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Quantitative proteomics of dorsolateral prefrontal cortex
reveals an early pattern of synaptic dysmaturation in
children with idiopathic autism
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Autism spectrum disorder (ASD) is a developmental disorder with a rising prevalence and unknown etiology presenting with deficits in
cognition and abnormal behavior. We hypothesized that the investigation of the synaptic component of prefrontal cortex may provide
proteomic signatures that may identify the biological underpinnings of cognitive deficits in childhood ASD. Subcellular fractions of
synaptosomes from prefrontal cortices of age-, brain area-, and postmortem-interval-matched samples from children and adults with
idiopathic ASD vs. controls were subjected to HPLC-tandem mass spectrometry. Analysis of data revealed the enrichment of ASD risk
genes that participate in slow maturation of the postsynaptic density (PSD) structure and function during early brain development.
Proteomic analysis revealed down regulation of PSD-related proteins including AMPA and NMDA receptors, GRM3, DLG4, olfactomedins,
Shank1-3, Homer1, CaMK2«, NRXN1, NLGN2, Drebrinl, ARHGAP32, and Dock9 in children with autism (FDR-adjusted P <0.05). In
contrast, PSD-related alterations were less severe or unchanged in adult individuals with ASD. Network analyses revealed glutamate
receptor abnormalities. Overall, the proteomic data support the concept that idiopathic autism is a synaptopathy involving PSD-related
ASD risk genes. Interruption in evolutionarily conserved slow maturation of the PSD complex in prefrontal cortex may lead to the

development of ASD in a susceptible individual.
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Introduction

Autism is a severe neurodevelopmental disorder with a rising
prevalence of 27.6 per 1,000 (1 in 36; Maenner et al. 2023). Autism
is characterized by persistent deficits in social communication
and social interaction across multiple contexts and restricted,
repetitive patterns of behavior, interests, or activities (American
Psychiatric Association 2013). Beyond core symptoms, people with
autism display a number of comorbidities including seizure disor-
der, intellectual disability, and other cognitive impairments (Gen-
ovese and Butler 2023). Due to the heterogeneous nature of autism
spectrum disorders (ASDs), it is not surprising that multiple gene
families have been implicated in the pathology of autism. Hun-
dreds of genes have been associated with core deficits of autism;
however, they only account for 10-20% of ASD cases (Rylaars-
dam and Guemez-Gamboa 2019). A number of neuropathologic
abnormalities have been characterized in brains from individu-
als with autism including macrocephaly, volumetric and cellular
abnormalities of the frontal cortex, parietal cortex, limbic, and
cerebellar structures, and cortical minicolumnar disorganization
(Casanova et al. 2002; Fatemi et al. 2012; Donovan and Basson
2017).

As ASD is an umbrella term that encompasses not only
idiopathic autism (~85% of cases) but also syndromic forms

such as fragile X syndrome or Angelman syndrome (~15% of
cases) (Casanova et al. 2020), the search for consistent autism-
specific biomarkers has been difficult. Nevertheless, much of
the focus has been placed on investigating neurotransmitter
systems including glutamatergic, gamma-aminobutyric acid
(GABA)ergic, serotonergic, and cholinergic systems (Marotta
et al. 2020). Imbalance between excitatory (glutamatergic)
and inhibitory (GABAergic) signaling has been hypothesized
to contribute significantly to core features of autism (Nelson
and Valakh 2015). Furthermore, meta-analyses of blood and
lymphocyte studies have also identified significant changes in
methylation proteins (Guo, Ding et al. 2020), increased expression
of brain-derived neurotrophic factor (Saghazadeh and Rezaei
2017), increased plasma glutamate levels (Zheng et al. 2016), and
increased serotonin levels (Gabriele et al. 2014). The use of newer
technologies such as proteomics has the potential to improve our
understanding of brain protein expression in autism.

There are unique challenges for proteomic studies of autism
including the etiological heterogeneity of autism, the presence
of comorbid conditions, and how autism is defined (Szoko et al.
2017). A targeted selected reaction monitoring mass spectrometry
proteomic study of Brodmann Area 10 (BA10) and cerebellum
from subjects with autism vs. controls identified opposite direc-
tional changes for myelination, energy, and synaptic proteins in
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Table 1. Clinical characteristics of BA9 brain tissues in children and adults with idiopathic ASD.

Group Children Adults

Autism Control Autism Control
Total N 5 5 5 5
Ethnicity 3C:1AATA 3C:1AA1U 4C:1AA 2C:1AA2 U
Age* 10.6 £3.66 11.0£5.0 29.4+4.75 24.4+6.65
Sex 4 M:1F 5M 4 M:1F 3 M:2F
PMI* 16.2+£5.8 22.4+8.6 26.4+8.90 20.6+7.06

*Comparison of autistic and control values were statistically nonsignificant using an unpaired t-test. A, Asian; AA, African American; C, Caucasian; F, Female;

M, Male; U, Unknown.

BA10 vs. cerebellum (Broek et al. 2014). More recently, Abraham
et al. conducted a proteomic study of BA19 and posterior inferior
cerebellum (Abraham, Szoko, Barnard, et al. 2019). In BA19, 27 pro-
teins were significantly altered after adjusting for false discovery
rate (FDR), while in the cerebellum, 38 proteins were significant
(Abraham, Szoko, Barnard, et al. 2019). Upstream regulator anal-
ysis identified proteins associated with neurogeneration in both
regions (Abraham, Szoko, Barnard, et al. 2019). While the studies
by Abraham, Szoko, Barnard, et al. (2019) and Abraham, Szoko,
and Natowicz (2019) are timely, there continues to be a dearth of
proteomic data on children vs. adults with autism and no studies
describing the proteome of synapse, necessitating the rationale
behind the current study.

