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iTRAQ-Based Proteomic Analysis Reveals Protein Profile in
Plasma from Children with Autism
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Purpose: Autism is a childhood neurological disorder with poorly understood

etiology and pathology. This study is designed to identify differentially

expressed proteins that might serve as potential biomarkers for autism.

Experimental design: We perform iTRAQ (isobaric tags for relative and

absolute quantitation) analysis for normal and autistic children’s plasma of

the same age group.

Results: The results show that 24 differentially expressed proteins were

identified between autistic subjects and controls. For the first time, differential

expression of complement C5 (C5) and fermitin family homolog 3 (FERMT3)

are related to autism. Five proteins, that is, complement C3 (C3), C5, integrin

alpha-IIb (ITGA2B), talin-1 (TLN1), and vitamin D-binding protein (GC) were

validated via enzyme-linked immunosorbent assay (ELISA). By ROC (receiver

operating characteristic) analysis, combinations of these five proteins C3, C5,

GC, ITGA2B, and TLN1 distinguished autistic children from healthy controls

with a high AUC (area under the ROC curve) value (0.982, 95% CI,

0.957–1.000, p < 0.000).

Conclusion: These above described proteins are found involved in different

pathways that have previously been linked to the pathophysiology of autism

spectrum disorders (ASDs). The results strongly support that focal adhesions,

acting cytoskeleton, cell adhesion, motility and migration, synaptogenesis,

and complement system are involved in the pathogenesis of autism, and

highlight the important role of platelet function in the pathophysiology of

autism.
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1. Introduction

Autism spectrum disorder (ASD) is char-
acterized by impaired social interac-
tions and communications, with restrict-
ed interests.[1] ASD includes classical
autism, pervasive developmental disor-
der not otherwise specified (PDD-NOS),
and Asperger’s syndrome (AS). Among
them, autism is the most severe and
can be distinguished from AS and PDD-
NOS by a delay in language develop-
ment and severity of behavioral and in-
tellectual impairments.[2] Its onset occurs
during the first 3 years childhood and
there is a male preponderance, with a
sex ratio of 4:1.[3] The prevalence of ASD
has been steadily increasing for several
decades and now is approaching up to 1%
in the human population, which can be
a heavy burden for the family of affected
children.[3]

Although the exact causes of ASD are
still unknown, previous studies suggest
that autism can be considered a multi-
factorial disease in which both genetic
and environmental factors are involved.[4]

Meanwhile, as the etiology of autism
is not completely understood, there is
still no medication available that can be

used for treatment of autism. However, some behavioral treat-
ments are available to improve core and associated symptoms of
autism, particularly when initiated at an early stage.[5] Thus, there
is an increasing demand for finding biomarkers of autism as they
could help to identify children with autism as early as possible.
Regretfully, so far, no biomarkers are yet reported for early diag-
nosis or prediction of autism. The diagnosis of autism is often
delayed, which translates into a missed opportunity to provide
treatment during a critical developmental period.[6] Even more,
a recent report showed that a typical autism tended to be diag-
nosed more often at an age of 5–6 years.[7] In addition, diagnosis
of autism is based on neuropsychological tests, the patient’s his-
tory, and the observation of behavioral abnormalities, including
language delays. These diagnostic measures can be considered
arbitrary or subjective and may generate many false positives.
Consequently, it is need of the hour to search for an objective
biomarker for early diagnosis of autism.

Proteomics Clin. Appl. 2018, 12, 1700085 C© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700085 (1 of 14)

http://www.clinical.proteomics-journal.com


www.advancedsciencenews.com www.clinical.proteomics-journal.com

Clinical Relevance

Currently, there is little knowledge about thepotential biomark-
ers of autism,whichmight beused as an authentic laboratory
test for the diagnosis of autism. Thepresent studywasde-
signed to find somepotential plasmabiomarker proteins that
may serve as diagnostic tools, whichwas the first report to iden-
tify the differentially expressedproteins in theplasmaof autistic
children compared tohealthy controls by using iTRAQ(isobaric
tags for relative and absolute quantitation) technique. Twenty-
four differentially expressedproteinswere identified in this
study.Most of themwere found involved in focal adhesions,
acting cytoskeleton, cell adhesion,motility andmigration,
synaptogenesis, complement system, andplatelet function.
Moreover, these findings support current viewson themolec-
ularmechanismofASDandhighlight the important role of
platelet function in thepathophysiology of autism. For the first
time, twoproteins, that is, C5 andFERMT3were associated
with autism. Thepanel of five candidate proteins (C3, C5,GC,
ITGA2B, andTLN1) coulddistinguish autistic childes from
healthy controlswith a highAUCvalue.Hence, thesemight
prove asdiagnostic biomarkers in future studies.

