cant enrichment of 17 GO terms related to mitochondrial organization and 
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respiration (Table 1). Remarkably, the non-mitochondrial decreased proteins included 
the glial proteins Myelin-oligodendrocyte glycoprotein (MOG), Myelin basic protein 
(MBP), Myelin proteolipid protein (PLP1) and Glial � brillary acidic protein (GFAP). 
Together with the overall reduction in mitochondrial proteins these � ndings suggest 
that synaptosomal samples of Shisa7 KO mice were di� erent in protein composition. 
Important to note is that both the mitochondria and the myelin proteins may be derived 
from a non-optimal sample preparation (see below).
 � ird, the top lists of increased (8 proteins; Supplementary Table 6) and decreased 
(37 proteins; Supplementary Table 7) proteins in the Shisa6/7 dKO were subjected to 
functional enrichment analysis, revealing 22 signi� cantly enriched GO terms based on 
overrepresentation of the downregulated proteins. In general, these GO terms involved 
either regulation of vesicle transport and exocytosis or regulation of cellular component 
organization and regulation of actin polymerization (Table 2). 
 To compare regulation of protein expression induced by Shisa6 and -7 deletion, 
the overlap between the lists of regulated proteins (Supplementary Tables 2–7) was 
visualized in a Venn diagram (Fig. 2a). � e Shisa6 and -7 datasets shared 1 protein with 
increased level (Unconventional myosin-XVIIIa), and 2 proteins that showed di� erential 
regulation by deletion of either Shisa protein, with Drebrin1 being decreased in the 
Shisa6 and increased in the Shisa7 dataset, and ADP/ATP translocase 2 being increased 
in the Shisa6 and decreased in the Shisa7 dataset (Fig. 2b). Overall there was no overlap 
in changes in protein expression between the Shisa6/7 dKO samples. � e Shisa6 and 
-6/7 datasets shared 5 downregulated proteins, namely Cortactin, Neurocan, L1 Cell 
Adhesion Molecule, Immunoglobulin superfamily member 8, and Serum albumin 
(Fig. 2b). Although the regulation of these proteins did not meet criteria for statistical 
signi� cance, the detected expression changes in the single and double knockout support 
the Shisa6 deletion-induced regulation.

In summary, the FASP-SWATH analysis suggests that there are minor changes in the 
synaptic proteome of Shisa6 KO and -6/7 (d)KO mice. Surprisingly, major changes 
in the expression of synaptic mitochondria were detected in the Shisa7 KO mice, but 
not in the Shisa6/7 dKO. To validate whether these changes that were detected with 
the SWATH approach (Supplementary Table 8), we continued with the independent 
immunoblotting technique to quantify selected proteins (Fig. 3). Besides validation of 
regulation in the synaptosome samples that were used for FASP-SWATH analysis, also 
an independent set of synaptosome samples was prepared from Shisa6 and -7 KO mice 
and littermate controls. 
 To validate Shisa6 KO protein regulation with immunoblot validation, GluN1 
and SynGAP1 were selected, as these proteins contribute to glutamatergic signaling 
and regulation of synaptic plasticity (Fig. 3a). GluN1 expression was slightly but not 
signi� cantly increased in either set of the Shisa6 KO validation samples. For SynGAP1 
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Functional enrichment Shisa6

Gene ontology P-value % Genes

GO:0048168 regulation of neuronal synaptic plasticity 0.009 23 SHANK3   GRIN1   SLC8A2   UNC13A   SYNGAP1

Functional enrichment Shisa7

Gene ontology P-value % Genes

GO:0007005 mitochondrion organization 0.000 37 PHB2   CNP   SLC25A5   NDUFS7   NDUFS4   NDUFB9   
SAMM50   SLC25A46   AFG3L2   NDUFS1   BCS1L   THEM4   
STOML2   DHODH   NDUFA13   OPA1   IMMT   NDUFS8   
APOO

GO:0055114 oxidation-reduction process 0.000 46 PRODH   NDUFS3   SDHB   NDUFS2   NDUFS7   NDUFS4   
NDUFB9   CYC1   NDUFB8   HADHA   NDUFS1   NDUFA10   
SLC25A12   ETFDH   IDH2   UQCRC2   DHODH   COX4I1   
NDUFA13   NDUFV1   NDUFB10   BDH1   HADHB   NDUFS8

GO:0007006 mitochondrial membrane organization 0.000 19 CNP   SLC25A5   SAMM50   SLC25A46   AFG3L2   THEM4   
NDUFA13   OPA1   IMMT   APOO

GO:0022900 electron transport chain 0.000 19 SDHB   NDUFS4   NDUFB9   NDUFB8   NDUFS1   NDUFA10   
SLC25A12   ETFDH   UQCRC2   COX4I1

GO:0045333 cellular respiration 0.000 21 SDHB   NDUFS4   NDUFB9   NDUFB8   NDUFS1   NDUFA10   
SLC25A12   IDH2   UQCRC2   COX4I1   NDUFV1

GO:0007007 inner mitochondrial membrane 
organization

0.000 12 SAMM50   AFG3L2   NDUFA13   OPA1   IMMT   APOO

GO:0022904 respiratory electron transport chain 0.000 15 SDHB   NDUFB9   NDUFB8   NDUFS1   NDUFA10   SLC25A12   
UQCRC2   COX4I1