Methods and materials
Human brain procurement

All experimental procedures were approved by the Institutional
Review Board of the University of Minnesota School of Medicine.
Postmortem blocks of dorsolateral prefrontal cortex (Brodmann
area 9=BA9) (Table 1) were obtained from the Autism Research
Foundation and their affiliated brain banks (NICHD Brain and
Tissue Bank for Developmental Disorders at the University of
Maryland; the Harvard Brain Tissues Research Center; and the
Autism Tissue Program). These samples, which have been used
by our laboratory previously (Fatemi et al. 2013), are some of the
most well-characterized and most-studied brain collections used
by multiple groups (Palmen et al. 2004). Prior to freezing, donated
brains were sectioned in half, dissected by anatomists, and stored
at —80 °C until use. Consent from next of kin was given to the
respective institutions. DSM-IV diagnoses were established prior
to death by neurologists and psychiatrists using all clinical data
from available medical records from family interviews. Samples
were matched for age, brain area, and postmortem interval (PMI).
All demographic information is listed in Table 1. None of the
control samples had any history of neuropsychiatric disorders,
seizure disorder, or intellectual disabilities. Each brain sample
included both gray and white matter. The tissue samples were pre-
pared for subcellular fractionation and proteomics as previously
described and detailed below (Taha et al. 2014; Mueller et al. 2015;
Folsom et al. 2019).

Subcellular fractionation

Human BA9 samples (n=5 per group, 20 per brain area) were
subjected to homogenization and subcellular fractionation as
previously described (Fatemi et al. 2017; Folsom et al. 2019),
based upon established techniques (Taha et al. 2014; Mueller
et al. 2015). BA9 samples were incubated for 4 min on ice in
1x isotonic extraction buffer (10-mM HEPES, 250-mM sucrose,
25-mM KCl, 1-mM EGTA, pH 7.8) plus protease inhibitors (PI) at

a volume of 3x the weight of the sample. Subsequently, BA9
tissue was homogenized four times (30 s each) using a motorized
pestle. Following homogenization, a 60-uL aliquot was saved as
total homogenate. The remaining homogenate underwent a low-
speed centrifugation (700x g) (5415D centrifuge, Eppendorf North
America, Hauppauge, NY, USA) for 10 min at 4 °C to separate the
intact nuclei and heavy membranes (pellet 1) from the super-
natant (supernatant 1). Next, supernatant 1 was centrifuged at
15,000x g for 10 min at 4 °C, to separate the crude membrane
fraction (pellet 2) from the supernatant (supernatant 2). Pellet 2
was reconstituted in sucrose homogenization buffer and added to
ultracentrifuge tubes containing 3 mL of Triton X-100 buffer (10-
mM Tris-HCl, 1-mM Na3POy, 5-mM NaF, 1-mM EDTA, 1-mM EGTA,
0.5% v/v Triton X-100, pH 7.4, + PI). A 30,000x g centrifugation
step for 20 min (Optima L-90 K Ultracentrifuge, Beckman-Coulter,
Indianapolis, IN, USA) at 4 °C resulted in a Triton-insoluble pellet
(pellet 3) constituting the synaptic fraction. The synaptic fraction
was then reconstituted in 40 uL of PBS+PI. Protein levels for
synaptic fraction were determined using a Bradford assay and
samples were stored at —80 °C until proteomic analysis.

Orbitrap fusion liquid chromatography-mass
spectrometry analysis

Following reconstitution of the dried peptide fractions in
97.9:2.0:0.1 HyO:acetonitrile (ACN):formic acid (FA), each sample
was labeled with a specific label from the Thermo Scientific
TMTpro™ 16plex Label Reagent Set, and samples were pooled
and then analyzed by capillary LC-MS with a Thermo Fisher
Scientific (Waltham, MA) Dionex UltiMate 3,000 system in-
line with Orbitrap Fusion mass spectrometer (Thermo Fisher
Scientific). Peptides were loaded directly on-column in solvent
A (99.9:0.1 H,O:FA) at maximum pressure (800 bar). Peptides
were separated on a self-packed C18 column (Dr Maisch GmbH
ReproSil-PUR) 1.9 um, 120 A C18aq, 100 um ID x 30-cm length at
55 °C with a biphasic gradient starting at 5% solvent B (99.9:0.1
ACN:FA) at a flow rate of 400 nl/min. The starting conditions were
held for 2 min and then the gradient increased to 8% solvent B
by 2.5 min. The flow was reduced to 315 nl/min and the gradient
increased to 22% solvent B by 62 min and to 45% solvent B by
75 min. Finally, the gradient was increased to 90% solvent B
by 77 min with a flowrate of 400 nl/min and held to 83 min
followed by a return to starting conditions at 5% solvent B at
85 min and held to 92 min. Then, the utilization of a top 12 data
dependent acquisition method with the following MS parameters:
ESI voltage 2.1 kV, ion transfer tube 275 °C; Orbitrap MS1 scan
120-k resolution in profile mode from 380-1580 m/z with 100-
ms maximum injection time, 100% (4E5) automatic gain control
(AGC); MS2 triggered on the top 12 most abundant ions above 5E4
counts, 1.6-Da quadrupole isolation window, fixed HCD activation
with 40% collision energy, Orbitrap detection with 60-K resolution



at 200 m/z, first mass fixed at 122 m/z, 150-ms max injection time,
1E6 AGC, and 40-s dynamic exclusion duration with +10 ppm
mass tolerance.

