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Preface to ”Identification and Characterization of

Genetic Components in Autism Spectrum

Disorders 2019”

This textbook, The Identification of the Genetic Components of Autism Spectrum Disorders

2019, includes themes associated with autism spectrum disorders (ASD) and related conditions

divided into three sections (clinical, genetics, other) covering the topics from 2019. These

sections include information on clinical description and phenotypic subtyping, causes, diagnosis,

treatment and characterization of ASD and biomarker development related to neurodevelopmental

disorders; the overview of genetic, epigenetic, and environmental factors involved in ASD;

characterization of findings in autism based on genomics advanced laboratory testing and genetics

with bioinformatics and translational research with characterization of an emerging 15q11.2 BP1-BP2

deletion (Burnside–Butler) syndrome as a cause of autism and neurodevelopmental defects; and

other factors contributing to our understanding of causation of ASD including proteomics and

metabolomics with approaches towards functional insights into autism.

This textbook includes 13 chapters written by experts in the field of genetics, medical care

and treatment approaches and diagnosis, autism research and discovery with characterization and

analysis of genetic and environmental factors. Of these, four chapters are dedicated to clinical

description and phenotype-genotype and associations with autistic traits, immune responses to

antigens in children with ASD, risk factors for children with autism and of-parental-origin effects

in the 15q11.2 BP1-BP2 deletion (Burnside–Butler) syndrome as a genetic cause of autism; six

chapters are dedicated to basic laboratory or translational research with genetic data analysis of single

genes with expression patterns, pathways, and profiling related to intellectual disabilities, fragile X

syndrome and autism, as well as reviews regarding their contribution to ASD, as 90% of individuals

with autism may have a genetic component contributing to their clinical findings; and 3 chapters

describe altered intestinal morphology and microbiota composition in autism, animal modeling, and

the possible role of magnesium in Burnside–Butler syndrome.

This textbook should be a useful resource for basic scientists and clinical researchers, medical

geneticists, physicians and clinicians caring for and managing patients with the goal to translate

this information directly to the clinical setting for diagnosis, care and treatment of patients

with ASD. Health care providers and paraprofessionals should be interested, particularly those

engaged in teaching, research, care and treatment including students at all levels of training and

families regarding this important neurodevelopmental disorder which is on the rise in our society

and worldwide.

Ultimately, the team of healthcare professionals required to diagnose, treat and care for

the growing list of problems recognized or understudied in ASD may include psychiatrists,

psychologists, clinical and laboratory geneticists, clinical geneticists and genetic counselors,

neurologists, special educators and paraprofessionals, child life experts, developmental specialists

and pediatricians, social workers, nurses and nurse practitioners, occupational and physical

therapists, speech therapists and pathologists and public health experts with community activists

should find this resource helpful in recognizing features seen in autism and understanding and

identifying causes. Lastly, this book would serve as a resource for parents and other family

members for better awareness about risks, features and causes of autism as well as agencies
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providing care, information, resource and services for those families with autism and/or related

neurodevelopmental disorders.

Merlin G. Butler

Editor
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Abstract: Recent research revealed that autism spectrum disorders (ASD) and cancer may share
common genetic architecture, with evidence first reported with the PTEN gene. There are
approximately 800 autism genes and 3500 genes associated with cancer. The VarElect phenotype
program was chosen to identify genes jointly associated with both conditions based on genomic
information stored in GeneCards. In total, 138 overlapping genes were then profiled with
GeneAnalytics, an analysis pathway enrichment tool utilizing existing gene datasets to identify
shared pathways, mechanisms, and phenotypes. Profiling the shared gene data identified seven
significantly associated diseases of 2310 matched disease entities with factors implicated in shared
pathology of ASD and cancer. These included 371 super-pathways of 455 matched entities reflecting
major cell-signaling pathways and metabolic disturbances (e.g., CREB, AKT, GPCR); 153 gene
ontology (GO) biological processes of 226 matched processes; 41 GO molecular functions of 78
matched functions; and 145 phenotypes of 232 matched phenotypes. The entries were scored and
ranked using a matching algorithm that takes into consideration genomic expression, sequencing, and
microarray datasets with cell or tissue specificity. Shared mechanisms may lead to the identification
of a common pathology and a better understanding of causation with potential treatment options to
lessen the severity of ASD-related symptoms in those affected.

Keywords: autism spectrum disorders (ASD); cancer; overlapping genes and gene profiling;
super-pathways; phenotypes and diseases; molecular functions and processes

1. Introduction

Autism spectrum disorders (ASD) include an array of conditions arising from
neurodevelopmental defects during a crucial stage of brain formation characterized by deficits
in communication ability, a paucity of social skills, repetitive behaviors, and narrow interests [1].
Environmental factors and perinatal care may play a role in both ASD onset and severity, but often
arises from a substantial genetic burden. Colvert et al. [2] found heritability estimates of 56% to 95%
among monozygotic twins, with additive genetic factors comprising a significant share of the burden.

Morphologically, the brains of individuals diagnosed with ASD contain abnormal neuronal
growth patterns, including an overabundance of neurons and unusual dendritic spine profiles [3,4].
Butler and others in 2005 [5] suggested that common causal factors could contribute to both abnormal
neuronal development, autism, and risk for malignancy in patients with autism, with macrocephaly
and PTEN gene mutations seen in about one-fifth of affected individuals. PTEN is an important
tumor-suppressor gene reported to play a role in tumor growth, hamartoma disorders (e.g., Cowden,
Proteus, Bannayan–Riley–Ruvalcaba syndrome), overgrowth, and cancer [6–8]. Several of these
overgrowth-related disorders are also at risk of developing malignancy, particularly colorectal cancer.

The genetic architecture of ASD was extensively surveyed through genome-wide association
studies (GWAS) and candidate gene approaches [9–11]. Several pathways and mechanisms were

Int. J. Mol. Sci. 2019, 20, 1166; doi:10.3390/ijms20051166 www.mdpi.com/journal/ijms1
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proposed as mediating factors in the pathogenesis of disorders, although the causative agents of
the vast majority of cases remain elusive. However, cross-talk between the canonical Wnt pathway,
the Notch signaling cascade [12], and other disturbed genes and pathways [13,14] are believed to
play a potential role and helpful in explaining an association with malignancy [15,16]. Furthermore,
MAPK and calcium signaling pathways, particularly overlapping calcium-PKC–Ras–Raf–MAPK/ERK
processes are strongly associated with ASD. These pathways play a central role in a large range
of biological processes and, when abnormal, may compromise biological output and contribute to
neuropsychiatric disorders, cell growth, and malignancy [17–20].

The PTEN gene product behaves as an inhibitor of the phosphoinositol 3-kinase/AKT
pathway [21]. Disturbances contribute to dysregulation in the pathway leading to excessive
uncontrolled cell growth and malignancy. Butler et al. [5] and Varga et al. [21] previously reported
elevated frequencies of heterozygous germline PTEN gene mutations in the ASD population,
suggesting that mutations serve as a critical component of the shared cancer and ASD etiology
requiring further research. Investigation into the connection of other genetic factors contributing to
ASD and cancer could be of clinical utility. Individuals diagnosed with autism should be screened
more frequently for cancers for which they may have a genetic susceptibility.

In the investigation herein, we utilized GeneAnalytics, which incorporates a computer-based
bioinformatics pipeline developed by GeneCards, to identify and interrogate shared genes and their
architecture between cancer and ASD. We explored influential shared pathways in overlapping genes
which could represent potential therapeutic targets. We reviewed reports on the overlap between
approximately 800 autism and over 3500 cancer-related genes utilizing this bioinformatics/pathway
analysis program. GeneCards was used as an integrated, human genomic database to leverage
information from 125 scholarly databases including genetic, transcriptomic, proteomic, functional,
and clinical information to interrogate genomic-related data for our study [22,23]. This novel study
may supply information helpful to stimulate or address a potential medical or genetic conundrum and
may provide a research-based foundation of common pathology in ASD and cancer.

2. Results

Using the VarElect program, autism and cancer genes were screened for overlapping units,
according to phenotype category. VarElect identified 138 genes in common between the 792 reported
known, susceptible, or clinically relevant genes for autism or ASD (17.4%), and 3.9% of approximately
3500 genes implicated in cancer. The 138 genes and their underlying biological functions were profiled
by the commercially available GeneAnalytics program, previously validated in studies of random
genes to test the interpretation power or relationship to the gene set under investigation [22].

The GeneAnalytics output furnished a list of diseases highly associated with the combined cancer
and autism gene set. The resulting high score matches (p < 0.05) are presented, ranked by score,
and categorized by disease type in Table 1. The number of matched genes between the indicated
disease and the autism and cancer gene set is included for context. Seven diseases were found to be
significantly associated with the dataset, all of which pertain to cancer (see Figure 1). Three of the
cancers are reproductive in nature (breast, prostate, and endometrial), while two are gastrointestinal
(colorectal and pancreatic).
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Table 1. Profiling of high scores in overlapping genes for autism and cancer-associated diseases.

Score Disease Disease Categories Number of Matched
Genes (% of 138
Overlapping Genes)

33.84 Colorectal cancer Gastrointestinal diseases, genetic diseases, rare
diseases, cancer diseases

44 (32%)

30.70 Breast cancer Reproductive diseases, genetic diseases, rare
diseases, cancer diseases

39 (28%)

24.13 Prostate cancer Reproductive diseases, genetic diseases, rare
diseases, cancer diseases

31 (22%)

19.01 Lung cancer Respiratory diseases, genetic diseases, cancer
diseases

25 (18%)

18.43 Endometrial cancer Reproductive diseases, genetic diseases, rare
diseases, cancer diseases

19 (14%)

13.94 Leukemia, acute
myeloid

Immune diseases, blood diseases, genetic
diseases, rare diseases, cancer diseases

15 (11%)

13.64 Pancreatic cancer Gastrointestinal diseases, endocrine diseases,
genetic diseases, rare diseases, cancer diseases

15 (11%)

Figure 1. Diseases ranked by score and match rate (size of circle).

Super-pathways were likewise ranked and scored based on degree of association with the gene
set. Top-scoring super-pathways are presented with matching rates in Table 2, restricted to the top
30 of 371 significant entries (p < 0.05). These included ubiquitous signaling super-pathways such
as GPCR (score = 166, 54% match with gene set) and ERK (score = 146, 38% match). Numerous
additional signaling super-pathways were found to be significantly associated with the combined gene
set, including AKT, HGF development, CREB, cAMP-dependent PKA, fMLP, P70S6K, RET, TGF-β,
PEDF induced, MTOR, and PI3K/AKT. Cancer-specific super-pathways, including “glioma” and
“pathways in cancer”, were also implicated at a statistically significant level (p < 0.05) (see Figure 2).
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Table 2. Profiling of high scores in overlapping genes for autism and cancer-associated super-pathways.

Score Super-Pathways Number of
Total Genes

Number of
Super-Pathway
Matched Genes

% of 138
Overlapping
Genes

166.10 Elk-related tyrosine kinase (ERK) signaling 1177 74 54%
145.73 glioma 313 44 32%
131.74 G-protein coupled receptor (GPCR) pathway 708 53 38%
122.48 Pathways in cancer 395 42 30%
116.32 Signaling by GPCR 2601 80 58%
113.29 Phospholipase-C pathway 498 43 31%
98.91 Human immune-deficiency virus (HIV) life cycle 865 48 35%
97.32 NANOG in mammalian embryonic stem cell

pluripotency
533 40 29%

95.18 Apoptotic pathways in synovial fibroblasts 725 44 32%
95.13 AKT murine thymoma viral oncogene homolog (AKT)

signaling
681 43 31%

94.06 Development HGF signaling 234 30 22%
90.05 CAMP response element-binding protein (CREB)

pathway
528 38 28%

81.54 Integrated breast cancer pathway 154 24 17%
81.30 Proteoglycans in cancer 203 26 19%
80.40 Nuclear factor of activated (NFAT)

T cells and cardiac hypertrophy
326 30 22%

78.97 Integrin pathway 568 36 26%
78.26 Development of vascular endothelial growth factor

(VEGF) signaling via VEGFR2, generic cascades
147 23 17%

77.70 Activation of cyclic adenosine monophosphate
(CAMP)-dependent protein kinase A (PKA)

628 37 27%

77.43 Formyl peptide receptor (FMLP) pathway 317 29 21%
77.00 P70S6K signaling 390 31 22%
74.95 Rearranged during transfection (RET) signaling 974 43 31%
72.42 Transforming growth factor (TGF)-beta pathway 652 36 26%
72.03 Glioblastoma multiforme 111 20 14%
71.00 Pigment epithelium-deprived factor (PEDF) induced

signaling
721 37 27%

70.30 P21-activated kinase (PAK) pathway 682 36 26%
69.39 Endometrial cancer 122 20 14%
67.08 Mechanistic target of rapamycin (MTOR) signaling

pathway (KEGG)
209 23 17%

66.63 PI3K/AKT signaling pathway 342 27 20%
66.33 Developmental biology 1079 42 30%
65.44 Focal adhesion 283 25 18%

Figure 2. Phenotypes ranked by score and match rate (size of circle) for top ten phenotypes.
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Statistically significant Gene Ontology (GO) biological processes are presented in Table 3, which
are limited to the top 30 of 153 total high-scoring matches. The top three entries directly relate to the
regulation of gene expression. These include “positive regulation of transcription, DNA-templated”,
“positive regulation of transcription from RNA polymerase II promoter”, and “positive regulation
of gene expression”, which exhibited matching rates of 21%, 25%, and 15%, respectively, with the
combined 138 overlapping gene set (see Figure 3).

Table 3. Profiling of high scores in overlapping genes for autism and cancer-associated Gene Ontology
(GO) biological processes.

Score GO Biological Processes Number of
Total Genes

Number of
Matched Genes

% of 138
Overlapping Genes

53.00 Positive regulation of transcription, DNA-templated 596 29 21%
46.66 Positive regulation of transcription from RNA

polymerase II promoter
1016 34 25%

44.49 Positive regulation of gene expression 346 21 15%
44.10 Heart development 232 18 13%
42.44 Negative regulation of cell proliferation 419 22 16%
41.44 Nervous system development 535 24 17%
39.38 Intracellular signal transduction 467 22 16%
39.37 Protein phosphorylation 629 25 18%
39.02 Positive regulation of apoptotic process 330 19 14%
37.45 Positive regulation of protein phosphorylation 155 14 10%
36.52 Apoptotic process 690 25 18%
36.16 Positive regulation of sequence-specific DNA-binding

transcription factor activity
105 12 9%

34.58 Positive regulation of cell proliferation 500 21 15%
34.22 Negative regulation of apoptotic process 507 21 15%
33.45 Phosphorylation 700 24 17%
31.65 Canonical Wnt signaling pathway 80 10 7%
31.62 Cell adhesion 620 22 16%
31.02 Phosphatidylinositol-mediated signaling 112 11 8%
30.96 Signal transduction 2032 40 29%
29.94 Response to drug 323 16 12%
29.83 Thymus development 44 8 6%
29.33 Visual learning 46 8 6%
28.92 Extracellular matrix organization 203 13 9%
28.09 Protein autophosphorylation 173 12 9%
27.55 Negative regulation of transcription from RNA

polymerase II promoter
724 22 16%

27.40 Cell-cycle arrest 143 11 8%
27.05 Regulation of phosphatidylinositol 3-kinase signaling 82 9 7%
26.20 Substrate adhesion-dependent cell spreading 39 7 5%
25.00 Negative regulation of cysteine-type endopeptidase

activity involved in apoptotic process
68 8 6%

24.79 Peptidyl-tyrosine phosphorylation 171 11 8%

5
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Figure 3. Gene Ontology (GO) biological processes ranked by score and match rate (size of circle) for
top ten processes.

The top 30 significant GO molecular functions, of 41 total significant entries, are delineated
in Table 4. Prominent entries include protein (score = 67, 83% match rate), enzyme (score = 43,
15% match rate), and β-catenin binding (score = 36, 8% match rate). Kinases and phosphatases were
well represented in the analysis as well, with several obtaining high scores, including “protein kinase
activity”, “kinase activity”, “TRK activity”, “protein kinase binding”, “protein tyrosine kinase activity”,
and “protein phosphatase binding” (see Figure 4).

Figure 4. GO molecular function ranked by score and match rate (size of circle) for top ten functions.
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Table 4. Profiling of high scores in overlapping genes for autism and cancer-associated GO
molecular functions.

Score GO Molecular Functions Number of
Total Genes

Number of
Matched Genes

% of 138
Overlapping Genes

66.97 Protein binding 9013 115 83%
43.40 Enzyme binding 360 21 15%
36.09 β-Catenin binding 80 11 8%
35.87 Protein kinase activity 530 22 16%
30.98 Kinase activity 698 23 17%
30.91 Transcription factor binding 308 16 12%
27.55 Transmembrane receptor protein tyrosine kinase activity 54 8 6%
27.38 Identical protein binding 797 23 17%
25.54 Protein kinase binding 402 16 12%
25.40 Protein tyrosine kinase activity 164 11 8%
23.70 Transcription regulatory region DNA binding 229 12 9%
21.10 Phosphatidylinositol-4,5-bisphosphate 3-kinase activity 66 7 5%
20.68 Protein phosphatase binding 69 7 5%
20.58 RNA polymerase II Core promoter proximal region

sequence-specific DNA binding
336 13 9%

20.43 Protein C-terminus binding 185 10 7%
19.66 Ubiquitin protein ligase binding 299 12 9%
18.88 Transcriptional activator activity, RNA polymerase II

core promoter proximal region sequence-specific
binding

260 11 8%

17.81 Repressing transcription factor binding 34 5 4%
17.69 Protein homodimerization activity 758 18 13%
17.69 Chromatin binding 404 13 9%
17.45 Cell adhesion molecule binding 63 6 4%
17.27 C–X3–C chemokine binding 5 3 2%
16.82 Protein heterodimerization activity 495 14 10%
16.48 Nitric-oxide synthase regulator activity 6 3 2%
16.19 Androgen receptor binding 43 5 4%
15.95 Protein domain specific binding 264 10 7%
15.57 Transferase activity 1759 28 20%
15.54 Receptor binding 398 12 9%
15.50 Nuclear hormone receptor binding 23 4 3%
15.28 Transcription factor activity, sequence-specific DNA

binding
1029 20 14%

The 30 top scoring phenotypes, of 145 significant matches, are outlined in Table 5. Phenotypes
reflect the importance of ASD and cancer-associated genes in growth and development-related
processes (see Figure 5). The top phenotypes include “premature death” (score = 70, 28% match rate),
“complete embryonic lethality during organogenesis” (score = 53, 20% match rate), and “decreased
body size” (score = 51, 22% match rate).
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Table 5. Profiling of high scores in overlapping genes for autism and cancer-associated phenotypes.

Score Phenotypes Number of
Total Genes

Number of
Matched Genes

% of 138
Overlapping Genes

70.49 Premature death 832 39 28%
53.00 Complete embryonic lethality during organogenesis 540 28 20%
51.00 Decreased body size 742 31 22%
46.85 Decreased body weight 1144 36 26%
37.37 Decreased embryo size 450 21 15%
36.64 Decreased thymocyte number 102 12 9%
34.08 Embryonic growth retardation 404 19 14%
33.98 Increased leukocyte cell number 120 12 9%
33.98 Enlarged heart 120 12 9%
33.25 Abnormal heart development 158 13 9%
33.05 Decreased B-cell number 196 14 10%
29.78 Partial embryonic lethality during organogenesis 234 14 10%
29.60 Partial postnatal lethality 546 20 14%
29.50 Increased tumor incidence 124 11 8%
28.15 Enlarged spleen 256 14 10%
27.97 Abnormal sensory neuron innervation pattern 52 8 6%
27.76 Abnormal rostral–caudal axis patterning 53 8 6%
27.60 Complete prenatal lethality 264 14 10%
27.18 Partial perinatal lethality 225 13 9%
27.13 Hyperactivity 271 14 10%
27.09 Abnormal blood vessel morphology 146 11 8%
27.04 Increased mammary adenocarcinoma incidence 20 6 4%
26.94 Complete lethality throughout fetal growth and

development
186 12 9%

26.90 Abnormal response/metabolism to endogenous
compounds

83 9 7%

26.76 Complete postnatal lethality 378 16 12%
25.78 Abnormal B-cell differentiation 91 9 7%
25.38 Abnormal definitive hematopoiesis 94 9 7%
24.21 Abnormal heart morphology 178 11 8%
24.05 Decreased sensory neuron number 14 5 4%
23.89 Partial prenatal lethality 274 13 9%

Figure 5. Pathways ranked by score and match rate (size of circle) for top ten pathways.
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3. Discussion

As anticipated in our examination of gene data and profiling, the diseases found most in common
with the combined autism and malignancy gene set did pertain to cancer. Moreover, colorectal
cancer accounted for 32% of overlapping genes, followed by breast and prostate cancer (see Table 1).
Two notable exceptions of our own cut-off criteria that may deserve further inspection include
Alzheimer disease and amyotrophic lateral sclerosis (ALS), both of which approached but did not
attain significance in their association with the gene set, achieving medium scores. Alzheimer disease
and ALS are progressive neurodegenerative diseases [23–25]. Alzheimer disease and ALS exhibited
11% and 8% overlap with the ASD and cancer gene set, which is a small, though not trivial connection.
Enrichment of genes associated with neurodegenerative illnesses among the autism and cancer gene
set may be indicative of shared disturbances in neurological growth and development which could
contribute to the divergent morphology of autism, cancer, Alzheimer disease, and ALS.

Regarding diseases cited in Table 1, one unusual observation was the lack of representation
of brain and neurological diseases. Of the seven high-score matches and six selected borderline
(medium-score) matches, only medulloblastoma qualified as a cancer of the brain and nervous system.
Reproductive cancers (breast, prostate, and endometrial) and gastrointestinal cancers (colorectal,
pancreatic, and hepatocellular carcinoma) were more prevalent. Notably, most of the cancers listed in
Table 1 tend to be acquired diseases with a genetic diathesis (e.g., breast and prostate), as opposed to
congenital diseases that arise early in development (medulloblastoma). It should also be noted that
tumors of the ectoderm and endoderm were disproportionately represented relative to the mesoderm.
This may reflect the tissue-specific nature of neural development in the onset of autism. Of note,
ASD did not achieve statistical significance with the shared dataset, despite being a requisite for
selection and receiving a relatively high-scoring entry. This may be a testament to the complexity of
autism spectrum disorder. Even though the gene set was filtered by ASD connection, collectively, the
combined genes were more diagnostic of cancer than ASD.

Overall, the highest-scoring super-pathways correlated more strongly with the autism and cancer
combined gene set (as evidenced by the higher scores), compared to GO biological processes and
GO molecular functions, which were not as strongly correlated, as reflected by their lower scores.
The majority of super-pathways (see Table 2) in the top 30 reported entries in the high-scoring
category achieved a match rate of at least 20% with the gene set, indicating the relative importance
of these super-pathways in the autism and cancer connection. The GeneAnalytics output of the
highest scores strongly implicated the ERK signaling pathway in shared pathogenesis based on
super-pathway analysis, with a score of 166 and a match rate of 54%, followed by the GPCR pathway
at 38%. The MAPK/ERK signaling pathway occupies a key role in mitogen signaling and cell
growth with survival [26]. Disturbances in the ERK pathway can disrupt the cell cycle, leading
to anomalous cell proliferation and malignant growth. Gene mutations or aberrant functioning in the
pathway during early development could contribute to abnormal neuronal growth in ASD. Alterations
in GPCR signaling could further contribute to the onset of ASD through aberrant cell signaling
and neurotransmitter dysregulation, both of which might lead to changes in cognitive functioning
characteristic of ASD.

For GO biological processes, the three highest-scoring entries pertain to the regulation of gene
expression. The outcome of the analysis suggests that an important mechanism in the mutual pathology
of autism and cancer may be attributed to variation in transcription factors and nongenic sequences
and, hence, differences in the regulation and rate of gene expression. Processes involved in the
growth, development, and death of cells were found to be highly associated with the gene set. Indeed,
“positive regulation of apoptotic process”, “apoptotic process”, and “negative regulation of apoptotic
process” were each flagged as biological processes significantly associated with the combined gene
set, with scores of 39 (matching rate of 14%), 37 (18%), and 34 (15%), respectively. Additional growth
and death biological processes were also found to be enriched in the gene set, including “heart
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development”, “negative regulation of cell proliferation”, “nervous system development”, “positive
regulation of cell proliferation”, and the “canonical Wnt signaling pathway”.

In terms of the GO molecular functions underlying cancer and autism pathology, the results
strongly implicate “protein binding”, which exhibited a score of 67, over 20 points larger than the
second, less inclusive entry, “enzyme binding”. Furthermore, 83% of the autism and cancer gene set
with 115 out of 138 matched genes was associated with protein binding, suggesting that dysfunction in
protein binding may play a significant role in the shared autism and cancer diathesis. In many respects,
this paradigm is reflective of the pivotal role of protein binding in the diverse metabolic processes
underlying growth and survival. There was a substantial disparity between the high matching rate of
protein binding (83%) and that of enzyme binding specifically (15%). The remaining 68% of protein
binding that is not explained by enzyme binding and activation by kinase pathways may be attributed
to structural protein and signal–receptor binding. This may suggest that structural and signaling
mechanisms are disproportionately involved in the shared pathology of cancer and autism as noted
previously. MAPK and calcium signaling pathways in genes associated with autism are found in other
disorders including cancer [19]. Enzymes may play more of a peripheral role. Enzyme binding overlaps
with kinase pathways, many of which are involved in enzyme activation. Kinase and phosphatase
activities were also prevalent among the high-scoring entries. Ten of the 30 highest-scoring molecular
functions pertain to kinase or phosphatase activity. Both protein binding and kinase activities align
with “protein kinase binding”.

The report also implicated β-catenin binding (score of 36; 8% matching rate); β-catenin functions as
both a moderator of gene transcription and as an agent of intercellular adhesion [27]. Overexpression
of β-catenin, which is encoded by the CTNNB1 gene, is well characterized as a candidate in the
pathogenesis of numerous cancers, as well as heart disease (this may serve as a potential link to
the high-scoring GO biological process of “heart development”) (score = 44; match rate = 13%) [28].
The relationship between β-catenin signaling and autism was reported, as β-catenin is dependent on
the absence of Wnt [29,30]. Its role in mediating cell adhesion and cellular development suggests it
may be a candidate in the pathogenesis of both autism and cancer.

The two highest-scoring phenotypes, “premature death” and “complete embryonic lethality
during organogenesis”, reflect the delicacy of neurogenesis and embryonic development. It is likely
that only certain combinations of mutations inherited from the autism and cancer gene set can be
tolerated and that, at a certain genetic burden, dysfunction in pathways associated with these genes
results in irretrievable failure to develop. Designated decreased body size and body weight may also
reflect the vital importance of these genes in mediating development, early cell division and number,
and the potential consequences of dysfunction.

Three functional pathways are potentially involved, which include genes and pathways for
chromatin remodeling, (e.g., CHD7, MECP2, DNMT3A, and PHF2), Wnt (e.g., CHD8, PAX5, and
ATRX), and other signaling super-pathways (e.g., GPCR, ERK, RET, and AKT) and mitochondrial
dysfunction in ASD (e.g., Reference [30]). Theoretically, drugs could be targeted to treat ASD.
By developing a rank-ordered list of functional categories significantly associated with autism and
cancer using GeneAnalytics pathways and profiling of shared autism and cancer genes, we identified
potentially high-impact pathways and common mechanisms which may serve as therapeutic targets
in future studies.

The interconnected relationship between autism and cancer invites further investigation in the
pathogenesis of the two seemingly unrelated disorders, and it warrants a pharmacological basis of
treatment. PTEN is an example of a shared gene for autism and cancer and the direct and indirect
subject of several formally approved cancer therapeutics including cisplatin, erlotinib, everolimus,
cetuximab, and estradiol. For example, cisplatin circumscribes DNA synthesis, activates caspase-3,
and facilitates apoptosis, thus rescuing the function of mutant PTEN [31]. Considering the role of
cisplatin in complementing PTEN function, strategic application of the drug could potentially address
the autism-associated symptoms arising from PTEN dysfunction. Another drug example is everolimus,
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which behaves as an inhibitor of the mammalian target of rapamycin, and it could impact cancer
predisposition and possibly autism development in a manner similar to cisplatin [32].