Multiple approaches are being used to discover new biomarker
panels for ASD. The most commonly employed techniques to
detect ASD susceptibility genes is the whole-exome sequenc-
ing, the chromosomal microarray, and the selective candidate
gene analysis.[2] Numerous autism candidate genes have been
reported.[8] However, none of these provided adequate specificity
or accuracy to be used in ASD diagnosis, limiting the current
utility of genetic testing for ASD.[8] On the other hand, many
different variants converge on common biological pathways, in-
dicating that etiological heterogeneity, variable penetrance, and
genetic pleiotropy are pervasive characteristics of autism. At
present, highly penetrant mutations leading to ASD have been
described, with proved clinical utility.[9] Likewise, recent advances
in defining the molecular and cellular pathology of ASD sug-
gested that altered patterns of neuronal connectivity in the de-
veloping brain can be considered as the neurobiological basis
of these disorders.[10] Functional magnetic resonance imaging
studies have demonstrated altered patterns of cortical activation
in diagnosed children and adults with ASD during the perfor-
mance of social and cognitive tasks, as well as abnormal in-
trinsic functional connectivity.[11] However, imaging examination
is clinically impractical for high-throughput population-based
screening.
Plasma proteome analysis provides a potentially promising ap-
proach in searching the disease biomarkers. However, in past
years, limited studies are reported on proteomics based re-
search on autism. Thus, in order to discover potential pro-
tein biomarkers with diagnostic utility and to further clar-
ify the molecular mechanism in autism, we carried out
iTRAQ-based (where iTRAQ is isobaric tags for relative and
absolute quantitation) plasma analysis to compare protein
profiles from autistic and healthy control children in this
study.

2. Experimental Section

2.1. Plasma Samples

In this study, 24 male and 6 female autistic patients (2–6 years
old) were taken from Populations and Family Planning Hos-
pital of Baoan and subjected for comparative autism analysis.
They were matched one case with one control based on age
and gender (Supporting Information, Table 1). The autism was
diagnosed by a child neuropsychiatrist based on the criteria
of autistic disorders as defined in the Diagnostic and Statisti-
cal Manual of Mental Disorder—Fourth Edition (DSM-IV). There
were no significant differences in the distributions of weight,
height, or body mass index (BMI) between the case and con-
trol groups. The experiments were conducted with the written
consent of the caretakers of the children under observation ac-
cording to the guidelines of the Human Research Ethics Com-
mittees of Populations and Family Planning Hospital of Baoan.
Blood samples (5 mL) were collected in EDTA-coated plastic
tubes in the morning and in the fasting state, and centrifuged
at 3000 × g for 10 min at room temperature. The supernatants
were then divided and stored in aliquots at −80 °C for further
analysis.

2.2. Protein Enrichment

Plasma samples were analyzed in three groups in the iTRAQ
analysis. In each group, equal amounts of plasma from five
autistic and five age- and sex-matched healthy controls were
pooled (the ratio of male to female is 4:1, Supporting In-
formation, Table 1), respectively. The pooled plasma samples
were pretreated with Proteo-MinerTM protein enrichment kit
(Bio-Rad, Hercules, CA, USA) according to the manufacturer’s
instructions. To verify the efficiency of pretreatment, crude
plasma (without depletion) and eluted fractions were separated
on SDS-PAGE followed by Coomassie Brilliant Blue staining
R-250.

2.3. iTRAQ Labeling and High-pH RPLC Fractionation

The iTRAQ analysis was performed according to the previous
study.[12,13] Plasma proteins (100µg) were reduced, alkylated, and
digested with trypsin (Promega, Madison, WI, USA) at a ratio
of 1:30 at 37 °C for overnight, and then labeled with the iTRAQ
reagents (AB Sciex, Foster City, CA, USA). Three samples from
autistic children were labeled with iTRAQ tags 113, 114, 115, and
the healthy controls samples were labeled with tags 116, 117, and
118, respectively. After labeling, the samples were incubated at
room temperature for 1 h, and then the labeled samples were
mixed and lyophilized.
The dried samples were reconstituted in 100 µL double-

distilled water and injected into the Agilent HPLC (HPLC; Ag-
ilent Technologies, Santa Clara, CA, USA) with a high pH RP
column (Durashell, C18, 250 mm × 4.6 mm, 5 µm; Bonna-
Agela Technologies, Inc., Wilmington, DE, USA). Peptides were
eluted and combined into 10 groups and lyophilized and stored
at −80 °C.[12,13]
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2.4. NanoLC-MS/MS (Mass Spectrometry) Analysis

An Ultra 2D Plus nanoflow HPLC (Eksigent, Inc., Dublin, CA,
USA) coupled with Triple TOF 5600 system (AB Sciex) was
used for analytical separation of peptides.[12,13] Microfluidic traps
and nanofluidic columns packed with ChromXP C18 (3 µm,
2.1× 100mm, Eksigent) were utilized for online trapping and de-
salting, while nanofluidic columns packed with ChromXPC18 (3
µm× 150 cm, Eksigent) were employed in analytical separation.
The mass spectrometer data acquired in the positive ion mode,
with a selected mass range of 350–1500m/z. Peptides with+2 to
+5 charge states were selected for MS/MS. MS/MS spectra were
acquired in themass range of 400–1250m/z. Smart information-
dependent acquisition (IDA) was activated with automatic
collision energy and automatic MS/MS accumulation.[12,13]

2.5. Database Search and iTRAQ Quantification

The protein identification and quantification were performed
using ProteinPilot v4.5 (AB Sciex) with the Paragon Algo-
rithm against the UniProt “complete proteome” human
proteins database. Based on 95% confidence level, at least one
unique peptide per protein group was required for identifying
proteins, and two quantified peptides were required for quan-
tifying protein. The cutoff values of 1.5-fold for upregulated
proteins and of 0.67-fold for downregulated proteins with
p-value <0.05 were established as differentially expressed pro-
teins between autistic patients and controls. The changes with
EF (error factor) greater than 2 and/or these changed proteins
that were not consistent in direction among three groups were
excluded. The EF as a measure of the error in the average ratio
expressing the 95% confidence interval (95% CI) of the average
iTRAQ ratio (EF = 1095% CI, where 95% CI = (ratio × EF) −

(ratio/EF)).[14] The total proteins were compared with plasma
proteome database (http://plasmaproteomedatabase.org/).
Hierarchical cluster analysis was performed by using Cluster 3.0
software (Michael Eisen, Stanford University, CA, USA).

