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Supplemental Tables (EXCEL data files) 
 
Table S1. The ASD candidate genes in this study (related to Fig. 2 and 3). The merged gene 
list, and the separate gene lists (grouped by mutation types) are shown in each column. The 
sources of the data are also indicated. 
 
Table S2. Protein complexes involving at least one ASD-associated subunit (related to Fig. 
2). The first datasheet contains all the complexes with at least one subunit associated with ASD. 
Each row is for a complex. The second datasheet is for the enriched MGI phenotypes for 
subunits co-complexed with ASD candidate genes (the proband column). The phenotypic terms 
were also tested on the subunits co-complexed with non-ASD genes (the sibling column). 
 
Table S3. Gene expression analysis for the differentiated SH-SY5Y neuronal cells (related 
to Fig.4). The first datasheet is the enriched gene ontology terms for the up-regulated genes upon 
SH-SY5Y differentiation. The second datasheet is the RNA-Seq data (FPKM output of Cuffdiff) 
for all the genes before and after neuronal differentiation. 
 
Table S4. All the antibodies used in this study (related to Fig.4). 
 
Table S5. The identified prey proteins in the differentiated SH-SY5Y neuronal cells 
(related to Fig.5). The first datasheet contains each co-purifying bait proteins with each bait 
protein. The spectral counts of each prey protein in two biological replicates as well as their 
occurrences in each of the four control IP experiments are listed. The fold changes between the 
IP and control experiments are also shown. The statistical confidence for each prey protein 
identification is indicated by the SaintScores. The second datasheet lists the 19 genes previously 
identified in the PSD proteome. 
 
Table S6. The identified 35 co-purifying prey proteins with HDAC2 in the differentiated 
SH-SY5Y neuronal cells (related to Fig.4, 5). The data format is the same as that in Table S5. 
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Fig. S2. Hdac1/2 double-knockout (A) down-regulates ASD-associated genes, 

whereas expressing a single HDAC1 (B) or HDAC2 (C) allele at E14.5 or P0 (D)

up-regulates the ASD-implicated genes to a level similar with the transcriptome

background. 
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Fig. S3. Expression analysis of the four bait proteins (GRIN2B, SCN2A, TBR1 and KATNAL2) not recovered in IP-MS experiments in 
the differentiated SH-SY5Y neuronal culture. (A) RNA-sequencing revealed the low expression of the four proteins in the differentiated 
SH-SY5Y neuronal culture, whereas the other seven bait proteins on average showed high abundance in mRNA level. (B). Immunoblot-
ting showing low abundance of the endogenous protein expression for GRIN2B, SCN2A KATNAL2 and ANK2 in two neuronal (different-
iated SH-SY5Y and NTera2) relative to two non-neuronal (HEK293 and HCT116) cell lines. TBR1 was not tested due to its extremely low
mRNA level (FPKM=0). ANK2, the bait protein successfully recovered from the IP-MS experiments, showed high expression in both 
mRNA and protein levels (relative to the non-neuronal cell lines).
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Supplemental Experimental Procedures 
 

Analysis of the ubiquitous human protein complexes 

We employed a complete list of 622 soluble stable protein complexes from a recent proteome-wide mass 

spectrometric profiling study(Havugimana et al., 2012). The UniProt identifiers of the protein subunits 

were mapped onto human HGNC (HUGO Gene Nomenclature Committee) gene symbols. We examined 

mRNA expression of the protein complex subunits in the postmortem dorsolateral prefrontal cortex 

(Brodmann area, BA9) from a control subject in our earlier RNA-Seq study(Li et al., 2014), and 

observed that genes encoding subunits of the 622 complexes indeed displayed substantially higher 

expression (median FPKM>5) relative to the transcriptome background (P<1e-20, Wilcoxon rank-sum 

test, Fig. S1).  