GO:0006839 mitochondrial transport 0.001 19 CNP   MCU   SLC25A5   SAMM50   ATP5O   AFG3L2   
SLC25A12   THEM4   STOML2   NDUFA13

GO:0015980 energy derivation by oxidation of organic 
compounds

0.001 21 SDHB   NDUFS4   NDUFB9   NDUFB8   NDUFS1   NDUFA10   
SLC25A12   IDH2   UQCRC2   COX4I1   NDUFV1

GO:1990542 mitochondrial transmembrane transport 0.001 12 MCU   SAMM50   ATP5O   AFG3L2   STOML2   NDUFA13

GO:0006091 generation of precursor metabolites and 
energy

0.002 23 SDHB   NDUFS4   NDUFB9   NDUFB8   NDUFS1   NDUFA10   
SLC25A12   ETFDH   IDH2   UQCRC2   COX4I1   NDUFV1

GO:0042773 ATP synthesis coupled electron transport 0.002 12 NDUFB9   NDUFB8   NDUFS1   NDUFA10   UQCRC2   COX4I1

GO:0033108 mitochondrial respiratory chain complex 
assembly

0.004 10 NDUFS7   NDUFS4   SAMM50   BCS1L   NDUFS8

GO:0097031 mitochondrial respiratory chain complex I 
biogenesis

0.009 8 NDUFS7   NDUFS4   BCS1L   NDUFS8

GO:0042407 cristae formation 0.009 8 SAMM50   AFG3L2   IMMT   APOO

GO:0010257 NADH dehydrogenase complex assembly 0.009 8 NDUFS7   NDUFS4   BCS1L   NDUFS8

GO:0032981 mitochondrial respiratory chain complex I 
assembly

0.009 8 NDUFS7   NDUFS4   BCS1L   NDUFS8

GO:0006119 oxidative phosphorylation 0.011 12 NDUFB9   NDUFB8   NDUFS1   NDUFA10   UQCRC2   COX4I1

GO:0042775 mitochondrial ATP synthesis coupled 
electron transport

0.027 10 NDUFB9   NDUFB8   NDUFA10   UQCRC2   COX4I1

Table 1. Func� onal enrichment analysis of proteins that had lower expression levels in the Shisa6 KO, or 
Shisa7 KO. Presented are corrected P-values, the percentage (%) of regulated proteins contribu� ng to a 
specifi c GO term and their gene names.

a trend towards increased expression in the KO was observed in the SWATH samples 
(P=0.053), but not in the independent validation samples. In addition, F-box protein 
41 (FBXO41), part of the E3 ubiquitin ligase complex, was selected for the reduced 
abundance in the Shisa6 KO detected by SWATH analysis (Supplementary Table 2). 
Immunoblot analysis revealed no change in FBXO41 expression. To validate regulation 
in the Shisa7 KO samples, the mitochondrial protein HADHA and the astrocytic 
protein GFAP were selected. As expected, both proteins were decreased in the Shisa7 
KO SWATH analysis samples (Fig. 3b; HADHA, P=0.027; GFAP, P=0.077), but the 
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Functional enrichment Shisa6/7

Gene ontology P-value % Genes

GO:0044087 regulation of cellular component 
biogenesis 0.000 44 STX1A   RAB5A   ACTR2   STXBP1   CAPZB   ARPC1A   

STX1B   CTTN   GPM6A   ARF6   ARPC4   RAB7A

GO:0043254 regulation of protein complex assembly 0.000 33 STX1A   ACTR2   STXBP1   CAPZB   ARPC1A   STX1B   CTTN   
ARF6   ARPC4

GO:0043623 cellular protein complex assembly 0.008 33 STX1A   ACTR2   STXBP1   CAPZB   ARPC1A   STX1B   CTTN   
ARF6   ARPC4

GO:0030031 cell projection assembly 0.009 26 RAB5A   ACTR2   SLC9A3R1   CAPZB   CTTN   GPM6A   ARF6

GO:2000300 regulation of synaptic vesicle exocytosis 0.012 15 STX1A   RAB5A   STXBP1   STX1B

GO:0030838 positive regulation of actin filament 
polymerization 0.020 19 ACTR2   ARPC1A   CTTN   ARF6   ARPC4

GO:0030833 regulation of actin filament polymerization 0.020 22 ACTR2   CAPZB   ARPC1A   CTTN   ARF6   ARPC4

GO:0032535 regulation of cellular component size 0.020 30 RAB5A   ACTR2   SLC9A3R1   CAPZB   ARPC1A   CTTN   
ARF6   ARPC4

GO:0030041 actin filament polymerization 0.022 22 ACTR2   CAPZB   ARPC1A   CTTN   ARF6   ARPC4

GO:1902803 regulation of synaptic vesicle transport 0.027 15 STX1A   RAB5A   STXBP1   STX1B

GO:0032273 positive regulation of protein polymerization 0.031 19 ACTR2   ARPC1A   CTTN   ARF6   ARPC4

GO:0030832 regulation of actin filament length 0.034 22 ACTR2   CAPZB   ARPC1A   CTTN   ARF6   ARPC4

GO:0008064 regulation of actin polymerization or 
depolymerization 0.034 22 ACTR2   CAPZB   ARPC1A   CTTN   ARF6   ARPC4