Although invasive drugs and treatments exist for many types of cancer, a drug is yet to be
successfully developed to prevent the onset or progression of ASD symptomology. The unexpected
shared etiology with overlapping genes between cancer and autism, particularly those involved in
cell-signaling pathways such as MAPK and calcium signaling [19], encourages cautious speculation
that, as our knowledge of the staging and mechanisms of ASD improves and applied to animal model
testing, the leverage of anti-cancer drugs at minimal dosages could be postulated. For example,
the 16p11.2 chromosome deletion is one of the most common copy number variants linked to
autism in humans and reportedly involves the ERK1 gene and other related genes converging in
the ERK/MAP kinase pathway. This pathway was the most recognized super-pathway found in
our profiling analysis of autism and cancer genes (see Table 2). Perturbations of this pathway can
contribute to neuropsychiatric disorders, cell growth, and malignancy; therefore, treatment could
lessen these manifestations. To investigate whether pharmacological approaches could be helpful,
researchers used a 16p11.2 equivalent deletion mouse model with the ERK1 gene deleted, and they
found that pharmacological inhibitions of ERK signaling (i.e., RB1 and RB3 peptides) rescued cortical
cytoarchitecture abnormalities and the abnormal behavioral phenotype associated with this deletion,
providing evidence for a potential targeted therapeutic intervention for autism [33]. Hypothetically,
treatment could lessen the effects of autism when recognized early and during brain plasticity.

Furthermore, genetic analysis linked autism with mutations in tumor suppression genes and other
cancer-associated genes and pathways reflected in our gene profiling analysis. Important candidate
genes (e.g., PTEN, NF1, and BRCA2) are found meeting criteria clearly associated with predisposition
to cancer such as colorectal, other gastrointestinal tumors, and breast reported in the top seven autism
and cancer-associated diseases (see Table 1). For example, mutations in the PTEN gene are linked to
colorectal, thyroid, head, neck, prostate, skin, breast, and lung cancer and about 10% of children with
autism have PTEN gene mutations, making this an important gene to target regarding therapeutic
intervention for autism with predisposition to cancer. ASDs and cancer overlap extensively in signal
transduction pathways as illustrated by our study, involving metabolic processes; these areas should
be targeted by treatment strategies. Such insights may enable more accurate gene-informed cancer risk
assessment for targeted therapeutic and medical management.

To date, there were a few preclinical models tested with anticancer medication on ASD symptoms.
For example, Kilincaslan et al. [34] reported the beneficial effects of everolimus on autism and
attention-deficit hyperactivity disorder (ADHD) symptoms in a group of patients with tuberous
sclerosis complex (TSC). This drug inhibits mTOR, one of the top 30 super-pathways identified with
high scores when comparing shared autism and cancer genes. It is a treatment for TSC in which autism
is a finding, along with renal angiomyolipomas and astrocytomas. The drug reduced tumor growth,
decreased seizures, and improved autistic, ADHD, and depression symptoms. However, there is a
paucity of studies on the effects of this drug on neuro-psychiatric symptoms, which merit further
consideration. Treatment would be a new avenue to pursue and further explore, particularly in those
with ASD, the involvement of shared autism and cancer-related genes.

4. Materials and Methods

Shared genetic architecture between cancer and ASD was examined firstly using VarElect,
a sequence phenotyper affiliated with GeneAnalytics (Alameda, CA, USA) [35,36]. A reported list
of 792 clinically relevant, susceptible, or known genes for ASD, summarized previously by Butler
et al. [37], and over 3500 recognized cancer genes found in the GeneAnalytics databases were entered
into the VarElect phenotyper program to identify overlapping genes.

The ASD genes were filtered by their association with the query “cancer” and limited to those
with established pathways. Based on the above parameters, VarElect produced 138 genes with known
connections to both cancer and ASD. The refined list of 138 genes was then entered into GeneAnalytics,
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a gene set analytical tool which uses GeneCards, an integrated genomic database, to parse genes and
their relationships, as previously reported [22,38–40].

The GeneAnalytics program produces a report containing seven categories: diseases, pathways,
tissues and cells, phenotypes, Gene Ontology (GO) molecular functions, GO biological processes,
and compounds related to the query of interest (i.e., cancer and ASD gene). Each entry in these
functional categories was sorted with the GeneAnalytics proprietary matching and scoring algorithm
following protocols published previously in the study of psychiatric, behavior, and obesity-related
genes by our research group [22,39,40]. Only those genes with the highest calculated scores were
further analyzed for each of the seven GeneAnalytics categories. In addition to scoring fields based
on their relevance to the gene set, fields were subdivided into three categories, “high-score matches”,
“medium-score matches”, and “low-score matches”. High-score matches exhibited a corrected p-value
of less than 0.05, while medium-score matches exhibited a corrected p-value between 0.05 and 0.1.
For the purposes of this investigation, medium- and low-score matches were excluded from the results.
The reporting of high-score matches was restricted to the top 30 entries, in instances where more than
30 were found to be significant (p < 0.05). Corrections were made based on multiple testing (Bonferroni
correction).
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Abstract: To identify whether parent-of-origin effects (POE) of the 15q11.2 BP1-BP2 microdeletion
are associated with differences in clinical features in individuals inheriting the deletion, we collected
71 individuals reported with phenotypic data and known inheritance from a clinical cohort, a research
cohort, the DECIPHER database, and the primary literature. Chi-squared and Mann-Whitney U
tests were used to test for differences in specific and grouped clinical symptoms based on parental
inheritance and proband gender. Analyses controlled for sibling sets and individuals with additional
variants of uncertain significance (VOUS). Among all probands, maternal deletions were associated
with macrocephaly (p = 0.016) and autism spectrum disorder (ASD; p = 0.02), while paternal deletions
were associated with congenital heart disease (CHD; p = 0.004). Excluding sibling sets, maternal
deletions were associated with epilepsy as well as macrocephaly (p < 0.05), while paternal deletions
were associated with CHD and abnormal muscular phenotypes (p < 0.05). Excluding sibling
sets and probands with an additional VOUS, maternal deletions were associated with epilepsy
(p = 0.019) and paternal deletions associated with muscular phenotypes (p = 0.008). Significant
gender-based differences were also observed. Our results supported POEs of this deletion and
included macrocephaly, epilepsy and ASD in maternal deletions with CHD and abnormal muscular
phenotypes seen in paternal deletions.

Keywords: 15q11.2 BP1-BP2 microdeletion (Burnside-Butler) syndrome; imprinting; parent-of-origin
effects; phenotype-genotype correlation; autism; developmental delays; motor delays

1. Introduction

The 15q11.2 BP1-BP2 microdeletion syndrome (or Burnside-Butler syndrome; OMIM # 615656) is
a neurodevelopmental disorder with clinical findings reported in hundreds of individuals [1,2]. This
condition includes the deletion of four genes thought to be nonimprinted (TUBGCP5, CYFIP1, NIPA1,
NIPA2), located between two distinct proximal 15q11.2 breakpoints (BP1 and BP2) and separated by
about 500 kilobases (kb). Summarized findings from a large cohort of patients presenting for genetic
services found that 0.41% of patients (69 of ~17,000) had a deletion of the proximal 15q11.2 BP1-BP2
region [3]. In a review of over 10,000 clinically affected individuals tested with ultra-high-resolution
chromosome microarrays, the 15q11.2 BP1-BP2 microdeletion was the leading cytogenetic finding of
those presenting with autism spectrum disorder (ASD) alone or ASD and other clinical features [4].
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This condition can present with a wide range of clinical findings including cognitive deficits,
language and/or motor delays, ASD, behavioral disturbances, poor coordination, ataxia, attention
disorders, seizures, and dysmorphic or congenital anomalies [2]. Psychiatric findings can include
schizophrenia, obsessive compulsive disorder, and oppositional defiant disorder. Dyscalculia, dyslexia
and structural brain changes in both grey and white matter have been reported commonly in
individuals with this deletion syndrome [5].

About 80% of children identified with the 15q11.2 BP1-BP2 microdeletion inherit it from a parent,
who may or may not be clinically affected. Therefore, this susceptibility locus shows incomplete
penetrance with variable expressivity. Approximately 30% of the parents ascertained through genetic
testing with a clinically affected child due to the 15q11.2 BP1-BP2 microdeletion will have clinical
findings or involvement [2].

Deletions can range from approximately 320 kb to 500 kb, though all four genes within this
320-kb region are highly conserved and, when disturbed, are associated with or cause neurological,
motor, intellectual, and behavioral problems. For example, specific missense variants of the NIPA1
(non-imprinted in PWS/AS 1; OMIM # 608145) gene are known to cause autosomal dominant hereditary
spastic paraplegia and postural disturbance; repeat expansions have recently been associated with
amyotrophic lateral sclerosis [6,7]. The NIPA1 protein is known to mediate magnesium transport and is
highly expressed in the brain [8,9]. The NIPA2 (non-imprinted in PWS/AS 2; OMIM # 608146) gene
is also involved in magnesium transport and childhood absence epilepsy reported in a Han Chinese
cohort [10]. However, this association has not been replicated in other cohorts and pathogenicity is
unclear [11]. The third gene in the 15q11.2 BP1-BP2 region is TUBGCP5 (tubulin gamma complex
associated protein 5; OMIM # 608147) and is associated with attention-deficit hyperactivity disorder
(ADHD) and obsessive-compulsive behavior. A recent publication associated biallelic loss of this gene
with primary microcephaly [12]. Lastly, the CYFIP1 (cytoplasmic fragile X mental retardation 1 FMR1
interacting protein 1; OMIM # 606322) gene encodes a protein that interacts with FMRP, the protein
produced by the FMR1 (Fragile X Mental Retardation 1; OMIM # 309550) gene and in which triplet-repeat
expansion causes fragile X syndrome, the most common cause of inherited cognitive disabilities in
families [13]. The CYFIP1 gene also interacts with the protein from the RAC1 (RAS-related c3 botulinum
toxin substrate 1; OMIM # 602048) gene, disruption of which causes an autosomal dominant form of
intellectual disability [14]. Recent research has also shown that reduced CYFIP1 expression leads to
dysregulation of schizophrenia- and epilepsy-associated gene networks [15]. Mouse models have found
that CYFIP1 regulates development, function, and plasticity of presynaptic neurons [16].

Although these genes have previously been reported as non-imprinted, recent research found
a methylated site within this chromosome 15 region in human DNA samples [17] and unequal gene
expression in mice [18]. Using blood samples from individuals with maternal or paternal disomy
15, a maternally methylated CpG island near the promoter of the TUBGCP5 gene was identified [17].
Additionally, mouse models heterozygous for maternal or paternal loss of the CYFIP1 gene found
unequal parental expression in the cortex, with different behavioral outcomes depending on parental
inheritance patterns [18].

Several possible explanations may exist for the incomplete penetrance and variable expressivity
observed in this condition. First, clinically affected individuals may have two hits, such as the
cytogenetic microdeletion and a pathogenic variant of one or more of the genes in the 15q11.2 BP1-BP2
region or other developmentally important genes, while the clinically unaffected parent may have
only the microdeletion. Second, a parent or their child may be mildly affected and not seek medical
attention (i.e. ascertainment bias). A third possibility is that unequal parental expression of one or
more genes causes specific phenotypes.

Given new data about CYFIP1 gene expression and the maternally methylated region found near
the TUBGCP5 gene promoter, supported by previous expression studies showing parental bias in this
region from lymphoblasts [19], deletions of these genes may show a parent-of-origin effect (POE).
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For further investigation, we sought to determine if such an effect could be observed by analyzing
reported clinical features in probands and the specific parental inheritance patterns of the deletion.

2. Results

2.1. Cohort Characteristics

Our cohort included 71 individuals, mostly male probands (N = 42, 1.4 male-to-female ratio),
had an average age of testing at 6.9 years for males and 9.4 years for females (7.9 years among
all individuals), and most were unrelated (i.e., not siblings; N = 55, 77%). This age distribution
and male-to-female ratio is similar to a previous study of 52 individuals with a 15q11.2 BP1-BP2
microdeletion [20], which found a 1.7 male-to-female ratio and average age of testing at 8.6 years.
Statistically significant differences were noted between male and female carriers of the 15q11.2 BP1-BP2
microdeletion using two-tailed t-tests, as males had significantly more clinical features as well as
non-physical features (Table 1).

Table 1. Descriptive statistics of clinical features by gender in those with the 15q11.2 BP1-BP2
microdeletion.

Variable Female Probands (N = 29) Male Probands (N = 42)

Avg SD Med Range Avg SD Med Range p

Age (Years) 9.4 8.2 7.0 0.08–27 6.9 5.2 6.0 0.25–24 0.130
Total Symptoms 3.4 2.4 2.0 1–10 4.9 2.2 4.5 1–10 0.020

Physical Features 0.9 1.0 1.0 0–3 1.0 0.9 1.0 0–3 0.610
Non-physical Features 2.5 2.4 2.0 0–9 3.95 2.1 4.0 0–8 0.009

Avg: average; Med: median; t-test; p-values (significance p < 0.05); compares differences in average age or symptoms
in male and female probands with the 15q11.2 BP1-BP2 microdeletion.

However, within paternally- and maternally-inherited deletions, the male-to-female ratio differed
from that of the full group. For paternally-inherited deletions, we observed a 1.1 male-to-female
ratio (19 males vs. 18 females), whereas in maternally-inherited deletions we observed a
2.1 male-to-female ratio (23 males vs. 1 females). Using these ratios in chi-squared testing, we found
that there is a statistically significant difference in the male-to-female ratio between paternally- and
maternally-inherited deletions (p = 0.03).

Using chi-squared testing with the 1.7 male-to-female ratio reported by Vanlerberghe et al. [20]
to derive an “expected” ratio of males-to-females within each parental deletion group, we found
that neither male-to-female distribution was significantly different from 1.7. For paternal deletions,
we used our observed ratio of 1.1 (19 males and 18 females) versus an expected ratio of 1.64 (23 males
and 14 females, p = 0.48). For maternal deletions, we again used our observed ratio of 2.1 (23 males vs.
11 females) versus and expected ratio of 1.62 (21 males vs. 13 females, p = 0.8).

Loss of the 15q11.2 BP1-BP2 region was slightly more often paternally than maternally inherited
(N = 37 and 34, respectively). No differences were observed regarding the parental origin of the
deletion in relation to the proband’s average age at genetic testing, the total number of clinical features,
total physical symptoms, or total non-physical symptoms (Table 2). When analyzing our cohort by
specific clinical features, the most common findings were speech and motor delays (N = 35, 49% for
both) followed by facial dysmorphisms (N = 30, 42%). See Table 3 for the frequency of individual
clinical features found in this set of probands.
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Table 2. Descriptive statistics of parental inheritance of individuals with the 15q11.2 BP1-BP2
microdeletion.

Variable Maternal (N = 34) Paternal (N = 37)

Avg SD Med Range Avg SD Med Range P

Age (Years) 8.7 7.1 6.5 1.5–27 7.1 6.2 5.3 0.08–24 0.33
Total Symptoms 4.7 2.2 5.0 1–9 3.9 2.8 3.0 1–10 0.18

Physical Features 0.8 0.9 1.0 0–3 1.0 0.9 1.0 0–3 0.35
Non-physical Features 3.9 2.1 4.0 0–8 2.9 2.5 2.0 0–9 0.07

Avg: average; Med: median; t-test; p-values (significance p < 0.05); compares differences in average age or symptoms
based on parental inheritance of the 15q11.2 BP1-BP2 microdeletion.

Table 3. Frequency of clinical features in the 71 probands with the 15q11.2 BP1-BP2 microdeletion.

Clinical Feature Percentage Total Individuals

Speech Delay 49 35
Motor Delay 49 35

Facial Dysmorphisms 42 30
Developmental Delay 37 26
Behavioral Differences 37 26
Intellectual Disability 35 25
Muscular Problems 31 22
Learning Difficulties 30 21
Psychiatric Diagnosis 30 21

Epilepsy 24 17
Microcephaly 20 14

ASD 18 13
Short Stature 14 10

Congenital Heart Condition 11 8
Macrocephaly 7 5

Arranged in descending order of frequency.

2.2. Differences in Clinical Features by Parent-of-Origin of the 15q11.2 BP1-BP2 Microdeletion

When analyzing for differences using the entire cohort (N = 71), we found statistically significant
differences in several clinical features based on the parental inheritance of the 15q11.2 BP1-BP2
microdeletion (Table 4). Using chi-squared analyses, we found paternal but not maternal deletions
to be significantly associated with congenital heart disease (CHD; 22% vs. 0%, p = 0.004). However,
maternally inherited deletions were significantly associated with macrocephaly (15% vs. 0%, p = 0.016)
and ASD (29% vs. 8%, p = 0.02).

Several clinical features remained significantly associated with specific parental inheritance when
controlling for sibling sets and other genetic variants (a VOUS). In the cohort without sibling sets
(N = 55), CHD was still significantly more likely in individuals with paternal deletions compared with
maternal deletions (19% vs. 0%, p = 0.013); muscle-related clinical findings (e.g., hypotonia) were also
associated with paternal deletions (50% vs. 24%, p = 0.047). Maternal deletions were significantly
associated with macrocephaly (17% vs. 0%, p = 0.026) and associated with epilepsy (34% vs. 12%,
p = 0.046). In the cohort without sibling sets and/or individuals with an additional VOUS (N = 44),
the association between CHD and paternal deletions became non-significant (10% vs. 0%, p = 0.113),
while muscle-related clinical features in paternal deletions strengthened (55% vs. 17%, p = 0.008);
epilepsy remained significantly associated with maternal deletions (42% vs. 10%, p = 0.019).

Mann-Whitney U-test revealed marginally statistically significant differences among the entire
cohort between maternally and paternally inherited deletions in the non-physical features group
variable. Maternally inherited deletions had a higher median number of clinical features than paternally
inherited alleles (p = 0.04). However, this difference was not observed when removing sibling sets or
probands with an additional VOUS.
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2.3. Differences in Clinical Features between Proband Gender

Given our unique and granular dataset, we also did exploratory analyses to determine if there
were differences in clinical features based on an individual’s gender, as a previous report found
substantial differences in neurodevelopmental features between males and females with various
genetic conditions [21]. Using chi-squared analyses, several statistically significant differences emerged
in clinical features when analyzing the entire cohort between males and females with 15q11.2 BP1-BP2
microdeletions (Table 4).

When using the entire cohort (N = 71), we found males were significantly more likely than females
to have motor delays (64% vs. 28%, p = 0.002), a behavioral phenotype (64% vs. 31%, p = 0.006), and
any type of developmental delay (79% vs. 48%, p = 0.008). Additionally, learning difficulties and
psychiatric diagnoses were marginally associated with males (both clinical features: 35% vs. 17%,
p = 0.058). Only epilepsy was significantly associated with females (38% vs. 14%, p = 0.022).

In the cohort without sibling sets (N = 55), males were still significantly more likely than females
to have motor delays (64% vs. 32%, p = 0.021), while males were marginally more likely to have any
type of developmental delay (79% vs. 55%, p = 0.057) and receive genetic testing at a younger age
(5.4 vs. 9.9 years of age, p = 0.018). In the cohort without sibling sets and/or individuals with an
additional VOUS (N = 44), males were still significantly more likely than females to have motor delays
(68% vs. 32%, p = 0.017), any type of developmental delay (76% vs. 47%, p = 0.05) and receive testing
at a younger age (3.5 vs. 4.9 years of age, p = 0.05).

3. Discussion

Our study identified differences in specific clinical features depending on the parental inheritance
of a 15q11.2 BP1-BP2 microdeletion. Several differences remained significant when removing sibling
sets and other genetic variants from the analyses and provide evidence that POE exists in this deletion
syndrome. Additionally, we observed an unequal male-to-female ratio between maternal verse paternal
deletions. Neither paternal nor maternal deletions appeared to cause a more “severe phenotype”
(i.e., more clinical features); however, unequal distribution of clinical features were found providing
evidence for POE.

The basis for POE in this condition is buttressed by several pieces of data. First, a recent publication
analyzing potential methylated regions in individuals with various regions of uniparental disomy
found a maternally methylated region near the promoter of the TUBGCP5 gene [17]. This methylated
segment may act on the TUBGCP5 gene, other genes in this cytogenetic region, or may act in a
tissue-specific manner. However, previous studies of expression using blood samples have not found
altered expression for genes within this deletion [22–24]. But, a second line of evidence supportive
POE uses mouse models heterozygous for loss of the CYFIP1 gene for either the maternal or paternal
allele, which showed unequal and significant differences in expression in the brain cortex, which
was correlated with differences in observed behaviors [18]. Another intriguing line of evidence is the
differences in male-to-female ratios in maternal versus paternal deletions (2.1 vs. 1.1). Lastly, several
genes in this broader region of chromosome 15 are methylated and known to cause genetic conditions
with POEs, including Schaff-Yang syndrome (OMIM # 615547) with paternal loss of the imprinted
MAGEL2 gene; Angelman syndrome (OMIM # 105830) with maternal loss of the imprinted UBE3A
gene; Prader-Willi syndrome (OMIM # 176270) due to paternal loss of imprinted genes and transcripts
in the 15q11-q13 region such as SNRPN; and central precocious puberty 2 (OMIM # 615346) with
paternal loss of the imprinted MKRN3 gene. Given previous data, analysis of the literature and our
findings, POE seems likely to exist for the 15q11.2 BP1-BP2 microdeletion with involvement of one or
more genes within this region as described below.

Which gene or genes within the 15q11.2 BP1-BP2 region are undergoing POE is unknown at this
time, as all four genes within this ~500 kb region are highly conserved, apparently biallelically
expressed (at least in blood) and not thought to be imprinted [24,25]. However, Bittel and
colleagues [19] reported unequal parental expression bias compared with controls for the SHGC-32610
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transcript located proximal to the D15S1035, a standard marker in the 15q11.2 BP1-BP2 region at that
time and significantly increased in expression in lymphoblastoid cell lines established from individuals
with Prader-Willi syndrome having either maternal disomy 15 or the paternal 15q11-q13 deletion. Loss
of the 15q11.2 BP1-BP2 region causes more severe behavioral symptoms and learning difficulties in
individuals with Prader-willi syndrome or Angelman syndrome [1,24,26].

Of the genes in this region, certain pathogenic variants in the NIPA1 gene causes an autosomal
dominant form of spastic paraplegia and triplet repeat expansion within this gene is associated with
a higher risk for amyotrophic lateral sclerosis [6,7]. Haploinsufficiency of this gene has not been
reported to cause these conditions. Variants in the NIPA2 gene are reported to cause childhood absence
epilepsy [10,27]. Both the NIPA1 and NIPA2 genes regulate magnesium transport in neurons [9,27].
The TUBGCP5 gene is expressed highly in the subthalamic nuclei of the brain and plays a role in
formation and function of the centrosome [12,28]. A recent study proposed that biallelic loss of this
gene may cause a form of microcephaly, as a rare missense variant in TUBGCP5 was identified in
trans with a microdeletion of 15q11.2 BP1-BP2 [12]. Variants in this gene have also been associated
with ADHD and obsessive-compulsive disorder [29]. Lastly, the CYFIP1 gene encodes a protein with
multiple actions in the cell, including participating in maturation and stabilization of dendritic spines
and organization of the actin cytoskeleton [30]. The CYFIP1 protein interacts with the FMR1 protein
(and other proteins) to control neuronal mRNA transcription and translation [15]. Reduced expression
of FMR1 causes fragile X syndrome, the most common cause of familial intellectual disability [13].
Haploinsufficiency of CYFIP1 can cause similar symptoms to fragile X syndrome in mice [25,31].
Additionally, the CYFIP1 protein is also a member of the WAVE regulatory complex, which plays a role
in actin polymerization [32]. Reduced expression of the CYFIP1 gene in model organisms and human
blood samples correlates with reduced mRNA for WAVE regulatory complex members. Additionally,
the CYFIP1 gene has been found to be differentially expressed in the brain depending on the stage of
embryonic development in mice, with the highest expression in the cortex and cerebellum [30].

Current and emerging evidence points to altered expression of the CYFIP1 gene as the leading
candidate for neuronal phenotypes and thus becomes a candidate for a potential POE. In the previous
mouse model study of CYFIP1 gene haploinsufficiency, maternal loss of CYFIP1 (leading to only
paternal allele expression) showed significantly higher expression in the mouse cerebral cortex than
paternal loss of CYFIP1. Maternal loss and paternal expression of CYFIP1 was 55%-57% relative to wild
type, while paternal loss and maternal expression was 48%–52% (p = 0.03) [18]. No other differences
were found in expression for other brain tissues studied, including the hippocampus, amygdala, and
cerebellum. More recently, CYFIP1 gene expression in murine brain tissue and expression patterns are
dependent on the POE of the deletion. For example, paternal loss of the CYFIP1 gene was associated
with lower protein expression in the hypothalamus, while maternal loss was associated with lower
expression in the nucleus accumbens [33]. In this study, the effect of certain CYFIP2 variants was
tested and the expression patterns were dependent on the gender of the mice. Given these studies,
there is evidence that mild preferential expression for the paternal CYFIP1 allele exists (at least in
certain tissues), which would be expected if a maternally methylated region were acting in cis on the
CYFIP1 gene.

Previous work using human neural progenitor cells has found that reduced CYFIP1 expression
caused dysregulation in schizophrenia- and epilepsy-associated gene networks [15]. However,
neither expression patterns nor a POE were studied. The CYFIP1 gene is known to interact with
the WAVE regulatory complex and proteins from two genes: RAC1, disruption of which causes
an autosomal dominant form of intellectual disability, and FMR1, the causative gene for fragile
X syndrome [14,16,31,34]. The CYFIP1-FMRP protein complex has been found to control both
transcription and translation of mRNAs in neuronal cells [15]. Additionally, previous studies have
noted that CYFIP1 haploinsufficiency can generate features of the fragile X syndrome phenotype
in mice [25,31], while a subgroup of individuals with fragile X syndrome have a Prader-Willi-like
phenotype, but no specific cause for these phenotypes is known [35].
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In terms of specific clinical features showing a potential POE, we found that CHD, macrocephaly,
ASD, epilepsy and muscle-related phenotypes were statistically associated with a deletion from
a specific parent. Although selection bias is a significant concern, and this region is known as a
susceptibility region, previous work suggested that a POE does exist in CHD involving the 15q11.2
BP1-BP2 microdeletion as well as in well-characterized imprinting disorders such as Prader-Willi
syndrome resulting from a paternal 15q11-q13 deletion or maternal uniparental disomy 15 [36].
Kuroda and colleagues [36] found seven individuals with CHD had paternal inheritance of the 15q11.2
BP1-BP2 microdeletion while only one individual with CDH was found when the deletion was from
the mother. (Our dataset included two of these seven individuals with paternal deletions.) Our data
further buttress this finding, as CHD was reported exclusively in individuals with paternally inherited
deletions (8 vs. 0 including siblings, 5 vs. 0 omitting siblings). Although our sample size was too small
to detect a statistical difference when omitting sibling sets and individuals with a VOUS, there were
two individuals with CHD and paternal deletions and zero with maternal deletions.

Interestingly, the CYFIP1 gene has the highest expression of the four genes in this chromosomal
region in both heart muscle and vasculature [37]. For example, expression in four types of cardiac
tissue from the Gene-Tissue Expression Project (GTEx) showed that, relative to other genes in this
deletion, CYFIP1 was expressed 2.9-8.8x higher in the aorta, 2.2-8.2x higher in the coronary artery,
1.1-5.0x higher in the left ventricle, and 1.2-4.2x higher in the atrial appendage. A previous study
found that CHD was highly enriched in those individuals with the 15q11.2 BP1-BP2 microdeletion
but the phenotype was not consistent involving both heart muscle and vasculature [38]. This lack
of a phenotypic pattern appears consistent with the CYFIP1 expression data, such that dysregulated
expression could result in multiple different types of CHD.