Database search

Peptide tandem MS data were processed using Sequest [Thermo
Fisher Scientific, San Jose, CA, in Proteome Discoverer (PD) 2.5].
The human (taxonID 9606) Universal Proteome (UP0O00005640)
target protein sequence database was downloaded from UniProt
(www.uniprot.org/) on 2019 July 12 and merged with a com-
mon lab contaminant protein database (http://www.thegpm.org/
cRAP/index.html); the number of protein sequences was 74,234
sequences. Peptide search parameters specified trypsin diges-
tion with a maximum of two missed cleavage sites, fragment
ion mass tolerance 0.05 Da, and precursor tolerance 15 ppm.
Variable modifications were set for the oxidation of methionine,
pyroglutamic acid conversion from glutamine, deamidation of
asparagine, acetyl and/or met-loss of the protein N-terminus, and
TMT10plex of lysine and peptide N-terminus. Carbamidomethyl
of cysteine was specified as a fixed modification.

Criteria for protein identification

One percent protein and peptide FDR filters were applied using
the Percolator Algorithm (K&ll et al. 2007) in PD.

Protein quantification

PD for TMT-based protein quantification was run with the follow-
ing parameters: unique and razor peptides were included, shared
peptides were excluded, impurity corrections were applied, co-
isolation threshold maximum was 50%, normalization was per-
formed on the total peptide amount; protein ratio calculations
were performed using pairwise ratio-based mode; and hypothesis
testing was performed using the background t-test approach. PD
employed the Benamini-Hochberg FDR procedure to control for
errors associated with multiple hypothesis tests (Benjamini and
Hochberg 1995).

Statistical and Bioinformatic analyses of
proteomic data

Peptide and protein quantification data were exported from PD
software and imported into the R statistical programming lan-
guage environment (R Core Team 2023). To improve sensitivity to
biologically relevant changes, several complementary techniques
were applied to analyze the data.

The peptide quantitations were used for a univariate approach;
for each protein, a linear mixed model (LMM) was fitted to its
quantitated, unique peptides; the LMM assumed correlation
among those peptide levels and used the disease condition
(autism) as a covariate. To account for multiple hypothesis testing,
the Benjamini-Hochberg FDR control procedure was used to
adjust the P-values obtained for the effect of disease status; these
adjusted P-values were used as the criterion for assessments of
significance of relative expression for individual proteins.

Pathway enrichment and coordinated expression of proteins
was examined with multivariate techniques, using the inferred
protein quantitations and pathway annotations from Reactome
and WikiPathways exported from PD. First, the “predictive variable
importance in projection” (VIP4p; Galindo-Prieto et al. 2014) metric
from “orthogonal projection to latent structures discriminant
analysis” (OPLS-DA) was computed for all proteins (without
significance filtering). OPLS-DA separates the covariation among
proteins that is correlated with the predictor (ASD vs. control)
and from the covariation that is orthogonal to (i.e. uncorrelated
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with) the predictor; the VIP,, metric summarizes the impact of a
protein on the former covariation, and variables with VIP4, > 1.0
are generally considered to have greater biological relevance with
respect to the predictor (Mehmood et al. 2012). All proteins were
ranked by VIP,, and subjected to “gene set enrichment analysis”
(GSEA,; Subramanian et al. 2005). As a complementary approach to
increase sensitivity to enriched pathways, GSEA was also applied
to the fold-changes of all protein quantitations inferred by PD,
without reference to the LMM-based peptide quantitations or to
any significance test. For these fold-changes, nominal P-values for
t-tests of the inferred protein quantitations were considered when
exploring possibly important proteins of biological significance
to the etiology of autism but not for significance testing
(Schwartzman and Lin 2011). When accounting for multiple
hypothesis testing of GSEA enrichment scores, FDR-adjustment
of P-values for these scores included correction for the fact that
two ranking methods were used for GSEA. Gene sets enriched for
Reactome and WikiPathways gene sets were identified using GSEA
functions available through Tidyproteomics software (Jones et al.
2023). Enrichments of Reactome and WikiPathways gene sets were
used to identify and explore relationships among significantly
altered differentially expressed brain proteins.

For visual representation of protein quantitations using
heatmaps, the hclust and dist functions of the R stats package
were used for hierarchical clustering of both proteins and
samples using Pearson correlation as the distance metric and
the “ward.D2” agglomerating clustering method (Meunier et al.
2007). Finally, SynGo and Simon’s Foundation websites (https://
syngoportal.org/ and https://gene.sfari.org/ respectively) were
used for the identification of synaptic proteins and risk genes
for autism.

Results

Proteomic analysis of brain synaptic fractions obtained from dif-
ferent groups (autistic vs. controls; children vs. adults) demon-
strated a list of several thousand peptides per group. Quantitation
of identified proteins and enumeration of differentially expressed
proteins were based on three statistical methods. The statistical
analytic techniques included an initial t-test leading to a differ-
entially expressed list of up- or down-regulated proteins (nominal
P <0.05). We next used OPLS-DA which calculated VIP,, > 1 values
to set out significant differential features between autistic and
control groups, and lastly, peptide quantification approach was
used to generate FDR-adjusted P-values for significantly differ-
entially expressed proteins (Tables S1 and S2). The combination
of these methods provided us with statistically reliable tests
that discriminated between peptide and protein data ascribed to
autistic pathology vs. control values.