 

We considered 378 ASD-associated genes affected by different types of mutations from multiple studies 

(Table S1), including i) high-confidence ASD-associated de novo CNVs(Noh et al., 2013), ii) ASD-

associated syndromic mutations (from SFARI annotations, Category S), iii) de novo loss-of-function 

mutations in ASD probands (note the union set was used from the exome-sequencing studies(Iossifov et 

al., 2012; Neale et al., 2012; O'Roak et al., 2012; Sanders et al., 2012; Willsey et al., 2013), and iv) nine 

high-confidence ASD-associated genes affected by de novo mutations from Willsey, et al.(Willsey et al., 

2013), including ANK2, CHD8, CUL3, DYRK1A, SCN2A, TBR1, GRIN2B, POGZ, and KATNAL2. To 

determine their overall functional enrichment, an appropriate background control (proteins not co-

complexed with the ASD candidates) was needed. We therefore assembled a control set based on two 

considerations: (1) the original study showed that the entire collection of these protein complexes were 

enriched for many functional categories(Havugimana et al., 2012), so the control proteins in this study 

should be sampled from the same set of protein complexes identified from the same study thereby 

avoiding potential sampling bias; (2) the vast majority of the ASD candidates in this study were from 

previous screens for de novo mutations (>86%), and many of the remaining genes (for syndromic ASDs) 

were also identified through de novo mutations (e.g. mutations in FMR1(De Boulle et al., 1993) and 

MECP2(Amir et al., 1999)). Because genes with varying functions have different rates of de novo 

mutations(Samocha et al., 2014), one cannot evenly permute the ASD candidates within the protein 

complexes for the purpose of experimental control. Instead, we compiled 592 genes affected by de novo 

loss-of-function mutations or exon-affecting CNVs from unaffected siblings or healthy control subjects 

in previous studies(Iossifov et al., 2012; Kirov et al., 2012; Levy et al., 2011; Neale et al., 2012; O'Roak 
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et al., 2012; Sanders et al., 2011; Sanders et al., 2012; Willsey et al., 2013), which mapped to 87 protein 

complexes. We excluded 20 complexes that overlapped between the 98 complexes harboring ASD-

associated proteins and the 87 control protein complexes. We compared with the protein complex sizes 

(the number of subunits) between the two groups (after removing the 20 overlapping complexes), and 

found that their sizes were statistically similar (P=0.31, Wilcoxon rank-sum test). We removed the 

annotated ribosomal and spliceosomal subunits from our analysis, which were retrieved from the 

CORUM database(Ruepp et al., 2010). In the meantime,  

 

The subunits co-complexed with the ASD gene candidates were compared to the subunits co-complexed 

with control proteins, where the ASD candidates and the control proteins were excluded from the 

analysis. ClueGO(Bindea et al., 2009) was used to perform the differential gene ontology analysis, 

where significant terms have adjusted P-values less than 0.05 (by Bonferroni step-down correction).  

 

Throughout this manuscript, we also ued Enrichr(Chen et al., 2013) for phenotypic enrichment analysis. 

Briefly, this test was to identify the enriched phenotypic terms associated with individual mouse 

mutants, and the mammalian phenotypic terms are standardized by Mouse Genome Informatics. 

Specifically, we considered the mammalian phenotypes at the hierarchical level four, which allowed us 

to study more specific phenotypic terms. The significant phenotypic terms had adjusted P-values less 

than 0.05 (corrected by Benjamini-Hochberg’s method).  

 

 Analysis of the role of HDAC1/2 in ASD 

We examined the effects of HDAC1/2 double-knockout in embryonic mouse brain. Gene expression 

dataset for HDAC1/2 double-knockout was from a recent study (Hagelkruys et al., 2014). We followed 

the procedures in the original study, and considered gene differential expression if one of its associated 

probe-sets displayed statistically significant differential expression. For genes with multiple probe sets, 

we followed the procedures in the original study and considered the probe set with the strongest signal 

(Hagelkruys et al., 2014). Specially, if the probe sets mapping onto the same gene displaying consistent 

up- or down-regulation upon gene knockout, we considered the probe set showing the strongest 

differentiation signal, but we discarded genes whose probe sets showed inconsistent up- or down-

regulation upon gene knockout(s). In addition to the HDAC1/2 double-knockout, single knockouts of 

HDAC1 (at E14.5 and P0) or HDAC2 (at E14.5) were also examined individually. The human-mouse 

gene orthology was determined by ENSEMBL Biomart (as of April, 2014), and only the one-to-one 
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orthologs (15,797 human-mouse orthologous pairs in total) were considered in this study. In addition to 

the ASD-implicated genes described above, we also analyzed genes implicated in intellectual disability 

(ID, 401 genes)(Parikshak et al., 2013), Schizophrenia (SZ, 499 genes)(Fromer et al., 2014; Purcell et 

al., 2014) and Alzheimer’s disease (ALZ, 613 genes)(Bertram et al., 2007). 