2.6. Bioinformatics Analysis

The full set of dysregulated proteins was entered in DAVID
(Database for Annotation, Visualization and Integrated Discov-
ery, http://david.abcc.ncifcrf.gov/) database for functional anal-
ysis. Functional interaction network analysis was carried out
by using ClueGO cytoscape plugin.[15] Gene ontology (GO) cat-
egories and pathways searched include biological processes,
KEGG (Kyoto Encyclopedia of Genes and Genomes) path-
way, REACTOME pathway, and Wiki pathway. The protein–
protein interaction (PPI) networks associated with these pro-
teins were retrieved from a web-based tool LENS (Lens for
Enrichment and Network Studies of Proteins) at the website:
http://severus.dbmi.pitt.edu/LENS/.[16]

2.7. Validation of Protein Expression by ELISA Analysis

To validate quantitative proteomic results, plasma C3, C5,
ITGA2B, GC, and TLN1 concentrations in individual samples

from autistic and healthy controls were measured using com-
mercial ELISA kits (USCN Life Science, Inc., Cloud-Clone Corp.,
USA), according to themanufacturer’s instructions. Twenty nine
(29) aqueous crude plasma samples were used from both groups
for ELISA analysis (Supporting Information, Table 1). The ELISA
results were normalized to total protein concentration.

2.8. Statistical Analysis

The data are presented as mean ± standard deviation (SD)
and statistical analyses were performed by two-tailed t-test.
P-value < 0.05 was considered statistically significant. ROC
curves were constructed to assess the diagnostic values of the can-
didate proteins by using SPSS software 19.0 (IBMAnalytics, New
York, NY, USA).

3. Results

3.1. Enrichment of Medium and Low Abundance Plasma Proteins

The most challenging obstacle to develop blood-based biomark-
ers is the massive dynamic range of proteins in blood. Here, we
used Proteo-MinerTM enrichment kit to enrich medium and low
abundant plasma proteins. The protein patterns of plasma sam-
ples before and after enrichment were visualized on SDS-PAGE
gels (Figure 1A). As expected, by the pretreatment, the low and
medium abundance proteins could be enriched.

3.2. iTRAQ Comparative Proteomics Results

By iTRAQ analysis, 625 plasma proteins were successfully iden-
tified (Supporting Information, Table 2), out of which 45, 75, and
85 proteinswere identified as differentially expressed proteins be-
tween autistic patients and healthy controls in group1, group2,
and group3, respectively. Among the three groups, 24 differen-
tially expressed proteins were found common (Table 1). The hier-
archical cluster analysis showed that the total proteins expression
pattern in the three groups was similar (Figure 1B). By compari-
son with plasma proteome database, as shown in Figure 1C, 542
proteins identified in this study overlapped with the proteome
database and 83 proteins have no hit in the database. Interest-
ingly, all of the 24 differentially expressed proteins matched with
the database (Supporting Information, Table 2). The cluster map
of differentially expressed proteins identified common in differ-
ent groups is shown in Figure 1D.
Among the 24 proteins identified common in the three groups,

10 proteins were significantly upregulated and 14 downregulated
(Table 1). Out of these 24 proteins, 22 proteins have already been
reported to be associated with autism (Table 1). For the first time,
differential expression of 17 proteins, that is, ACTN1, ENO1,
PARVB, CALM1, CALR, C5, EHD3, FERMT3, FBLN1, IGFALS,
ITGA2B, MAPRE2, TLN1, THBS1, VCP, VCL, and VTN are ob-
served in the blood/plasma of autistic patients compared with the
healthy controls. Two proteins, that is, C5 and FERMT3 are being
reported for the first time to be associated with autism. Like-
wise, we performed the FDR (false discovery rate) correction for
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Figure 1. The efficiency of enriched plasma proteins and venn diagram of proteins. A) The efficiency of enriched plasma proteins. Twenty microgram
crude plasma (without depletion) and eluted fractions (enrichment plasma proteins) were separated on SDS-PAGE gel. Mr, Molecular weight. B) Cluster
map comparing the protein expression patterns of different groups. Red color indicates higher expression, green lower expression, and black indicates
the same expression levels compared with the control. C) Venn diagram showing the overlapping of proteins identified in this study and plasma proteome
database. D) Cluster map comparing the differentially expressed proteins found common in different groups.
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Table 1. Differentially expressed plasma proteins in autistic and age- and sex-matched healthy controls.

Protein name Accession

no.