A similar pattern for CYFIP1 gene expression in heart muscle was also observed in the GTEx data
for skeletal muscle, where CYFIP1 has the second highest expression, at 1.8x higher than TUBGCP5
and 6.2x higher than NIPA1, while being slightly lower than NIPA2 expression. CHD and muscular
phenotypes were both associated with paternally inherited 15q11.2 BP1-BP2 microdeletions, while
mouse models showed a preference for paternal CYFIP1 expression in various parts of the brain.
Possibly, the paternal CYFIP1 allele is preferentially expressed in other tissues as well, such as the
heart or skeletal muscle and vasculature.

Our association for maternal deletions with ASD, macrocephaly, and epilepsy are intriguing.
Only epilepsy remained significantly associated with maternal deletions when omitting siblings and
probands with a VOUS finding. However, it should be noted that we lost statistical power from
our small sample size to determine if a difference was present in these features when omitting these
probands. Although our results were not statistically significant, ASD and macrocephaly were enriched
in individuals with a maternal deletion (21% vs. 5% and 13% vs. 0%, respectively). This association
may hold when omitting siblings and probands with a VOUS, but a larger sample size is needed.

Interestingly, clinical features of fragile X syndrome in humans can include the three features
associated with maternal 15q11.2 BP1-BP2 microdeletions (ASD, seizures, and macrocephaly) [39].
RAC1-related intellectual disability also includes macrocephaly and one individual was reported to
have ASD. One possibility for the associated phenotypes with a maternal POE is the maternal CYFIP1
gene allele is preferentially expressed in different brain tissue(s) and a loss of the maternal allele is
more detrimental than loss of the paternal allele in these tissues, which may somehow disrupt FMR1
and/or RAC1 activities or the WAVE regulatory complex. In one study using a mouse model, there was
evidence for maternal expression of CYFIP1 in the nucleus accumbens [33]. Further, Abekhoukh and
colleagues [32] noted that previous studies found inconsistent neural spine phenotypes when observing
CYFIP1-deficient mice. A POE was not assessed in either of these studies and could potentially explain
these differences. Lastly, we cannot rule out that this association between maternal deletions and ASD,
epilepsy, and macrocephaly could be spurious, influenced by ascertainment bias, or both.

Differences in clinical features between males and females has been noted in other
neurodevelopmental conditions [21]. Our analyses between males and females are notable because
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we applied statistical testing to the distribution of clinical features based on gender, which has not
been done in a previous, large case series [20]. Our findings indicate that females were more likely
to have epilepsy, while males were more likely to have either motor or developmental delays. These
differences may be due to distinct biological differences; however, it is also possible that these represent
ascertainment bias and females received a medical examination and genetic testing when a more
“severe” symptom was present, such as epilepsy, while milder clinical features may have been ignored
or thought less important to investigate. Similarly, males with a developmental delay may have been
more likely to receive an examination.

Several other points have been discussed in the literature regarding 15q11.2 BP1-BP2
microdeletions. First, one study suggested that this condition may show a “two-hit” model, such that
individuals with additional genomic variants that impact neurodevelopment, as well as a 15q11.2
BP1-BP2 microdeletion, may be more likely to have clinical features or perhaps have more clinical
features than individuals with only a 15q11.2 BP1-BP2 microdeletion [40]. Although we had a large
sample size, the number of individuals with additional genomic alterations (N = 12) was too limited to
determine if phenotypic differences existed between individuals with another genomic alteration; also,
no individuals were reported to have a second alteration within one of the four genes in the 15q11.2
BP1-BP2 region. However, sequence variants were not routinely assessed in our cohort. Second,
a recent paper identified a statistically significantly enrichment of the 15q11.2 BP1-BP2 microdeletion
in three individuals with gender dysphoria (3 of 69 birth-assigned females; 4.3%) [41], suggesting that
this deletion may influence gender identity. Of the 71 probands in our study, none were specifically
noted to have gender dysphoria or other disorders of gender development. While we cannot rule out
this deletion is associated with gender dysphoria, our data do not support the possibility that this is an
additional clinical feature.

Lastly, we can assess the rate at which parents were identified with clinical features of 15q11.2
BP1-BP2 microdeletion syndrome. Previous studies have estimated that approximately 30% of parents
are affected [2]. We found that when phenotype information was available, and in unrelated individuals
to avoid double-counting parents with multiple children in our cohort, approximately 38% of parents
(19 of 50) were found to have one or more clinical feature. Because some studies did not report on
parental clinical features and other papers may not have assessed parental clinical or developmental
history, we restricted our analysis to the two cohorts of individuals that represent a “high-confidence”
group for detailed phenotyping. These cohorts included probands and their parents assessed by
two different geneticists from the ongoing study of chromosomal 15 abnormalities and the group
identified during routine clinical work-up (N = 22 when omitting sibling sets). In these groups,
50% of parents (11 of 22) were affected with one or more clinical feature. In contrast, the frequency
reported in individuals from the primary literature was approximately 26% (7 of 27). Although our
50% rate may represent ascertainment bias of the parent’s child, it is likely that more parents are more
often affected (albeit mildly) and previous studies were not sensitive to this possibility or to the full
phenotypic spectrum.

Our study had several strengths, including the large sample size, use of statistical analyses,
granular analyses of clinical features, investigation of gender-based differences and parental penetrance,
and our ability to control for other potentially confounding variables in clinical variability, such as
siblings and additional genomic alterations. The authors encourage additional studies, both clinically
and by genomic characterization to delineate this emerging microdeletion syndrome to gain a better
understanding of the collection of clinical findings and their causation, specifically in view of our
evidence presented on parent-of-origin effects.

Limitations in this study include likely ascertainment bias, variable quality in phenotypic
information from disparate sources, that uncharacterized genes within larger BP1-BP2 deletions
may play a role in one or more phenotype(s), and the fact that individuals in this cohort were not
evaluated by the same observer(s). Indeed, the average number of reported symptoms in the probands
assessed by the two geneticists were 5.6, while the average number of symptoms in probands from
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the primary literature was 3.4. Additionally, it is possible that some of these associations are spurious
and will not be consistent in follow-up studies. Further studies analyzing POEs in this condition are
warranted, especially gene expression studies and the presence of a maternally methylated region near
the TUBGCP5 gene. Lastly, it is possible, though unlikely, that a small percentage of individuals in this
study were reported in multiple sources, such as the online database DECIPHER and later reported
in a paper in the primary literature. Given the nature of this research, we cannot be absolutely sure
we did not double-count individuals in our analyses. Regardless, this is most likely a small risk and
unlikely to impact the main findings. Additional research with a deeply phenotyped cohort assessed
by the same observer(s) would be helpful. Finally, many of these individuals were not reported to
have undergone a next generation sequencing study (e.g., exome), and therefore, a second variant
associated with neurodevelopmental findings cannot be ruled out and will require further studies.

4. Materials and Methods

We collected 71 reported individuals with known parental inheritance of a 15q11.2 BP1-BP2
microdeletion from four sources: (1) the medical literature (N = 43) [22,23,36,42–50], (2) the
DECIPHER database (N = 1) [51], 3) a cohort of patients with 15q11.2 BP1-BP2 microdeletion
syndrome obtained during routine genetic diagnostic procedures (N = 11), and 4) a genetics study
of chromosome 15 abnormalities, including 15q11.2 BP1-BP2 microdeletions (N = 16). This study
of chromosome 15 abnormalities was approved by the University of Kansas Medical Center IRB to
study genotype-phenotype correlations (FWA#: 00003411). As all individuals in this study were either
previously published or de-identified data was provided from families who gave consent to share data,
our study did not require IRB approval or a waiver.

In order to standardize this cohort for analysis of the potential POEs, we omitted individuals
with an additional known, abnormal genetic diagnoses (e.g., Williams syndrome) and reports of
de novo 15q11.2 BP1-BP2 microdeletions. All clinical features were categorized as a specific feature
(e.g., microcephaly) when possible or a general clinical finding if the symptom noted was non-specific
(e.g., “delays” versus speech delay or motor delay). We also grouped clinical features into overarching
categories. Individual and grouped symptom-related variables were coded categorically (present
vs. absent). For example, the variable “Psychiatric diagnosis” was classified as being present if
an individual had specific diagnoses, such as anxiety or obsessive-compulsive disorder. Similarly,
the variable “Behavioral differences” included individuals with “difficult” or “odd” behaviors, such as
aggression or skin picking.

The four grouped variables included: (1) “any behavioral features” and included the categories
of ASD diagnosis, psychiatric diagnoses, and any behavioral difference; (2) “any physical features”,
which included CHD or malformations, short stature, micro/macrocephaly, and dysmorphisms;
(3) “non-physical features” and included developmental delays, muscular features, intellectual
disability, epilepsy, ASD, learning difficulties, psychiatric diagnoses, and behavioral differences and
lastly (4) “any delays” which included speech delays, motor delays, global developmental delays,
and any mention of non-specific delays. The only variable that was not categorical was “Total clinical
features”, which added the described clinical features for an individual into a continuous variable.
For example, if an individual was noted to have dysmorphic facial features, obsessive-compulsive
disorder, ADHD, and ASD, this would count as three total clinical features because these features fall
into three general categories (dysmorphisms, psychiatric diagnoses, and an ASD diagnosis).

In primary analyses, we used chi-squared tests to ascertain differences between individuals
reported with a specific clinical symptom and the parent of origin for the deletion (maternal vs.
paternal). Mann-Whitney U-tests were used to determine differences in grouped clinical features,
as the distribution of these variables was non-normal. In sub-analyses, we performed chi-squared and
Mann-Whitney U-tests on groups that omitted (1) sibling sets and (2) sibling sets and individuals with
one or more additional VOUS. This was done to control for the fact that (1) shared genetic variants
between siblings that may cause or contribute to certain clinical features and (2) a VOUS finding
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may be pathogenic and also cause or contribute to clinical features. In secondary analyses, we also
used two-sided t-tests to determine if cohort characteristics differed between gender (e.g., age of
diagnosis), as well as chi-squared to tests differences in specific clinical findings and Mann-Whitney
U-test to determine differences between grouped symptoms (e.g., physical features). All findings were
considered significant when p ≤ 0.05.

Lastly, these analyses were conceived and conducted solely by the authors; the original
contributors to the DECIPHER Database bear no responsibility for this analysis or interpretation.

5. Conclusions

The findings from the literature and survey reports add further clinical evidence to the previous
molecular findings that the 15q11.2 BP1-BP2 microdeletion (Burnside-Butler) syndrome may exhibit
POEs. Several gender-based differences in clinical features were reported in individuals with the
15q11.2 BP1-BP2 microdeletion. These findings, if replicated, may help prognosis and in counseling
families identified with a 15q11.2 BP1-BP2 microdeletion to further expand the clinical phenotype of
this emerging syndrome, now recognized as the most common cytogenetic finding in those presenting
with ASD with or without congenital anomalies and developmental delays.
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Abstract: Autism spectrum disorders (ASD) are a group of neurodevelopmental disorders
characterized by deficits in social interaction and communication, and repetitive behaviors. In addition,
co-morbidities such as gastro-intestinal problems have frequently been reported. Mutations and
deletion of proteins of the SH3 and multiple ankyrin repeat domains (SHANK) gene-family were
identified in patients with ASD, and Shank knock-out mouse models display autism-like phenotypes.
SHANK3 proteins are not only expressed in the central nervous system (CNS). Here, we show
expression in gastrointestinal (GI) epithelium and report a significantly different GI morphology in
Shank3 knock-out (KO) mice. Further, we detected a significantly altered microbiota composition
measured in feces of Shank3 KO mice that may contribute to inflammatory responses affecting brain
development. In line with this, we found higher E. coli lipopolysaccharide levels in liver samples of
Shank3 KO mice, and detected an increase in Interleukin-6 and activated astrocytes in Shank3 KO
mice. We conclude that apart from its well-known role in the CNS, SHANK3 plays a specific role in
the GI tract that may contribute to the ASD phenotype by extracerebral mechanisms.

Keywords: microbiome; gut; ProSAP2; Phelan McDermid Syndrome; gut–brain interaction; leaky
gut; IL-6; SHANK

1. Introduction

SHANK3 (SH3 and multiple ankyrin repeat domains 3, also known as proline-rich
synapse-associated protein 2 (ProSAP2)) is a known scaffolding protein of the postsynaptic density
(PSD) of glutamatergic excitatory synapses [1–3] that has been associated with autism spectrum
disorders (ASD) [4–7]. Further, the Phelan McDermid Syndrome (PMDS/22q13.3 deletion syndrome) is
a rare genetic disorder associated with a heterozygous loss of SHANK3 in the majority of patients.
Individuals with PMDS show symptoms of the autism spectrum along with mental retardation and
muscular hypotonia, and can suffer from seizures and gastrointestinal (GI) problems [8–10]. Besides
the CNS, SHANK3 is expressed in different levels in many tissues, such as liver, heart, kidney, skeletal
muscle [8], and epithelial cells of the GI tract [11,12].

A growing number of studies indicate a role of abnormal development and function of the
gastro-intestinal (GI) system as a factor in ASD, with many patients having symptoms associated with
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GI disorders [13]. Research indicates a link between the dysfunctions associated with ASD and GI
problems such as abnormal trace metal uptake, alterations in the microbiome, and immune dysfunction
and inflammatory processes [13,14]. In line with this, we have reported expression of SHANK3 in
human enterocytes, where SHANK3 was functionally linked to zinc (Zn) transporter levels mediating
Zn absorption [12].

The gut harbors a complex community of microbes—the microbiome—that is able to influence,
among others, the development of the central nervous system (CNS) [15]. Recently, a study identified
a dysregulation of several genera and species of bacteria in the gut and colon of Shank3 KO mice [16]
and the treatment of Shank3 KO mice with L. reuteri led to the attenuation of some ASD-associated
behaviors [16]. However, the underlying factors of the altered microbiota composition are currently
not well understood.

Thus, here, we made use of a Shank3αβ knock-out mouse line that was reported to display
ASD-like behavior with abnormal ultrasonic vocalization, repetitive self-grooming, and reduced
interest in novel mice in nonsocial versus novel social pairing in the three-chamber test [17,18]. In these
animals we performed a detailed analysis of the GI tract including further analyses determining
microbiota composition. Our results confirm expression of SHANK3 in the GI epithelium. Further,
Shank3αβ knock-out mice display an altered GI morphology and, in line with published data [16]
we can confirm changes in gut microbiota composition. Altered GI morphology and microbiota
composition lead to exaggerated responses to bacterial metabolites and compounds eliciting an
immune response [19]. An increase of inflammatory markers has been reported in individuals with
ASD and animal models [20,21]. Especially the cytokine Interleukin-6 (IL-6) has been proposed as a
biomarker for autism [22] and was shown to be mechanistically linked to the development of autistic
behaviors in mice [23–25]. Intriguingly, we detected an increase in IL-6 levels in Shank3αβ knock-out
mice along with increased activation of astrocytes in the frontal cortex of Shank3αβ knock-out mice.
Astrocyte activation has previously been linked to ASD [26].

2. Results

2.1. SHANK3 is Expressed in GI Epithelium of Mice

In the first set of experiments, we investigated the GI system of Shank3αβ KO mice that have been
characterized in the lab previously [27]. Using the method described by Nik and Carlsson [28], we
separated intestinal epithelium from mesenchyme. The purity of the lysate was confirmed by Western
Blot analysis of the expression of Vimentin, whose presence would indicate unsuccessful separation of
the epithelium, and Cytokeratin 7, which should be found in epithelium but not in mesenchymal cells
of the submucosa (Figure S1). Apart from the expression of many ASD-associated genes [29] normally
found at synapses in the CNS, we detected mRNA of SHANK family proteins and their “synaptic”
interaction partners in GI epithelium (Figure 1A).

On protein level, in wildtype animals, only expression of SHANK2 and SHANK3, but not SHANK1
was found in GI epithelium in mice (Figure 1B). Further, in gut epithelium obtained from Shank3αβ
KO mice, gene expression of Shank2 and Shank3 was decreased in comparison to wild type controls
(Figure 1C). Knock-out animals do not show a total loss of Shank3 due to the expression of the Shank3γ
isoform that is detected by qRT-PCR primers.
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Figure 1. Expression of autism spectrum disorder (ASD)-associated postsynaptic density (PSD) proteins
in gut epithelial cells. Several further ASD-associated PSD proteins are expressed in gut epithelial
cells. (A) Screening of lysate from wild type mice (n = 5; used in technical triplicates) from isolated
gut epithelium for the expression of “synaptic” ASD-associated genes using qRT-PCR. The genes
were selected based on their occurrence at excitatory postsynapses and a reported association with
ASD. On mRNA level, expression of all SH3 and multiple ankyrin repeat domains (Shank) family
members was detected, as well as the expression of several direct interacting proteins such as Abi1
(Abelson interactor 1), and Homer1 (Homer protein homolog 1). Furthermore, the expression of
Apc (Adenomatous-polyposis-coli), Arhgef6 (Rac/Cdc42 Guanine Nucleotide Exchange Factor (GEF)
6, Alpha-PIX), Cask (Calcium/Calmodulin-Dependent Serine Protein Kinase), Cntnap1 (Contactin
Associated Protein 1), Crkl (V-Crk Avian Sarcoma Virus CT10 Oncogene Homolog-Like), Cyfip1
(Cytoplasmic FMR1 Interacting Protein 1), Disc1 (Disrupted In Schizophrenia 1), Dlg1 (Discs, Large
Homolog 1), Doc2a (Double C2-Like Domains, Alpha), Fkbp1a (FK506 Binding Protein 1A), Fmr1 (Fragile
X Mental Retardation 1), Gdi1 (GDP Dissociation Inhibitor 1), Il1apl1, Limk1 (LIM Domain Kinase 1),
Mapk1 and Mapk3 (Mitogen-Activated Protein Kinase 1 and 3), Nf1 (Neurofibromin 1), and Syngap1
(Synaptic Ras GTPase Activating Protein 1) was detected. (B) Western Blot analysis for the expression
of SHANK family members SHANK1, SHANK2, and SHANK3 using GI epithelium and brain tissue
from wild-type mice. Only expression of SHANK2 and SHANK3 was detected on protein level in GI
epithelium (full arrows). (C) Expression-analysis Shank2 and Shank3 in wildtype and Shank3αβ KO
mice. Significantly lower expression of Shank2 was found in Shank3αβ KO mice (t-test, 3 technical
replicates from 3 animals per group; Shank2 p = 0.0067 (n = 3); ** p < 0.01).

2.2. Shank3 KO Mice Show Abnormal GI Morphology

Shank3αβ KO mice did not show signs of diarrhea, stool blood, weight loss, or increased
mortality. However, the analysis of the GI tract of Shank3αβ KO mice revealed significantly altered
gut morphology (Figure 2A–D). Using paraffin-embedded sections from intestine, we performed
histological and morphometric analyses. Shank3αβ KO mice show a significantly decreased length, but
not width, of small intestinal villi compared to wild type mice (Figure 2B,C). Given that the crypt depth
remains unchanged in Shank3αβ KO mice (Figure 2D), the ratio between villi length and crypt depth,
which is considered normal in a range between 3 and 5, is reduced to below 3 in Shank3αβ KO mice.
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Figure 2. Altered gut morphology in Shank3αβ knock-out (KO) mice. (A–D) Histological evaluation
of GI tract from wild type and Shank3αβ KO mice. (A) Longitudinal cross sections of Shank3αβ KO
mice and wild type (WT) mice were stained with hematoxylin/eosin (HE) (upper panels) and periodic
acid schiff (PAS) reaction (lower panels). Exemplary images are shown. (B–D) Morphological analysis
of (B) villi length and (C) width, and (D) crypt depth reveals a significantly decreased villi length
(Mann-Whitney U-test, p = 0.009; n = 5 animals per group) but not width (p = 0.534), and normal
crypt depth (p = 0.983) in Shank3αβ KO mice. (E,F) Immunohistochemistry was performed on 5 mice
per group and 5 optic fields of view each from 3 sections per mouse were analyzed. (E) A slight but
non-significant decrease in FABP2 signal intensity was observed in Shank3αβ KO mice compared to
wild types (left panel). Significantly higher ZONULIN-1 levels were found in Shank3αβ KO mice
(right panel) (t-test, p = 0.0413). (F) The levels of CLAUDIN3 and lipopolysaccharide (LPS) were not
significantly different between Shank3αβ KO mice and wild types in gut epithelium. (G) Significantly
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higher ZONULIN-1 levels in Shank3αβ KO mice were confirmed by western blotting using gut
epithelium protein lysate (t-test, p = 0.0434, n = 3 per group). (H) Protein lysate from liver tissue from
WT and Shank3αβ KO mice (n = 3 per group) were analyzed for E. coli LPS levels using Western Blotting.
The results show significantly higher LPS levels in the liver of Shank3αβ β KO mice (t-test, p = 0.0452).
* p < 0.05, ** p < 0.01.

Further analyses of the GI epithelium using immunohistochemistry and protein biochemistry
revealed further alterations. We selected three markers, FABP2 (Intestinal fatty acid-binding protein 2),
CLAUDIN3, and ZONULIN1 (Figure 2E,F). FABP2 is a cytosolic protein found in small intestine
epithelial cells where it participates in the uptake, intracellular metabolism, and transport of long chain
fatty acids. CLAUDIN3 is a cell adhesion protein found at tight junctions between gut epithelial cells.
ZONULIN1 is a modulator of tight junctions and alterations in the ZONULIN-regulated pathways
have been associated with both intestinal and extra-intestinal inflammatory disorders [30]. Especially a
decrease in FABP2 and increase in ZONULIN1 have been proposed as markers of gut dysbiosis and gut
permeability integrity [31]. Protein levels were assessed measuring fluorescence intensities. The results
reveal slight but not significantly lower levels of FABP2 in Shank3αβ KO mice. In contrast, the levels of
ZONULIN1 were significantly higher in Shank3αβ KO mice compared to wild types (Figure 2E). This
result was confirmed using gut epithelial protein lysate and western blotting (Figure 2G). No significant
differences were found in CLAUDIN3 levels (Figure 2F).

A loss of intestinal barrier function was reported secondary to upregulation of ZONULIN, which
is, to our knowledge, the only known physiological modulator of intercellular tight junctions [32].
Increased intestinal permeability may be responsible for increased translocation of bacterial components
and metabolites into the systemic circulation [33]. Given the observed abnormalities in GI epithelium,
we therefore investigated next whether the abnormal GI morphology of Shank3αβ KO mice facilitates
the enrichment of bacterial compounds in the host system.

Lipopolysaccharide (LPS) levels from bacterial origin were not significantly different in the GI
epithelium between Shank3αβ KO and wild type mice (Figure 2F). Detoxification and degradation of
microbial products from gut-derived microbiota is a function of the liver. In the liver, hepatocytes
mediate the clearance of endotoxin of intestinal origin [34]. Interestingly, when we analyzed liver
samples regarding the levels of bacterial (E. coli) LPS, we found a significant increase in liver LPS in
Shank3αβ KO mice (Figure 2G), hinting at increased LPS absorption (leakiness) of the GI system.

2.3. The Microbiome of Shank3 KO Mice Is Altered

Abnormalities in the GI system might translate into persistent changes that may affect several
processes and features such as microbiota composition and may cause chronic inflammatory activity.
Altered composition of gut microbiota has been reported before in Shank3 KO mice [16]. Thus, in the
next set of experiments, we assessed the microbiome of Shank3αβ KO mice to confirm the presence
of alterations in our mice. Feces from 10 weeks old Shank3αβ KO mice were collected and compared
to age and gender matched controls. Housing conditions of the mice (bedding material, nesting
material, number of animals per cage) were the same between groups and animals were housed side
by side in wire cages. DNA was extracted from feces from four mice and pooled to one sample and
three samples per group were analyzed using 16s microbiome profiling (Figure 3). The results show
significant alterations in the microbiome of Shankαβ KO mice compared to Controls (Figure S2A,B).
The amount of Actinobacteria was significantly higher in feces from Shank3αβ KO mice (Figure 3A).
While the amount of Bacterioidetes (Figure 3B) was not altered, significantly higher levels of Firmicutes
(Figure 3C) were detected in Shank3αβ KO mice. Further, only in Shank3αβ KO mice, Deferribacteres
(Figure 3D), Tenericutes (Figure 3F), and Chlamydiae (Figure 3H) were found. In contrast, significantly
lower levels of Proteobacteria (Figure 3E) and Verrucomicrobia (Figure 3G) were detected. In general,
the phyla Firmicutes and Proteobacteria dominate the microbiome of control mice, while a shift towards
Firmicutes and Actinobacteria occurs in Shank3αβ KO mice (Figure 3I).
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Figure 3. Altered microbiome in Shank3αβ KO mice. DNA was extracted from feces from 10 weeks
old animals and microbiome analysis was performed using 16S Microbiome Profiling. Feces from
four different animals were pooled per sample and three samples per group were analyzed. (A) The
amount of Actinobacteria is significantly higher in feces from Shank3αβ KO mice. (B) The amount of
Bacterioidetes is not significantly different between control and Shank3αβ KO mice. (C) A significant
increase in Firmicutes was found in Shank3αβ KO mice. (D) Bacteria of the phylum Deferribacteres were
only found in Shank3αβ KO mice. (E) Significantly reduced levels of Proteobacteria were detected
in Shank3αβ KO mice. (F) Bacteria of the phylum Tenericutes were only found in Shank3αβ KO mice.
(G) The amount of Verrucomicrobia was significantly lower in Shank3αβ KO mice. (H) Bacteria of the
phylum Chlamydiae were only found in Shank3αβ KO mice. (I) Overview of the identified relative
frequencies of different phyla found in control and Shank3αβ KO mice. (J) The increase in Actinobacteria
is caused by a significant increase in both classes Actinobacteria (order Bifidobacteriales) (t-test, p < 0.0001)
and Coriobacteria (t-test, p < 0.0001). (K) Coriobacteria increase due to a significant higher levels in the
order Eggerthellales, but not Coriobacteriales. (L) Within the family Eggerthellaceae, Adlercreutzia did
not show an increase. The genera Asaccharobacter, Eggerthella, Enterorhabdus, and Paraeggerthella show
significant increase. * p < 0.05, *** p < 0.001.

Given that an increase in Actinobacteria in the gut of Shank3 KO mice has been reported before [16],
we closer investigated the alterations within this phylum. The increase in Actinobacteria was caused by a
significant increase in the order Bifidobacteriales (class Actinobacteria) and Eggerthellales (class Coriobacteria)
(Figure 3J,K). Both orders consist of one detected family, Bifidobacteriaceae and Eggerthellaceae, respectively.
Within the family Bifidobacteriaceae, only bacteria of the genus Bifidobacterium were detected. Within
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the family Eggerthellaceae, the genus Adlercreutzia did not show an increase, while bacteria of the genus
Asaccharobacter, Eggerthella, Enterorhabdus, and Paraeggerthella increased in abundance (Figure 3L).
In particular, the bacteria species Bifidobacterium pseudolongum, Assacharobacter WCA-131-CoC-2,
Eggerthella YY7918, and Enterorhabdus caecimuris were drivers of this increase (Figure S2C), which
have been associated with inflammation and infection of the gastrointestinal tract [35,36]. However,
classification on species level using 16S RNA sequencing cannot be done with a high level of confidence
and needs to be confirmed by more detailed studies in the future. Another limitation of the performed
analysis is that mice have been pooled into three samples, which obscures inter-individual differences.
For analysis, we assumed a normal distribution of data. While pooled samples within one group
showed great homogeneity, high levels of variability on individual level are not uncommon for
microbiota composition.