For BA9 of autistic children, the protein-based quantitation
method identified 4,663 proteins, and 485 proteins were signif-
icant at the 5% level (nominal P<0.05; 302 up-regulated and
183 down-regulated proteins). When an OPLS-DA analysis was
performed on all proteins, 1,847 proteins were found to have
VIP4p, > 1.0 (1,015 up-regulated and 832 down-regulated) suggest-
ing a biologically relevant covariation between the ASD-diagnostic
status and these proteins. For the peptide-based LMM method,
77,452 peptides were detected; 4,677 proteins were identified
based on the presence of at least two unique peptides or more
per protein; this technique yielded 812 proteins significant at the
5% level (574 up-regulated and 238 down-regulated after FDR
adjustment; Fig. 1a; Table S1).
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Fig. 1. Expression of selected synaptic proteins and their associated proteins. Panels (a) and (b), are plots for children and adults, respectively, of
—logio (adjusted P-value) vs. logy (fold-change) for all proteins, computed for adjusted P-value of linear models of protein concentration based on
peptide quantitation. Synaptic and associated proteins are labeled when above the threshold of significance. Panels (c) and (d) represent heatmaps of
quantitations for synaptic and associated proteins. Quantities are centered and standard-scaled for each protein. Proteins are hierarchically clustered
using Pearson correlation as the distance metric (longer lines perpendicular to the axis indicate lower correlation) and the “ward.D2” agglomerative

clustering method. Undetected or unquantitated proteins are marked “NA.”

Proteomic data obtained from BA9 of adult subjects diagnosed
with idiopathic autism identified 4,552 proteins, and 100 pro-
teins were found significant at the 5% level (79 up-regulated and
21 down- regulated; nominal P <0.05). Application of OPLS-DA
analysis identified 1,629 proteins to have VIP4, > 1.0 (1,020 up-
regulated and 609 down-regulated). Subsequent administration
of the peptide analysis technique yielded 4,484 proteins with 226
proteins significant at the 5% level (FDR-adjusted P < 0.05; 73 up-
regulated and 153 down-regulated; Fig. 1b; Table S2).

To further understand the significance of protein expression,
we explored the enrichment of differentially expressed Reactome
(Tables S3, S4, S7, and S8) and WikiPathways (Tables S5, S6,
59, and S10) gene sets using GSEA of proteins in BA9 of children
and adults diagnosed with autism ranked by log,FC (Table 2;
Figs. S1, S2, and S5-S11) and by VIPy, (Figs. S3 and S4). GSEA
helped identify coordinated expression of proteins from several
important pathways in BA9 of children including modulation
of NMDA response, long-term potentiation, activation of AMPA
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Table 2. GSEA enrichment of selected pathways in BA9 of children and adults with idiopathic ASD.

Children Adults
Pathway Adjusted  Normalized Pathway Adjusted  Normalized
P-value enrichment score P-value enrichment score
NMDA activation (R) <0.0001 2.3105 Formation of the cornified envelope (R) <0.0001 2.3246
NMDA regulation (R) 0.0006 2.1498 Peptide chain elongation (R) <0.0001 1.9071
Long-term potentiation (R) 0.0011 2.1379 Common Pathway of Fibrin Clot 0.0210 1.8545
Formation (R)
AMPA receptor activation (R) 0.0035 1.9252 mRNA processing (W) 0.0003 1.7768
Ras activation upon Ca influx through = 0.0499 1.862 Oxidative phosphorylation (W) 0.0117 1.7186
NMDA receptor (R)
Disruption of postsynaptic signaling 0.0064 1.8221 mRNA splicing (R) 0.002 1.6449
by CNV (W)
Oxidative phosphorylation (W) 0.0146 1.7258 Clathrin-mediated endocytosis (R) 0.0170 1.6138
Peptide chain elongation (R) 0.0037 1.7067 Collagen chain trimerization (R) 0.0123 —2.2167
Neurexin and Neuroligins (R) 0.017 1.7048 Regulation of complement cascade (R)  0.0002 —2.6783
Electron transport chain OXPHOS 0.0212 1.5995
mitochondria (W)
Inactivation of Cyclin B:Cdk1 by 0.0374 —2.0533
Chk1/Chk2(Cds1) (R)
Glycolysis (R) 0.0406 —2.0706

(W) WikiPathways, (R) Reactome.

receptors, neurexins, and neuroligins, glycolysis, Ras activation of
calcium influx through NMDA receptor, and protein aggregation
and folding (Fig. S1). Interestingly, WikiPathways analysis showed
the enrichment of proteins involved in disruption of postsynaptic
signaling by copy number variation (CNV), oxidative phosphory-
lation, electron transport chain, and mitochondria, glutathione
metabolism, and glycolysis in senescence (Fig. S2). In contrast,
enriched pathways in BA9 of adult subjects with autism involved
cargo recognition for clathrin-mediated endocytosis and oxidative
phosphorylation (Fig. S3; Table S10); cytoplasmic ribosomal
proteins (Fig. S2); and peptide chain elongation, messenger
RNA splicing, cytoskeletal components, and complement-related
proteins (Fig. S1). Despite the differences in enriched pathways
between childhood vs. adulthood in ASD values, several pathways
overlapped in both age groups consisting of peptide chain elon-
gation, eukaryotic translation termination, and selenocysteine
synthesis (Fig. S1). For adults, GSEA analysis of Reactome gene
sets showed an interesting pathway enrichment in regulation
of complement cascade (Fig. S1; Tables S1, S2, and S4). Level of
C3 factor was upregulated significantly in adult and child ASD
subjects (respectively: log,FC=0.8051, FDR-adjusted P <0.0001;
log,FC=0.9933, FDR-adjusted P < 0.0001). GSEA did not score this
enrichment for children, yet, in children, C4B was significantly
upregulated (log,FC=0.9575, FDR-adjusted P < 0.0001) and C1QBP
was significantly downregulated (log,FC=—-0.7569, FDR-adjusted
P=0.0304). Previous reports have indicated the involvement
of the complement system in abnormal or excessive synaptic
pruning or synaptic elimination in neurodegenerative diseases
(Stephan et al. 2012; Presumey et al. 2017) or liability to the
development of autism or schizophrenia (Sager et al. 2021).
While a significant number of various brain specific proteins
were deemed to be of importance in ASD, we focused our
attention on changes in several glutamatergic and postsynaptic
density (PSD)-related proteins because of their pathological
involvement in neurodevelopmental disorders such as autism
and schizophrenia (Hansen et al. 2021; Sabo et al. 2023; Wang et al.
2023).