GO:0051128 regulation of cellular component 
organization 0.034 56

TUBB5   STX1A   RAB5A   ACTR2   SLC9A3R1   CPNE6   
STXBP1   CAPZB   ARPC1A   STX1B   CTTN   GPM6A   ARF6   
ARPC4   RAB7A

GO:0010807 regulation of synaptic vesicle priming 0.042 11 STX1A   STXBP1   STX1B

GO:0099500 vesicle fusion to plasma membrane 0.042 11 STX1A   STXBP1   STX1B

GO:0031629 synaptic vesicle fusion to presynaptic 
active zone membrane 0.042 11 STX1A   STXBP1   STX1B

GO:0051489 regulation of filopodium assembly 0.043 15 RAB5A   CAPZB   GPM6A   ARF6

GO:0090066 regulation of anatomical structure size 0.045 30 RAB5A   ACTR2   SLC9A3R1   CAPZB   ARPC1A   CTTN   
ARF6   ARPC4

GO:0032271 regulation of protein polymerization 0.045 22 ACTR2   CAPZB   ARPC1A   CTTN   ARF6   ARPC4

GO:0034622 cellular macromolecular complex 
assembly 0.045 33 STX1A   ACTR2   STXBP1   CAPZB   ARPC1A   STX1B   CTTN   

ARF6   ARPC4
GO:0008154 actin polymerization or depolymerization 0.049 22 ACTR2   CAPZB   ARPC1A   CTTN   ARF6   ARPC4

Table 2 Func� onal enrichment analysis of proteins that had lower expression levels in the Shisa6-7 KO. 
Presented are corrected P-values, the percentage (%) of regulated proteins contribu� ng to a specifi c GO 
term and their gene names.

Figure 2. Comparison of protein regula� on induced by Shisa6, Shisa7 and Shisa6/7 dele� on. a) Venn 
diagram of aff ected proteins, showing li� le overlap between Shisa6 and -7 (3 proteins) and Shisa6 and -6/7 
(5 proteins), and no overlap between the Shisa6/7 datasets. b) List of proteins that were regulated by Shisa 
dele� on in either the Shisa6 and -7, or the Shisa6 and -6/7 datasets.
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58 proteins
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41 proteins
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33 proteins

3 5

a b

Significant difference in 
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Non-significant difference in 
protein abundance
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Protein Shisa6 Shisa7 Shisa6/7
Drebrin1
Myosin-XVIIIa
ADP/ATP translocase 2
Immunoglobulin superfamily member 8
L1 Cell Adhesion Molecule
Neurocan
Cortactin
Serum albumin 
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DBN1
MYO18A
SLC25A5
IGSF8
L1CAM
NCAN

ALB
CTTN
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downregulation was not con� rmed in the independent synaptosome samples. Finally, 
for validation of regulation in the Shisa6/7 dKO, only SWATH analysis samples were 
available. Similar to the SWATH analysis the expression of proteins involved in vesicle 
tra�  cking and exocytosis was changed in the correct direction (Fig. 3c; Synaptotagmin2, 
P=0.053; Syntaxin1, P=0.036; Munc18-1, P=0.028). 
 Collectively, these immunoblot data suggested that changes in protein levels 
detected with the FASP-SWATH method were valid and could be con� rmed with an 
independent technique. However, both in the biologically independent Shisa6 KO 
and Shisa7 KO validation samples, regulation was not detected. To test the hypothesis 
that Shisa7 KO mice have a reduction in synaptically expressed mitochondria, EM 
analysis was used to provide additional independent con� rmation. With this technique, 
mitochondria present in presynaptic terminals were imaged. � e distance from the 
mitochondria to the presynaptic active zone and the number of mitochondria in 
mitochondria containing synapses were measured (Fig. 3d,e). No change in distance 
to the active zone was found, implying that synaptic localization of mitochondria was 
not a� ected in the Shisa7 KO. In line with these results, the number of mitochondria 
in mitochondria containing synapses was slightly, but not signi� cantly reduced in the 
Shisa7 KO mouse. Together with the immunoblot results these � ndings suggest that the 
Shisa7 SWATH detected regulation of protein abundance could not be con� rmed.

Discussion
� e hippocampal synaptic proteome was measured to detect di� erential protein 
expression in Shisa6 and -7 KO mice using a FASP-SWATH approach. � is technique 
uses fragment ion spectral libraries to mine the fragment ion maps generated in a data-
independent acquisition mode333. As it requires little sample preparation steps and 
thereby reduces signal variation334, this technique is suitable for quanti� cation of protein 
abundance in a complex preparation over multiple samples. � e objective of this study 
was to measure the changes in the synaptic proteome in the absence of either Shisa6 or 
Shisa7, as mice with these deletions showed speci� c non-overlapping phenotypes. In 
addition, we compared these results with the synaptic protein expression changes in a 
mouse with a double deletion of Shisa6 and -7. 