2.4. Altered GI Morphology and Microbiome of Shank3 KO Mice May Be Linked to Increased Inflammatory
Marker Expression

One hypothesis that has been proposed for ASD is that GI pathologies such as a “leaky gut” will
expose the host to epitopes from microbiota that reside within the gut in altered composition, and
thereby produce an immune activation leading to inflammatory responses, which may contribute to
CNS pathologies during certain time-windows in development. Altered inflammatory cytokine levels
have been reported recently in Shank3 KO mice [16].

Therefore, next, to investigate whether higher intestinal barrier dysfunction of Shank3αβ KO mice
might translate into increased expression of inflammatory markers, we analyzed the expression of
Glial fibrillary acidic protein (GFAP), a marker for astrogliosis, in the cortex of WT and Shank3αβ
KO mice using immunohistochemistry. Our results reveal a significantly increased number of GFAP
positive cells in Shank3αβ KO mice (Figure 4A). Further, because of its importance in relation to
ASD, we analyzed IL-6 levels in brain sections of Shank3αβ KO mice. IL-6 signals resulted from
diffuse staining of neural tissue and signals from blood vessels. The immunofluorescence of IL-6 was
slightly, but not significantly, higher in neural tissue of Shank3αβ KO mice compared to WT (Figure 4B).
In contrast, signals in blood vessels were significantly increased in Shank3αβ KO mice (Figure 4B)
hinting at a systemic increase of IL-6 as previously reported in individuals with ASD.

Figure 4. Confocal microscopy images with same acquisition time taken from frontal cortex of brain
sections from WT and Shank3αβ KO mice (n = 3 animals per group) were used to assess the number of
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activated astrocytes labeled by Glial fibrillary acidic protein (GFAP), and IL-6 levels in neural tissue
and blood vessels. DAPI staining was used to visualize cell nuclei. (A) Optic fields (OF) of view were
analyzed and the number of GFAP positive cells per OF measured. The results show a significantly higher
number of activated astrocytes in Shank3αβ KO mice (t-test, p = 0.0407). (B) The immunofluorescence
of IL-6 was slightly higher in Shank3αβ KO mice compared to WT (t-test, p = 0.1164) in neural tissue
and significantly higher in blood vessels (t-test, p = 0.0014). * p < 0.05, ** p < 0.01.

3. Discussion

A growing amount of research reveals abnormalities in the GI system of ASD patients with
many of them having symptoms associated with GI disorders. It is likely that these extracerebral
alterations contribute to and modify the pathology of ASD. Here, we investigated Shank3αβ KO mice
and found significant GI abnormalities that translated into altered microbiota composition, increased
accumulation of bacterial LPS in liver, and signs of increased immune activation in the periphery and
the brain.

The structural and functional integrity of the gastrointestinal mucosal barrier is important
for protection from various luminal agents such as acids, enzymes, bacteria, viruses, and toxins.
The abnormal GI morphology may lead to downstream effects resulting in the often-reported GI-related
symptoms and co-morbidities in ASD [13]. One frequently reported GI alteration in ASD is an
altered microbiome. In mammals, intestinal microbiota have a marked influence on health status via
gut–brain–microbiota interactions [37,38]. In humans, stool was shown to contain a high bacterial
composition, with >90% of sequence data belonging to bacteria [39], with predominately bacteria
belonging to two phyla, Firmicutes and Bacteriodetes [39]. Interestingly, feces of mice also showed mostly
bacteria from the phyla Firmicutes and Bacteriodetes in our analyses. The dysbiosis we observed in
Shank3αβ KO mice is marked by an increase in microbiota of the phylum Actinobacteria and Firmicutes,
and bacteria from the phylum Tenericutes, Deferribacteres, and Chlamydiae were only present in Shank3αβ
KO mice, while the mount of Proteobacteria and Verrucomicrobia was lower. Interestingly, in humans,
a significant increase in the Actinobacterium phylum was found in patients with ASD [40]. Our results
are also in line with the previous reported alterations in gut microbiota of Shank3 KO mice [16], where
similar to our results, an increase in Actinobacteria was reported. The consistent increase in Actinobacteria
in two distinct Shank3 KO models housed in different animal facilities therefore arises as consistent
pattern with relation to ASD in humans.

On genus level, we found a significant increase in Enterorhabdus and Mucispirillum in Shank3αβ
KO mice. Both genera contain species that have been associated with both inflammatory markers
and active colitis [36,41]. In particular, Mucispirillum expansion has been observed during intestinal
inflammation [41]. In addition, we observed an increase in the Clostridium genus. Bacteria of this genus
are major producers of toxins and an increase has been reported in ASD [40,42]. Further, Shank3αβ KO
mice show significantly higher levels of Parasutterella. Parasutterella were reported to be characteristic
for patients with Crohn’s disease [43] but they also emerged as significantly associated with children
with Autism and functional gastrointestinal disorders that experience abdominal pain [44]. Among the
genera significantly decreased in Shank3αβ KO mice were Akkermansia. Akkermansia (e.g., Akkermansi
muciniphila) were found low in feces of children with autism [45]. In general, a picture emerges where
the observed alterations in the microbiota composition of Shank3αβ KO mice support a model of
increased inflammation.

In ASD, dysbiosis of microbiota has been associated with a disruption of the mucosal barrier
leading to alteration in the intestinal permeability [46], which may cause a change in the inflammatory
status of mice, a major process in the interaction between gut and brain. In our study, we could confirm
the previously reported expression of Shank3 in gut epithelial cells [12]. Loss of Shank3αβ in mice not
only produces a phenotype in nervous tissue. Here, we report abnormal GI morphology. The length of
villi was reduced in Shank3αβ KO mice and ZONULIN expressed at significantly higher level.
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Increased intestinal permeability has been recently proposed to play a key role in the pathogenesis
of chronic inflammatory diseases [32], such as irritable bowel syndrome [47], but also ASD [48]. Since
the intestinal epithelium provides the interface between host and environment, inappropriate antigen
trafficking through the intestinal mucosa may occur upon increased intestinal permeability. While
under normal physiological conditions, the majority of antigens passes through the transcellular
pathway, where lysosomal degradation produces small non-immunogenic peptides, only ∼10% of
proteins cross the epithelium through the paracellular pathway as full intact proteins or partially
digested peptides. This results in antigenic tolerance, which can be severely affected in case this
ratio changes [32]. Intestinal permeability in turn is tightly connected to microbiota composition.
ZONULIN is a major regulator of intestinal permeability and an increase in ZONULIN as observed
here in Shank3αβ KO mice has been associated with increased permeability [49].

In line with this, we could show that bacterial LPS accumulates in significantly higher amount in
the liver of Shank3αβ KO mice. Together, these results hint towards a disruption of the mucosal barrier.

We could further confirm the increased expression of inflammatory markers in Shank3 KO mice.
In particular, we observed significantly higher IL-6 levels in the capillary network within the brain
of Shank3αβ KO mice, likely reflecting higher systemic IL-6 levels. Increased serum cytokine levels
in autistic patients have previously been modeled in mice by maternal immune activation (MIA).
MIA results in the production of inflammatory cytokines leading to neurological and immunological
disturbances in the offspring resulting in autism-like behavioral deficits. These studies have pointed
towards IL-6 as a key cytokine involved in these events [25]. During inflammation, IL-6 was shown to
induce the expression of other cytokines and immune regulatory genes. In addition, IL-6 can initiate
the transcription of neural regulatory genes [25]. Intriguingly, administration of an anti-IL-6 antibody
in MIA mice rescued some of the behavioral deficits.

The increased levels of IL-6 were accompanied by significantly increased number of GFAP positive
cells in the brain of Shank3αβ KO mice. GFAP expression is a marker for astrogliosis [50] and increased
levels of GFAP expression in cortex were also reported in some human individuals with ASD [51].

Taken together, in line with our previous report on SHANK3 in the GI tract [12] the presence of
other “synaptic” proteins in the GI epithelium makes the existence of a protein complex similar to the
one described at excitatory postsynapses in enterocytes more than likely. The loss of this complex may
lead to morphological and functional abnormalities in the GI tract, ultimately resulting in alterations
in the microbiome and the passage of bacterial metabolites and compounds into the host animal.
While our data shows correlation and not causation, these molecules may act as trigger for immune
responses leading to increased levels of cytokines, among them IL-6 causing an inflammatory response
that ultimately will affect brain development and function, e.g., via the activation of astrocytes. Thus,
the contribution of extracerebral factors to the phenotype of SHANK3 deficient mice and humans is
likely. The possibility of specific interventions to alter the microbiome may provide new vistas for
novel therapeutic approaches such as dietary manipulations in ASD.

4. Materials and Methods

4.1. Materials

Paraformaldehyde was purchased from Merck and D-Saccharose was from Roth, Karlsruhe,
Germany. Alexa Fluor conjugated secondary antibodies and ProLong® Gold antifade reagent from
Invitrogen/Life Technologies Europe, Darmstadt, Germany. Zonulin 1 antibody was purchased from
Thermo Fisher Scientific (Invitrogen) (Waltham, MA, USA); Claudin3 antibody from Abcam (Berlin,
Germany); FABP2 antibody from Thermo Fisher Scientific (Invitrogen); LPS antibody from Origene
(Rockville, MD, USA); and IL6 antibody was purchased from Cell signaling Technologies (Danvers,
MA, USA); GFAP antibody was purchased from Sigma Aldrich (St. Louis, MO, USA); Cytokeratin and
Vimentin antibody from Abcam. For SHANK3 western blotting in-house polyclonal rabbit SHANK3
antibodies were used that have been described previously [27,52]. iScriptTM cDNA Synthesis Kit,
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SSoAdvanced Universal SYBR® Green Supermix and customized PrimePCR plates were purchased
from Bio-Rad, Hercules, CA, USA. QuantiTect Primer Assays, RNeasy Mini Kit and QuantiFastTM
SYBR_Green RT-PCR kit were purchased from Qiagen, Hilden, Germany. Unless otherwise indicated,
all other chemicals were obtained from Sigma-Aldrich.

4.2. Animals

Shank3αβ mutants were published and characterized before and raised on a C57BL/6
background [27]. All animal experiments were performed in compliance with the guidelines for the
welfare of experimental animals issued by the Federal Government of Germany and approved by the
Regierungspraesidium Tuebingen and the local ethics committee (Ulm University) (project code - O.103,
date of approval May 12th 2016). Both wild type and Shank3αβ KO mice received the same standard
laboratory diet (ssniff GmbH, Germany) and consumed similar amounts of food and water that was
accessed ad libitum.

4.3. Microbiome Analysis

DNA extraction—DNA extraction of murine fecal samples was performed using the Mo Bio
PowerFecal DNA Isolation Kit (Qiagen, Hilden, Germany) according to the manufacturer´s protocol.
After elution, the resulting DNA concentration was measured on the Nanodrop 2000 (Thermo Fisher
Scientific, Waltham, MA, USA). Purity was assessed by calculating the measured A260/A280 ratio
using a Nanodrop. DNA samples with an A260/A280 ratio in between 1.7 to 2.0 were considered pure
and used for MiSeq.

Pyrosequencing of 16S rDNA region V3 to V5—Primers were designed to target conserved
sequences around the variable region 3 to 5 (V3 to V5) of bacterial 16S rDNA. 16s Microbiome Profiling
with MiSeq was performed by Eurofins Genomics (Ebersberg, Germany).

Pyrosequencing data processing and taxonomic classification—Data processing and taxonomic
classification was performed by Eurofins Genomics. In brief, after removing all reads with errors, the
remaining reads were processed using minimum entropy decomposition (MED), thereby partitioning
the marker gene dataset into OTUs (Operational Taxonomic Units). Taxonomic information was
assigned to each OTU by BLAST alignments of representative cluster sequences to the NCBI database.
A specific taxonomic assignment for each OUT was transferred from a set of best-matching reference
sequences. Only reference sequences with an 80% sequence identity across at least 80% of the
sequence were considered for reference purposes. Sequences were not assigned to an OTU if they were
considered as noise according to the OTU picking algorithm (including potential chimeric sequences
and singletons). OTU and taxonomic assignments were further processed with the QIIME software
package (version 1.8.0, http://qiime.org/). Normalization after Angly [53] of bacterial and archaea
taxonomic assignment abundance with lineage specific copy numbers of marker genes was performed
for estimate improvement. Therefore, the number of reads assigned to one species was divided by a
known or assumed number of marker regions/genes.

Statistical analysis was performed testing for significance without correction for multiple
comparisons due to the low number of simultaneous tested hypotheses. Correction for multiple
comparisons does not alter results reported in the manuscript with the exception of differences observed
for Proteobacteria on phylum level.

4.4. Immunohistochemistry

Paraffin-embedded sections of small intestine were cut at 4.5 to 5 μm thickness. Afterwards,
sections were treated with Xylene 2× for 5 min each and submerged in 100%, 90%, 70% Ethanol and H2O
for 5 min each. Sections were treated in 10 mM sodium citrat buffer pH 6.0 for 15 min around boiling
point (Microwave at 600 W). The slides were cooled down to room temperature (RT) for approximately
30 min und washed two times in PBS for 2 min each. The tissue on each slide was surrounded with a
fat tissue stick. To avoid unspecific antibody binding the tissue was blocked with blocking solution
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(BS) (10% FBS in 1× PBS) for 1 h at RT. Subsequently, the tissue was incubated with primary antibody
diluted in BS for 2 h at RT in a humid chamber. After washing 3×with PBS for 5 min, the tissue was
incubated with secondary antibody, diluted in BS, for 1 h in a humid chamber, followed by a wash step
with PBS for 5 min. The tissue was counterstained with DAPI (4′,6-Diamidin-2-phenylindol).

Frozen brain sections were cut at 14 μm thickness. After cryosections were thawed for 20 min in a
hydrated staining chamber, sections were fixed in 4% paraformaldehyde (PFA)/4% sucrose/PBS for
20 min and washed three times in PBS for 5 min each. Subsequently, sections were treated with 1× PBS
with 0.2% Triton X-100 for 20 min at RT and 1× PBS with 0.05% Triton X-100 for 10 min at RT. To avoid
unspecific antibody binding blocking was performed with blocking solution (BS) (10% FBS in 1× PBS)
for 1 h at RT. Afterwards, the tissue was incubated with primary antibody diluted in BS overnight at
4 ◦C in a humid chamber. The following day after washing with 1× PBS with 0.05% Triton X-100 for
10 min, the tissue was incubated with secondary antibody coupled to alexa488 or alexa568, diluted in
BS, for 2 h at 37 ◦C in a dark humid chamber, followed by a 3× wash steps with 1× PBS with 0.05%
Triton X-100 for 5 min each and a 5 min wash step with 1× PBS. The tissue was counterstained with
DAPI (4′,6-Diamidin-2-phenylindol) for 5 min at RT, washed with aqua bidest before being mounted
with Vecta Mount. Fluorescence images were obtained using an inverted confocal microscope (Zeiss
LSM710, Göttingen, Germany) and an ImageXpress Micro Spinning Disc Confocal High-Content
Imaging System (Molecular Devices, San Jose, CA, USA), and analyses of signal intensities were
performed with ImageJ 1.48r.

4.5. Histology

Paraffin-embedded sections from intestine were obtained of small intestine from adult mice
(10 weeks of age). From each intestine, 4 cm were fixed in 4% buffered formalin. Per sample, three
small parts were embedded in paraffin wax longitudinally (for cross sections) and horizontally (for
longitudinal sections). For morphological analyses, small intestinal sections were cut at 2μm and stained
with Haematoxylin/Eosin (HE) or the periodic acid–Schiff (PAS)-reaction. Immunohistochemistry
staining of 4.5 to 5 μm sections was performed using the Benchmark XT Autostainer (Ventana Medical
systems, Tucson, USA). All required reagents were purchased from Ventana. Dilution of primary
antibodies was done according to the respective manufacturer’s recommendations. For detection of
primary antibody the OptiView DAB IHC Detection Kit or the ultra universal Alkaline Phosphatase Red
Kit was used. Additionally, sections were washed in water, lightly counterstained with Haematoxylin,
dehydrated, and mounted. Images were obtained using the Mirax Desk scanner and the MIRAX
Viewer 1.12.22.0 software (Zeiss, Göttingen, Germany).

4.6. qRT-PCR

Total RNA was isolated with the RNeasy Mini Kit according to the manufacturer’s protocol. All of
the optional purification steps were performed and RNA eluted with sterile RNAse-free water.

cDNA synthesis of pooled RNAs was performed with the iScriptTM cDNA Synthesis Kit (Bio-Rad)
according to the manufacturer’s protocol in a total reaction volume of 20 μL and a maximum of 1 μg
RNA/reaction. Quantitative real-time-PCR was performed using the SSoAdvanced Universal SYBR®

Green Supermix (Bio-Rad) and customized PrimePCR plates in 96 well format with immobilized
primers (Bio-Rad) according to the manufacturer’s protocol with a final reaction volume of 20 μL and
2 ng cDNA/well. Resulting data were analyzed using the hydroxymethylbilane synthase (HMBS)
or Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene as an internal standard to normalize
transcript levels. Cycle threshold (ct) values were calculated by the CFX Manager (Bio-Rad, version
3.1, Hercules, CA, USA).

Alternatively, first strand synthesis and quantitative real-time-PCR amplification were performed
in a one-step, single-tube format using the QuantiFastTM SYBR_Green RT-PCR kit from Qiagen
according to the manufacturer’s protocol in a total volume of 20 μL. Thermal cycling and fluorescent
detection were performed using the Rotor-Gene Q real-time PCR machine (model 2-Plex HRM)

39



Int. J. Mol. Sci. 2019, 20, 2134

(Qiagen, Hilden, Germany). The SYBR Green I reporter dye signal was measured. Resulting data were
analyzed using the HMBS gene as an internal standard to normalize transcript levels. Cycle threshold
(ct) values were calculated by the Rotor-Gene Q Software (Qiagen, version 2.0.2, Hilden, Germany).
All quantitative real-time PCR reactions were run in technical triplicates and mean ct-values for each
reaction were taken into account for calculations.

4.7. Protein Biochemistry

To obtain homogenate from GI tissue, small intestinal epithelium was isolated from mesenchyme
following a protocol after Nik and Carlsson [28]. In brief, small intestine was cut into 4–5 cm long
pieces. Gut mucus was removed by gently squeezing it out of the intestine with the blunt point of
tweezers. Each piece was inverted by inserting a rod, securing the intestine at one end with a suture
and pulling the rod back. The rod with the inverted piece was inserted into a pipet tip (1000 μL) and
one end of the intestine pulled onto the tip. After careful removal of the rod, the second end of the
intestinal piece is pinched off with a suture. The inverted intestine with the attached pipet tip was
submerged in cell recovery solution and repeatedly inflated and reflated with air over the course of at
least 30 min per piece. During this time the epithelium is separated from the other intestinal layers.
For lysis, RIPA buffer + PI (Complete EDTA-free Protease Inhibitor Cocktail tablets; Roche, Mannheim,
Germany) is applied to the collected mouse tissue. To disrupt the epithelium a sonicator was used
(4 pulses, lasting 1 s each). Afterwards the lysate was incubated for 2 h at 4 ◦C on a rotator followed by
centrifugation for 20 min at 4 ◦C at 11,700 rpm. Protein concentration was determined by Bradford
protein assay.

To obtain homogenate from liver tissue, tissue was immersed in Hepes Sucrose buffer (10 mM
Hepes, 0.32 M Sucrose) and disrupted using a sonicator (fisherbrand sonic dismembranator 120,
Fisher scientific, Hampton, NH, USA). Proteins were separated by SDS-PAGE and blotted onto
nitrocellulose membranes (GE Healthcare). Immunoreactivity was visualized using horseradish
peroxidase (HRP)-conjugated secondary antibodies and the SuperSignal detection system (Pierce,
Thermo Fisher, Waltham, MA, USA).

4.8. Statistic

Statistical analysis was performed using Graph Pad Prism 5 (La Jolla, CA, USA), and tested
for significance using t tests. All values were normally distributed. In experiments using pooled
samples or three replicates, normal distribution was not tested but assumed as the most likely scenario.
Statistical tests were two tailed with a significance level of α ≤ 0.05. Significances are stated with
p values <0.05 *; <0.01 **; <0.001 ***.

qRT PCR quantification—Relative quantification is based on internal reference genes to determine
virtual mRNA levels of target genes. Cycle threshold (ct) values were calculated by the Rotor-Gene
Q Software (version 2.0.2, Qiagen, Hilden, Germany). Ct values were transformed into virtual
mRNA levels according to the formula: Virtual mRNA level = 10 * ((ct(target) − ct(standart))/slope of
standard curve).

Western blot quantification—Evaluation of bands from Western blots (WBs) was performed using
ImageJ. Three independent experiments were performed and blots imaged using a UVITEC Alliance
Q9 Advanced system (Cleaver scientific, Rugby, UK). The individual bands were selected and the
integrated density was measured. All WB bands were normalized to β-Actin and the ratios averaged
and tested for significance.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/9/2134/
s1.
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Abstract: Previous research has demonstrated that the collapsin response mediator protein (CRMP)
family is involved in the formation of neural networks. A recent whole-exome sequencing study
identified a de novo variant (S541Y) of collapsin response mediator protein 4 (CRMP4) in a male patient
with autism spectrum disorder (ASD). In addition, Crmp4-knockout (KO) mice show some phenotypes
similar to those observed in human patients with ASD. For example, compared with wild-type mice,
Crmp4-KO mice exhibit impaired social interaction, abnormal sensory sensitivities, broader distribution
of activated (c-Fos expressing) neurons, altered dendritic formation, and aberrant patterns of neural
gene expressions, most of which have sex differences. This review summarizes current knowledge
regarding the role of CRMP4 during brain development and discusses the possible contribution
of CRMP4 deficiencies or abnormalities to the pathogenesis of ASD. Crmp4-KO mice represent an
appropriate animal model for investigating the mechanisms underlying some ASD phenotypes,
such as impaired social behavior, abnormal sensory sensitivities, and sex-based differences, and other
neurodevelopmental disorders associated with sensory processing disorders.

Keywords: collapsin response mediator protein 4; autism spectrum disorder; neurodevelopmental
disorder; whole-exome sequencing; animal model; sex different phenotypes

1. Introduction

The formation of neural networks is temporally and spatially regulated by numerous molecules,
such as extracellular molecules regulating cell adhesion and axon guidance, and intracellular
signaling molecules regulating axon elongation and the formation of dendrites, spines, and synapses.
Collapsin response mediator proteins (CRMPs) are intracellular signaling molecules elicited by
extracellular signals (e.g., semaphorin (Sema) 3A and reelin) during neuronal migration, differentiation,
neurite network organization, and even remodeling [1–3]. Genome-wide studies, genetic linkage
analyses, proteomic analyses, and translational approaches have revealed altered expression levels
of CRMPs in neurodevelopmental disorders, such as schizophrenia, attention-deficit/hyperactivity
disorder (ADHD), and autism spectrum disorder (ASD) [3–8]. Similar findings have been observed
for neurological disorders such as Alzheimer’s disease [9–11] and hyperalgesia syndrome [12–15].
Furthermore, during the past decade, many studies using knockout (KO) mice have demonstrated
the role of CRMPs in the pathogenesis of neurodevelopmental disorders, as described in Section 3
below. In our recent whole-exome sequencing study, we identified a de novo variant of CRMP4 in
a male patient with ASD [8]. In this review, we discuss the functions of CRMP4 in the developing
brain and the possible involvement of CRMP4 deficiencies and abnormalities in the pathogenesis of
neurodevelopmental disorders.

2. Identification of CRMP4

Sema1A guides the growth cone in the proper direction during neural circuit formation in the
developing brain. Sema1A was first identified as fasciclin IV in Drosophila [16] and subsequently
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identified as collapsin in chickens [17]. Since then, numerous members of the Sema family have
been identified. Among them, Sema3A has been implicated in each step of neural circuit formation
from axonal and dendritic development to synaptic assembly [18–21]. Goshima et al. [22] identified a
CRMP with a relative molecular mass of 62 kDa (CRMP-62), now known as CRMP2, which is required
for Sema3A-induced inward currents in the Xenopus laevis oocyte expression system. The authors
further reported that introduction of anti-CRMP-62 antibodies into dorsal root ganglion neurons blocks
Sema3A-induced growth cone collapse [22]. In 1995, Minturn et al. identified a 64-kDa protein in
the rat embryo known as turned on after division 64 (TOAD-64), which was eventually classified as
CRMP4 [23,24]. The CRMP family comprises five homologous cytosolic proteins (CRMP1 ~ 5) with
high (50−70%) homology. CRMP4 is also referred to as TUC-4, unc-33-like phosphoprotein 1 (Ulip-1),
dihydropyrimidase 3 (DRP3), and dihydropyrimidase-like 3 (DPYSL3) because those were found to be
homologous to CRMP4 later [23–26]. These multiple names of CRMP4 have sometimes caused confusion.

3. The Regulatory Mechanisms Suggested for CRMP4

CRMPs regulate intercellular signaling pathways mediated through extracellular molecules such as
Sema3A, reelin, neurotrophins, and myelin-associated inhibitors (MAIs) [22–28]. Through transduction
of these extracellular cues, CRMPs have been reported to regulate various neurodevelopmental events
including neuronal apoptosis, migration, axonal elongation, dendritic elongation and branching,
spine development, and synaptic plasticity [27–31]. CRMP functions are controlled by the dynamic
spatiotemporal regulation of phosphorylation status, which is mediated by kinases such as Cdk5,
Rho/ROCK, and GSK3β, which alter CRMP binding to various cytoskeletal proteins such as actin,
tubulin, and tau [32–36]. Cytoskeletal proteins regulate neuronal polarity, axonal and dendritic
outgrowth, neuronal migration, synaptic formation, and other functions of neurons like transportation
of neurotransmitters-containing vesicles. Therefore, effects on cytoskeletal dynamics promote
neurodevelopmental responses mediated by CRMPs.

Numerous studies have focused on the relationship between CRMP phosphorylation and the roles
of CRMPs. For example, MAIs regulate neurite extension via the phosphorylation of CRMP4, which is
mediated by upstream phospho-inactivation of GSK3β [28]. Loss of GSK3β phosphorylation permits
L-CRMP4–RhoA binding and suppresses neurite outgrowth. Therefore, MAI−CRMP4 signaling
normally contributes to myelin-dependent growth inhibition [37]. Additionally, phosphorylation of
CRMP2 and CRMP4 by Cdk5 is required for the proper positioning of Rohon–Beard primary sensory
neurons and neural crest cells as well as caudal primary motor neurons in the zebrafish spinal cord
during neurulation [38,39].

In addition to phosphorylation, truncation of CRMP4 by calpain-mediated cleavage is found
in glutamate- and N-methyl-D-aspartate (NMDA) receptor-induced excitotoxicity and oxidative
stress, both of which reduce cellar viability in primary cultured cortical neurons [40–42]. The similar
regulatory mechanism of CRMP4 is also involved in potassium deprivation-induced apoptosis in
cultured cerebellar granule cells [43].

Furthermore, CRMP4 is expressed as both a short isoform (CRMP4a) and a longer isoform
(CRMP4b) [44,45]. Previous studies have indicated that these two isoforms exhibit opposing functions
during neurite outgrowth [44,46], though the mechanisms regulating their expressions remain unclear.

4. Potential Involvement of CRMPs Including CRMP4 in Neurodevelopmental Disorders

CRMP family genes and proteins are abundantly expressed in the developing brain,
strongly suggesting that they play important roles in neuronal circuit formation [23,47,48]. Furthermore,
in situ hybridization experiments have revealed that there are regional differences in Crmp4 mRNA
expression during postnatal brain development [49]. In addition, while Crmp4 mRNA expression
is scarcely detectable in most areas of the adult brain, it remains considerably detectable in adult
neurogenic regions containing immature neurons, such as the subgranular zone of the dentate gyrus
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and subventricular zone–olfactory bulb (OB) migratory pathway [49]. Such findings highlight the
crucial role of CRMP4 in neuronal circuit formation.