Children with ASD

Multiple glutamate receptor proteins were significantly down-
regulated in BA9 of children with autism (Table 3; Fig. 1 a and c).
AMPA receptor proteins GRIA1 (log2FC=-1.0619, FDR-adjusted
P <0.0001), GRIA2 (log,FC=-1.0809, FDR-adjusted P <0.0001),
GRIA3 (logoFC=-1.0398, FDR-adjusted P <0.0001), and GRIA4
(logyFC=-0.7505, FDR-adjusted P <0.0001) were significantly
decreased in ASD children. Kainate receptor GRIK2 was the
only kainate receptor to show significant downregulation in
ASD subjects (logoyFC=-0.8421, nominal P=0.0249). NMDA
receptors GRIN1, GRIN2A, and GRIN2B exhibited a significant
downregulation in BA9 of ASD children (log,FC=-0.9982, FDR-
adjusted P <0.0001; logoFC=-0.9411, FDR-adjusted P <0.0001;
logoFC=-0.6589, FDR-adjusted P=0.0040, respectively, Table 3).
GRID2 receptor showed a nonsignificant decrease in BA9 of ASD
children (Table 3). Metabotropic glutamate receptors (mGRM 1
and 5) exhibited nonsignificant decreases. Glutamate receptor
interacting protein 2 (GRIP2) showed a nonadjusted significant
decrease in the same subjects (logoFC=-0.9485, nominal
P=0.0089). GRIP1 levels showed a nonsignificant decrease in
expression in ASD BA9 of children (Table 3).

We next evaluated alterations in the expression of sev-
eral partners of glutamate receptors including scaffolding
genes, kinases, Rho GTPases, and ion channels. Analysis of
the “disks large homolog family of proteins” (DLG) in BA9 of
ASD children revealed coordinated significant downregulation
of DLG4 (logyFC=-0.7379, FDR-adjusted P=0.0032, Table 3)
and of DLG4 associated protein 4 (DLGAP4, log,FC=-0.6134,
FDR-adjusted P=0.0026). No alterations were observed in
levels of DLG2, DLG3, or DLGAP3. Another set of important
scaffolding partners for glutamate receptors include the shank
family of proteins (Shi et al. 2017); levels of shank 1, shank
2, and shank 3 proteins were reduced significantly in BA9
of autistic children (SHANK1, log,FC=-0.6396, FDR-adjusted
P=0.0029; SHANK?2, log,FC=-0.6733, FDR-adjusted P=0.0001;
SHANK3, log2FC=-0.7989, FDR-adjusted P <0.0001, Table 3).
Levels of other scaffolding protein family members homer
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Table 3. Selected synaptic proteins, and their partners in BA9 of children and adults with idiopathic ASD: Regulation, assignment to

postsynaptic density complex, and identification of ASD risk genes.

Class Protein Children Adults Risk Gene PSD
AMPA receptor GRIA1 b NC + +
GRIA2 1 1 + +
GRIA3 1 1 + +
GRIA4 1 1 - +
NMDA receptor GRIN1 b NC + +
GRIN2A 1 NC + +
GRIN2B b NC + +
metabotropic glutamate receptor GRM3 ? { - +
membrane associated guanylate DLG4 1 NC + +
kinase (MAGUK) DLGAP4 J NC - +
Olfactomedin OLFM1 J Trend | - +
OLFM2 1 1 +
OLFM3 J Trend | - -
scaffolding protein SHANK1 | NC + +
SHANK?2 J Trend | + +
SHANK3 N NC + +
HOMER1 J NC + +
presynapse protein BSN N N — —
PCLO ? ! + -
serine/threonine protein kinase CAMK2A | NC + +
CAMK4 1 ! + +
synaptic adhesion molecule NRXN1 1l Trend | + +
NLGN2 Trend | NC + +
rho GTPase ARHGAP 32 N5 NC + +
ARHGAP 44 NC J — +
ARHGEF 2 NC ¥ + +
ARHGEF 3 1 NC - -
CDC 42 T NC + +
DBN 1 1 - +
DOCK 9 N NC - +
MYOS5A 1 NC + +
PSD protein FAMB1A | NC - +
neurofilament protein NEFL 1 | - +
NEFM 1 1 - +
NEFH Trend ¢ ! - +
INA 1 1 - +

| decrease in protein level, FDR-adjusted P < 0.05 + ASD risk + postsynaptic

1 increase in protein level, FDR-adjusted P < 0.05
NC, no change in protein level
Trend, near significant change in protein level
+ assignment established
— no assignment established

gene listed on
SFARI web site

density protein
listed on Syngo
web site

1 and homer 3 were reduced in BA9 of children with ASD
(HOMER1 log,FC=—.06333, FDR-adjusted P <0.0001; HOMER3,
log,FC =—0.6830, FDR-adjusted P=0.0694).

A family of anchoring proteins that control dynamics and
functions of AMPA receptors, noelins/olfactomedins, exhibited a
significant downregulation in the BA9 of both children and adults
with autism. Levels of olfactomedins 1, 2, and 3 were reduced
significantly in BA9 of ASD children (OLFM1, log,FC=-0.5602,
FDR-adjusted P <0.0001; OLFM2, log,FC=-0.7902, FDR < 0.0001;
OLFM3, log,FC=—0.7895, FDR-adjusted P < 0.0001, Table 3).