Functi onal enrichment of regulated proteins
Most regulation was found in the Shisa7 KO, possibly due to the low within-group 
variation of these measurements. However, the majority of the a� ected proteins were 
mitochondrial. Synaptosomes contain proteins expressed in the post- and presynaptic 
terminal337, and therefore might include presynaptically localized mitochondria. 
Validation experiments using EM, indicated that there is no change in the distance 
between the presynaptic active zone and synaptically localized mitochondria in the KO. 
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Figure 3. Immunoblot valida� on of synap� c protein expression as detected by SWATH analysis.
a-c) Valida� on blots were generated from synaptosomal prepara� ons used for SWATH analysis and independent 
synaptosome prepara� ons (n=6–8 mice per group). Expression levels were compared between genotypes 
using a paired Student’s t-test. The rela� ve change in expression detected with SWATH analysis is indicated 
with dashed lines. a) Shisa6 SWATH samples displayed a slight, but non-signifi cant increase in GluN1 expression 
(P=0.120), similar to the valida� on samples (P=0.297). A trend for upregula� on of SynGAP1 was observed 
(P=0.053), however, this was not confi rmed in independent samples (P=0.877). F-box protein 41 (FBXO41) 
was not regulated in any of the samples (SWATH samples, P=0.240; valida� on, P=0.769). b) Downregula� on 
of the mitochondrial protein HADHA (P=0.027) and a trend for GFAP (P=0.077) was confi rmed in the Shisa7 
SWATH samples, but not in the independent valida� on set (HADHA, P=0.521; GFAP, P=0.691). c) For the 
Shisa6/7 dKO a trend for increased expression was observed for synaptotagmin2 (SYT2, P=0.053) together 
with a signifi cant reduc� on of Syntaxin1 (Stx1, P=0.036) and Munc18-1 (P=0.028), in line with the proteomics 
analysis. No independent valida� on synaptosome samples were available to confi rm regula� on. d) Example 
EM image of mitochondria in close proximity to the ac� ve zone. e) The synap� c localiza� on of mitochondria 
in the hippocampal CA1 area was es� mated by measuring the distance between presynap� c mitochondria 
and the ac� ve zone. This distance was not altered in Shisa7 KO mice (P=0.315). f) In addi� on, the number of 
mitochondria in mitochondria containing synapses was counted was not diff erent in Shisa7 KO mice (P=0.150).
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In addition, the number of mitochondria per synapse is similar in synapses that contain 
mitochondria. However, the average number of mitochondria in presynaptic terminals 
should be determined in a random set of synapses to be conclusive. Validation by 
immunoblotting in independent samples indicated that there is no additional evidence 
to assume that the expression of presynaptic mitochondria in Shisa7 KO animals is 
reduced. In addition, if Shisa7 critically a� ects synaptic mitochondrial expression, a 
reduction of mitochondrial proteins might be expected in the Shisa6/7 dKO as well, 
which was not observed. Hence, we suspect that during synaptosome preparation or 
FASP a technical bias reduced the mitochondrial content of the samples. 
 � e Shisa6 and -6/7 datasets did not reveal signi� cant e� ects on regulation 
after FDR correction, probably both due to large within-group variation, especially 
in the Shisa6/7 samples, which might hide more subtle genotype-speci� c changes 
in protein expression. Because we continued to explore the most regulated proteins, 
based on e� ect size, the risk of identifying false positives increased. � is issue was 
addressed by analysis of functional enrichment of protein groups, demonstrating that 
several proteins downregulated in the Shisa6 KO are involved in regulation of synaptic 
plasticity. � is functional group consists, i.a., NMDAR subunit GluN1, SYNGAP1, 
and SHANK3. Phosphorylation of SYNGAP1 regulates actin remodeling, AMPAR 
exocytosis and endocytosis338. Furthermore, SHANK3 is a postsynaptic sca� old protein 
that contributes to LTP, learning behavior and glutamatergic signaling and indirectly 
interacts with AMPA and NMDA receptors339,340. � e observed downregulation of these 
proteins could contribute to disturbed long-term plasticity. Yet, it is remarkable that 
Shisa6 KO mice display enhanced LTP262, which seems in contrast with the reduced 
expression of proteins involved in LTP observed here. 
 In the Shisa6/7 dataset functional enrichment analysis indicated downregulation 
of proteins involved in protein polymerization and regulation of the actin cytoskeleton. 
Unexpectedly, functional enrichment of proteins involved in exocytosis and tra�  cking 
of synaptic vesicles was detected, whereas Shisa6 and -7 are localized in the postsynaptic 
density. Secreted proteins and cell adhesion molecules can facilitate trans-synaptic 
feedback signaling and in� uence presynaptic vesicle release341,342. Hence, it would be 
of interest to investigate whether synaptic vesicle release in the Shisa6/7 dKO mouse is 
altered, although there is no support for such e� ect in the single KO mice as miniature 
excitatory postsynaptic current (mEPSC) frequencies, and paired-pulse facilitation are 
normal. Notably, con� rmation of decreased protein abundance in independent samples 
is highly needed.

Regulati on of Shisa interacti ng proteins
To investigate whether the expression of previously identi� ed Shisa6 or Shisa7 interacting 
proteins178,252 was altered in the respective KO mice, the list of regulated proteins 
detected with SWATH analysis was compared with the Shisa6 and -7 interactome. As 
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the GluA3 AMPAR subunit is slightly upregulated in the Shisa6 KO (Supplementary 
Table 2; Gria3), the subunit composition of synaptic AMPARs might be shifted towards 
more GluA2/3-containing receptors. No other speci� c interactors of the Shisa proteins, 
or constituents of the AMPAR complex151, were regulated in the KO synaptosome 
samples, indicating that Shisa6 and -7 deletion does not induce drastic compensation of 
expression of other AMPAR-associated proteins.