Gene name Peptides

(95%)

% Cov

(95)

Group1b) Group2b) Group3b) References

Autism: Ctrl Autism: Ctrl Autism: Ctrl

Actin, cytoplasmic 2 (−)a) P63261 ACTG1 24 46 −1.91 −4.15 −3.34 [20,21]

Alpha-1-antitrypsin (+)c) P01009 SERPINA1 37 50 2.07 2.94 4.27 [42,43]

Alpha-actinin-1 (−) P12814 ACTN1 28 31 −3.91 −4.89 −4.21 [56,57]

Alpha-enolase (−) P06733 ENO1 6 19 −1.02 −1.87 −2.34 [58]

Angiotensinogen (+) c) P01019 AGT 21 31 3.31 5.71 4.77 [59]

Apolipoprotein E (+) c) P02649 APOE 136 68 1.99 1.42 3.61 [47]

Beta-parvin (−) Q9HBI1 PARVB 7 17 −2.79 −5.05 −3.45 [23]

Calmodulin (−) P62158 CALM1 5 50 −3.27 −4.41 −4.27 [29,60]

Calreticulin (−) P27797 CALR 5 16 −2.18 −2.22 −1.86 [30,61]

Complement C3 (+) c) P01024 C3 156 49 2.91 3.00 2.96 [40]

Complement C5 (+) P01031 C5 14 10 2.06 2.39 1.93 Nod)

EH domain-containing

-containing protein 3 (−) Q9NZN3 EHD3 10 19 −2.76 −4.03 −4.52 [52]

Fermitin family homolog 3 (−) Q86UX7 FERMT3 19 37 −2.43 −3.43 −4.09 Nod)

Fibronectin (+) c) P02751 FN1 65 30 1.26 2.07 3.76 [25,61,62]

Fibulin-1 (+) P23142 FBLN1 20 15 1.18 1.40 2.41 [31]

Insulin-like growth factor

-binding protein complex acid

labile subunit (+)

P35858 IGFALS 9 17 0.82 3.32 1.97 [57]

Integrin alpha-IIb (−) P08514 ITGA2B 6 5.6 −2.03 −2.34 −3.23 [26]

Kallistatin (+) c) P29622 SERPINA4 7 19 1.67 2.72 1.00 [59]

Microtubule-associated protein

RP/EB family member 2 (−)

Q15555 MAPRE2 3 10 −2.80 −4.56 −3.67 [53]

Talin-1 (−) Q9Y490 TLN1 90 32 −2.82 −4.36 −4.90 [39]

Thrombospondin-1 (−) P07996 THBS1 31 22 −1.79 −1.65 −3.65 [28,60]

Transitional endoplasmic

reticulum ATPase (−)

P55072 VCP 21 31 −1.05 −3.76 −3.26 [54,63]

Vinculin (−) P18206 VCL 22 23 −2.18 −3.16 −4.09 [22]

Vitronectin (+) P04004 VTN 141 53 1.65 3.11 2.41 [27]

a) (+), protein increased in abundant; (−), protein decreased in abundant.

b) Fold change (log2 ratio), p < 0.05 versus the control.

c) The protein has been identified as differentially expressed protein in the blood of autistic patients in previous reports or patents.

d) No, not been reported.

p-value based on the full list of identified proteins (Supporting In-
formation, Table 2). Among 24 differentially expressed proteins,
nine proteins including ACTN1, AGT, C3, C5, FN1, SERPINA1,
THBS1, TLN1, and VTNwere found to be significant in the three
comparisons, and nine proteins include ACTG1, APOE, FBLN1,
FERMT3, IGFALS, ITGA2B, PARVB, VCL, and VCP were
significant in the two comparisons (Supporting Information,
Table 2).

3.3. Bioinformatics Analysis of the Differentially Expressed
Proteins

The differentially expressed proteins were analyzed by different
databases. In DAVID analysis (Figure 2A–C), we used the list of
all detected proteins as the baseline, the results showed that the

majority of the differentially expressed proteins are associated
with focal adhesion, regulation of cell migration and cell motil-
ity, cell adhesion, cell junction, blood coagulation, hemostasis, re-
sponse to wounding, platelet activation and degranulation, Rap1
signaling pathway, and MAP2K and MAPK activation, sug-
gesting that these proteins and the biochemical processes
link to them might play a critical role in the pathogen-
esis of autistic disorder. In addition, there are 17 path-
ways that were enriched (Figure 2B), among them, the p-
value of four pathways, that is, MAP2K and MAPK ac-
tivation, syndecan interactions, focal adhesion, and Rap1
signaling pathway was less than 0.05 when using the list of all
detected proteins as the baseline; however, when we used Homo
sapiens as background, except for PI3K-Akt signaling pathway,
the p-value of all the other pathways was less than 0.05 (data not
shown). The results implied that MAP2K and MAPK activation,
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Figure 2. Bioinformatics analysis of differentially expressed proteins in the plasma of autistic and healthy subjects. (A) The top 20 ranking of biological
process based on gene ontology (GO). (B) The signal transduction pathways are associated with these proteins. (C) The top 20 ranking of cellular
components based on GO. (A–C) Number of proteins associated with each category and p-value for gene-enrichment analysis are shown on the right of
each term bar. (D) The differentially expressed proteins were mapped to the GO categories (biological processes), KEGG pathway, REACTOME pathway,
and Wiki pathway by using ClueGO cytoscape plugin. (E) The literatures have more than two pathways overlapping with the present study.