The rho family of GTPases plays major roles in neuronal
morphology and function. Levels of several members of this
group of proteins were reduced in BA9 of children with Autism.
ARHGAP32 is a neuron-associated protein that modulates
dendritic spine structure and strength impacting postnatal
remodeling and fine tuning of neural circuits (Akshoomoff
et al. 2015). Levels of ARHGAP32, 33, and 45 were decreased

in BA9 of children with autism (ARHGAP32, log,FC=-0.5838,
FDR-adjusted P=0.0141; ARHGAP33, log,FC=-1.9058, nominal
P=0.0048; ARHGAP45, log,FC =—1.0883, nominal P=0.0248). The
maintenance of normal levels of ARHGAP32 is necessary for
early development of neuronal circuits. We did not observe any
alterations in the levels of ARHGAP32 or 45 in BA9 of adult
subjects with ASD. Lastly, level of DOCK9, an atypical guanine
nucleotide exchange factor (Ziziminl) with roles in dendrite
development and involvement in autism, schizophrenia, and
bipolar disorder, was reduced significantly in ASD children (Shi
2013; log,FC=—0.4379, FDR-adjusted P =0.0340).

The neurofilament family of proteins is involved in main-
tenance of neuronal morphology and function and in correct
modulation of synaptic plasticity via regulation of NMDA and
dopamine activity. Levels of NEFL, NEFM and a-internexin were
elevated in BA9 of children with ASD (NEFL, log,FC=0.5945,
FDR-adjusted P=0.0119; NEFM, log,FC=0.4659, FDR-adjusted



P=0.0016; a-internexin, log,FC =0.5948, FDR-adjusted P=0.0205).
Level of NEFH was elevated nonsignificantly in autistic children.
Upregulation of NEFL has been observed in CSF of subjects with
Alzheimer’s disease (van der Ende et al. 2023).

Adults with ASD

The main glutamatergic receptors exhibiting significant alter-
ations in the BA9 of autistic adults included AMPA receptors
GRIA2, GRIA3, and GRIA4 (Table3) and metabotropic glu-
tamate receptor 3 (GRM3). The former four receptors were
significantly downregulated (GRIA2, log,FC=-0.3377, FDR-
adjusted P<0.0001; GRIA3, log,FC=-0.3875, FDR-adjusted
P=0.0183; GRIA4, log,FC=-0.3301, FDR-adjusted P=0.0203;
GRM3, log,FC=—-0.3372, FDR-adjusted P=0.0244) in BA9 of adult
subjects with autism. There were no notable alterations in other
inotropic and metabotropic glutamate receptors. Evaluation of
the scaffolding proteins showed the downregulation of shank 2
protein at a near significant level (log,FC=—0.3241, FDR-adjusted
P=0.0619). In contrast, levels of other important scaffolding
proteins shank 1, shank 3, homer 1, and homer 2 did not change
statistically.

Levels of noelins/olfactomedins (important AMPA-receptor
partners) exhibited near statistically significant reductions
in olfactomedin 1 (logpFC=-0.7065, nominal P=0.0662) and
olfactomedin 3 (logoFC=-0.5256, nominal P=0.0672). The
level of olfactomedin 2 was significantly decreased in BAY of
adult ASD subjects (log,FC=-0.6660, FDR-adjusted P <0.0001).
Interestingly, OLFML3, which exhibited a nearly significant
increase (log,FC=1.1652, nominal P=0.0594), plays an important
role in placental and embryonic development (Zeng et al. 2004)
and in enrichment of microglia cells (Chiu et al. 2013) during
neuroinflammation (Grassivaro et al. 2021).

Two markers of Rho GTPase family of proteins, namely
ARHGAP44 (log,FC=-0.5033, FDR-adjusted P=0.0356) and
ARHGEF? (logoyFC=-0.3234, FDR-adjusted P=0.0477), exhibited
significant downregulation in adults with ASD (Table 3). Recent
data implicate an important role for ARHGEF?2 in intellectual
disability and midbrain-hindbrain malformations (Ravindran
et al. 2022). Finally, levels of neurofilament family of proteins
in BA9 of ASD adults showed a significant downregulation
in almost all members of this group (NEFL, log,FC=-0.6389,
FDR-adjusted P=0.0014; NEFM, log,FC=-0.6722, FDR-adjusted
P <0.0001; NEFH, log,FC=-0.7125, FDR-adjusted P=0.0087;
INA, logyFC=-0.4704, FDR-adjusted P=0.0562) in contrast to
elevations in the same proteins observed in children with ASD
(Table 3).

Three other presynaptic and synaptic proteins showed
significant downregulation in BA9 of adult subjects with autism
(Table 3). Proteins bassoon (BSN) and piccolo (PCLO) were
significantly reduced in BA9 of adults with ASD (Bassoon,
log,FC=-0.5702, FDR-adjusted P<0.0001; Piccolo, log,FC=
—0.5516, FDR-adjusted P <0.0001). Drebrin (DBN1), a major
cytoskeletal binding protein involved in regulation of cortical
neuron axon branch lamination (Dorskind et al. 2023), was
reduced significantly (log,FC=-0.5681, FDR-adjusted < 0.0001)
in adult patients with Autism. Drebrin and drebrin-like (DBNL)
proteins are involved in PSD maturation process (Wang et al.
2023). Drebrin loss of function may result in ectopic collateral
axon branching (Dorskind et al. 2023), an important event that
may lead to abnormal axonal circuit formation and neuronal
mis-wiring in autistic disorder.
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Discussion

The current proteomic study has investigated, identified, and
compared the presence of autism risk genes from 812 differen-
tially expressed proteins (FDR-adjusted P < 0.05; 571 upregulated
and 241 downregulated) from children with ASD vs. 226 differen-
tially expressed proteins (FDR-adjusted P <0.05; 73 upregulated
and 153 downregulated) from adults with ASD. Evaluation of the
identified proteins in BA9 of children with ASD revealed a complex
set of proteins enriched in autism risk genes that impact PSD
structure and functioning during early brain development.