Comparison of specifi c protein regulati on in the Shisa6, Shisa7, and Shisa6/7 dKO
Comparison of proteins regulated by Shisa6, -7 and -6/7 deletion indicated only a small 
proportion of overlap. Surprisingly, ADP/ATP translocase 2/ ANT 2 expression was 
di� erentially regulated in the Shisa6 and -7 KO. ADP/ATP translocase 2 is a member 
of the solute carrier family that facilitates the exchange of ADP and ATP across the 
mitochondrial inner membrane343. In addition to its mitochondrial function, ADP/ATP 
translocase 2 was recently identi� ed as cell surface protein that interacts with L1CAM344. 
� e authors showed, that via interaction with L1CAM, ADP/ATP translocase 2 
stimulates neurite outgrowth in cerebellar granule cells, possibly, by facilitation of ATP 
transport into the extracellular space. Notably, L1CAM was found decreased in the 
Shisa6 KO and -6/7 (d)KO in this study. Together, these � ndings suggest that di� erential 
regulation of the ADP/ATP translocase 2-L1CAM complex might contribute to changes 
in neurite outgrowth observed in Shisa6 and -7 KO hippocampal cultured neurons 
described in chapter 5. � e second di� erentially regulated protein is Drebrin. � is spine 
localized protein induces actin-stabilization and contributes to LTP, as speci� c deletion 
of the adult-expressed form of Drebrin reduces LTP and fear memory330,345. It would be 
of interest to validate whether Shisa6 and -7 indeed di� erentially regulate Drebrin, as 
such e� ect might play a role in the unique phenotypes of the KO mice in plasticity and 
behavior.
 Several of the proteins downregulated in the Shisa6 KO are also regulated in 
the Shisa6/7 dKO, including the extracellular matrix component Neurocan, the L1 
cell adhesion molecule and Cortactin, an actin-nucleation protein that links the actin 
cytoskeleton with SHANK proteins346. Cortactin promotes dendritic spine growth by 
activating the Arp2/3 complex that promotes actin branching and remodeling during 
plasticity12,312. Reduction in Cortactin levels might therefore a� ect the maintenance 
phase of LTP. How deletion of the AMPAR-associated Shisa proteins might regulate 
expression of actin modulators, such as Cortactin and Drebrin, remains to be elucidated. 
Most of the proteins regulated in the Shisa6 KO are not regulated in the Shisa6/7 
dKO, including the functional group involved in synaptic plasticity detected 
with GO analysis. � is contrast might be explained by an indirect compensation 
mechanism. Hypothetically, if regulation of expression in the Shisa6 KO 
results from functional compensation of Shisa7, such e� ect would be abolished 
in the Shisa6/7 dKO. Alternatively, regulation of these proteins might have 
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gone undetected by the disturbed sample preparation of the Shisa7 samples.  

Biological & technical variati on
Immunoblot validation of regulation detected by SWATH was performed to compare 
protein expression with two independent techniques. � e results indicated, that 
although the level of regulation is not always comparable, SWATH analysis is sensitive 
and can reliably measure expression di� erences between genotypes. Hence, the technical 
variation of the FASP-SWATH method is low, as suggested before334. To validate the 
di� erential expression pro� le of several proteins, independent synaptosome samples 
were prepared for immunoblotting. However, these samples did not yield con� rmation 
of genotypic di� erences in protein expression. As mentioned above, for Shisa7 this is 
likely due to a sample preparation error, which included mitochondria and myelin in the 
preparation. Furthermore, the biological variation between mice of one genotype might 
be too high to detect consistent changes in protein expression in the di� erent batches of 
mice used for SWATH analysis and independent samples. � e variation measured in the 
SWATH analysis was highest for the Shisa6/7 WT samples that were not derived from 
littermates and therefore form a heterogeneous control group. � ese data suggest that 
batch di� erences enhance variation in protein quanti� cation. Although genetic variation 
between inbred mice is reduced to a minimum, environmental factors, controlling 
development through epigenetic mechanisms, may induce phenotypic changes between 
di� erent batches of mice347,348. Conclusively, as the extent of regulation in the Shisa6 and 
-6/7 KO mice observed here was low, the e� ect of biological variation between di� erent 
batches of mice becomes more prominent and thereby might limit the generalization of 
observed protein regulation.  
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Dataset Criteria for GO analysis

Shisa7 All proteins wth FDR corrected P -value<0.05

Shisa6 1 Effect size > 1

2 Log2-regulation> 0.15

3 t-test P-value  < 0.05

Shisa6/7 1 Effect size > 1.25

2 Log2-regulation > 0.15

3 t-test P-value  < 0.05

Effect size: (mean(KO)- mean(WT) / mean(sd(KO),sd(WT))

Supplementary Table 1. Criteria for selec� on of regulated proteins included in Gene Ontology analysis.