syndecan interactions, focal adhesion, and Rap1 signaling path-
way may be more important in the pathogenesis of autism.
We used the Cytoscape software with ClueGO plug-in to

further investigate the functional interaction networks of dif-
ferentially expressed proteins. The results are consistent with
DAVID analysis (Figure 2D), these proteins were mainly in-
volved in cell–substrate adhesion, focal adhesion, extracellu-
lar matrix (ECM)–receptor interaction, platelet degranulation,
etc. Besides, the inflammatory response, complement and co-
agulation cascades, MAP2K and MAPK activation, integrin
alphaIIb beta3 signaling, and platelet aggregation pathways
were also enriched. The biological processes and pathways

related to these proteins are listed in Table 2. Interestingly,
except for the pathway of response to elevated platelet cytoso-
lic Ca2+, all of these signal transduction pathways have been re-
ported to be associated with autism in the previous studies. It
is worth noting that 13 studies have shown more than two path-
ways overlappingwith the present study and these references and
pathways are presented in Figure 2E. For example, it is interest-
ing that those three pathways, that is, focal adhesion, cell adhe-
sion molecules, and leukocyte transendothelial migration, were
related to Han Chinese cohort in a recent study.[8]

Subsequently, PPI networks were generated and are shown
in Figure 3. Twenty-five differentially expressed proteins (24
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Table 2. The differentially expressed proteins associated with biological processes and signal transduction pathways.

Gene

ontology/pathways

Pathways Count Genes References

Biological processes Blood coagulation 15 ACTG1,ACTN1,APOE,C3,CALM1,EHD3,FBLN1,FERMT3,

FN1,ITGA2B,SERPINA1,THBS1,TLN1,VCL,VTN

[64,65]

Cell adhesion 14 ACTG1,ACTN1,ACT,CALR,FERMT3,FN1,FBLN1,ITGA2B,

PARVB,TLN1,THBS1,VCL,IGFALS

[3,17,66–73]

Cell–cell adhesion 6 ACTN1,ACTG1,FERMT3,ITGA2B,TLN1,VCL [8,74]

Cell–substrate adhesion 10 ACTN1,AGT,CALR,FERMT3,FN1,FBLN1,ITGA2B,THBS1,

VCL,VTN

[75]

Regulation of cell

migration

11 AGT,APOE,CALR,C5,FERMT3,FN1,FBLN1,ITGA2B,THBS1,

VCL,VTN

[17,68,76–78]

Regulation of cell

motility

11 ACT,APOE,CALR,C5,FERMT3,FN1,ITGA2B,THBS1,VCL,

VTN,FBLN1

[70,73]

KEGG pathway Adherens junction 3 ACTG1, ACTN1, VCL [65,74]

Bacterial invasion of

epithelial cells

3 ACTG1,FN1,VCL [79]

ECM–receptor

interaction

4 FN1,ITGA2B,THBS1,VTN [80,81]

Focal adhesiona) 9 ACTG1,ACTN1,FN1,ITGA2B,PARVB,THBS1,TLN1,VCL,VTN [8,17,65,66,74,82]

Leukocyte

transendothelial

migration

3 ACTG1,ACTN1,VCL [8,65,82,83]

PI3K-Akt signaling

pathway

4 FN1,VTN,ITGA2B,THBS1 [17,72,82,84–87]

Platelet activation 4 ACTG1,FERMT3,ITGA2B,TLN1 [33,34]

Proteoglycans in cancer 4 ACTG1,FN1,VTN [88]

Rap1 signaling pathway 5 ACTG1,CALM1,ITGA2B,THBS1,TLN1 [86]

Regulation of actin

cytoskeleton

5 ACTG1,ACTN1,FN1,ITGA2B,VCL [65,68,70,73,76,81,82,85]

REACTOME Complement cascadea) 3 C3, C5, VTN [25,89,90]

Integrin alphaIIb beta3

signaling

3 FN1, ITGA2B, TLN1 [38]

MAP2K and MAPK

activation

4 FN1, ITGA2B, TLN1, VCL [8,17,65,72,73,82,83,85,86,91]

Platelet aggregation 3 FN1, ITGA2B, TLN1 [34,38]

Platelet degranulation 10 ACTN1, CALM1, FERMT3, FN1, ITGA2B, SERPINA1,

SERPINA4, THBS1, TLN1, VCL

[85]

Response to elevated

platelet cytosolic Ca2+
10 ACTN1, CALM1, FERMT3, FN1, ITGA2B, SERPINA1,

SERPINA4, THBS1, TLN1, VCL

Nob)

Wiki Pathways Inflammatory response

pathway

3 FN1, THBS1, VTN [44,57,76,81,89,92–94]

a) These pathways were also enriched in the Wiki pathways.

b) No, not been reported.