Abnormal CRMP expression in the brain has been associated with several neurodevelopmental
disorders. For example, patients with schizophrenia exhibit alterations in levels of CRMP1 and
CRMP2 protein (for review, see [4], [7,50–52]. Liu et al. [53] suggested that reduced transcription and
mTOR-regulated translation of certain DPYSL2 isoforms (i.e., genes encoding CRMP2) increase the risk
of schizophrenia. Lee et al. [6] further reported that two functional single-nucleotide polymorphisms
of the human DRYSL2 gene are associated with susceptibility to schizophrenia. Pham et al. [7]
demonstrated that allelic variants of the di-nucleotide repeat at the 5’-untranslated repeat of DPYSL2
change the interaction between CRMP2 and mTOR effector proteins. In addition, findings obtained
from Crmp1- and Crmp2-KO mice suggest that impairments in CRMP1 and CRMP2 functions are
involved in the pathogenesis of schizophrenia [5,54,55]. Furthermore, brain-specific Crmp2-KO mice
display molecular, cellular, structural, and behavioral deficits, many of which are reminiscent of the
features associated with schizophrenia [56].

In contrast to CRMP1 and CRMP2, relatively few studies have investigated the involvement
of CRMP4 in neurodevelopmental disorders [8,57–59]. Miller et al. [57] suggested that microRNA
(miR)-132, CREB-regulated miRNA associated with NMDAR signaling, is involved in the pathogenesis
of schizophrenia and revealed that expressions of several genes including CRMP4 (DPYSL3) are
regulated by miR-132, though the relation between CRMP4 and miR-132 and that between CRMP4
and schizophrenia remain unknown. A missense variant and four other de novo variants of the
CRMP4 gene were identified in an ASD proband from the Simons Simplex Collection [58]. A recent
whole-exome sequencing study also identified another likely pathogenic missense variant in the
CRMP4 gene (CRMP4S541Y) in a male patient with ASD [8]. In addition, Tsutiya et al. [8] investigated
the effect of Crmp4 missense mutation, which was found in ASD patients, on dendritic extension.
In their study, dendritic formation was compared among neurons from wild type (WT) mice (WT
neurons) transfected with enhanced green fluorescent protein (pEGFP), and neurons from Crmp4-KO
mice (Crmp4-KO neurons) transfected with either a pEGFP, pEGFP-WT Crmp4 or pEGFP-Crmp4S540Y

(the site homologous to human S541) (Figure 1). Crmp4-KO neurons transfected with pEGFP had
significantly longer dendrites with more branching points than WT-neurons transfected with pEGFP.
Crmp4-KO neurons transfected with pEGFP-Crmp4S540Y exhibited significantly greater numbers of
dendritic branching points than Crmp4-KO neurons transfected with pEGFP-WT Crmp4 (Figure 1).
These results suggest that ASD-linked CRMP4 mutations alter dendritic morphology. Furthermore,
accumulating evidence suggests that Crmp4-KO mice exhibit several phenotypes that resemble those
observed in human patients with ASD (DSM-V [60]). In the following sections, we review the
autism-like phenotypes observed in Crmp4-KO mice and other animal models of ASD.

Figure 1. Schematic drawings showing dendritic arborization of cultured hippocampal pyramidal
neurons differentially expressing CRMP4. The S540Y mutation in mouse Crmp4 is homologous to
S541Y in human CRMP4, which was observed in a patient with autism spectrum disorder (ASD).
Representative drawings of cultured hippocampal cells from wildtype (WT) mice transfected with
control (pEGFP) vector, Crmp4-knockout (KO) mice transfected with pEGFP vector, Crmp4-KO mice
transfected with pEGFP-Crmp4 vector, and Crmp4-KO mice transfected with pEGFP-Crmp4S540Y vector.
CRMP: collapsin response mediator protein.
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5. Behavioral and Perceptual Abnormalities Observed in Crmp4-KO Mice

5.1. Impairments in Social Behavior

Tsutiya et al. [8,61] examined behavioral deficits in young or adolescent Crmp4-KO mice.
Their open-field test and elevated plus maze results suggested that Crmp4-KO mice of both sexes
exhibited locomotive activity and anxiety levels similar to those observed in WT mice. Similarly,
the novel object recognition test revealed no significant differences in memory acquisition/retention
between WT and Crmp4-KO mice of both sexes. However, the authors also utilized the three-chamber
test for investigating social behavior, which compares time spent investigating (sniffing) a stranger
mouse and a novel object. Male Crmp4-KO mice spent significantly more time in the “object side
chamber” than in the “stranger side chamber”, while WT mice of both sexes and female Crmp4-KO mice
spent more time sniffing the stranger mouse. In addition, in the social interaction test, male Crmp4-KO
mice spent significantly less time actively interacting with a stranger mouse than male WT littermates,
although there were no significant differences in the amount of active interaction between WT and
Crmp4-KO females. These findings indicate that male-dominant impairments in social behavior can be
observed in Crmp4-KO mice [8].

5.2. Abnormalities in Sensory Perception

“Hyper-reactivity or hypo-reactivity to sensory input” is among the diagnostic criteria for
ASD specified in the DSM-V. Recent studies have indicated that patients with ASD exhibit neural
hyperactivity [62,63], which may account for abnormal sensory sensitivity. Neuronal hyperactivity is
considered to result from membrane hyperexcitability and/or abnormal connectivity in neural circuits,
such as recurrent excitation or a change in the balance between excitatory and inhibitory synaptic input.
Altered neural activity has also been observed in animal models of ASD. For example, mice with null
mutations in the Fmr1 gene exhibit social deficits [64] and impaired sensory adaptation [65], which may
be due to cortical hyper-excitability [66]. In addition, mice with null mutations of Shank2 exhibit social
deficits [67,68] and have been reported to exhibit hypo-excitability to mechanical and noxious heat
stimuli as well as to inflammatory and neuropathic pain [69].

Several studies have examined sensory perception in Crmp4-KO mice. Tsutiya et al. [8,61] reported
that Crmp4-KO pups exhibit alterations in temperature and olfactory perceptions when compared
to WT mice. Infant mice produce ultrasonic vocalizations (UVs) as a normal response to sensory
stimulation [70], and the number of UVs is usually used to evaluate the sensory perception ability.

The numbers of UVs emitted by WT and Crmp4-KO pups of both sexes are similar at room
temperature (RT, 23 ◦C). However, when WT pups of both sexes and Crmp4-KO females were subjected
to a 19 ◦C environment, they produced significantly more UVs. When moved from RT to 9 ◦C,
both groups emitted significantly fewer UVs. Surprisingly, when Crmp4-KO males were moved from
RT to a 19 ◦C environment, the authors observed no increases in the number of UVs emitted. However,
the number of UVs significantly increased when Crmp4-KO males were moved from RT to 9 ◦C.
These findings indicate that temperature perception markedly differs between Crmp4-KO males and
WT mice of both sexes/Crmp4-KO females [8].

In addition, Crmp4-KO mice of both sexes demonstrate impaired olfactory sensitivity when
compared to WTs [8,61]. In these previous studies, WT pups of both sexes produced more UVs during
exposure to unfamiliar bedding than during exposure to familiar bedding. In contrast, there was no
significant difference in the number of UVs emitted by Crmp4-KO pups of both sexes when exposed to
the different smells.

Many people diagnosed with ASD have difficulty processing sensory information, which often
manifests as hyper- or hypo-sensitivity to sensory stimuli. To examine whether Crmp4 KO is associated
with hyper- or hypo-sensitivity to olfactory stimuli, a previous study utilized immunohistochemical
experiments to examine the expression of the neuronal activity marker c-Fos following exposure to the
odorant ethyl acetate (EA) [61]. Cells positive for c-Fos were counted in each layer of the OB (glomerular
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layer (GL), external plexiform layer (EPL), mitral cell layer (MCL), granule cell layer (GCL)) and
compared among male WT pups and Crmp4-KOs with or without EA exposure. In WT and Crmp4-KO
males without EA stimulation, only a few c-Fos-positive cells were observed in sections of the OB.
In accordance with a study by Van der Gucht et al. [71], who reported that c-Fos is expressed by neurons
after sensory induction, many c-Fos-positive cells were detected after EA exposure. Research has
indicated that specific odorants induce neuronal activity in a spatially restricted area known as the
odorant map [72,73]. The study has reported that c-Fos-positive cells can be observed in restricted
areas of the EPL, MCL, and GCL of WT pups after EA exposure, and that the distribution of these
cells is similar for the previous work performed in adult WT mice exposed to EA [74]. In contrast,
Crmp4-KO pups exhibited broad, dramatic increases in the number of c-Fos-positive cells in all OB
layers following EA exposure. Therefore, the number of active neurons with c-Fos expression is much
greater in Crmp4-KO pups than in WT pups after exposure to a single odorant (EA), suggesting that
the altered olfactory perception observed in Crmp4-KO pups stems from neuronal hyperactivity in the
OB and may be other brain areas related to perception.

6. Altered Dendritic Arborization in Crmp4-KO Mice and Crmp4-Knockdown (KD) Neurons

As shown in Section 3, transfection of cultured hippocampal Crmp4 −/− neurons with mutated
mouse CRMP4S540Y (homologous to human CRMP4S541Y found in a patient with ASD) increases
dendritic branching when compared to transfection of WT Crmp4. Several studies have also reported
altered dendritic involvement in other mouse models of ASD [75–78]. Indeed, animal models of
ASD exhibit hippocampal and cortical pyramidal neurons with significantly longer apical and basal
dendrites, as well as significantly greater branching, than WT neurons.

Recent studies have reported that dendritic morphology and axon elongation are altered in
Crmp4-KO mice and Crmp4-knockdown (KD) cells [46,59,79–82]. Niisato et al. [79,80] revealed that
deficiency of CRMP4 increases the bifurcation of pyramidal neuron apical dendrites in the mouse
hippocampus and in primary cultures. Cha et al. [81] further reported that overexpression of the
C-terminal actin-interacting site of CRMP4 facilitates dendritic growth in cultured hippocampal
neurons. Using the DiI tracing method, Tsutiya et al. [8] reported that the extension of apical
dendrites from OB mitral cells in vivo is enhanced in Crmp4-KO neonates, to those in WT animals [59].
Exaggerated elongation of neurites has also been observed in hippocampal neuronal cell line (HT22)
cells transfected with Crmp4 siRNA (Crmp4-KD HT22 cells) [59]. In addition, dendritic length and
branching are greater in cultured hippocampal pyramidal neurons derived from Crmp4-KO neonates
than in those derived from WT mice [8]. In contrast, overexpression of Crmp4 suppresses dendritic
elongation and branching in these cells [8]. Collectively, these results suggest that deficiencies in
CRMP4 can increase dendritic elongation and branching in various types of neurons.

7. Altered Expressions of Genes Related to Excitatory and Inhibitory Synaptic Transmission in
the Brain of Crmp4-KO Mice

ASD has been reported to be associated with alterations in the expression of several genes related to
receptors, transporters, and synthesis enzymes for neurotransmitters such as glutamate, γ-aminobutyric
acid (GABA), dopamine, serotonin, acetylcholine, and histamine (for review, see [83]). In addition,
Crmp4-KO mice exhibit alterations in the expression of genes mainly related to the glutamatergic and
GABAergic systems [8,61]. Since abnormalities in glutamate and GABA have been hypothesized to
underlie ASD symptoms, recent translational proton magnetic resonance spectroscopy (MRS) studies
have investigated levels of glutamate and GABA in adult humans with ASD as well as rodent ASD
models. Such studies have reported that glutamate concentrations in the striatum are decreased in
human patients with ASD and some animal models, although no such alterations in GABA levels were
observed [84]. Glutamatergic abnormalities are well known to occur in models of ASD (for review,
see [85]): For example, proline-rich synapse-associated protein 1 (ProSAP1/Shank2)-KO mice exhibit
early, region-specific upregulation of ionotropic glutamate receptors at the synapse [67]. In addition,
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telomerase reverse transcriptase-overexpressing (TERT transgenic, TERT-tg) mice exhibit male-specific
autism-like behaviors, as well as increases in the expression of the NMDA receptor NR2A and NR2B
subunits and AMPA receptor GluR1 and GluR2 subunits. TERT-tg mice also exhibit increases in
vesicular glutamate transporter (vGluT) 1 levels in the prefrontal cortex [86]. Furthermore, research has
indicated that glutamatergic modulators may aid in the treatment of ASD in humans [83,87] and
animal models [85,88,89], supporting the notion that the glutamatergic system plays a role in ASD and
ASD-like phenotypes.

Male Crmp4-KO pups exhibit significantly greater mRNA and protein expressions of AMPA
receptor subunits GluR1 and GluR2 than their WT counterparts [61]. Adult Crmp4-KO mice also
exhibit sex- and region-dependent differences in levels of GluR1, GluR2, vGluT1, vGluT2, GABAAα1,
GABAAγ2, GABAB receptor 1, and vesicular GABA transporter expressions. However, no significant
differences in the expression of other genes (e.g., serotonin transporter mRNA in the raphe nucleus
and dopamine D2 receptors (D2Rs) in the cortex) are observed between Crmp4-KO and WT mice of
either sex [8]. These data support the notion that Crmp4 deficiency induces alterations in glutamatergic-
and some GABAergic-associated genes, which may be associated with the pathogenesis of certain
autism-like features in Crmp4-KO mice.

Many studies have implicated altered excitatory (glutamatergic)/inhibitory (GABAergic) balance
in the pathogenesis of ASD [90–93]. However, altered gene expressions in Crmp4-KO mice do not
necessarily mean the excitatory/inhibitory balance. Future physiological investigations of Crmp4-KO
mice may help to reveal the functional meaning of alterations in glutamatergic and GABAergic gene
expressions, and whether such alterations are associated with autism-like phenotypes.

8. Sex-Specific Phenotypes Observed in Crmp4-KO Mice and Other Animal Models of ASD

ASD is more prevalent among boys than girls, and there are substantial sex-based differences
in ASD phenotypes [94–97]. For example, male-biased differences have been observed in patients
with ASD exhibiting mutations in genes that encode the synaptic cell adhesion protein neuroligin
(NLGN), including NLGN 3, and NLGN4X [98,99]. Sex-based differences in autistic-like phenotypes
have also been reported in animal models of ASD generated by exposure to chemicals or genetic
manipulation [8,67,86,100–103]. For example, Schneider et al. [102] demonstrated that prenatal exposure
to valproic acid (VPA), which is well known to induce autism-like phenotypes in rats or mice [104],
induces some male-specific alterations in behavior and immunological function. Kim et al. [86,101]
further revealed that rats exposed to VPA in utero exhibit male-specific alterations in social interactions,
hyperactive behavior, and impaired postsynaptic development. Konopko et al. [103] reported sex-based
differences in the induction of some exons of the brain-derived neurotrophic factor (Bdnf) gene in the
brains of fetal mice exposed to VPA during the prenatal period, indicating that female sex may confer
neuroprotection against ASD-like phenotypes.

Some animal models of ASD developed by deleting genes found to be mutated or deficient in
human patients with ASD exhibit sex-based differences in autism-like phenotypes. For example,
UVs in response to brief separation from the mother are more prominent in female Nlgn4-KO pups
than in their male counterparts [105]. In addition, adult Shank2 −/−mice exhibit limited male-biased
differences in the call rate and duration of UVs [100]. Tsutiya et al. [8] identified a rare Crmp4 mutation
in male patients with ASD. Furthermore, Crmp4-KO mice exhibit male-biased alterations in social
behavior, sensory perception, and gene expression, as described in the preceding sections (Sections 3–6).
Iwakura et al. [106] further revealed that CRMP4 is among the candidate proteins involved in the
sexual differentiation of the anteroventral periventricular nucleus (AVPV) in the preoptic area of the
hypothalamus. The AVPV, which is known to regulate ovulatory cycles, is larger in females than in
males. This difference is due to the effects of testosterone (T) secreted from the testes of perinatal
males [107]. In our previous study, which involved proteomics analysis followed by real-time PCR
analysis, we observed that CRMP4 and Crmp4 mRNA expression in the AVPV is sex-dependent
during the critical period of sexual differentiation. In addition, prenatal testosterone propionate
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(TP) treatment increased the expression of Crmp4 mRNA during the critical period in females [106].
Moreover, the number of dopaminergic neurons in the nucleus was influenced by Crmp4 deletion in
females, suggesting that CRMP4 plays a sex-dependent role in the regulation of dopaminergic neuronal
death or survival in this region [106]. However, the relationship between decreases in the number of
dopaminergic neurons in the AVPV and ASD-like phenotypes in Crmp4-KO females remains uncertain.

Ferri et al. [108] argued that the male predominance of ASD may be associated with interactions
between risk genes, which may not be sex-specific themselves, and sex-specific hormonal or
immune-related pathways. Although several candidate hormones have been proposed, it has been
suggested that androgens are associated with such differences because it is well known that natural
secretion of androgens from the testes during the prenatal period contributes to the increased risk of
ASD in males (i.e., prenatal sex steroid theory) [109–114]. Accumulating evidence has demonstrated
the important role of prenatal androgens in many aspects of neural network formation through their
effects on developing neurons and glia–neuron interactions [115,116]. In these studies, it is reported
that prostaglandin and gonadal steroids including T and estradiol converted from T by aromatase
influence synaptogenesis via their effects on developing glial cells, astrocytes and microglia. In an
intensive post mortem study, Werling et al. [117] observed increased expression of astrocyte and
microglia marker genes in the brains of male patients with ASD, suggesting that interactions between
glial cells and neurons may be involved in sex-based differences in ASD phenotypes. Although the
mechanisms underlying the pathogenesis of ASD and the target cells of androgens and/or estrogens
converted from androgens remain unclear, perinatal androgen exposure may contribute to the sexually
dimorphic pathophysiology of ASD. According to the prenatal sex steroid theory of autism, loss of the
suppressive role of CRMP4 in Crmp4-KO mice in neuronal development may exaggerate the promotive
effect of prenatal sex steroids, androgens and/or estrogens converted from androgens secreted from the
testes, on neuronal network development, thereby resulting in male-biased ASD-like phenotypes.

9. Conclusions

CRMPs are known to regulate various aspect of neural development, playing key roles in
neurodevelopmental disorders. As summarized in Figure 2, a previous whole-exosome sequencing
study identified a single mutation of the Crmp4 gene in a patient with ASD. Neurons from Crmp4-KO
mice or neurons transfected with the mutation observed in the patient with ASD exhibit alterations in
dendritic branching and/or extension (Figure 1). In addition, axonal elongation and cell viability are
affected in Crmp4-KO mice, and in Crmp4-KD or -OE cells. Crmp4-KO mice also exhibit alterations in
the expression of multiple genes contributing to glutamatergic and GABAergic neurotransmission,
and most of these differences are sex- and region-specific. Single odorant stimulation induces
hyperactivity (i.e., an increase in the number of c-Fos-positive cells) in the OB of Crmp4-KO pups.
Furthermore, male Crmp4-KO mice exhibit more severe social and sensory deficits than females.
Since most of their ASD-like phenotypes are sexually dimorphic, Crmp4-KO mice may represent a
powerful model for investigating the pathogenesis of ASD and the prenatal sex steroid theory of
autism in addition to Crmp4-KO mice possibly providing an animal model for investigating some
other developmental disorders including ADHD and learning disabilities associated with sensory
processing issues.
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Figure 2. Summary of features associated with deficiency, overexpression, and mutation of Crmp4.
Crmp4: collapsing response mediator protein; Crmp4-KO: Crmp4-knock out; Crmp4-KD: Crmp4-knockdown,
Crmp4-OE: Crmp4-overexpression; OB: olfactory bulb; ASD: autism spectrum disorder.
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Abbreviations

ADHD attention-deficit/hyperactivity disorder
AMPA α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate
ASD autism spectrum disorder
AVPV anteroventral periventricular nucleus
CRMP collapsin response mediator protein
DRP dihydropyrimidase; DPYSL3, dihydropyrimidase-like 3
EA ethyl acetate
EPL external plexiform layer
FMR1 fragile X mental retardation 1 gene
GCL granule cell layer
GL glomerular layer
GluR1 glutamate receptor 1
GluT1 glutamate transporter 1
KO knockout
MAI myelin-associated inhibitor
MCL mitral cell layer
NMDA N-methyl-D-aspartate
OB olfactory bulb
RT room temperature
TERT-tg mice telomerase reverse transcriptase-overexpressing transgenic mice
TOAD-64 turned on after division 64
TUC-4 TOAD-64/Ulip-1/CRMP4
Ulip-1 Ulip-1
UV ultrasonic vocalization
vGluT1 vesicular glutamate transporter 1
WT wild type
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Abstract: The 15q11.2 BP1–BP2 microdeletion (Burnside–Butler) syndrome is an emerging disorder
that encompasses four genes (NIPA1, NIPA2, CYFIP1, and TUBGCP5). When disturbed, these four
genes can lead to cognitive impairment, language and/or motor delay, psychiatric/behavioral problems
(attention-deficit hyperactivity, autism, dyslexia, schizophrenia/paranoid psychosis), ataxia, seizures,
poor coordination, congenital anomalies, and abnormal brain imaging. This microdeletion was
reported as the most common cytogenetic finding when using ultra-high- resolution chromosomal
microarrays in patients presenting for genetic services due to autism with or without additional
clinical features. Additionally, those individuals with Prader–Willi or Angelman syndromes having
the larger typical 15q11–q13 type I deletion which includes the 15q11.2 BP1–BP2 region containing
the four genes, show higher clinical severity than those having the smaller 15q11–q13 deletion where
these four genes are intact. Two of the four genes (i.e., NIPA1 and NIPA2) are expressed in the brain
and encode magnesium transporters. Magnesium is required in over 300 enzyme systems that are
critical for multiple cellular functions, energy expenditure, protein synthesis, DNA transcription, and
muscle and nerve function. Low levels of magnesium are found in those with seizures, depression,
and acute or chronic brain diseases. Anecdotally, parents have administered magnesium supplements
to their children with the 15q11.2 BP1–BP2 microdeletion and have observed improvement in behavior
and clinical presentation. These observations require more attention from the medical community
and should include controlled studies to determine if magnesium supplements could be a treatment
option for this microdeletion syndrome and also for a subset of individuals with Prader–Willi and
Angelman syndromes.

Keywords: 15q11.2 BP1–BP2 microdeletion (Burnside–Butler syndrome); NIPA1; NIPA2;
CYFIP1; TUBGCP5 genes; Prader–Willi and Angelman syndromes; magnesium transporters and
supplementation; potential treatment options

1. Introduction

Clinical and behavioral differences have been reported over the past 15 years in Prader–Willi
syndrome (PWS) and Angelman syndrome (AS), with the identification of specific molecular classes [1,2].
PWS and AS were the first examples of errors in genomic imprinting in humans [2–5], although they
are entirely different clinical disorders. The most frequent genetic defect is a deletion of the paternal
chromosome 15q11–q13 region in PWS or of the same maternal chromosome 15 region in in AS.
The typical 15q11–q13 deletions are classified as either type I, involving the proximal 15q breakpoint
BP1 and the distal 15q breakpoint BP3, or type II, involving the proximal 15q breakpoint BP2 and BP3
in both syndromes [2,5–9] (see Figure 1). The larger type I deletion is approximately 6.6 Mb in size and
includes four genes (TUBGCP5, CYFIFP1, NIPA, and NIPA2) located in the 15q11.2 BP1–BP2 region,
while the smaller type II deletion is 5.3 Mb in size and leaves the four genes intact [10]. Individuals
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with PWS or AS and the larger type I deletion often have increased learning, behavioral, or clinical
problems compared to those with the smaller typical type II deletion [1], specifically, more frequent
compulsions, self-injury episodes, and maladaptive behaviors with lower cognitive, reading, and math
skills than PWS patients with type II deletions and more impaired speech and seizure activity than AS
patients with the smaller deletion.

Figure 1. Chromosome 15 ideogram showing the location of genes and transcripts causing Prader–Willi
syndrome (PWS) that are imprinted and paternally expressed (blue) and Angelman syndrome (AS)
which are imprinted and maternally expressed (red). The location and size of the 15q11.2 BP1–BP2
microdeletion, the typical larger 15q11–q13 type I deletion involving breakpoints BP1 and BP3, and
the typical smaller 15q1–q13 type II deletion involving breakpoints BP2 and BP3 are illustrated. IC:
imprinting center controlling the activity of imprinted genes in the 15q11–q13 region.

2. Background and Significance

The now recognized 15q11.2 BP1–BP2 microdeletion (Burnside–Butler) syndrome involves only
four genes in the region and can present with cognitive impairment, language and/or motor delay,
autism, behavioral problems, poor coordination, ataxia, and congenital anomalies but not with AS
or PWS. Psychiatric findings can include schizophrenia, oppositional defiant disorder, obsessive
compulsive disorder, dyslexia, and structural brain defects [11–14]. Greater than two-thirds of
individuals with this microdeletion present with a range of recognized clinical findings, but most
individuals have not been assessed with detailed clinical, behavioral, and advanced genetic testing to
identify features that may be related to the syndrome.

This emerging microdeletion syndrome encompasses the region between the proximal 15q
breakpoints BP1 and BP2 including TUBGCP5, CYFIP1, NIPA1, and NIPA2 genes, with an estimated
prevalence from 0.6 to 1.3% based on early studies in patients presenting with unexplained behavior,
cognitive, and/or psychiatric problems [11,15–19]. Later, Ho et al. [20] summarized the results of over
10,000 consecutive patients presenting with autism spectrum disorder with or without congenital
anomalies or other problems using ultra-high microarray analysis and found this microdeletion to be
the most common cytogenetic finding.

Cox and Butler [11] reviewed 200 individuals with the 15q11.2 BP1–BP2 microdeletion reported
in the literature and grouped the findings into five categories: (1) developmental (73% of cases),
speech (67%), and motor delays (42%); (2) dysmorphic ears (46%) and palatal anomalies (46%);
(3) writing (60%) and reading (57%) difficulties, memory problems (60%), and verbal IQ scores ≤75
(50%); (4) general behavioral problems, unspecified (55%); and (5) abnormal brain imaging (43%).
Other less frequent features observed were seizures/epilepsy (26%), autism spectrum disorder (27%),
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attention-deficit hyperactivity disorder (ADHD, 35%), and schizophrenia/paranoid psychosis (20%).
The four genes in the 15q11.2 BP1–BP2 region are highly conserved and include NIPA1 (non-imprinted
in PWS and AS1) which causes autosomal dominant hereditary spastic paraplegia (SPG1) and postural
disturbances [21,22]. An association of NIPA1 gene repeat expansions with amyotrophic lateral
sclerosis has been reported with some features in common with the 15q11.2 BP1–BP2 microdeletion
syndrome [23]. This gene is known to mediate Mg2+ transport and is highly expressed in the brain [24].
NIPA1 can also transport other divalent cations such as Fe2+, Sr2+, Ba2+, Mn2+, and Co2+ but to a
lesser extent. NIPA2 is highly selective as a magnesium transporter. Three specific NIPA2 mutations
(p.I178F, p.N244S, and p.N334_E335insD) have been reported in patients with childhood absence
epilepsy [24]. Functional analysis of the mutant NIPA2 gene variants showed decreased intracellular
magnesium concentration in neurons, suggesting that lower intracellular magnesium concentrations
would enhance N-methyl-d-aspartate receptor (NMDAR) currents and impact neuron excitability
and brain function. Mutant proteins were not trafficked adequately to the cell membrane for normal
function [24].

Magnesium transport involves the binding of fully hydrated cations to an extracellular binding
loop connecting transmembrane domains and their passage through the cellular membrane without
electrostatic interactions [25]. Magnesium is required for over 300 enzyme systems that are
critical for multiple cellular functions, energy expenditure—including oxidative phosphorylation
and glycolysis—as well as DNA transcription, protein synthesis, and muscle and nerve function.
Some studies have suggested that the modern Western diet may lead to magnesium deficiency which is
associated with a wide range of medical conditions including constipation, sleep disturbances, epilepsy,
muscle cramps, and depression [26]. The recommended dietary allowance is 80 mg at 1–3 years of
age; 130 mg at 4–8 years; 240 mg at 9–13 years, and 400 mg during adulthood. Common sources of
magnesium include whole grain, spinach, almonds, peanuts, cashews, avocados, dark chocolate, and
black beans.