PSD is a biologically important protein complex composed
of more than 1,000 proteins encompassing excitatory synapses
(AMPA and NMDA receptors), scaffold proteins (DLG4, shank,
homer), olfactomedins, and Rho GTPases (Sheng and Kim 2011;
Kaizuka and Takumi 2018; Kaizuka et al. 2022; Wang et al. 2023).
By the same token, prefrontal cortex (PFC), a site involved in
cognition, executive functions, working memory, and attention
(Webster et al. 2011), is one of the last brain areas to undergo mat-
uration during brain development (Somel et al. 2009; Wang et al.
2023). This expected, evolutionarily conserved delay in human
brain development (neoteny) throughout childhood gives way to
rapid change in early adolescence (~10 years of age; Somel et al.
2009) that coincides with early acquisition of cognitive abilities
and extension of neuronal plasticity associated with the process
of learning (Somel et al. 2009; Wang et al. 2023). Moreover, synaptic
growth predominates with increases in synaptic markers such as
complexin 2 and PSD-95 (DLG4) reaching a steady state level in
adolescence (Webster et al. 2011). Additional supportive evidence
indicates that neoteny of synaptic spines in human PFC may
continue beyond adolescence and into the third decade of life in
humans (Petanjek et al. 2011).

Thus, as the maturation of PSD domain in human brain is a
slow process (compared with mice and macaques; Wang et al.
2023), alterations in the structure or functioning of PSD can have
major implications on normal development of the human brain.
Abnormalities in genes coding for proteins that act as important
partners for PSD proteins, such as NMDA receptors (GRIN2B or
GRIN2A), AMPA receptors (GRIA1, GRIA2, GRIA3, GRIA4), and DLG3
or DLG4, may result in the development of autism, schizophrenia,
or other neurodevelopmental disorders (Coley and Gao 2018;
Hansen et al. 2021; Tumer et al. 2023). Based on the consensus
among protein levels for several components of the PSD complex
in BA9 of children and adults with ASD, we propose that idiopathic
autism is a synaptopathy involving genes that support the pro-
cesses of cognition and synaptic plasticity, especially impacting
the growth of the brain during childhood.

We identified significant downregulation in the AMPA recep-
tors (GRIA1, GRIA2, GRIA3, and GRIA4) in BA9 of children with
autism (Table 3). While GRIA1 level did not change in BA9 of
adults with autism, levels of GRIA2, GRIA3, and GRIA4 were down-
regulated significantly in ASD adults (Table 3). AMPA receptors
are expressed early in brain development and may be involved
in neuronal cell migration and neurite growth (Hansen et al.
2021). Additionally, GRIA1, GRIA2, and GRIA3 are participants
in dendritic growth, and these three plus GRIA4 participate in
synaptogenesis, synapse maturation, postsynaptic function, and
synaptic plasticity (Hansen et al. 2021). Moreover, because of
rapid kinetics of AMPA receptor activation, its contribution to
synaptic plasticity is significant. Thus, AMPA receptors contribute
to synaptic signaling and interact with multiple secreted proteins
including olfactomedins. There is ample evidence for the presence
of GRIA2 variants in autism (Salpietro et al. 2019). Furthermore,
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mutations in synaptic partners of AMPA receptors such as shank
1 or shank 2, CaM kinase a2, and neuroligin can lead to altered
AMPA receptor function (Etherton et al. 2011; Shi et al. 2017;
Stephanson et al. 2017). Rescue of AMPA receptor function leads to
improvement in abnormal behavior in an animal model for ASD
(Kim et al. 2019). Recent evidence linking AMPA receptor traffick-
ing abnormalities to autism (Niescier and Lin 2021) is supported
by our current and novel proteomic data. Furthermore, several
recent reports link GRIA1 and shank 3 (Ross and Aizenman 2023),
GRIA2 (Salpietro et al. 2019; Latsko et al. 2022), and GRIA3 proteins
to etiology of schizophrenia and autism (Singh et al. 2022). Our
observation of GRIA4 receptor downregulation in children and
adult ASD individuals is novel (Table 3).

NMDA receptors GRIN1, GRIN2A, and GRIN2B levels were sig-
nificantly reduced in BA9 of children with autism (Table 3). In
contrast, the levels of the same receptors did not change in
autistic adults (Table 3). NMDA receptors are localized to pre-
, post-, and extra-synaptic compartments and regulate many
functions including neurogenesis, neurite development, synaptic
function, transmission, excitability, and plasticity (Hansen et al.
2021). Levels of NMDA receptors GRIN2A and GRIN2B follow a
strict timetable which coincides with critical periods in the devel-
opment of various brain areas. In general, GRIN2B levels have
higher expression prenatally with a drop at postnatal stages. In
contrast, GRIN2A levels are low at prenatal stages and increase
at birth (Myers et al. 2022). By the same token, the molar ratio
of GRIN2B to GRIN2A remains at 4:1 in all brain areas except
for cerebellum where GRIN2A predominates GRIN2B levels (Frank
et al. 2016). Thus, alterations in levels of these receptors during
early brain development impact the normal schedule of brain
development adversely (Wang et al. 2023). Reduction in levels
of GRIN1, GRIN2A, and GRIN2B in BA9 of children with autism
is supported by previous reports demonstrating the presence of
variants in GRIN2A and 2B in developmental encephalopathies
and autism (Hansen et al. 2021; Gandal et al. 2022; Wang et al.
2022; Vollweiter et al. 2023).