differentially expressed proteins as mentioned above plus GC)
were found interacting with each other in a protein interaction
network (Figure 3A). With these proteins as candidates and
autism-related genes as target genes, the other PPI networks
were generated (Figure 3B). All of 25 proteins and 5 autism-
related genes (CDH9, CDH10, PARD3B, PPP2R5C, and TAF1C)
were enriched in the interaction networks. Likewise, other PPI
networks were generated by using 25 differentially expressed
proteins as candidates and 44 combined genes (ASD, attention
deficit hyperactivity disorder, bipolar disorder, major depressive
disorder, and schizophrenia; NHGRI GWAS; Figure 3C) as

target genes. As shown in Figure 3C, all of candidate genes and
22 target genes (ANK3, ANKS1B, CACNA1C, CACNB2, DCP1B,
DPYD, ENO1, GRIN2A, HDAC4, KIF5C, MAP4K4, MMP16,
NT5C2, NTRK3, PPP2R2B, RERE, SMARCA2, SYNE1, TCF4,
ZFPM2, ZMIZ1, and ZNF804A) among the 44 combined genes
were enriched in an interaction networks. Of which ENO1 was
found common gene between candidate genes and target genes.
Interestingly, comparing the two PPI networks of different
target genes (Figure 3B and C), more proteins were interacted
in the networks of autism-related genes as target genes, sug-
gesting that these differentially expressed proteins were tightly
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Figure 3. Protein–protein interaction networks of differentially expressed plasma proteins in autistic children and healthy subjects. The networks analysis
was carried out by using LENS. (A) Network corresponding only to differentially expressed proteins (shown in red) shows the immediate interactions and
paths between them. (B) Network generated with the differentially expressed proteins as candidate genes (shown in red) and eight autism genes (NHGRI
GWAS) include CDH9, CDH10, MACROD2, PARD3B, PPP2R5C, SEMA5A, TAF1C, and TAS2R1 as target genes (shown in blue). (C) Network generated
with the differentially expressed proteins as candidate genes (shown in red) and combined genes (ASD, attention deficit hyperactivity disorder, bipolar
disorder, major depressive disorder, and schizophrenia, NHGRI GWAS) as target genes (shown in blue), including ANK3, ANKS1B, ANO5, AS3MT,
BANK1, CACNA1C, CACNB2, CCDC68, CNNM2, CSMD1,DCP1B, DPYD, ELTD1, ENO1, FAM155A, GRIK1, GRIN2A,HDAC4, IFI44, IFI44L, IL1R2, ITIH3,
KIF5C, LYPD6B,MAP4K4,MGC16025,MIR137,MMP16, NT5C2, NTRK3, PCGEM1, PPP2R2B, RERE, SEMA3A, SLC17A6, SLC35F2, SLC45A1, SMARCA2,
STT3A, SYNE1, TCF4, ZFPM2, ZMIZ1, and ZNF804A. NHGRI, National Human Genome Research Institute; GWAS, genome-wide association studies.
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Figure 4. Validation of differentially expressed proteins in the plasma of children with autism by ELISA. The graphical results depict the mean ± SD, **p
< 0.01, ***p < 0.001. (A) Complement C3 (C3). (B) Complement C5 (C5). (C) Integrin alpha-IIb (ITGA2B). (D) Talin-1 (TLN1). (E) Vitamin D binding
protein (GC). (F) ROC curve analysis. ROC curves analysis of C3, C5, GC, ITGA2B, TLN1 and combine C3, C5, ITGA2B, TLN1 to discriminate autistic
patients from healthy controls.

associated with autism-related genes than the other psychi-
atric disorders. The network statistics associated to the LENS
analysis is presented in Supporting Information, Table 3. Three
values include minimum shortest path length, average shortest
path length, and the count of disconnected nodes is used to
describe the network connectivity. The results showed that
these three values were higher in random genes than that in
candidate genes when only candidate genes were given, whereas
in candidate to target were lower than that in candidate to
random when both candidate and target genes were given. The
results supported that these networks are well enriched.

3.4. ELISA Validation

We selected five proteins involved in different signal transduc-
tion pathways and we could obtain their commercial ELISA kits,
including C3, C5, GC, ITGA2B, and TLN1 to be validated by
ELISA assay. Among them, C3, C5, and TLN1 were significantly
changed in the three comparisons through FDR correction of p-
value. In addition, the fold changes of GC were higher and vari-
ation trends were consist in three groups, and exhibited differ-
ential expression in two groups (p < 0.05) was also verified by
ELISA analysis. As shown in Figure 4, consistent with the iTRAQ
analysis, the plasma levels of C3 and C5 were increased in autis-
tic children compared with controls (Figure 4A, B, p < 0.05),

whereas the plasma levels of GC, ITGA2B, and TLN1 in autis-
tic patients were significantly lower than those in healthy con-
trols (Figure 4C–E, p< 0.05). These data validate the iTRAQ anal-
ysis results and suggest that the plasma levels of C3, C5, GC,
ITGA2B, and TLN1 may serve as potential biomarker for the
diagnosis of autism. The ELISA results for these five proteins
were used for ROC analysis, AUC values of C3, C5, ITGA2B,
GC, and TLN1 were 0.904 (95% CI, 0.831–0.977, p < 0.000),
0.773 (95% CI, 0.651–0.894, p < 0.000), 0.782 (95% CI, 0.653–
0.912, p < 0.000), 0.728 (95% CI, 0.596–0.860, p < 0.003), and
0.839 (95% CI, 0.735–0.944, p < 0.000), respectively. Combining
five proteins, that is, C3, C5, GC, ITGA2B, and TLN1 were used
to generate the ROC curves. Figure 4F shows that AUC value
of combinations of these five proteins is 0.982 (95% CI, 0.957–
1.000, p < 0.000), resulting in a higher AUC value than that of a
single protein.