 

Cell culture and differentiation 

SH-SY5Y cells (ECACC, Sigma-Aldrich) in 1:1 DMEM-F12 medium (Life technologies) supplemented 

with 10% fetal bovine serum (FBS), penicillin (50 u/mL), streptomycin (50 µg/mL), and L-glutamine (2 

mM) were maintained at 37 °C in a saturated humidity atmosphere containing 95% air and 5% CO2. 

The SH-SY5Y cells were then differentiated into neuron-like cells by the addition of retinoic acid (RA, 

Sigma-Aldrich; R2625) and brain-derived neurotrophic factor (BDNF, eBioscience) essentially as 

previously described with minor modifications(Encinas et al., 2000). Briefly, for differentiation, cells 

were plated at a density of 4 x 104 / cm2 in medium containing 5% FBS along with aforementioned 

components. On the next day, medium containing 5% FBS and 10 µM RA was added to the cells and 

the medium was changed every day for a total of 7 days. On the 8th day, the medium was replaced with 

DMEM supplemented with penicillin (50 u/mL), streptomycin (50 µg/mL), L-glutamine (2 mM), and 

BDNF (20 ng/mL) but without FBS addition. Again the medium was changed every 2-3 days for an 

additional 9 days. The differentiated cells were detached by incubating the cells with versene at 37 °C 

for 10-15 min, followed by phosphate buffer saline wash, and centrifugation (twice) at 190 xg for 10 

min. We analyzed the complexes isolated from differentiated SH-SY5Y neuron-like cells on day 16 

(starting with undifferentiated cells on day 0). The differentiated cells were visually inspected for 

neuron-like morphology (Fig. 4A), followed by RNA-Seq analysis (two replicates each for both 

undifferentiated and differentiated cells) to confirm globally increased expression of neuronal 

markers(Cahoy et al., 2008) after differentiation (P=7.7e-5, Wilcoxon rank-sum test).  

 

RNA-Seq procedures 

We performed RNA-sequencing for the differentiated and undifferentiated SH-SY5Y cells. Two µg of 

total RNA each sample was subject to RNA-seq library preparation with ScriptSeq™ Complete Gold 

Kit from Epicentre (Cat. # SCL24EP, Madison, WI) following the manufacturer’s instructions. In brief, 

ribosomal RNA was depleted from total RNA using Ribo-Zero magnetic beads, then the ribosomal RNA 

depleted RNA was purified and fragmented. Random primer tailed with Illumina adaptor was used to 

perform reverse transcription to get cDNA library. Adaptor sequence was added to the other end of 
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cDNA library with a Terminal-Tagging step. cDNA library was amplified with Illumina primers 

provided with this kit. The product was size selected (350~500 bp) from 2% agarose E-gels (Invitrogen) 

and sequenced in one lane per sample on Illumina’s HiSeq 2000 platform. We sequenced two replicates 

for each of the differentiated and undifferentiated SH-SY5Y cells, and used cuffdiff (v.2.0.2) to identify 

the differentially expressed genes upon the induced differentiation. 258 genes with q value less than 0.05 

and fold change (after differentiation) great than 2 were examined for their functional enrichment. 

DAVID (http://david.abcc.ncifcrf.gov) was then used to examine the gene ontology enrichment. The 

significantly up-regulated genes in the differentiated state displayed GO functional enrichment (by 

DAVID) for neuron differentiation (FDR=2.2e-3), neuron projection morphogenesis (FDR=3.2e-3) and 

development (FDR=4.1e-3), axonogenesis (FDR=6.2e-3) and synaptic transmission (FDR=4.6e-3), 

demonstrating neuron-like characteristics of these cells (Table S3).  

 

IP-MS to identify interacting proteins 

Affinity purification by immuno-precipitation combined with mass-spectrometry analysis (IP-MS) was 

used to identify interacting proteins in the SH-SY5Y neuronal differentiated culture. To identify 

interacting proteins, the differentiated SH-SY5Y neuron-like cells were harvested and lysed for rapid co-

immunoprecipitation of the bait proteins, using antibodies with high binding specificity (Table S4). ). 