3. Discussion

The magnesium ion fulfils several important functions in living organisms and is unique amongst
the biological cations. Magnesium transporters are found in prokaryotes, but a group of newly
identified transporters, including TRPM6/7, NIPA2, MagT, MMgT, and HIP14, are not found in
prokaryotes. However, these mammalian magnesium transporters have no obvious amino acid
similarities, indicating there are many ways to transport Mg2+ across membranes by using a wide
variety of structural properties and physiological functions [27]. Recent studies have shown the critical
role of two magnesium transporters (i.e., TRPM6 and TRPM7) that belong to the transient receptor
potential (TRP) family. Transient receptor potential melastatin 7 (TRPM7) is one of these cellular
receptors that mediate the entry of extracellular Mg2+ into cells and is required for cellular magnesium
homeostasis. TRPM6 also plays a role as an epithelial magnesium transporter, and loss-of-function
TRPM6 gene mutations are found in those with a severe form of hereditary hypomagnesaemia. Both of
these receptors have an atypical kinase domain that functions in the role of a transporter [28].

When disturbed, many identified Mg2+ transporters are also associated with congenital disorders
encompassing a wide range of tissues including kidney, brain, intestine, and skin [27]. Magnesium is a
potential modulator of seizure activity because of its ability to antagonize excitation of the NMDA
receptors [26]. Magnesium deficiency causes NMDA-coupled calcium channels to be biased towards
opening, thereby causing neuronal injury and neurological dysfunctions such as major depression [29].
Magnesium supplementation may be effective in treating depression. In addition, magnesium levels
are reduced in both acute and chronic brain diseases. This has raised an interest in examining the
role of magnesium in normal and injured nervous system, possibly involving the two main barrier
systems. These barrier systems are the blood–brain barrier formed by brain capillary endothelial
cells, which separates blood from extracellular fluid, and the blood–cerebral spinal fluid (CSF) barrier
formed by choroidal epithelial cells, which separates blood from CSF. How magnesium transport takes
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place between the blood–brain and blood–CSF barriers is not clearly understood. It is evident that
magnesium enters the brain through the blood–brain barrier and is actively transported by choroidal
epithelial cells into the CSF. These epithelial cells express both TRPM6 and TRPM7 genes and may
play a role in magnesium transport into the central nervous system [30].

Most Mg2+ transporter proteins transport a number of divalent cations besides Mg2+ across
membranes, but NIPA2 is one of the few magnesium transporters that is selective for magnesium.
Recent studies have shown that the absence of NIPA2 enhances neural excitability through the BK
potassium channels, as evidenced from experiments in NIPA2 knockout mice versus wild-type mice
using whole-cell patch-clamp recordings to measure the electrophysiological properties of neocortical
somatosensory pyramidal neurons [31]. Magnesium also induces neuronal apoptosis by suppressing
excitability, but the effects on brain development are unknown [32]. Information learned in these studies
might lead to a better understanding of central nervous system disturbances in individuals with specific
magnesium transporter gene defects. For example, NIPA2 gene defects cause childhood epilepsy and
possibly play a role in the phenotype of the 15q11.2 BP1–BP2 deletion syndrome. Patients with AS
having the larger 15q11–q13 type I deletion including the four genes in the 15q11.2 BP1–BP2 region
(and both NIPA1 and NIPA2) are more severely affected, with increased seizure activity. Studies have
shown that people with epilepsy have lower magnesium levels than individuals without epilepsy. In
addition, a poor magnesium status is also recognized as a risk factor for Alzheimer’s disease, but the
underlying mechanism is unclear. Elevated magnesium reduces blood–brain barrier permeability and
accelerates the clearance of amyloid beta peptide from the brain [33].

Recently, MgSO4 and magnesium transporters were studied to determine if they have a protective
effect on neurotoxicity induced in living cells. Cells that were chemically stressed and then treated
with MgSO4 showed improved viability and increased cellular mRNA for the protein encoded by the
NIPA1 gene located in the 15q11.2 BP1–BP2 region. These results did suggest that MgSO4 may have a
protective effect and that NIPA1 protein might be involved in dopaminergic neurons [34]. The NIPA1
gene encodes a magnesium transporter protein located in early endosomes and at the cell surface
of neurons. In addition, Chang et al. [35] proposed that targeting Mg2+ uptake mediated by NIPA1
may be an interesting option for novel therapies for conditions such as anorexia nervosa associated
with 15q11.2 BP1–BP2 microduplications and other neurobehavioral disorders. A second gene in the
15q11.2 BP1–BP2 region is NIPA2 (non-imprinted in PWS and AS2), which also encodes a protein
that plays a role in magnesium transport in renal cells with mutations causing childhood absence
epilepsy [36]. The TUBGCP5 (tubulin gamma complex-associated protein 5) gene in this region is
associated with ADHD and obsessive-compulsive disorder when disturbed [16]. The fourth gene
is CYFIP1 (cytoplasmic fragile X mental retardation 1 FMR1-interacting protein 1) whose protein
product interacts with FMRP, the protein coded by the FMR1 gene. Mutations of FMR1 lead to fragile
X syndrome and now recognized as the leading cause of familial intellectual disability [37].

The 15q11.2 BP1–BP2 microdeletion syndrome was found in 9% of the top 85 microarray cytogenetic
results in a recent study reported by Ho et al. [20] in a large cohort of patients presenting for genetic
services. However, there is a lack of detailed neuropsychiatric and behavior assessments in family
members (and parents) of those with the microdeletion. More sophisticated genetic testing is now
available to better characterize the relationship between the cytogenetic defect and clinical presentation,
variability, and severity. Additional testing may include next-generation (exome) sequencing or
targeted approaches to analyze the four genes in the 15q11.2 BP1–BP2 region and determine if there is a
variant of one of the non-deleted genes in the region leading to a more severe phenotype or associated
with interactive genes outside of the region but in common biological pathways.

Further research with combined behavior/psychiatric/cognitive/motor measures are needed of
“affected” and “non-affected” family members with and without the microdeletion. This would allow
the determination of the coding genetic status of the “normal” or “non-deleted” candidate gene alleles
in families. In addition, clinical description and phenotypic findings may be incomplete, poorly
characterized, or unavailable for parents and other family members having the microdeletion, without
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concerted efforts to undertake such testing and detailed assessments to thoroughly address these issues
and examine genotype–phenotype relationships. Currently, about one-third of children inherit the
microdeletion from an abnormal parent. Hence, modified genes outside of this chromosome region
may also play a role but require further investigations, as suggested by examining interacting genes or
pathways impacting on the phenotype and clinical presentation.

Aberrant behavior including aggression is one of the major problems that parents face with
children having this microdeletion syndrome. Two of the four deleted genes in the region (i.e.,
NIPA1 and NIPA2) encode magnesium transporter proteins and were targeted by several families
exchanging information via internet communication. They administered magnesium supplements to
their affected children for treatment. Their efforts were supported in the literature by Chang et al. [35]
in investigations that proposed that Mg2+ therapy may have a positive impact. Magnesium taurate and
magnesium L-threonate were used historically in anecdotal reports to improve behavior. Additionally,
selenium, as an antioxidant, was also used by parents to improve mental alertness or calmness in their
affected children, but magnesium with a general vitamin regime was the most effective in improving
behavior, according to the parents. High iron levels reported by parents in some of their children were
also lowered when magnesium taurate was introduced into the diet. Other patients showed improved
behavior when administered magnesium l-threonine.

Although anecdotally, the above information from families requires more attention and
investigation to address these early observations linking magnesium supplementation and improved
behavior in those subjects with the 15q11.2 BP1–BP2 microdeletion. Two of the four genes in this
chromosome region are involved in the transportation of magnesium and, to a lesser degree, of other
cations. This information, if true, could also be applied to behavioral problems seen in PWS and
AS with the larger 15q11–q13 type I deletions. Those PWS and AS patients with the larger deletion
present higher clinical severity and are missing the two magnesium transporter genes in the 15q11.2
BP1–BP2 region. Controlled studies with magnesium supplementation and behavioral measures in
a large cohort of subjects with the 15q11.2 BP1–BP2 microdeletion are needed to further investigate
these observations.
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Abstract: Mutations in IQSEC2 cause intellectual disability (ID), which is often accompanied by
seizures and autism. A number of studies have shown that IQSEC2 is an abundant protein in
excitatory synapses and plays an important role in neuronal development as well as synaptic plasticity.
Here, we review neuronal IQSEC2 signaling with emphasis on those aspects likely to be involved
in autism. IQSEC2 is normally bound to N-methyl-D-aspartate (NMDA)-type glutamate receptors
via post synaptic density protein 95 (PSD-95). Activation of NMDA receptors results in calcium ion
influx and binding to calmodulin present on the IQSEC2 IQ domain. Calcium/calmodulin induces
a conformational change in IQSEC2 leading to activation of the SEC7 catalytic domain. GTP is
exchanged for GDP on ADP ribosylation factor 6 (ARF6). Activated ARF6 promotes downregulation
of surface α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors
through a c-jun N terminal kinase (JNK)-mediated pathway. NMDA receptors, AMPA receptors,
and PSD-95 are all known to be adversely affected in autism. An IQSEC2 transgenic mouse carrying
a constitutively active mutation (A350V) shows autistic features and reduced levels of surface AMPA
receptor subunit GluA2. Sec7 activity and AMPA receptor recycling are presented as two targets,
which may respond to drug treatment in IQSEC2-associated ID and autism.

Keywords: intellectual disability; autism; AMPA receptors; NMDA receptors; guanine nucleotide
exchange factor; synaptic plasticity

1. Introduction

This review will summarize our current knowledge of the molecular basis of intellectual disability
(ID) in individuals with mutations in the IQSEC2 gene and how compromised IQSEC2 function may
be related to autism spectrum disorder (ASD). It is clear from clinical studies that autistic-like features
are found in at least 25% of all IQSEC2 ID cases [1–3]. This suggests a common biochemical pathway
linking IQSEC2-associated ID and ASD. IQSEC2 is a guanine nucleotide exchange factor (GEF) that
activates ADP ribosylation factor 6 (ARF6) and regulates proper membrane trafficking and synaptic
structure and function in neurons. In this regard, ARF6 is important for maintaining the proper level of
excitatory and inhibitory receptors essential for the normal learning process. Indeed, it is the imbalance
between excitation and inhibition in synaptic transmission that has been proposed to underlie the
pathophysiology of ASD. We propose a model by which IQSEC2 acts in promoting neurotransmission
highlighting aspects which may be disrupted by mutations in IQSEC2 resulting in ID and autism.

2. Clinical Connection between IQSEC2 and ASD

Mutations in the IQSEC2 gene associated with ID are often accompanied by autism and/or epilepsy.
In the first study establishing a linkage between IQSEC2 and non-syndromic ID [1], four distinct

Int. J. Mol. Sci. 2019, 20, 3038; doi:10.3390/ijms20123038 www.mdpi.com/journal/ijms69



Int. J. Mol. Sci. 2019, 20, 3038

missense mutations in IQSEC2 were shown to segregate with affected individuals (57 total), with each
family passing along one mutation. Autism was present in two of the families and among those two
families, half of the affected individuals were autistic. Since that time, numerous reports documenting
IQSEC2 mutations have been published [2,3]. A recent review summarizing 136 individuals and
70 different types of mutations showed that autism is present in 25% of affected males and 30% of
affected females [3]. Although IQSEC2 is found on the X chromosome, in females, IQSEC2 escapes X
inactivation. This may explain the relatively high prevalence of both ID and autism in heterozygous
females. Due to this high level of comorbidity, it seems likely that IQSEC2-associated ID and autism
share common biochemical abnormalities.

3. IQSEC2 Structure and Function

IQSEC2 is named for two of its conserved regions known as the IQ (aa 347–376) and the SEC7
domains (aa 746–939) (see Figure 1). IQ stands for the amino acids, isoleucine and glutamine,
which make up the beginning of this approximately 30-amino-acid domain that confers calcium
calmodulin binding capacity to IQSEC2. The SEC7 domain, named for the original secretory mutant
SEC7 from Saccharomyces cerevisiae, is approximately 200 amino acids and is responsible for the
guanine nucleotide exchange function (GEF) of IQSEC2. The substrate for IQSEC2 GEF activity
is thought to be ARF6. There are six mammalian ARFs, however ARF6 is the only one found
associated with the plasma membrane and has been proposed to be the primary ARF for IQSEC2 [4].
ARF binds to two forms of the guanosine nucleotide, guanosine triphosphate (GTP) and guanosine
diphosphate (GDP). IQSEC2 facilitates the exchange of GDP for GTP on ARF6 resulting in its activation.
Additional functional domains in IQSEC2 include an N terminal coiled coil (CC) domain (aa 23–74)
thought to promote self-assembly, a pleckstrin homology (PH) domain (aa 951–1085) that binds
to phosphoinositides, and two C terminal binding motifs important for cytoskeletal organization:
A proline-rich motif (PRM) (aa 1424–1434) and a PDZ binding motif (aa 1484–1488) (PDZ is an
initialism combining the first letters of the first three proteins found to contain this common sequence:
Post synaptic density protein (PSD95), Drosophila disc large tumor suppressor (Dlg1), and zonula
occludens-1 protein (zo-1)).
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Figure 1. Schematic diagram of the conserved domains found in the human IQSEC2 protein
and the distribution of mutations found in IQSEC2 cases. The top panel (A) depicts the protein
encoded by the most abundant transcript for human IQSEC2, which contains 1488 amino acids.
The known conserved domains and motifs are shown in blue. They are: CC-coiled coil, IQ–calmodulin
binding site, SEC7-catalytic domain for GTP/GDP exchange on ARF, PH-pleckstrin homology domain,
PRM–proline-rich motif, and PDZ-PSD-95 binding motif. The bottom panel (B) shows the distribution
of mutations found in the IQSEC2 gene (mutations were taken from Tables 2 and 3 from reference [3])
Missense mutations are shown in red; all other mutations (which include intragenic nonsense,
duplication/truncation, in-frame deletions, and splicing variants) are shown in green. Hatched red
bars show missense mutations associated with ASD. Hatched green bars show all other mutations
associated with ASD. The positions of all mutations were arbitrarily chosen as the N terminal starting
point. Mutations were considered to be associated with ASD if at least one member of the family was
listed as having ASD traits or displaying autistic behavior.

Missense mutations in IQSEC2 were concentrated in three functional domains including the
IQ, SEC7, and PH domains (see Figure 1B) [3]. One missense mutation was found outside a known
functional domain (R563N) and there was no ID associated with this case, only ASD traits. Other types
of mutations, which mainly cause truncations or altered amino acid sequences, are scattered throughout
the protein (see Figure 1 legend for details). Approximately half of all the mutations found in IQSEC2
were associated with ASD. The distribution of ASD-associated mutations across the gene was similar
to non ASD mutations. This result indicates that mutations in IQSEC2 that result in ASD cannot be
attributed to any particular part of the protein. The reason that only half of the mutations in IQSEC2
present with autism may be due to dosage effects or other variable pathology that occurs due to the
stochastic nature of epileptic seizures.

An analysis of IQSEC2 gene sequences from normal individuals has the potential to reveal
mutations that do not cause ID and may be regarded as “tolerable”. This type of analysis found a large
discrepancy between the predicted number of missense mutations (221) and those that were observed
(86) [3]. This discrepancy may be due to the fact that missense mutations in regions other than the
known functional domains do cause pathology, albeit less severe than that seen in IQSEC2-associated
ID. Perhaps these cases are more mild forms of ID and or ASD with no epilepsy, which is the primary
reason for doing exome sequencing of IQSEC2, yet not mild enough to be included in a normal
group. An example might be the R563N mutation mentioned above. A previous study of mutation
intolerance showed that genes involved in early onset neurodevelopmental disorders such as the
epileptic encephalopathies carry the highest level of mutational intolerance [5]. One possibility may be
that genes in this class are often found in large complexes with scaffolding proteins and other proteins
involved in signal transduction. The architecture and dynamics of these complexes may be so intricate
that most amino acid changes would alter their proper function.
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4. IQSEC2 and Spine Formation

In the brain, where IQSEC2 is predominantly expressed, it has been shown that ARF6 is important
in the regulation of dendritic spine development [6]. During embryonic and neonatal growth,
neuronal dendrites lengthen and become extensively branched. This process increases their surface
area and allows for more connections between neurons. Maturing dendrites develop small protrusions
called dendritic spines, which are the site of the majority of the excitatory synapses in the brain.
Spines begin as long, thin filopodia and develop into large, mature spines with a defined spine head
containing neurotransmitter receptors and a postsynaptic density (PSD). The PSD is an electron-dense
region attached to the postsynaptic membrane. The PSD is in close apposition to the presynaptic
membrane and ensures that receptors are in close proximity to presynaptic neurotransmitter release
sites. Many proteins in the PSD are involved in the regulation of synaptic function. Key among these are
postsynaptic density-95 (PSD95), NMDA receptors, AMPA receptors, calcium/calmodulin-dependent
protein kinase II, and actin.

During the first few years of life, there is an intense increase in spine density, which is followed
by a gradual decline in the number of spines, known as spine pruning. The elimination of spines
occurs from childhood to adulthood and is the time of fine structural reorganization of the cortex.
This period is associated with higher cognitive function such as learning and memory. This process is
characterized by synaptic plasticity, whereby a neuron changes its synaptic strength based on previous
stimuli. Synaptic strength is the average amount of current produced in the postsynaptic neuron by
an action potential in the presynaptic neuron. Neurons may undergo long-term potentiation (LTP),
or a sustained increase in synaptic strength. In contrast, neurons may decrease their synaptic strength
for a prolonged period of time, otherwise known as long-term depression (LTD). The size of the
dendritic spines and their PSDs have been observed to increase with LTP and decrease with LTD [7].

IQSEC2 has been localized to dendritic spines by immunocytochemistry of cultured rat and mouse
hippocampal neurons [4,8]. The importance of IQSEC2 in spine development has been shown in
studies in which knocking down IQSEC2 mRNA levels in mouse primary hippocampal cell cultures
disrupted dendritic spine morphogenesis [9]. Specifically, there was an increase in the density of
dendritic spines after two weeks in culture compared to controls with no change in the maturity of the
spines. Overexpression of wild-type IQSEC2 in similar cultures led to a decrease in density of dendritic
spines but an increase in spine maturity. IQSEC2 knockout mice gave rise to neuronal cultures that
were more disorganized than their wildtype littermates. Taken together, these data suggest that the
level of IQSEC2 is critical for normal spine development and maturation.

5. Proteins Implicated in ASD that Interact with IQSEC2

5.1. PSD-95

The prominence of IQSEC2 in neuronal spine formation makes it a logical candidate in affecting
autism. This is because a major cellular phenotype identified in autism patients is dendritic spine
aberrations. Normally, during development spine pruning occurs as part of the spinal maturation
process. In brains from autistic patients, there is more rapid growth and formation during childhood
and less spinal pruning and elimination during adulthood. This leads to an overabundance of spines
in ASD and results in increased spine density and hyper connectivity [10,11]. Interestingly, there seems
to be somewhat of an opposite effect in ID, where spines on cortical neurons from individuals with
intellectual disability were described as having an immature appearance with fewer spines per dendritic
branch. The dendrites of cortical neurons from ID patients have been reported to be less complex than
normal subjects [11]. IQSEC2-associated ID is likely to be a very specific subclass of all ID subjects and
may not be represented by the above results. Further studies on mouse models or induced pluripotent
stem cells (IPSC) cells will likely clarify this issue.

One of the most abundant proteins in the PSD is PSD-95. It is a member of the membrane-associated
guanylate kinase (MAGUK) family and functions as a scaffolding protein, anchoring receptor molecules
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in the membrane to the cytoskeleton. PSD-95 contains three PDZ domains, a common structural
domain of 80–90 amino-acids that plays a key role in holding together and organizing signaling
complexes at cellular membranes. There is compelling evidence that mutations in PSD-95 result in
cognitive and learning deficits associated with autism and schizophrenia [10]. PSD-95 is present
in the PSD in complexes as large as 1.5 MDa [12]. A subset of these complexes contains IQSEC2.
In mice lacking PSD-95, IQSEC2 does not form 1.5 MDa complexes [13]. Separating and identifying
the members of PSD-95/IQSEC2 super complexes will likely shed new light on the mechanism of
IQSEC2 signaling.

IQSEC2 has been shown to associate with PSD-95 in the post synaptic density on excitatory
synapses [8]. This binding is thought to occur via a four-amino-acid sequence STVV in the C terminus
of IQSEC2. A patient with a frameshift mutation in the C terminal region of IQSEC2 quite close to the
PDZ binding motif (G1468A) supports the crucial role of this domain [3]. In addition, mutations in
IQSEC2’s PDZ domain were found to disrupt glutamate receptor trafficking and neurotransmission in
organotypic hippocampal cultures [14], as well as IQSEC2 localization to dendritic spines [15], as will
be discussed below.

5.2. IRSp53/BAIAP2, PSD-93, SAP97, CaMKIIa

Insulin receptor substrate of 53 kDa (IRSp53), also known as brain-specific angiogenesis inhibitor
1-associated protein 2 (BAIAP2), is a multidomain scaffolding protein that is present in high levels
in the PSD at excitatory synapses and regulates actin dynamics at dendritic spines [16]. IRSp53 has
also been found in connection with ASD as well as other behavioral disorders. Mice that lack
IRSp53 show increased NMDA receptor function and display cognitive deficits. Drug treatment that
suppresses NMDA receptor activation alleviates some of these deficits. IRSp53 knockout mice display
similar behaviors to IQSEC2 A350V mutant mice [17] such as hyperactivity in open field locomotion,
normal rotarod motor function, impaired Morris water maze memory, and decreased three-chamber
social interaction [16].

It has been reported that the PRM region of IQSEC2 (see Figure 1) interacts with IRSp53,
as evidenced by co-immunoprecipitation experiments [15]. Deletion of the 74 C-terminal amino acids
of IQSEC2 prevented localization of IQSEC2 to dendritic spines versus dendritic shafts. Deletion of the
last four amino acids (the PDZ binding motif) did not prevent spine localization. A separate mutation
of the PRM also did not prevent spine localization, indicating a potential redundancy in this particular
function by the PRM and the PDZ binding motifs. Alternatively, there may be critical sequences
outside these two domains in the C terminus that are necessary for spine localization.

Other proteins that have been shown to be associated with IQSEC2 by co-immunoprecipitation
are PSD93, synapse-associated protein 97 (SAP97), and calcium calmodulin kinase IIa (CaMKIIa) [4].
SAP97 and PSD-93 are members of the MAGUK family of scaffold proteins and contain PDZ domains.
PSD-93, along with PSD-95 and the NMDA receptor subunit GluN2B, were found to be essential for
the formation of 1.5 MDa NMDA supercomplexes [12]. As mentioned above, IQSEC2 is a member of
a subset of these complexes. CaMKII is also present at very high levels in the PSD and is thought to be
an important mediator of learning and memory. Aside from its phosphorylation function, CaMKII has
protein docking capability. Specifically, CaMKII is a central organizer of the postsynaptic F-actin
network and can autoregulate its position in the PSD while binding to other effector proteins [18]
It is becoming clear that understanding IQSEC2 signal transduction will require teasing apart the
biochemical composition and dynamics of the large PSD complexes.

5.3. Glutamate Receptors

IQSEC2 is as abundant as many of the NMDA and AMPA glutamate receptors in the PSD
of glutamatergic synapses [19]. These two receptor types are responsible for mediating excitatory
neurotransmission and neuronal plasticity, the process by which neurons acquire a long-term change
in their excitability based on previous stimuli. Neuronal synaptic plasticity is critical for learning
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and memory. Disruption of these pathways leads to neurodevelopmental diseases, including ID and
autism. A recent review summarizes the disturbances in AMPA/NMDA receptor expression and
function for 31 different synaptic genes implicated in autism [20]. In two well-known mouse models of
autism, it was shown that expression of AMPA receptors was disturbed [21].

The importance of IQSEC2 in glutamate receptor function was shown using organotypic rat
hippocampal slices. Transfection of normal IQSEC2 resulted in decreased electrophysiological responses
characteristic of AMPA receptors [22]. There was no change in NMDA receptor response. Transfection of
an N terminal deletion construct (213 aa), which removes the coiled coil domain, resulted in an increased
AMPA receptor response, possibly due to a dominant negative effect. Blocking of NMDA receptors
reversed the effects of wild-type and N terminally deleted IQSEC2, indicating that spontaneous
synaptic activity activates NMDA receptors, which, in turn, activates IQSEC2, producing a decrease
in AMPA receptors. This decrease was shown to be dependent on SEC7 activity. Transfection of
the IQSEC2 construct BRAG-IQ containing a mutated IQ region (rendering it unable to bind to
calmodulin) resulted in a decreased AMPA receptor response that was not dependent on NMDA
receptor signaling. The authors suggest that the BRAG-IQ mutant is constitutively active and does not
require calcium-induced release of calmodulin to undergo an activating conformational change [22].

A second group studying synaptic transmission found that transfection of wild-type IQSEC2
into organotypic hippocampal neurons resulted in an increase in AMPA receptor signaling that was
independent of SEC7 activity but required the presence of the PDZ binding motif [14]. In addition,
surface expression of GluA2 was shown to be increased by IQSEC2. The increase in AMPA signaling in
this study is opposite to that discussed above [22] where a decrease in AMPA signaling was seen with
wild-type IQSEC2. Differences in the age of the cell cultures used by both groups may be an important
factor in resolving the discrepant results. It has been shown that during postnatal weeks 2–3, there is
a switch from NMDA receptor subunit GluN2B-IQSEC2 signaling to GluN2A-IQSEC1 signaling in
cortical cultures [23]. These effects were also seen in hippocampal neurons and may be responsible for
the differences seen above.

Additional experiments by the second group [14] involved induction of long-term potentiation
(LTP) and long-term depression (LTD) in IQSEC2-transfected organotypic hippocampal slices.
The results showed that IQSEC2 was not involved in LTP, whereas LTD was dependent on
IQSEC2 containing a functional SEC7 domain and the C terminal PDZ binding motif. In addition,
immunoprecipitation experiments showed that in addition to PSD-95, IQSEC2 was found in complexes
containing the NR1 and NR2A subunits of NMDA receptors. These results are in agreement with the
finding that IQSEC2 plays a role in AMPA receptor removal mediated by NMDA receptor activity [22].

A recent study has been conducted using a transgenic mouse model of IQSEC2 carrying a mutation
in the IQ region (A350V) originally found in a young male subject with moderate to severe ID and
ASD [24]. The mice display seizures between days 14–21 which results in an approximately 40%
mortality rate among hemizygous males and 20% mortality among heterozygous females [17].
Biochemical analysis revealed that transgenic mice carrying the A350V mutation displayed decreased
levels of surface AMPA receptor subunit GluA2, as assessed by FACS analysis of hippocampal cells,
immunocytochemistry of hippocampal brain slices, and immunoblotting of crosslinked cell surface
proteins from hippocampi [17]. This mutation was associated with a calcium-independent GEF activity
as assessed by the GGA3 pull down assay in cells treated with or without ionomycin, similar to the
BRAG1-IQ mutation discussed above [22].

It was further shown that wild-type IQSEC2 does bind to calcium/calmodulin as measured by
binding to calmodulin sepharose, with half maximal binding occurring at 1 μM [17]. The A350V mutant
protein also bound to calcium/calmodulin sepharose with similar affinity. However, when measured
in HEK cells using the Lumier assay, the A350V mutant IQSEC2 bound much less efficiently to
apocalmodulin when compared to wild-type IQSEC2. Discrepant results stating that calcium releases
calmodulin bound to IQSEC2 [22] may have been due to different concentrations of Triton X-100
present in the lysis buffer used by the two groups.
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In summary, we can suggest that the initial steps in IQSEC2 signaling are as follows (see Figure 2):
IQSEC2 is normally bound to apocalmodulin in the cell under basal conditions. IQSEC2/calmodulin is
found in complex with PSD-95 and NMDA receptors and likely a large number of additional proteins.
When glutamate binds to the NMDA receptor, it becomes activated, allowing an influx of calcium,
which binds to calmodulin present on IQSEC2 and causes a conformational change. This alteration in
protein conformation activates the SEC7 domain and leads to an increase in ARF-GTP. In the case of the
A350V mutant, IQSEC2 adopts a constitutively active conformation, leading to increased ARF6-GTP
and a decrease in AMPA receptors. The steps leading from active ARF-GTP to changes in surface
AMPA receptors are less well understood but appear to involve JNK kinase [22].