DLG4 (PSD-95) levels were significantly reduced in the BAS
of children with autism. Additionally, levels of DLGAP4 protein,
which interacts with DLG4, were also reduced significantly in BA9
of ASD children (Table 3). In contrast, levels of DLG4 and DLGAP4
were not altered in BA9 of adult subjects with ASD. DLG4 is a
member of an important family of scaffolding proteins that is
involved in synaptic signaling, strength, and plasticity through
its interactions with members of the PSD in mammalian brain
(Levy et al. 2022). DLG4 is a major gene which impacts both
intellectual/cognitive processes and is considered a risk gene
for developmental encephalopathies as well as autism (Lelieveld
et al. 2016; Tumer et al. 2023). Mouse DLG4 (PSD-95) mutants
exhibit repetitive behaviors, impaired motor coordination, and
increased anxiety-related behaviors which are relevant to autism
and William’s syndrome symptomology (Feyder et al. 2010). Dys-
function of DLG4 has also been associated with early-onset psy-
chosis and catatonia (Yang et al. 2023) which is responsive to
treatment with clozapine. Furthermore, mutations in DLGAP4, a
membrane-associated guanylate kinase that interacts with DLG4
(PSD-95) through its guanylate kinase domain, affect cognition
and cause ASD-like behaviors such as impaired vocal communi-
cation and social interaction abnormalities in SAPAP-4 (DLGAP4)-
deficient mice (Schob et al. 2019). Deficits of DLG4 and DLGAP4
in ASD children are consistent with previous reports indicating
age- and brain site-dependent consequences of PSD-95 deficiency
in medial prefrontal cortex, an area of the brain that exhibits a
prolongated postnatal maturation period (Gao and Mack 2021).

Thus, abnormalities in levels of DLG4 during the postnatal life
impact development of cognition and synaptic circuit formation
adversely (Kirov et al. 2012; Grant 2015; Wang et al. 2023).

An important partner in PSD function is the family of
olfactomedins (Tomarev and Nakaya 2009). Proteomic results
showed a significant decrease in levels of olfactomedins 1, 2,
and 3 in BA9 of children with autism (Table 3). In adult BA9, level
of OLFM2 was reduced significantly, with trends for reduction
in OLFMland OLFM3 (Table 3). OLFM4 levels did not change in
adults with ASD and OLFM4 levels were not detected in children
with ASD. The olfactomedin family of PSD-related proteins have
significant roles in brain development and neural crest cell
production (Barembaum et al. 2000). Recent evidence indicates
that olfactomedins interact with AMPA receptors and play a major
role in synaptic plasticity (Boudkkazi et al. 2023). Olfactomedins
stabilize AMPA receptors at the surface of synapses and dendrites
(Boudkkazi et al. 2023). Alterations in interaction between olfac-
tomedins and AMPA receptors lead to decreases in AMPA receptor
density and impacted long-term synaptic plasticity adversely
(Boudkkazi et al. 2023). Reduction in levels of olfactomedins
1-3in BA9 of children and in olfactomedin 2 in BA9 of adults with
ASD may play a role in cognitive deficits observed in subjects with
autism.

Level of CaMK2«, a major serine/threonine kinase with roles in
synaptic plasticity and cognition (Hell 2014; Lee et al. 2021; Lintas
et al. 2023), was reduced in BA9 of children with ASD. De novo
mutation in CaMK2« in a subject with autism led to reduction in
binding of this kinase to Shank3 and NMDA receptors (Stephanson
et al. 2017). CaMK2« mutant mice exhibit diverse synaptic and
behavioral abnormalities such as deficits in cognition during pre-
adolescence period (Gustin et al. 2011), scaffolding disruption in
synaptic signaling, and reduction in ratio of CaMK2« to CaMK2/3
during childhood (Gustin et al. 2011). Interestingly, levels of this
kinase could not be detected in BA9 of adult subjects with ASD
(Table 3).

Scaffolding proteins shank 1-3 and homer 1 and 3 were reduced
significantly in BA9 of children with ASD. In contrast with chil-
dren, levels of these proteins in adult ASD subjects did not change
significantly (Table 3). Mutations in shank 1-3 have been detected
in subjects with autism (Jung and Park 2022) and participation of
variants in Shank proteins have been associated with neurodevel-
opmental disorders that result in intellectual disability (Sala et al.
2015). Homer1 variants have also been associated with autism and
schizophrenia (Soler et al. 2018; Meliskova et al. 2021).

Lastly, levels of several members of Rho GTPases were altered
significantly in BA9 of children and adults with autism. While
ARHGAP32 and DOCK9 levels were reduced in children, levels
of ARHGAP 44 and ARHGEF2 decreased in BA9 of adults with
autism. ARHGAP32 is considered to be a risk gene for autism
(Guo et al. 2020). Wang et al. (2023) determined that increased
synaptic Rho GTPase activity helps to delay early maturation of
synapse in line with the slow maturation of synaptic structures
in human brain. Thus, reductions in ARHGAP32 in autistic BA9 of
children disrupt the normal timetable required for normal devel-
opmental sequence of synaptic structure and function in autism.
Furthermore, alterations in levels of ARHGAP44 and ARHGEF2
in adult subjects with autism support the notion that synaptic
dysmaturationis a continual pathological process in autistic brain
which is observed in both children and adults with autism.

In conclusion, proteomic investigation of the frontal cortex
in children with idiopathic autism demonstrates global down
regulation of PSD members (AMPA and NMDA receptors, DLG4,
olfactomedins, Serine/Threonine kinases, and Rho GTPases),



affecting synaptic development and plasticity adversely and
leading to deficits in cognition, a hallmark of autism. These novel
results point to etiopathogenesis of autism as a developmental
synaptopathy and offer potential targets for pharmacotherapeu-
tic interventions.
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