Immunoprecipitated proteins were digested with trypsin, and peptide mixtures of proteins that co-

immunoprecipitated with the bait proteins were analyzed by a high-resolution Orbitrap Elite mass 

spectrometer (Fig. 4A). All the experiments were performed using two different cell batches that were 

separately cultured, grown and differentiated (i.e. two biological replicates). Prior to cell lysis and IP, 

viable surviving neuron-like cells were cross-linked using the cell membrane-permeable bifunctional 

cross-linking reagent, dithiobis succinimidyl propionate (DSP, Thermo Scientific). The cross-linked 

cells were pelleted and lysed in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl (pH 7.5), 1% Na 

deoxycholate, 0.1% sodium dodecyl sulfate, 1% NP-40, and 1mM EDTA). Approximately 10 mg 

protein (measured using Bradford assay) with 50 µL µMACS protein A or G magnetic microbeads was 

incubated with protein-specific antibodies at 4°C for ~4 hours with gentle rotation. The sample mixtures 

purified using the magnetic column was washed three times with RIPA buffer containing detergent, 

followed by last two washes with detergent free RIPA buffer. Purified proteins are incubated for 30 min 

at room temperature with the proteolytic digestion mixture (2M urea, 50 mM Tris-HCl (pH 7.5), 1mM 

dithiothreitol, and immobilized trypsin (5 µg/mL)), and eluted further using the buffer containing 2M 

urea, 50 mM Tris-HCl (pH 7.5), and 5mM choloroacetamide. After continuing digestion of the eluted 



	 5	

mixture overnight, the peptides are desalted and zip-tipped for mass-spectrometry analysis (MS) 

analysis. The high-confidence matches of the resulting MS/MS spectra obtained from the Orbitrap Elite 

mass spectrometer was mapped to the reference human protein sequences using the SEQUEST database 

search engine with match quality evaluated against the STATQUEST algorithm(Kislinger et al., 2006). 

The information of all the antibodies used in this study can be found in Table S4. 

 

Identify the bona fide protein interactions from IP-MS screens 

The identified co-purifying proteins were filtered out at a peptide identification confidence 90% as well 

as with the most common background contaminants (compiled from in house purifications). With all 

these criteria, our initial screen identified 2812 potential protein interactions from the seven bait 

proteins. To exclude non-specific binding proteins, we additionally carried out four sets of independent 

negative control experiments, in which we used empty protein G beads (without antibodies), empty 

protein A beads (without antibodies), an anti-GFP antibody and a secondary goat IgG used in the co-

immunoprecipitation steps, followed by the same IP-MS procedures. We then used SAINTexpress to 

build a Bayesian mixture model(Mellacheruvu et al., 2013; Teo et al., 2014), and derived the posterior 

probability of true interaction for each bait-prey pair by comparing their MS/MS spectra counts between 

the pull-down experiments and the four sets of negative control experiments.  We ranked the posterior 

probabilities of all the 2812 bait-prey pairs. Using an independent set of known protein-protein 

interactions(Turinsky et al., 2011), we examined whether the interaction pairs assigned with higher 

posterior probability of true interaction were more likely to have known protein-protein interactions. We 

observed that the enrichment of known protein-protein interactions was positively correlated with our 

Bayesian confidence scores, and the highest enrichment signal was observed among the bait-prey 

interactions with posterior probabilities above 80% as true interactions (Fig. 4B, P=3.97e-6, Fisher’s 

exact test). We thus retained 119 interactions above this threshold (Table S5), which was slightly more 

conservative than a threshold of 75% used in a recent study(Joshi et al., 2014).  

 

Validation of the predicted IP-MS interactions  

To confirm the physically bound interacting proteins by co-IP, the aforementioned IP procedure was 

followed, except that the co-purifying protein that bound to the beads was eluted by the addition of 25 µl 

Laemmli loading buffer at 95 °C, and the fractions separated on SDS-PAGE gel was transferred to 

PVDF membranes and probed with protein specific- and HRP conjugated secondary- antibodies. The 

co-purifying protein bound to the target bait on the blots were visualized using chemiluminescence.  
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Analysis of the interaction network 

We analyzed the processed expression profiles from the BrainSpan data compiled from a recent study 

(Parikshak et al., 2013). We also used CORTECON expression atlas(van de Leemput et al., 2014) to 

examine co-expression of the interacting proteins during brain development. Expression measurements 

at the same time points for multiple probes of a single gene were averaged. Gene symbols of the 

interacting proteins were mapped to their respective Entrez ID, and only protein-coding genes (with 

Entrez IDs) were considered in this comparison.  