 
(A) (B) 

Figure 2. Signal transduction pathway in wild type and A350V mutant IQSEC2. In the left panel (A),
binding of glutamine to the NMDA receptor (pink shape) allows calcium ion influx (step 1). Binding of
calcium to calmodulin present on IQSEC2 (light blue shape) causes a conformational change (step 2) in
IQSEC2 resulting in activation of the SEC7 catalytic domain (step 3). GDP is exchanged for GTP on
ARF6 (green shape), resulting in active ARF6 (step 4). Additional steps including JNK activation (purple
shape) lead to endocytosis of AMPA receptors (step 5). In the right panel (B), the A350V mutant IQSEC2
is constitutively active (step 1) leading to constant activation of ARF6 and JNK, enhanced endocytosis
of AMPA receptors (step 2), and decreased surface AMPA expression. (Reproduced from reference 17.)

6. Therapeutic Treatment of IQSEC2-Associated ID and Autism

The above data suggest possible targets for drug treatment in IQSEC2-associated ID and autism
based on the molecular pathophysiology associated with specific mutations. One potential target is
the Sec7 activity of IQSEC2. A second potential target is the regulation of AMPA receptor recycling.
With regards to the constitutively elevated Sec7 activity demonstrated by the A350V mutation,
the objective would be to restore the normal situation wherein the Sec7 activity is normally inactive
and is only induced by calcium influx through the NMDA receptor. A precise personalized medicine
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for this mutation would be a drug that was specific for the Sec7 domain of A350V IQSEC2 and whose
activity would itself be inhibited by intracellular calcium. We are currently working on designing
such a drug. For the second target, the recycling of AMPA receptors, several drugs are currently
in existence [25]. Specifically, the drug parampanel inhibits recycling, while ritalin and aniracetam
increase recycling. The recently described positive allosteric modulators (PAM) of AMPA receptor
activity such as PF-4778574 may serve to increase AMPAR activity in the setting of an absolute decrease
in AMPAR levels.

The importance of understanding the precise mechanism underlying a given mutation for
personalized therapy is underscored by the apparent difference in the molecular pathophysiology of
different IQSEC2 mutations. The work of a number of investigators [14,22] proposes that many IQSEC2
mutations (specifically truncations or missense mutations in Sec7) result in a down regulation of IQSEC2
Sec7 activity and a corresponding increase in surface AMPAR. This precisely represents the opposite
pathophysiology of what is seen with A350V IQSEC2. A similar paradigm whereby two different
mutations in the same gene can oppositely regulate AMPA receptors was recently demonstrated for
the thorase gene where some mutations decrease thorase activity and are associated with an increase
in AMPA receptors (treatable with parampanel) while other mutations increase thorase activity and
they are associated with a decrease in surface AMPA receptors, which might be treatable with AMPA
receptor PAMS [26,27]. Transgenic mice carrying IQSEC2 mutations as well as pluripotent stem cells
derived from patient tissue may serve as models for testing these approaches to treat specific IQSEC2
mutations associated with ID and autism.
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Abbreviations

ID Intellectual disability
NMDA N-methyl-D-aspartate
PSD Post synaptic density
GTP Guanosine triphosphate
GDP Guanosine diphosphate
ARF ADP ribosylation factor
AMPA α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
GABA Gamma-aminobutyric acid
ASD Autism spectrum disorder
CC Coiled coil
PH Pleckstrin homology
PRM Proline rich motif

PDZ
Post synaptic density protein (PSD95), Drosophila disc large tumor
suppressor (Dlg1), and zonula occludens-1 protein (zo-1)

GEF Guanine nucleotide exchange factor
MAGUK Membrane associated guanylate kinase
IRSp53 Insulin receptor substrate of 53 kda
BAIAP2 Brain specific angiogenesis inhibitor 1-associated protein 2
SAP97 Synapse associated protein 97
CaMKIIa Calcium calmodulin kinase iia
GGA3 Golgi associated gamma adaptin ear containing ARF binding protein 3
JNK C-jun N terminal kinase
PAM Positive allosteric modulators
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Abstract: We describe a 7-year-old male with high functioning autism spectrum disorder (ASD) and
maternally-inherited rare missense variant of Synaptotagmin-like protein 4 (SYTL4) gene (Xq22.1;
c.835C>T; p.Arg279Cys) and an unknown missense variant of Transmembrane protein 187 (TMEM187)
gene (Xq28; c.708G>T; p. Gln236His). Multiple in-silico predictions described in our study indicate a
potentially damaging status for both X-linked genes. Analysis of predicted atomic threading models
of the mutant and the native SYTL4 proteins suggest a potential structural change induced by the
R279C variant which eliminates the stabilizing Arg279-Asp60 salt bridge in the N-terminal half of the
SYTL4, affecting the functionality of the protein’s critical RAB-Binding Domain. In the European
(Non-Finnish) population, the allele frequency for this variant is 0.00042. The SYTL4 gene is known
to directly interact with several members of the RAB family of genes, such as, RAB27A, RAB27B,
RAB8A, and RAB3A which are known autism spectrum disorder genes. The SYTL4 gene also directly
interacts with three known autism genes: STX1A, SNAP25 and STXBP1. Through a literature-based
analytical approach, we identified three of five (60%) autism-associated serum microRNAs (miRs)
with high predictive power among the total of 298 mouse Sytl4 associated/predicted microRNA
interactions. Five of 13 (38%) miRs were differentially expressed in serum from ASD individuals
which were predicted to interact with the mouse equivalent Sytl4 gene. TMEM187 gene, like SYTL4,
is a protein-coding gene that belongs to a group of genes which host microRNA genes in their introns
or exons. The novel Q236H amino acid variant in the TMEM187 in our patient is near the terminal
end region of the protein which is represented by multiple sequence alignments and hidden Markov
models, preventing comparative structural analysis of the variant harboring region. Like SYTL4,
the TMEM187 gene is expressed in the brain and interacts with four known ASD genes, namely,
HCFC1; TMLHE; MECP2; and GPHN. TMM187 is in linkage with MECP2, which is a well-known
determinant of brain structure and size and is a well-known autism gene. Other members of
the TMEM gene family, TMEM132E and TMEM132D genes are associated with bipolar and panic
disorders, respectively, while TMEM231 is a known syndromic autism gene. Together, TMEM187
and SYTL4 genes directly interact with recognized important ASD genes, and their mRNAs are
found in extracellular vesicles in the nervous system and stimulate target cells to translate into active
protein. Our evidence shows that both these genes should be considered as candidate genes for
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autism. Additional biological testing is warranted to further determine the pathogenicity of these
gene variants in the causation of autism.

Keywords: autism candidate genes; synaptotagmin-like protein 4 (SYTL4); transmembrane protein
187 (TMEM187); SYTL4-protein structure; STRING-protein-protein interaction; expression profile;
microRNA- interactions

1. Introduction

Whole exome sequencing (WES) and occasionally whole-genome sequencing (WGS) are
increasingly used in clinical practice for diagnosis, medical intervention and prognosis [1–3].
High heritability estimates and family studies have supported a definite role of genetics in autism
spectrum disorder (ASD). In neurodevelopmental disorders, particularly ASD and intellectual disability
have diagnostic rates using WES which fluctuates in part from differences in clinical features from
one study to another with rates up to 50% [4–7]. We describe a 7-year-old male with high-functioning
autism spectrum disorder presenting for genetic services and whole exome sequencing following a
normal microarray analysis, and variants were found in two X-linked genes: SYTL4 and TMEM187.

1.1. Synaptotagmin-Like Protein 4 (SYTL4) Gene

SYTL4 gene, also known as Granuphilin/SLP4, encodes a member of the synaptotagmin-like
protein family. Members of this family are characterized by an N-terminal RAB27-binding domain
and C-terminal tandem C2 domains (Figures 1 and 2). The first C2 domain binds phospholipids in a
calcium-independent manner, whereas the second C2 domain does not (http://omim.org/entry/300723).
The encoded protein binds to specific small RAB-GTPases involved in intracellular membrane trafficking.
This protein binds to RAB27 and may be involved in inhibiting dense core vesicle exocytosis. Alternate
splicing results in multiple transcript variants that encode the same protein.

SYTL4 gene is relevant in neuronal system development and implicated in neurological and
psychological diseases [8] (Entrez Gene ID # 94121 (Human); ID # 27359 (Mouse). This gene is highly
expressed in the bed nucleus of the stria terminalis (BNTS) [9], a brain region that regulates mood,
motivation for social behavior and social attachment [10]. SYTL4 expression is down regulated in the
dorsal raphe nucleus from patients with major depressive disorder [11]. In a mouse model of anxiety,
significant change in Sytl4 was observed among the altered protein networks in the brain proteome [12].

Targeted Null/Knockout mutant Sytl4 mammalian phenotypes for Sytl4 showed abnormal
behavior and neurological phenotype [13–15]. This gene interacts directly with other known
autism genes. Confirmatively, gene expression knock-out Sytl4 mutant mouse includes abnormal
behavior and neurological problems [13,14]. Diseases already associated with SYTL4 include Epileptic
Encephalopathy (early Infantile) and Branchiootic syndrome (www.genecards.org/cgi-Fbin/carddisp.
pl?gene=SYTL4&keywords=sytl4). A missense mutation in SYTL4 was also recently reported in a
female with autism and non-skewed X-chromosome inactivation [16].

1.2. Transmembrane Protein 187 (TEM187) Gene

The second gene in our study, TMEM187, is additionally known as ITBA1/CXORF12/DXS9878E-
gene and consists of two exons which encode a multi-pass membrane protein expressed in all regions
of the brain (www.genecards.org/cgi-bin/carddisp.pl?gene=TMEM187&keywords=TMEM187). This is
a conserved gene that codes a 261-amino-acid protein with six transmembrane helical domains.
Unlike SYTL4, not much is known about this gene, but it belongs to a group of genes which host
microRNA genes in their introns or exons [17]. One of this gene’s related phenotypes is schizophrenia
(GWAS catalog for TMEM187 gene: Gene relation via enhancers containing phenotype SNP: Enhancer
ID: GH0XJ153980). The latest STRING- network of protein interactions for this gene reveals that
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it directly interacts with four known ASD genes, namely, HCFC1; TMLHE; MECP2 and GPHN.
(https://gene.sfari.org/database/human-gene/).

2. Results

2.1. Genomic Study

Whole exome sequencing performed in trios revealed maternally inherited X-linked missense
variants: c.835C>T, p. Arg279Cys in the SYTL4 gene and c.708G>T; and p. Gln236His in the TMEM187
gene. Research findings will be discussed that relate specifically to SYTL4 and TMEM187 gene variants
seen in our patient and as emerging candidate genes for autism.

2.2. Synaptotagmin-Like 4 (SYTL4) Gene

2.2.1. Deleterious and Damaging Nature of the SYTL4- Variant

The maternally inherited variant in Synaptotagmin-like protein 4 gene (SYTL4) at chromosome-X
position g.99944930G>A, c.835C>T, p. Arg279Cys [NM_001174068.1] sits within exon 9 of the SYTL4
gene located at the Xq22.1 cytoband (Figure 1). This particular SYTL4 nucleotide variant CGC⇒TGC at
position 835 (exon 9; alternating) has been predicted by large-scale genomic sequencing studies, such as
the 1000 Genome project, to be deleterious (SIFT score 0.01) and possibly damaging (Polyphen score
0.79), which is further validated with a MAF score of 0.0005/2. The Exome Aggregation Consortium
(ExAC) database including data from 1000 genomes further indicated that the SYTL4 variant is
also damaging.

Our patient is from Spain and according to Exome Aggregation Consortium, the allele frequency
among European (Non-Finnish) population for this variant is 0.0004222. No homozygotes were found,
but eight hemizygotes (male) were observed in 47372 alleles which presumably included both isoforms.
There is no reported information from these individuals regarding findings related to ASD when
examining clinical information-sharing resources such as Phenome Central, Gene Matcher or ClinVar.

Figure 1. Graphic representation of the secondary structure of SYTL4 gene indicating the location of
Rab binding domain, ring domain, C2 domains, and the location of arginine at amino acid position 279.

2.2.2. Modeling of Native and R279C Mutant for SYTL4 Gene

There is limited high-resolution structural information about SYTL4. The crystal [18] and NMR [19]
structure of C2(1) (residues 354-483) and ring domain (residues 43-105) cover only 29% of the protein
primary structure. A structural comparison of SYTL4 and the R279C mutant was carried out using
the I-TASSER multiple threading approach [20]. The protein structure closest to both forms of SYTL4
found in the Protein Data Bank (PDB) [21] is human synaptotagmin 2 (PDB #4P42) [22,23], with TM
scores (0.658 and 0.661) and RMSD values (1.15 Å and 0.96 Å), respectively, for the native and R279C
form (Figure 2).
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Figure 2. The native SYTL4 protein structure contains the C2 domains, ring domain, and an apparent
salt bridge between arginine (R279) and aspartic acid (D60) as noted in (A). Arginine 279 (side chain in
red) is part of a large extended loop conformation that appears to be stabilized by an apparent salt
bridge formed between it and Asp60 (side chain in Salmon) in the ring domain. The distance (3.116Å)
calculated between the Arg guanidinium nitrogen and Asp carboxyl oxygen is well within the threshold
distance observed for salt bridges in a comprehensive survey of crystal structures as noted in (B).

2.2.3. Hierarchical Protein Structural Modeling Study of Both Native and R (279) C SYTL4

Both atomic models preserved the canonical C2 structures of synaptotagmins; [21–23], however,
only the native SYTL4 preserved the extended structure of the ring domain (Figure 3) [18]. An overlay
(Figure 3C) of two atomic models demonstrated good alignment of the C-terminal C2 domains, whereas
the structures of the region comprising both the ring domain and the 279 amino acid change sites for the
two SYTL4 forms differed considerably. In the native SYTL4 model, Arg 279 (side chain in red) is part of a
large extended loop conformation that appears to be stabilized by an apparent salt bridge formed between
it and Asp60 (side chain in Salmon) in the ring domain. The distance (3.116 Å) calculated between the
Arginine guanidinium nitrogen and Asp carboxyl oxygen (magnified in Figure 3B) is well within the
threshold distance observed for salt bridges in a comprehensive survey of crystal structures [24]. In the
R279C model, Cys279 is in a beta sheet, with no apparent hydrogen bonding contacts observed within
distance constraints for such interactions [25] (Figure 3A,B). Our modeling suggests a potential structural
change induced by the R279C variant, which eliminates the stabilizing Arg279-Asp60 salt bridge and,
therefore, leads to significant structural changes in the N-terminal half of the SYTL4.
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Figure 3. Effect of the R[Arg]⇒C[Cys] amino acid change at 279 on the structure of SYTL4 Proteins.
Theoretical 3D structures of native and R279C SYTL4. Hierarchical protein structural modeling of
both native (A) and R279C (B) SYTL4 proteins were carried out using I-TASSER. Three X-ray crystal
structures of human Synaptotagmin C2 domains (Protein Data Bank ID: 2R83, 4P42 and 3HN8) among
the top 10 templates used for both SYTL4 forms. Native SYTL4 (grey ribbon trace) and R279C variant
(gold ribbon trace) are shown with C2(1), C2(2) and ring domains rendered as light green, dark green
and cyan traces, respectively, in Panels (A,B). Panel (A): SYTL4 native protein structure indicating the
C2 domains, ring domain, and an apparent salt bridge between arginine (R279) and aspartic acid (D60).
Shown magnified in the native SYTL4 structure is the apparent salt bridge formed between D60 and
R279. Panel (B): SYTL4 R279C variant (gold ribbon trace) shows significant displacement of both the
279 amino acid site (salmon ribbon trace) and ring domains of native (cyan ribbon trace). Panel (C): An
overlay of native (A) and R279C (B) SYTL4 structures demonstrates relatively good alignment for the C
terminal C2 domains and confirms the significant displacement of both the 279 amino acid site (salmon
ribbon trace) and ring domains of native (cyan ribbon trace) SYTL4.

2.2.4. STRING- Protein–Protein Interaction Network Study Reveals Direct Interaction of SYTL4 with
Other Known Autism Genes

SYTL4 directly interacts with three known ASD genes, STX1A, SNAP25 and STXBP1 (https:
//gene.sfari.org/database/human-gene/). SYTL4 also interacts with 14 other genes, namely, FGF4, STX1B,
SNAP29, RAB3A, SNAP23, RAB27B, RAB8A, SNAP47, STX4, STX19, STX3, STX11, STX2, and RAB27A,
whose transcriptome-wide isoform-level multiple related gene family members are known ASD genes
(https://gene.sfari.org/database/human-gene/). SYTL4 also directly interacts with several members of the
RAB-family of genes, such as RAB27A, RAB27B, RAB8A, and RAB3A [26] (Figure 4).
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Figure 4. STRING- Protein-Protein Interaction Network of SYTL4. [https://version11.string-db.org/
cgi/network.pl?taskId=f7upTuHlbV0A]. SYTL4- Interacting ASD Genes; SYTL4: Synaptotagmin-like
protein 4; modulates exocytosis of dense-core granules and secretion of hormones in the pancreas and the
pituitary. Interacts with vesicles containing negatively charged phospholipids in a Ca (2+)-independent
manner; synaptotagmin-like tandem C2 proteins. STXBP1: Syntaxin-binding protein 1; may participate
in the regulation of synaptic vesicle docking and fusion. Essential for neurotransmission and binds
syntaxin, a component of the synaptic vesicle fusion machinery (Score: 0.746). STX1A: Syntaxin-1A;
plays a role in hormone and neurotransmitter exocytosis. Potentially involved in docking of synaptic
vesicles at presynaptic active zones (Score: 0.805). SNAP25: Synaptosomal-associated protein 25;
t-SNARE involved in the molecular regulation of neurotransmitter release. May play an important role
in the synaptic function of specific neuronal systems (Score: 0.551).
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2.2.5. SYTL4- Molecular Pathways and Associated Diseases

The molecular pathways of the SYTL4 gene includes a synaptic vesicle cycle, insulin secretion,
AMPK- signaling, and SNARE interactions in vesicular transport (Table 1). Diseases associated
with synaptic vesicle cycle defects include early infantile epileptic encephalopathy and defects in
insulin secretion including defects in degradation of gangliosides which are abundantly expressed
in the nervous system. The deficiency of certain gangliosides will affect the regenerative ability of
injured hypoglossal nerves [27]. Lastly, defective SNARE interactions in vesicular transport have been
implicated in CEDNIK-syndrome, which includes cerebral dysgenesis and neuropathy. All the noted
pathways and their associated diseases broadly impact nervous system function which are relevant to
autism (Table 1) [26].

Table 1. SYTL4 Molecular Pathways and Associated Diseases.

Pathway ID
Pathway
Description

Count in
Gene Set

False
Discovery Rate

Functional Description

4721 Synaptic vesicle
cycle 3 0.0161

Communication between neurons is mediated by
the release of neurotransmitter from synaptic
vesicles (SVs). At the nerve terminal, SVs cycle
through repetitive episodes of exocytosis and
endocytosis. SVs are filled with neurotransmitters
by active transport. DISEASES: Early infantile
epileptic encephalopathy; Centronuclear
myopathy; Episodic ataxias; Familial or sporadic
hemiplegic migraine

4911 Insulin
secretion 3 0.0161

Insulin secretion is regulated by several hormones
and neurotransmitters. Peptide hormones, such as
glucagon-like peptide 1 (GLP-1), increase cAMP
levels and thereby potentiate insulin secretion via
the combined action of PKA and Epac2.
Acetylcholine (Ach), a major parasympathetic
neurotransmitter. DISEASES: Type II diabetes
mellitus; Defects in the degradation of ganglioside.

4152
AMPK
signaling
pathway

3 0.0325

AMP-activated protein kinase (AMPK) is a serine
threonine kinase that is highly conserved through
evolution. AMPK system acts as a sensor of
cellular energy status.

4130 SNARE
interactions 2 0.0432

SNARE proteins (an acronym derived from “SNAP
(Soluble NSF Attachment Protein) Receptor”).
The primary role of SNARE proteins is to mediate
vesicle fusion, that is, the fusion of vesicles with
their target membrane-bound compartments.
The best studied SNAREs are those that mediate
docking of synaptic vesicles with the presynaptic
membrane in neurons.
DISEASES: Pseudohypoparathyroidism and
Cerebral dysgenesis, neuropathy, ichthyosis,
and palmoplantar keratoderma syndrome;
CEDNIK syndrome.

2.2.6. SYTL4- Networks of Biological Processes

As presented in Table 2 [26], extensive biological processes of the SYTL4 gene pertain to synaptic
vesicle functions, including neurotransmitter secretion and regulation of signaling, RAB protein signal
transduction, glutamate secretion, neuro-muscular synaptic transmission, and axonogenesis, all of
which are relevant for proper neuronal function, and thus important in autism.
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Table 2. SYTL4- Network: Biological Processes

Pathway ID Pathway Description Count in Gene Set False Discovery Rate

GO:0048489 synaptic vesicle transport 8 1.14 × 10−9

GO:0097479 synaptic vesicle localization 8 1.14 × 10−9

GO:0016079 synaptic vesicle exocytosis 7 1.79 × 10−9

GO:0016082 synaptic vesicle priming 4 1.14 × 10−7

GO:0031629 synaptic vesicle fusion to
presynaptic membrane 4 5.45 × 10−7

GO:0007269 neurotransmitter secretion 6 3.06 × 10−6

GO:0048167 regulation of synaptic plasticity 5 0.000171

GO:0032482 RAB protein signal transduction 4 0.000701

GO:0031630 regulation of synaptic vesicle fusion
to presynaptic membrane 2 0.00156

GO:0014047 glutamate secretion 3 0.00165

GO:0007268 synaptic transmission 6 0.0115

GO:0023051 regulation of signaling 1 0.0211

GO:0050803 regulation of synapse structure
or activity 4 0.0249

GO:0050804 modulation of synaptic transmission 4 0.0356

GO:0007274 neuromuscular synaptic transmission 2 0.0385

GO:0065008 regulation of biological quality 1 0.0389

GO:0007409 axonogenesis 5 0.0393

2.2.7. SYTL4- Molecular Functions

The molecular function of the SYTL4 gene includes syntaxin binding, which is essential for
neurotransmission (Table 3) [26] and directly interacts with syntaxin-binding protein 1 (STXBP1)
(Figure 4). Mutations in STXBP1 are associated with infantile-epileptic encephalopathy-4 [28]. SYTL4
molecular gene function also relates to synaptosomal-associated protein receptor (SNAPRe) activity
which regulates neurotransmitter release to ensure vesicle-to-target specificity [29]. In addition,
the molecular function of the SYTL4 gene pertains to trimeric-G-protein (GDP binding protein) which
plays a pivotal role in signal transduction pathways for numerous hormones and neurotransmitters [30].

Table 3. Molecular Function (GO)

Pathway ID
Pathway

Description
Count in
Gene Set

False
Discovery Rate

Functional Description and Associated Diseases

GO:0019905;
GO:0017075

Syntaxin
binding 6 5.46 × 10−7

Syntaxin binding is essential for neurotransmission:
syntaxin is a component of the synaptic vesicle

fusion machinery.
Mutations in Syntaxin binding protein 1 (STXBP1)

have been associated with infantile-epileptic
encephalopathy-4 [28].

GO:0005484
SNAP

receptor
activity

4 0.000161

SNAPRE activity also regulates neurotransmitter
release to ensure vesicle-to-target specificity (SNAP

receptors implicated in vesicle targeting and
fusion [29].

GO:0019003 GDP binding 3 0.019
The trimeric-G-protein (GTP binding proteins) play a
pivotal role in the signal transduction pathways for

numerous hormones and neurotransmitters [30].
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2.2.8. Missense Mutation Causing R (279) C Amino Acid Change Affects the Structures of Canonical
SYTL4 Gene as Well as Its Shorter Isoform

The amino acid change found in our study, R(arg)279C(cys) in exon 9 (Figure 1), is integral for
the full length ‘canonical’ sequence of the SYTL4 protein with 671 amino acids. It is also part of
the shorter isoform containing 349 amino acids shown in Figure 5. The R>C amino acid variation
at residue 279 has been classified by the Human Genome Variation Society (HGVS) as a missense
variant (variation ID # rs141441277) and determined to be least common with a Minor Allele Frequency
(MAF) of 0.000529801. It is further predicted as “possible damaging” with a PolyPhen score of
0.79, while SIFT predicts the effect of this amino acid change on protein function as “deleterious”
(https://gnomad.broadinstitute.org/variant/X-99944930-G-A; Variant Effect Predictor (VEP) program:
https://useast.ensembl.org/info/docs/tools/vep/index.html.

Figure 5. SYTL4 amino acids sequence data for the “canonical” form and its truncated isoform 2, both
encompassing the alternating exon 9 with the missense mutation resulting in R[Arg]⇒C[Cys] at 279:
Amino acid sequences that are highlighted in blue are the first 335 amino acids which are common to
both the full length ‘canonical’ sequence of the SYTL4 protein and its truncated isoform 2, both containing
the alternating exon 9 Glu(E) 270–Met(M) 304, highlighted in yellow with the R[Arg]⇒C[Cys] at 279.
The location of native arginine residue (at 279) in-between two Serine(S) amino acid residues at 274 and
289 positions (which have been shown to undergo post-translational phosphorylation) is underlined.
The RAB-Binding Domain (comprised of amino acids 4 through 122) is also indicated with underline,
within which lies D[Asp] at position 60 and takes part in the apparent salt bridge formation with R[Arg]
at 279 in the native protein configuration. The presence of mutant C[Cys] at 279 leads to the formation of
an extended beta-pleated sheet therein instead (as seen in Figure 3A,B).

2.2.9. Autism Predictive Human Serum MicroRNAs with Predicted Interaction with Mouse Sytl4 Gene

Among the total of 298 mouse Sytl4 associated/predicted miRs, three of the five miRs (60%), namely,
miR181b-5p, miR320a, and miR130a-3p- are with good ASD predictive power in serum, as identified
in Table 4. Apart from the five-serum miRNAs with good ASD predictive power, miR106b-5p and
miR328- were up and down regulated (respectively) in the serum ASD study. Both miRs have been
reported as showing altered expression among schizophrenics [31–34]. Interestingly, these two miRs
have been predicted to interact with mouse Sytl4 gene (Table 4). In addition, four other miRs (miR98,
miR103, miR132, and miR320) have been found to be dysregulated in the superior temporal gyrus
of ASD [35] and predicted to interact with mouse Sytl4 gene. Furthermore, miR106b, miR181b-5p,
miR320, and miR328 are differentially expressed in the ASD cerebellar cortex [35,36] and predicted to
interact with mouse Sytl4 gene (Table 4).
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Table 4. Showing the Five Autism Predictive Human Serum MicroRNAs with Predicted Interaction
with Mouse Sytl4 Gene.