Gene Protein name # Peptides
Log2-

difference
FDR P -
value

t-test P -
value

CDH10 Cadherin-10 2 0.88 0.688 0.010

RAB31 Small GTPase Rab31 protein 2 0.71 0.644 0.012

CACNB3 Voltage-dependent L-type calcium channel subunit beta-3 2 0.61 0.769 0.032

BCAS3 Breast carcinoma-amplified sequence 3 homolog 2 0.60 0.588 0.004

MYO18A Unconventional myosin-XVIIIa 2 0.57 0.688 0.030

TBC1D24 TBC1 domain family member 24 2 0.53 0.769 0.049

MAP4 Microtubule-associated protein 4 2 0.51 0.745 0.041

ALB Serum albumin 4 0.41 0.745 0.038

GRIN1 Glutamate Receptor, Ionotropic, N-Methyl D-Aspartate 1 9 0.36 0.644 0.002

NRXN3 Neurexin-3 5 0.34 0.677 0.009

CSPG5 Chondroitin sulfate proteoglycan 5 3 0.33 0.688 0.014

COX5A Cytochrome c oxidase subunit 5A, mitochondrial 3 0.30 0.745 0.046

GRIA3 Glutamate Receptor, Ionotropic, AMPA 3 5 0.29 0.688 0.011

SLC8A2 Sodium/calcium exchanger 2 5 0.26 0.697 0.017

SCAI Protein SCAI 6 0.22 0.644 0.004

SYNGAP1 Ras/Rap GTPase-activating protein SynGAP 20 0.21 0.644 0.003

SLC25A5 ADP/ATP translocase 2 3 0.20 0.769 0.046

IQSEC2 IQ motif and SEC7 domain-containing protein 2 3 0.20 0.745 0.033

MAOA Amine oxidase [flavin-containing] A 6 0.19 0.745 0.028

PLD3 Phospholipase D3 2 0.16 0.697 0.009

SHANK3 Cadherin 10 3 0.16 0.745 0.025

UNC13A Protein unc-13 homolog A 6 0.15 0.745 0.017

Supplementary Table 2. Proteins increased in level by Shisa6 dele� on. The gene, protein name, number of 
pep� des, log2-diff erence, and P-values (FDR, t-test) are indicated. The list is sorted on the log2-diff erence value.
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Gene Protein name # Peptides
Log2-

difference
FDR P -
value

t-test P -
value

FBXO41 F-box only protein 41 3 -1.01 0.721 0.025

ACTN4 actinin alpha 4 2 -0.89 0.065 0.000

DBN1 Drebrin 3 -0.57 0.697 0.016

RAPGEF2 Rap guanine nucleotide exchange factor 2 4 -0.48 0.697 0.022

GUCY1B3 Guanylate cyclase soluble subunit beta-1 2 -0.45 0.644 0.003

RIMBP2 RIMS-binding protein 2 3 -0.41 0.688 0.017

DUSP3 Dual-specificity protein phosphatase 3 2 -0.37 0.769 0.049

AP3B2 AP-3 complex subunit beta-2 3 -0.36 0.745 0.044

CTTN Src substrate cortactin 3 -0.29 0.745 0.041

NCAN Neurocan core protein 4 -0.29 0.769 0.047

HSPA2 Heat shock-related 70 kDa protein 2 3 -0.28 0.688 0.020

DPYSL5 Dihydropyrimidinase-related protein 5 4 -0.27 0.688 0.014

L1CAM L1 Cell Adhesion Molecule 3 -0.25 0.644 0.004

ADD3 Adducin 3 (Gamma) 3 -0.24 0.688 0.013

IGSF8 Immunoglobulin superfamily member 8 4 -0.22 0.773 0.045

FASN Fatty acid synthase 5 -0.20 0.697 0.013

CPNE4 Copine-4 7 -0.19 0.644 0.002

ADAM11 A disintegrin and metallopeptidase domain 11 4 -0.16 0.745 0.021

CCT4 T-complex protein 1 subunit delta 6 -0.15 0.697 0.009

Supplementary Table 3. Proteins decreased in level by Shisa6 dele� on. The gene, protein name, number of 
pep� des, log2-diff erence, and P-values (FDR, t-test) are indicated. The list is sorted on the log2-diff erence value.

Gene Protein name # Peptides
Log2-

difference
FDR P -
value

t-test P -
value

MYO18A Unconventional myosin-XVIIIa 7 0.28 0.045 0.001

NOS1 Nitric oxide synthase, brain 4 0.23 0.047 0.003

PRKCG Protein kinase C gamma type 10 0.21 0.046 0.003

FBXL16 F-box/LRR-repeat protein 16 3 0.20 0.046 0.002

DBN1 Drebrin 4 0.20 0.034 0.000

TPM1 Tropomyosin alpha-1 chain 3 0.20 0.043 0.001

PPP3CB Serine/threonine-protein phosphatase 4 0.18 0.046 0.002

PTK2B Protein-tyrosine kinase 2-beta 6 0.17 0.046 0.002

Supplementary Table 4. Proteins increased in level by Shisa7 dele� on. The gene, protein name, number of 
pep� des, log2-diff erence, and P-values (FDR, t-test) are indicated. The list is sorted on the log2-diff erence value.
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Gene Protein name # Peptides
Log2-