4. Discussion

The present proteomics study revealed 24 differentially expressed
plasma proteins in the autistic subjects compared to healthy con-
trols. Among these, 13 proteins are found involved in focal ad-
hesions, regulation of cytoskeleton, cell motility and migration,
cell adhesion, adherens junction, and ECM–receptor interac-
tion, which include ACTG1, ACTN1, C5, CALR, FERMT3, FN1,
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FBLN1, ITGA2B, PARVB, TLN1, THBS1, VCL, and IGFALS.
These processes have been reported to be associated with ASD in
the previous studies and our results were similar to these stud-
ies. For example, expression of FAK (focal adhesion kinase) was
diminished in autistic lymphoblasts and overexpression of FAK
in these cells restored the adhesion and migration defects.[17] Be-
sides ASDs, change in cytoskeleton proteins expression has been
reported in other psychiatric disorders.[18] In addition, recent ge-
netic studies demonstrate that alterations in synaptic genes in-
cluding those encoding cell adhesionmolecules and their interac-
tion partners play important roles in the pathogenesis of ASD.[19]

Migration defects have also been proposed as one of the major
pathways of autism.[17]

Out of these 13 proteins, ACTG1has been identified as autism-
associated gene,[20,21] and VCL protein is the partner of SHANK3
(a susceptibility gene for ASD).[22] PARVB is involved in integrin-
mediated cell adhesion, regulation of cell spreading, and cell
motility. Deletion of this gene leads to macrocephaly and over-
growth and associated with a markedly enlarged brain.[23] Like-
wise, there are three proteins, that is, FN1, ITGA2B, and TLN1
involved in integrin alphaIIb beta3 signaling. Integrin-mediated
signaling events in neurons regulate glutamate receptor activ-
ity and downstream control of the neuronal cytoskeleton.[24] FN1
is an extracellular matrix protein involved in cell adhesion and
migration.[25] Consistent with a previous study,[25] the expression
levels of FN1 were upregulated in autistic children in this study.
ITGA2Bhas been proposed as a candidate gene for autism,which
is related to cell adhesion and cell-surface-mediated signaling
and links the extracellular matrix to the intracellular cytoskele-
ton via integration with ITGB3 forms ɑIIbß3.[26] Its expression
levels were found to be increased in the ASD brain and peripheral
tissues.[26] On the contrary, here, the lower levels of ITGA2Bwere
detected in autism plasma, and thus need to be further clarified.
Another protein VTN has been demonstrated to interact with the
cell adhesion molecule, a close homolog of L1 (CHL1). CHL1
plays important roles in the development and the adult nervous
system and links to mental retardation including ASD.[27] Ad-
ditionally, the process of synapse formation, or synaptogenesis,
is tightly regulated to ensure correct connections between neu-
rons. Most of susceptible or causative genes of ASD are related to
synaptogenesis.[28] In this study, three proteins (TSP-1, CALM1,
and CALR) associated with synaptogenesis are observed to be de-
creased, whereas one protein (FBLN1) is found increased in the
plasma of autistic subjects. TSP-1 protein encoded by THBS1
gene is an important astrocyte-secreted protein being involved
in the regulation of spine development and synaptogenesis. Par-
ticularly, it has been proposed as a novel susceptible gene for
autism in the Chinese Han population.[28] CALM1 plays a critical
role in regulating voltage-independent calcium-activated action
potentials at the neuronal synapse, being proposed as a candi-
date gene for the ASD.[29] CALR and FBLN1 were found to be
candidate chaperone proteins interacting with autism-associated
NLGN3 (Neurolign 3) gene.[30,31]

Moreover, ten proteins, that is, ACTN1, CALM1, FERMT3,
FN1, ITGA2B, SERPINA1, SERPINA4, THBS1, TLN1, and VCL,
are associated with platelet function and response to elevated
platelet cytosolic Ca2+. Interestingly, the previous studies in-
dicated that the platelets and neurosecretory cells have com-
mon gene expression profiles and share several biological fea-

tures. Changes in platelet functions were often detected in
monogenetic and complex neurological diseases including
autism.[32] For example, platelet activity has been detected to
be decreased in infantile autism.[33] A recent study showed that
increased platelet counts, decreased platelet ATP dense gran-
ule secretion, and increased serotonin plasma levels not only
in ASD patients, but also in their first-degree relatives.[34] Sero-
tonin could induce increased platelet cytosolic calcium concen-
tration in depressed[35] and bipolar affective disorder.[36] Our re-
sults showed that 10 proteins are found associated with response
to elevated platelet cytosolic Ca2+. Thus, it can be hypothesized
that platelet cytosolic calcium concentration may be increased in
the autistic children and induced by serotonin. Indeed, affected
genes include FOXG1, AQP7, GNAS, and ADCYAP1 (PACAP)
with modifications of the platelet aggregation response and/or
variations in dense or agranule number or release have been
reported.[32] Some signal transduction pathways associated with
serotonin metabolism such as platelet activation, degranulation,
and aggregation have been reviewed, and theymay be involved in
autism during early brain development.[37] In addition, integrin
αIIbβ3 interacts with antidepressant-sensitive serotonin (5-HT)
transporter SERT may have broad implications for hypersero-
tonemia and autism.[38] Besides, FERMT3, an integrin-activating
protein, implicated in platelet function, is being reported for the
first time to be decreased in the plasma of autistic patients. A re-
cent study suggested that TNL1may be involved in remodeling of
the actin cytoskeleton of platelets.[39] Therefore, the results agree
with the fact that platelet dysfunction may play a critical role in
the pathogenesis of autism, and these proteins identified in this
study are associated with platelet function might contribute to
autism pathophysiology.
Four proteins, that is, C3, C5, SERPINA1, and VTN, are found