 

To determine whether the IP-MS network has increased mutational burden among individuals with 

ASD, we examined previous published exome-sequencing dataset (Liu et al., 2013). This dataset 

contained sequenced variants from Broad Institute (with the Illumina platform) and from Baylor College 

of Medicine (BCM, with the SOLiD platform). Due to the missing information (quality scores) in the 

data generated from the Illumina platform, we were only able to limit to our analysis on 505 ASD cases 

and 491 matched control sequenced by BCM. We identified non-synonymous mutations identified only 

in the ASD patient cohort and only in to control cohort, and quantified their consequences using 

MutationTaster implemented by eXtasy (Sifrim et al., 2013). We considered the deleterious effects of 

the mutations with MutationTaster greater than 0.99. We also compiled 9201 genes whose CDS length 

and GC content are similar with these identified prey proteins (P=0.297 and 0.98 for CDS length and 

GC content, respectively, Wilcoxon rank-sum test). The information of CDS length and GC content for 

human genes was obtained from a recent publication (Georgi et al., 2013).  

 

We further determined the role of FMRP/FMRPI304N-mediated post-transcriptional regulation in 

regulating this identified protein interaction network. The confident FMRP (wild-type) binding sites 

were retrieved from the original PAR-CLIP study(Ascano et al., 2012). For each gene, the FMRP 

binding site density was the total number of distinct FMRP sites in a given gene normalized by the 

cDNA length of the gene. To determine the cDNA length, we compiled all the annotated cDNA 

sequences of human genes from ENSEMBL BioMart (as of February, 2014, only limited to the CCDS 

transcripts). For genes with multiple CCDS transcripts, the longest one was considered. A recent study 

compared the wild-type FMRP and the mutant FMRPI304N PAR-CLIP sites in the genome-wide scale, 

and a hidden Markov model was developed and identified 9549 transcriptomic locations strongly bound 

by FMRPWT, but not by FMRPI304N(Wang et al., 2014). The genomic coordinates of these affected sites 
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were mapped onto the 3’ UTRs and CDS of human RefSeq genes using BedTools (2.17.0), requiring 

strand specificity. In total, 1925 genes harbored at least one the affected site in their CDS or UTRs. To 

determine whether the number of 35 genes affected by FMRPI304N in our IP-MS network was not 

expected by chance, we compiled a collection of 2715 control genes with indistinguishable expression 

levels (P=0.62, Wilcoxon rank-sum test) and cDNA length (P=0.33, Wilcoxon rank-sum test) from the 

prey genes in the network. Expression data in the PAR-CLIP system was retrieved from the original 

study(Ascano et al., 2012). The same comparisons were also performed on ASD candidate genes from 

SFARI (https://gene.sfari.org, as of March, 2014) and ASD-associated genes in the earlier section for 

ubiquitous human protein complexes and genes with at least one exon affected by de novo CNV events 

identified in ASD probands(Levy et al., 2011; Pinto et al., 2014; Sanders et al., 2011). For each 

comparison the ASD-associated genes from different resources were all matched with their respective 

sets of control genes with indistinguishable gene expression and cDNA length. 

 

We examined MECP2-mediated regulation from a recent study (Lanz et al., 2013), where eight ASD 

associated genes (Mecp2, Mef2a, Mef2d, Fmr1, Nlgn1, Nlgn3, Pten and Shank3) were individually 

knocked down using shRNAs (short hairpin RNAs) in murine cortical neurons, and the quadruplicate 

experiments confirmed that the knockdown efficiency achieved at least 75% expression reduction (Lanz 

et al., 2013).  Fold changes of gene expression upon shRNA transfections were computed for each probe 

set in the original study (Lanz et al., 2013), and we averaged the data for different probe sets mapping 

onto the same genes.  
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