difference
FDR P -
value

t-test P -
value

PRODH Proline dehydrogenase 1 2 -1.33 0.045 0.004
STOML2 Stomatin-like protein 2 3 -1.17 0.046 0.005
DHODH Dihydroorotate dehydrogenase (quinone) 2 -1.04 0.034 0.000
MOG Myelin-oligodendrocyte glycoprotein 3 -0.94 0.040 0.001
RHOG Rho-related GTP-binding protein 2 -0.77 0.040 0.002
SFXN5 Sideroflexin-5 3 -0.62 0.002 0.000
MBP Myelin basic protein 3 -0.61 0.034 0.001
HADHA Trifunctional enzyme subunit alpha 9 -0.58 0.047 0.002
PLP1 Myelin proteolipid protein 6 -0.53 0.040 0.001
ETFDH Electron transfer flavoprotein-ubiquinone oxidoreductase 5 -0.47 0.039 0.001
BCS1L Mitochondrial chaperone BCS1 2 -0.47 0.049 0.006
OCIAD1 Isoform 3 of OCIA domain-containing protein 1 3 -0.45 0.046 0.004
AFG3L2 AFG3-like protein 2 4 -0.42 0.034 0.000
HADHB Trifunctional enzyme subunit beta 4 -0.42 0.020 0.000
APOO MICOS complex subunit Mic26 2 -0.41 0.040 0.003
GFAP Glial fibrillary acidic protein 3 -0.39 0.040 0.001
CNP Isoform CNPI of 2',3'-cyclic-nucleotide 3'-phosphodiesterase 13 -0.39 0.045 0.004
SAMM50 Sorting and assembly machinery component 50 6 -0.35 0.047 0.006
COX6B1 Cytochrome c oxidase subunit 6B1 2 -0.33 0.045 0.003
IDH2 Isocitrate dehydrogenase [NADP] 5 -0.32 0.040 0.003
NDUFS8 NADH dehydrogenase [ubiquinone] iron-sulfur protein 8 2 -0.31 0.042 0.003
BDH1 D-beta-hydroxybutyrate dehydrogenase 6 -0.31 0.034 0.001
NDUFV1 NADH dehydrogenase [ubiquinone] flavoprotein 1 7 -0.31 0.040 0.002
SFXN1 Sideroflexin-1 5 -0.31 0.040 0.003
NDUFB9 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 9 2 -0.30 0.034 0.001
NDUFS2 NADH dehydrogenase [ubiquinone] iron-sulfur protein 2 11 -0.30 0.046 0.005
NDUFS1 MOUSE NADH-ubiquinone oxidoreductase 75 kDa subunit 20 -0.30 0.046 0.006
NDUFS7 NADH dehydrogenase [ubiquinone] iron-sulfur protein 7 3 -0.29 0.040 0.002
THEM4 Acyl-coenzyme A thioesterase THEM4 2 -0.29 0.039 0.001
ACSL6 Long-chain-fatty-acid--CoA ligase 6 7 -0.29 0.046 0.002
NDUFA13 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 13 3 -0.28 0.040 0.002
IMMT Isoform 2 of MICOS complex subunit Mic60 13 -0.28 0.047 0.007
NDUFS4 NADH dehydrogenase [ubiquinone] iron-sulfur protein 4 3 -0.28 0.045 0.004
NDUFB8 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 8 4 -0.28 0.040 0.002
COX6C Cytochrome c oxidase subunit 6C 2 -0.27 0.040 0.003
NDUFB10 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 10 4 -0.27 0.040 0.002
UQCRC2 Cytochrome b-c1 complex subunit 2 11 -0.27 0.046 0.004
NDUFA10 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 10 7 -0.27 0.040 0.002
SLC25A5 ADP/ATP translocase 2 2 -0.27 0.046 0.005
SDHB Succinate dehydrogenase [ubiquinone] iron-sulfur subunit 7 -0.26 0.045 0.003
ATP5O ATP synthase subunit O 7 -0.26 0.046 0.006
CYC1 CY1_MOUSE Isoform of Q9D0M3, Isoform 2 of Cytochrome c1, heme protein4 -0.26 0.046 0.005
NDUFS3 NADH dehydrogenase [ubiquinone] iron-sulfur protein 3 8 -0.26 0.046 0.005
MCU Calcium uniporter protein 3 -0.26 0.046 0.006
SFXN3 Sideroflexin-3 7 -0.25 0.043 0.003
SLC25A12 Calcium-binding mitochondrial carrier protein Aralar1 10 -0.24 0.045 0.003
PHB2 Prohibitin-2 8 -0.24 0.046 0.004
COX4I1 Cytochrome c oxidase subunit 4 isoform 1 8 -0.24 0.047 0.005
SLC25A11 Mitochondrial 2-oxoglutarate/malate carrier protein 4 -0.23 0.046 0.005
FAM177A1 Protein FAM177A1 2 -0.23 0.045 0.002
OPA1 Dynamin-like 120 kDa protein 14 -0.22 0.047 0.004
CKMT1 Creatine kinase U-type 8 -0.21 0.048 0.005
SLC25A46 Solute carrier family 25 member 46 2 -0.19 0.045 0.001