involved in complement and coagulation cascades. Similarly,
compared to healthy controls, several upregulated complement
proteins have been reported in the serum of ASD.[25,40] Coin-
ciding with our results, increase in three peptides that corre-
spond to C3 complement protein fragments were identified in
the blood of children with ASD in a previous study.[40] For the
first time, C5 is found to be increased in the plasma of autistic
children in this study. However, a very recent study reported that
C3 mRNA levels were decreased in the middle frontal gyrus of
ASD subjects compared to controls.[41] Complement proteins are
producedmainly by the liver.[41] As the blood–brain barrier (BBB)
exists, the brain produces complement proteins locally. Thus,
the complement system in the periphery of subjects with ASD
may be activated.[41] Low levels of SERPINA1 have been observed
in some children with autism,[42,43] which is inconsistent with
our finding and need further confirmation. Activation of comple-
ment pathway can ultimately lead to the release of inflammatory
mediators. Increased levels of inflammatory markers have been
reported in individuals with autism and immune dysfunction be-
ing a potential mechanism for ASD.[44] Postmortem brain studies
on the possible effects on inflammation in ASD have also been
conducted previously.[45] In the present study, three proteins, that
is, FN1, THBS1, and VTN, were found associated with inflamma-
tory reaction. Hence, our results support the view that the com-
plement system and inflammatory reactions might be involved
in the pathophysiology of autism.
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Apolipoproteins (apos) are the protein component of lipopro-
teins involved in the transport of lipids, cholesterol, and vitamin
E in the circulation. The changes in apos have already been re-
ported in the serum of ASD.[40,46] APOE is a significant factor
in the neurodegenerative diseases. Here, it was found to be in-
creased in the plasma of autistic patients, this is similar with a
previous study.[47] However, another previous study found no ev-
idence for linkage or association of APOE to autism.[48] Thus, the
role of APOE in autism pathogenesis needs to be studied fur-
ther. Another protein, vitaminD binding protein (GC), was found
to be significantly downregulated in the plasma of autistic chil-
dren. Vitamin D deficiency, either in pregnancy or during post-
natal development, is an apparent risk factor for autism.[49] GC
is suggested to help in binding vitamin D in the central nervous
system. A previous report showed that its levels were increased
in newborns serum, developing ASD later in life due to low vita-
min D level.[50] This inconsistency with our results may be due to
the age differences, being 2–6 years old in the present study, but
it is newborns in the literature.[50]

Moreover, the other proteins such as EHD3, MAPRE2, and
VCP have also been found related to autism.[51–54] EHD3 is a
family member of the human EH domain containing proteins
and plays a role as a linker between the premature endosome
and the endocytic recycling compartment. It has been associated
with major depressive disorder in the Chinese population[51] and
linked to autism in a recent study.[52] MAPRE2 is a microtubule-
associated protein that is possibly involved in the development of
neuronal processes and associated with autism.[53] VCP proteins
are ubiquitously expressed in various tissues. It influences the ef-
ficiency of protein synthesis to control dendritic spine formation
in neurons,[55] and mutations in the VCP gene results in multi-
system disorders including ASD.[54] Our results agree with these
three proteins may contribute to the pathophysiology of autism.
Furthermore, five proteins, that is, C3, C5, GC, ITGA2B, and
TLN1 were successfully validated by ELISA analysis. The results
were consistent with the LC/MS quantification results. By ROC
curve analysis, the results showed that combining five proteins
(C3, C5, ITGA2B, GC and TLN1) lead to a higher AUC value,
suggesting that they may serve as a biomarker panel to aid in the
diagnosis of autism.
In conclusion, this is the first study to investigate the behavior

of plasma proteins in autistic children compared to healthy con-
trols by using iTRAQ-based proteomic approach. Differentially
expressed proteins and the signal transduction pathways related
to autism are identified here. Most of them have previously been
linked to the pathophysiology of ASD. The proteins may serve as
candidate markers and might be used for diagnosis of this dis-
ease in the future. These findings support current theories re-
garding ASD onset, and highlight the roles of several networks
in the autistic pathogenesis, including focal adhesions, acting cy-
toskeleton, cell adhesion, cell motility and migration, synaptoge-
nesis, complement system, and platelet function, suggesting that
autism is a multifactorial disorder with complicated pathophys-
iological changes. However, this study is a preliminary investi-
gation regarding biomarker discovery for ASD and give a clue
for further research. For more authentic results, further study is
required on large scale with large population size. Moreover, fur-
ther validation of above-mentioned differentially expressed pro-
teins will make the results more valid and practical. Age limita-

tions should also be addressed in future studies for better un-
derstanding of the results. The other potential limitations and
confounders include the patient heterogeneity (e.g., disease
severity), these findings correlate with disease-related behaviors,
the experimental design, and lack of control of a number of vari-
ables (e.g., non-ASD control group with developmental delays
and/or other disorders of childhood), etc. In addition, it will be
interesting to further investigate the same changes of these pro-
teins whether or not occur in the brain tissue or peripheral blood
cell/platelet of autistic children.
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