Supplementary Table 5. Proteins decreased in level by Shisa7 dele� on. The gene, protein name, 
number of pep� des, log2-diff erence, and P-values (FDR, t-test) are indicated. The list is sorted on 
the log2-diff erence value.
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Gene Protein name # Peptides
Log2-

difference
FDR P -
value

t-test P -
value

LRRC8A Leucine-rich repeat-containing protein 8A 2 1.28 0.063 0.000

ME3 NADP-dependent malic enzyme, mitochondrial 2 0.80 0.092 0.000

PABPC1 Polyadenylate-binding protein 1 3 0.76 0.268 0.035

STXBP5L Syntaxin-binding protein 5-like 2 0.73 0.268 0.049

NCSTN Nicastrin 2 0.70 0.268 0.046

SYT2 Synaptotagmin-2 3 0.69 0.009 0.002

SNPH Syntaphilin 2 0.67 0.268 0.028

PDK2 Pyruvate dehydrogenase (acetyl-transferring)] kinase isozyme 2, mitochondrial 2 0.65 0.268 0.003

AP3D1 AP-3 complex subunit delta-1 11 0.41 0.268 0.012

Supplementary Table 6. Proteins increased in level by Shisa6/7 dele� on. The gene, protein name, 
number of pep� des, log2-diff erence, and P-values (FDR, t-test) are indicated. The list is sorted on 
the log2-diff erence value.

Gene Protein name # Peptides
Log2-

difference
FDR P -
value

t-test P -
value

ALB Serum albumin 6 -0.97 0.003 0.001

RAD23B UV excision repair protein RAD23 homolog B 3 -0.70 0.268 0.086

NCAN Neurocan core protein 4 -0.47 0.268 0.048

TMEM11 Transmembrane protein 11 2 -0.46 0.268 0.006

NDRG2 Protein NDRG2 4 -0.43 0.268 0.030

L1CAM Neural cell adhesion molecule L1 4 -0.41 0.268 0.014

ALCAM CD166 antigen 5 -0.41 0.268 0.009

TUBB5 Tubulin beta-5 3 -0.40 0.268 0.025

TUBB4A Tubulin beta-4A 3 -0.39 0.268 0.079

PSD3 PH and SEC7 domain-containing protein 3 3 -0.36 0.268 0.004

STX1A Syntaxin-1A 12 -0.36 0.268 0.030

CTTN Cortactin 3 -0.34 0.268 0.011

STXBP1 Syntaxin-binding protein 1 22 -0.30 0.268 0.010

CD200 OX-2 membrane glycoprotein 3 -0.30 0.268 0.008

RAB5A Ras-related protein Rab-5A 2 -0.30 0.268 0.006

RAB7A Ras-related protein Rab-7a 8 -0.29 0.268 0.004

ARPC1A Actin-related protein 2/3 complex subunit 1A 5 -0.28 0.268 0.002

CPNE6 Copine-6 11 -0.27 0.268 0.026

IGSF8 Immunoglobulin superfamily member 8 5 -0.27 0.268 0.004

TKT Transketolase 7 -0.26 0.268 0.027

SLC9A3R1 Na(+)/H(+) exchange regulatory cofactor NHE-RF1 3 -0.26 0.268 0.009

CAPZB  F-actin-capping protein subunit beta 9 -0.26 0.268 0.012

GPM6A Neuronal membrane glycoprotein M6 6 -0.25 0.268 0.006

SLC3A2 Isoform 2 of 4F2 cell-surface antigen heavy chain 9 -0.25 0.268 0.002

STX1B Syntaxin-1B 14 -0.24 0.268 0.013

ACTR2 Actin-related protein 2 8 -0.23 0.268 0.010

ARF6 ADP-ribosylation factor 6 2 -0.22 0.268 0.004

ARPC4 Actin-related protein 2/3 complex subunit 4 5 -0.22 0.268 0.007

NTM Neurotrimin 4 -0.21 0.268 0.000

SEPT2 Septin-2 2 -0.21 0.271 0.103

AHCYL1 Putative adenosylhomocysteinase 2 3 -0.19 0.268 0.002

MAPT Microtubule-associated protein 5 -0.19 0.271 0.025

NCKAP1 Nck-associated protein 1 13 -0.19 0.268 0.011

ARPC5L Actin-related protein 2/3 complex subunit 5 3 -0.18 0.282 0.017

SLC32A1 Isoform 2 of Vesicular inhibitory amino acid transporter 3 -0.18 0.268 0.017

MAP6 Microtubule-associated protein 6 24 -0.18 0.271 0.011

CPE Carboxypeptidase E 4 -0.17 0.268 0.006

Supplementary Table 7. Proteins decreased in level by Shisa6/7 dele� on. The gene, protein name, 
number of pep� des, log2-diff erence, and P-values (FDR, t-test) are indicated. The list is sorted on 
the log2-diff erence value.
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Supplementary Table 8. Average change in protein expression and comparison between expression 
levels derived from SWATH analysis and immunoblo�  ng (cf. Fig. 3).

Relative expression, KO/WT 

Shisa6 NR1 SynGAP1 FBOX41
SWATH analysis 1.28 1.16 0.50

Immunoblot SWATH samples 1.06 1.19 0.96

Immunoblot independent samples 1.06 0.99 1.02

Shisa7 HADHA GFAP
SWATH analysis 0.67 0.76

Immunoblot SWATH samples 0.81 0.73

Immunoblot independent samples 1.13 1.08

Shisa6/7 Synaptotagmin2 Syntaxin1 Munc18-1
SWATH analysis 1.62 0.85 0.81

Immunoblot SWATH samples 1.07 0.85 0.88
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