Sytl4-miR=ASD-miR

Mouse Sytl4- miRs:
Predicted Interactions with

ASD & Schizophrenia-
Associated miRs

Validation Reference

miR93 Sytl4 predicted MGI:1351606c

miR93 ASD Dysregulated in superior temporal
gyrus of ASD Stomova, et al., 2015 [37]

miR103-1; miR103-2 Sytl4 Predicted MGI:1351606c

miR103 ASD Dysregulated in superior temporal
gyrus of ASD Stomova, et al., 2015 [37]

miR106b Sytl4 Predicted MGI:1351606c

miR106b-5p (miR106b) * ASD
Upregulated in ASD-serum;

differentially expressed in ASD
cerebellar cortex

Vasu, et al., 2014 [34] and
Abu-Elneel K, et al., 2008 [35]

miR106b Schizophrenia Altered expression
(serum/cortical)

Vasu, et al., 2014 [34] and
Shi, et al., 2012 [33], Beveridge
and Cairns, 2012 [32].

miR130a Sytl4 Predicted MGI:1351606c

miR130a-3p (miR130a) ** ASD Good predictive power for ASD-
serum Vasu, et al., 2014 [34]

miR-130a Schizophrenia Altered expression
(serum/cortical)

Vasu, et al., 2014 [34]; Shi, et al.,
2012 [33], Beveridge and Cairns,
2012 [32]

miR132 Sytl4 Predicted MGI:1351606c

miR132 ASD Dysregulated in superior temporal
gyrus of ASD Stomova, et al., 2015 [37]

miR181b-1 (miR181b) *** Sytl4 Predicted MGI:1351606c

miR181b-2 Sytl4 Predicted MGI:1351606c

miR181b-5p
(miR181b/b1) *** ASD

Good predictive power for ASD in
serum; differentially expressed in

ASD cerebellar cortex

Vasu, et al. 2014 [34]. Abu-Elneel
K, et al. 2008 [35]. Ghahramani
Seno, et al., 2011 [36].

miR181b Schizophrenia Altered expression
(serum/cortical)

Vasu, et al., 2014 [34]; Shi, et al.,
2012 [33], Beveridge and Cairns,
2012 [32].

miR320 Sytl4 Predicted MGI:1351606c

miR320a (miR320) **** ASD Good predictive power for ASD in
serum Vasu, et al., 2014 [34]

miR320 ASD Dysregulated in superior temporal
gyrus of ASD Stomova, et al., 2015 [37]

miR320 ASD Differentially expressed in ASD
cerebellar cortex Abu-Elneel K, et al. 2008 [35]

miR328 Sytl4 Predicted MGI:1351606c

miR328 ASD
Down regulated in serum;

differentially expressed in ASD
cerebellar cortex

Vasu, et al., 2014 [34] and
Abu-Elneel K, et al., 2008 [35]

miR328 Schizophrenia Altered expression
(serum/cortical)

Vasu, et al., 2014 [34] and Shi,
et al., 2012 [33]; Beveridge and
Cairns, 2012 [32]

* http://www.mirbase.org/cgi-bin/mirna_entry.pl?acc=MI0000407; ** http://www.mirbase.org/cgi-bin/mirna_
entry.pl?acc=MI0000156; *** http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0000673; **** http:
//www.mirbase.org/cgi-bin/mirna_entry.pl?acc=MI0000542; C. http://www.informatics.jax.org/interaction/explorer?
markerIDs=MGI:1351606.

2.3. Transmembrane Protein 187 (TEM187) Gene

2.3.1. Structure of TMEM187 Gene, Expression and Location of the Novel Variant

TMEM187 gene consists of two exons and encodes a multi-pass membrane protein (Figure 6).
The maternally inherited TMEM187 missense variant lies beyond the last transmembrane helix

region at the near terminal end of the Pfam domain 8-245aa represented by multiple sequence
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alignments and hidden Markov models (https://pfam.xfam.org/family/tmem187; TMEM187 (PF15100)).
The TMEM187 gene has three transcripts (splice variants) and 35 orthologs.

Figure 6. (A). Graphic representation of TMEM187 protein indicating the location of Q236H amino acid
variation beyond the last (6th) transmembrane helical domain (191-210aa), at the near terminal end of the
Pfam domain (8-245aa) (https://pfam.xfam.org/family/tmem187; TMEM187 (PF15100)). (B). Theoretical
partial 3D protein structure of the encoded multi-pass transmembrane protein targeting the 15-200aa
region (https://modbase.compbio.ucsf.edu/), excluding the Q236H amino acid variant near the terminal
end region of the protein which is represented by multiple sequence alignments and hidden Markov
models preventing comparative structural analysis of the variant harboring region.

2.3.2. Deleterious and Damaging Nature of the Novel TMEM187 Gene Variant

Unlike the SYTL4 gene variant, the TMEM187 missense gene variant (c.708G>T; p. Gln236His)
is neither found in the Exome Aggregation Consortium (ExAC) database (which includes the 1000
genome data) or in the Ensemble.org data base. The nature of this novel Glutamine(Q)236 to Histidine(H)
variation in TMEM187 is considered deleterious as determined by the PROVEAN (Protein Variation
Effect Analyzer v1.1) score of = −4.474 with prediction cutoff of −2.5; SIFT score as deleterious (0.05);
and PolyPhen-2 score as probably damaging (0.432). (http://gnomad.broadinstitute.org/variant/X-
153248221-G-T). PROVEAN prediction generated score of −4.47 is termed as deleterious (scores <−2.5
considered deleterious), while the SIFT score of 0.05 approaches 0.0 which is the most damaging score.

2.3.3. TMEM187 Gene Is Expressed in the Brain

The TMEM187 gene is ubiquitously expressed in all systems including all parts of the brain
(www.uniprot.org/uniprot/Q14656; www.genecards.org/).

2.3.4. Latest STRING- Gene Interaction Network Study Reveals Direct Protein–Protein Interactions of
TMEM187 with Several Other Known Autism Genes

Analysis of its STRING- network of interactions (Figure 7) reveals that it directly interacts with
four known ASD genes, namely HCFC1, TMLHE, MECP2, and GPHN (https://gene.sfari.org/database/
human-gene/). Moreover, three other directly interacting genes, namely UBL4A, RBM25, and AKAP4,
though not known ASD genes, do show other transcriptome-wide isoform-level family member genes
known as ASD genes: UBL7, RBM27, RBM8A, RBMS3, and AKAP9 (https://gene.sfari.org/database/
human-gene/).
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Figure 7. STRING-Protein–Protein Interactions of TMEM187. (https://string-db.org/network/9606.
ENSP00000358999). TMEM187- Interacting ASD Genes: HCFC1: Host cell factor 1: Involved in control
of the cell cycle; Coactivator for EGR2 and GABP2 (Score: 0.747); TMLHE: Trimethyllysine dioxygenase,
mitochondrial: Converts trimethyllysine (TML) into Hydroxytrimethyllysine (HTML). (Score: 0.657);
MECP2: Methyl-CpG-binding protein 2: Chromosomal protein that binds to methylated DNA;
Mediates transcriptional repression through interaction with histone deacetylase and the corepressor
SIN3A (Score: 0.555); GPHN: Gephyrin: Microtubule-associated protein involved in membrane
protein-cytoskeleton interactions (Score: 0.531).

3. Discussion

Our research findings will be discussed related specifically to both the SYTL4 and TMEM187 gene
variants seen in our patient and evidence for the two gene variants playing a role in the causation of
high-functioning autism spectrum disorder.

3.1. Synaptotagmin-Like 4 (SYTL4) Gene

As an emerging candidate gene for autism with analyzed protein modeling, protein interactome
networks, expression profiling and microRNA interactions will follow.

3.1.1. Protein Structure Altering Rare Variants Have Been Observed to Be More Frequent in
Individuals with Autism

Though common variants are a large driving factors in autism spectrum disorder, the effect size of
individual common variants is estimated to be small [38,39]. Therefore, the search for rare variants
exhibiting a much larger individual effect is ongoing. Protein structure-altering rare variants have
been observed more frequently in ASD cases, and ASD risks are increased when two rare variants
may deleteriously affect both copies for an autosomal protein, or a single copy of an X-chromosomal
protein among ASD males [40]. Rare hemizygous mutations on the X-chromosome are found to be
more enriched in male ASD patients compared to controls. Furthermore, if rare hemizygous mutations
on the X-chromosome in males alter gene expression known to be present in the brain, then the overall
odds-ratio for ASD will be increased [41].
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3.1.2. Deleterious and Damaging Nature of the SYTL4 Gene Variant

It is important to note that this particular SYTL4 nucleotide variant CGC⇒TGC resulting in p.
Arg279Cys (Figure 1) has been predicted through large-scale genomic sequencing studies, such as the
1000 Genome project, and has been judged to be deleterious (SIFT score 0.01) and possibly damaging
(Polyphen score 0.79) with a MAF score of 0.0005/2.

It should also be noted that ExAC database which includes the 1000 genomes data, also calls this
SYTL4 variant damaging and deleterious based on Polyphen and SIFT, respectively. Our patient being
from Spain, according to ExAC, among the European (Non-Finnish) population, the allele frequency
for this variant is 0.0004222 without any homozygotes and with eight hemizygotes (male) for 47,372
alleles, which presumably includes both isoforms. There is no information available as to any of these
eight hemizygotes, or any other hemizygote being reported as exhibiting ASD in any of the clinical
information-sharing resources such as Phenome Central, Gene Matcher and ClinVar.

3.1.3. Randomness of X Chromosome Inactivation Could Render the Mother Asymptomatic

It is important to note that our male heterozygous carrier of the R (279) C variant is expected to be
fully penetrant for the mutant allele. The proband’s mother is a heterozygous carrier of the R (279) C
variant and due to randomness of X chromosome inactivation may render her as asymptomatic given
that the X-linked SYTL4 gene is not over expressed among females, indicating that it does not escape
inactivation [42]. The proband’s mother is expected to express equally her normal SYTL4 allele along
with the mutant allele.

3.1.4. Our Modeling Results Show Large Conformational Changes Proximal to the R (279) C Amino
Acid Variation

It is possible that the structure and function of both the canonical and the truncated isoform
of SYTL4 protein will be affected, particularly considering their interactions at membrane surfaces.
Our modeling results show large conformational changes proximal to the R (279) C amino acid variation
within exon 9. The flanking regions contain two known phosphorylatable serines (YTKS (@274) VIDLR
(@279) P EDVVHESGS (@289) L) as shown in Figure 5.

3.1.5. Missense Mutations Change the Size or Properties of Amino Acids Preventing the Function
of Proteins

A study (reported by our co-authors: SKR, MGB) in whole exome sequencing in females with
autism, a non-synonymous missense mutation (X: 99941091; C>G; p.H448D) of the SYTL4 gene was
observed in a female with autism and random X-chromosome inactivation (46–54%). This patient
additionally harbored four other autosomal missense gene mutations [16]. Missense mutations are
of importance in understanding the structure or function of a protein since they usually occur in
amino acid residues of structural or functional significance by changing the size or properties of the
amino acid there by preventing the function of that protein [43,44]. The effect of such a mutation is
additionally dependent on the sequence and structure context of the alteration [45]. Proteins fold
according to minimum free energy [46]. Only correctly folded proteins can deliver the functional
properties of a protein, and even minor changes in the size or properties of an amino acid side chain can
alter or prevent the function of the protein [47]. On the other hand, even large deletions or insertions
may be tolerated in numerous positions within a protein [48].

Protein function and interactions require both stability and specificity. Since most disease-causing
mutations produce structural effects, the importance of a specific gene location and protein production
is emphasized [47]. Structural information is needed to fully understand the effects and consequences
of mutations, whether disease-causing or used purposefully to modify the properties of a protein.
Three-dimensional structures and computer models have been used to elucidate disease mechanisms
from specific amino acid substitutions [49,50]. For example, in a study of 4236 mutations from
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436 genes, mutations at arginine and glycine residues are collectively responsible for about 30% of
genetic diseases [43].

3.1.6. SYTL4 Amino Acid Change R (279) C in Exon 9: RAB-Binding Domain

The amino acid change in our study patient, SYTL4 R(279)C in exon 9 (Figures 1, 3 and 5), has been
determined to severely affect the critical functioning of this gene’s encoded RAB protein binding region
at its N-terminal [51,52], which is perhaps analogous to the effect of a significant change in Sytl4 gene
expression observed among the altered protein networks in the mouse brain proteome in a mouse
model of anxiety [12]. The SYTL4 RAB-Binding Domain within which lies D[Asp], at 60 takes part in
the apparent salt bridge formation with R[Arg] at 279 only in the native protein configuration with
the presence of mutant C[Cys] at 279 leading to the formation of an extended beta-pleated sheet (see
Figure 3A,B).

3.1.7. Effect of the R[Arg]⇒C[Cys] Amino Acid Change at 279 on the functionality of the
RAB-Binding Domain

Our analysis of the mutant and native SYTL4 protein structure models shows that in the native
protein, arginine (R279) forms an apparent salt bridge with aspartic acid (D60) (Figures 2 and 3A).
This arginine is part of a large extended loop conformation that appears to be stabilized by the apparent
salt bridge formed between it and Asp60 within the RAB-Binding Domain [aa 4-122] and the Ring
Domain [aa 43-105] (Figures 2 and 3A).

In our R (279) C mutant protein structure model (Figure 3B), cysteine (C279) is located amidst a
beta sheet with no apparent hydrogen bonding contacts observed within distance constraints for such
interactions. Our modeling suggests a potential structural change induced by the R (279) C variation
eliminating the stabilizing Arg279-Asp60 salt bridge and leads to significant structural changes in the
N-terminal half of SYTL4 (Figure 3B,C). This change could very well affect the functionality of the
RAB-Binding Domain, not only for the canonical-full-length SYTL4 protein (isoform-1), but also for
the truncated SYTL4 protein: isoform-2 (Figure 5).

3.1.8. Potentially Deleterious R (279) C Amino Acid Change “Likely” To Affect Its Neighboring Active
Phosphorylation Sites

Given our modeling and profiling results, large conformational changes were seen proximal to the
R279C amino acid variation within exon 9. Flanking regions do contain two known phosphorylatable
serines (YTKS (@274) VIDLR (@279) P EDVVHESGS (@289) L) (Figure 5). The structure and function of
both canonical and truncated isoforms of the SYTL4 protein may be affected, particularly considering
their interactions at membrane surfaces.

3.1.9. Role of Arginine (R279) in SYTL4 Protein Structure and Function

The missense mutation identified in our study causes a change in the amino acid at 279 from R
[Arginine] to C [Cysteine] (Figures 1 and 2B). Arginine is a large polar amino acid with sidechains that
prefers to reside in an aqueous environment and is found more commonly on the surface of a protein.
SYTL4 is a protein that anchors to the cell membrane and is exposed to both sides of the membrane
by aqueous environments of the luminal and cytoplasmic sides. The C2 domain of SYTL4 protein
facilitates binding of this protein to cell membranes and is often found in the active centers of proteins
that bind phosphorylated substrates [53,54].

The arginine (R279) residue is in-fact located in between two Serine(S) residues at 274 and
289- positions (YTKS (@274) VIDLR (@279) PEDVVHESGS (@289) L) (Figure 5) and is shown to
undergo post-translational phosphorylation [55–57]. Arginine is capable of “salt bridging” by forming
non-bonded and hydrogen-bonded paired electrostatic interactions between acidic carboxyl groups
and basic amino groups in single or adjacent protein chains [58]. One important role of “salt bridging”
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is connecting protein subunits or joining two secondary structures to form quaternary structures where
they can connect as many as five secondary structure units [58].

3.1.10. Arginine Disfavors Cysteine for Substitution

Given the above contrasting basic differences between arginine and cysteine in their properties
and their role in protein structure and function, arginine disfavors cysteine for substitution, particularly
in extracellular and membrane proteins, such as SYTL4. Since such substitution can be devastating to
protein stability and function given the loss of arginine’s ability to create stabilizing hydrogen bonds,
the substituted cysteine residue’s ability to alter the native three-dimensional conformation of the
protein molecule is important [44]. Thus, the potential for a structural and functional change induced by
the SYTL4 R279C amino acid change is consistent with the noted physiochemical differences between
arginine and cysteine [44].

3.1.11. Dysfunction of Evolutionarily Conserved RAB-Binding GTPases Play a Role in Autism and
Neuronal Disorders

Among the transcriptome-wide RAB family of genes, RAB2A, RAB11FIP5, RAB19, RAB39B, and
RAB43 are also known ASD genes [59–61] (https://gene.sfari.org/database/human-gene/) and SYTL4
protein interacts with several other members of the RAB family of proteins including RAB3A, RAB8A,
RAB27A, and RAB27B (Figure 4). Therefore, the defect in the RAB protein-binding region in the
N-terminal half of the SYTL4 protein is due to the R (279) C amino acid variant and may be a causal
factor for the high-functioning autism in our patient.

In addition, the SYTL4 gene directly interacts with Syntax Binding Protein 1 (STXBP1). Both SYTL4
and STXBP1 are known to interact with RAB3A. STXBP1 interaction with RAB3A promotes RAB3A
dissociation from the vesicle membrane (https://www.uniprot.org/uniprot/P61764). SYTL4 protein
additionally interacts with several other members of the RAB family of proteins, including RAB3A,
RAB8A, RAB27A, and RAB27B. Further, RAB-binding domain of SYTL4 serves as a preferred effector
binding site for the GTP-bound form of the RAB27A protein that regulates the exocytosis of secretary
granules [62–64]. RAB27A binds to the N-terminus SLP homology domains 1 and 2 of SYTL4 protein
and the C-terminal domain (Figures 1 and 2A). It appears to play a role in the localization of RAB27A
to specific sites in a cell [51,52,65]. Upregulation of RAB27A protein in basal forebrain neurons has
been associated with mild cognitive impairment and Alzheimer’s disease [52].

Further, specific evolutionarily conserved RAB-binding GTPases function as regulators of
membrane trafficking and binding and act as binary molecular switches turned on by binding
GTP and off by hydrolyzing GTP to GDP [66]. Their dysfunction through mutations has also been
shown to play a crucial role in causing diverse patho-physiologies including X-linked mental retardation
associated with autism, epilepsy and macrocephaly. This suggests a major role for specific RAB-
binding effector proteins, such as SYTL4 and interacting RAB-activating GTPases (RAB GTPases) in
the maintenance of normal neuronal function [51,59–61,64–66].

3.1.12. Significance of Defect in RAB- Protein Binding Region of N-Terminal Half of SYTL4 Protein due
to R (279) C Amino Acid Variant

The potentially deleterious R (279) C amino acid change could critically affect the RAB-binding
domain of SYTL4 proteins. Our analysis of the mutant and native SYTL4 protein structure models
shows that in the native protein, arginine (R279) forms an apparent salt bridge with aspartic acid
(D60). This arginine is part of a large extended loop conformation that appears to be stabilized by the
apparent salt bridge formed between it and Asp60 within the RAB-Binding Domain [aa 4-122] and the
Ring Domain [aa 43-105].

In our R279C mutant model, cysteine (C279) is located amidst a beta sheet with no apparent
hydrogen bonding contacts observed within distance constraints for such interactions. Our modeling
thus suggests a potential structural change induced by the R279C variation which eliminates the
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stabilizing Arg279-Asp60 salt bridge and leads to significant structural changes in the N-terminal
half of SYTL4 (Figure 3B). This could very well affect the functionality of the RAB-Binding Domain,
not only for the canonical-full-length SYTL4 protein (isoform-1), but also for the truncated SYTL4
protein: isoform-2.

3.1.13. SYTL4-Protein-Protein Interactions with RAB27A and with Other RAB-Family of Genes

As seen in Figure 4, the SYTL4 protein directly interacts with several members of the RAB
(Ras-Associated proteins in Brain) family of proteins, RAB3A, RAB8A, RAB27A, and RAB27B. Further,
RAB- binding domain of the SYTL4 protein serves as a preferred effector binding site for the GTP-bound
form of RAB27A protein that regulates the exocytosis of secretary granules [62–64]. Among the RAB-
family of genes, RAB2A, RAB11FIP5, RAB19, RAB39B, and RAB43 are known ASD genes [59–61]
(https://gene.sfari.org/database/human-gene/).

3.1.14. Upregulation of RAB27A Protein Associated with Mild Cognitive Impairment and
Alzheimer Disease

RAB27A binds to the N-terminus SLP homology domains 1 and 2 of the SYTL4 protein, and the
C-terminal domain seems to play a role in the localization of RAB27A to specific sites in a cell [51,52,65].
It important to note that upregulation of the RAB27A protein in basal forebrain neurons has been
associated with mild cognitive impairment and Alzheimer disease [52].

3.1.15. Dysfunction of Conserved RAB-Binding GTPases Play a Role in X-Linked Mental Retardation
with Autism

As indicated earlier, specific evolutionarily conserved RAB-binding GTPases do function as
regulators of membrane trafficking and binding by acting as binary molecular switches that are turned
on by binding GTP and off by hydrolyzing GTP to GDP. Their dysfunction through mutations has
been shown to play a crucial role in causing diverse patho-physiologies including X-linked mental
retardation associated with autism, epilepsy, and macrocephaly, suggesting a major role for specific
RAB-binding effector proteins, such as the SYTL4, and interacting RAB-activating GTPases (RAB-
GTPases) in the maintenance of normal neuronal function [51,52,59–61,66,67].

3.1.16. SYTL4 Gene Is Relevant to Neuronal System Function and Disorders

The SYTL4 gene is relevant for neuronal system development, function and behavior, and is
implicated in neurological and psychological diseases (Entrez Gene ID # 94121 (Human); ID # 27359
(Mouse). The SYTL4 gene expression is down regulated in the dorsal raphe nucleus of patients with
major depressive disorders [11]. In addition, in a mouse model of anxiety, significant changes in Sytl4
were observed among the altered protein networks in the brain proteome [12].

3.1.17. SYTL4 Protein Is Abundantly Expressed in the Bed Nucleus of Stria Terminalis and Is
Upregulated in Male Brain

The bed nucleus of stria terminalis (BNST) is a heterogeneous complex limbic forebrain structure,
which plays an important role in controlling autonomic, neuroendocrine, and behavioral responses,
and is thought to serve as a key relay connecting limbic forebrain structures to hypothalamic and
brainstem regions associated with autonomic and neuroendocrine functions [10,14]. Its control of
physiological and behavioral activity is mediated by local action of numerous neurotransmitters [68].
Therefore, one could argue that the abundantly-expressed SYTL4 mutant protein in the bed nucleus of
stria terminalis could potentially affect normal behavioral responses resulting in an autistic phenotype,
given that Sytl4 is upregulated in the brain of male mice, specifically in the posteromedial area of the
medial BNST [9].

Furthermore, in mouse brain, the expression of Sytl4 protein is sexually dimorphic due to the sex
hormone (estrogen and testosterone)-specific control of this gene and the developmental influence of
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sex hormone can lead to enduring effects on brain and behavior [9,69]. Mice with targeted disruptions
of the Sytl4 gene exhibit specific deficits in sex-specific behavior and deficits. Sytl4 is required for
patterning male sexual behavior [9]. Given the increased risk estimates of ASD among males [70,71],
the overall odds-ratio for ASD increases if the rare hemizygous mutation on the X-chromosome pertains
to gene expression that is known to express in the brain [41].

3.1.18. Targeted Knockout Mutant Mammalian Phenotypes for Sytl4 Includes Abnormal Behavior and
Abnormal Neurological Phenotype

The amino acid changes of SYTL4 R279C in exon 9 in our patient have been determined to
severely affect the RAB protein-binding region at its N-terminal [51,52], which may be analogous to the
partial or full effect of targeted Null/Knockout mutant Sytl4 mammalian phenotypes. Gomi et al. [16]
found that a targeted (Null/Knockout) mutation for Granuphilin (Sytl4) in XY-male mouse with
129P2/OlaHsd- genetic background replaced exons 3–5: targeted mutation 1, Tetsuro Izumi (tm1Tiz):
Grn−/Y (Sytl4 tm1Tiz/Y) particularly affected its endocrine and nervous systems with abnormal
corticotroph morphology and hypersecretion of adrenocorticotropin [16,72]. Importantly, the same
mammalian-targeted Sytl4 knock-outs in 129P2/OlaHsd*C3H/He (Sytl4tm1Tiz/Sytl4tm1Tiz) and in
129P2/OlaHsd (Sytl4tm1Tiz/Y) have been associated with abnormal behavior and neurological
phenotypes encompassing alertness, behavioral response to light, circadian rhythm, cognition,
consumption behavior, emotion/affect behavior, grooming behavior, impulsive behavior, motor
capabilities/coordination/movement, sensory capabilities/reflexes/nociception, sheltering behavior,
sleep behavior, vocalization, and social interaction [13,14].

3.1.19. Targeted Sytl4 Knock Out Mouse Model Studies Affirm That Defective SYTL4 Protein Function
is Likely to Effectuate Neurological and Phenotypic Defects

A wide range of functions of the SYTL4 protein is noted for various cellular components, such as
intracellular protein transport and positive regulation of protein secretion involving nucleoplasm,
cytoplasm, endosome, centrosome, and plasma membrane which govern diverse molecular functions.
These include protein and phospholipid binding, zinc and metal ion binding, clathrin binding, and
neurexin protein binding. One could postulate that the observed low birth weight and height, as well as
the down-slanting palpebral fissures, mild hypertelorism, thin upper lip, and pointed chin seen in our
patient could relate to the abnormal SYTL4 protein. These phenotypic abnormalities are perhaps not
observable in the Tetsuro Izumi (tm1Tiz) and Grn−/Y (Sytl4 tm1Tiz/Y) mice models [16,72], however,
decreased body weight has been reported in targeted Sytl4 knock-out (Sytl4tm1Tiz/Sytl4tm1Tiz) mice
with 129P2/OlaHsd*C3H/He genetic background. Thus, targeted Sytl4 knock out mouse model studies
affirm that defective SYTL4 protein function may effectuate neurological and phenotypic defects.

3.1.20. SYTL4 Protein Directly Interacts with Proteins Known to Cause Autism

Our protein–protein interactions study of the SYTL4 gene shows that the SYTL4 protein directly
interacts with three other proteins which are known to cause autism, namely, STX1A, SNAP25 and
STXBP1 (Figure 4; https://gene.sfari.org/database/human-gene/). In addition, the SYTL4 protein directly
interacts with FGF4, STX1B, SNAP29, SNAP23, SNAP47, RAB3A, RAB27A, RAB27B, RAB8A, STX4,
STX19, STX3, STX11, and STX2 whose numerous transcriptome-wide isoforms are known as autism
genes (https://gene.sfari.org/database/human-gene/).

3.1.21. SYTL4 Gene Sequence Shows Similarity to a Known Autism Gene: SYT1

Moreover, the SYTL4 gene sequence alignment shows similarity to the SYT1 gene which is a
known autism gene (https://gene.sfari.org/database/human-gene/). Yet another larger Synaptotagmin
gene family member, SYT17, is also a known ASD gene (https://gene.sfari.org/database/human-gene/).
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3.1.22. SYTL4 Gene Sequence Alignment Shows Similarity to SYT1(Synaptotagmin 1) Gene Which is a
Known ASD Gene

Although the SYTL4 gene is presented here as a candidate gene, its transcriptome-wide
isoform-level related gene family members, such as SYT1, SYT17, and SYT3 are known ASD genes
(https://gene.sfari.org/database/human-gene/). Moreover, the SYTL4 gene sequence alignment shows
similarity to the SYT1 gene [70]. Synaptotagmins are integral membrane proteins of synaptic vesicles
thought to serve as Ca (2+) sensors in the process of vesicular trafficking and exocytosis. Calcium
binding to synaptotagmin-1 participates in triggering neurotransmitter release at the synapse [70].

3.1.23. Direct Protein-Protein STRING Interactions of the SYTL4 Gene with Other ASD Genes

More significantly, the SYTL4 protein directly interacts with three known ASD proteins, STX1A,
STXBP1 and SNAP25 (Figure 4) (https://gene.sfari.org/database/human-gene/). STX1A (Syntaxin 1A
(brain)) encodes a protein involved in the regulation of serotonergic and GABAergic systems and its
expression is altered in autism [70]. Rare single gene mutations in STX1A have been implicated in ASD.
This gene is located at 7q11.23. Common STX1A variants are nominally associated with high-functioning
autism and Asperger syndrome (https://gene.sfari.org/database/human-gene/). This protein governs
the release and uptake of extracellular vesicles in the nervous system and glial cells facilitating
transcellular communication [73] and serves as a key molecule in ion channel regulation and synaptic
exocytosis (https://gene.sfari.org/database/human-gene/).

The SYTL4 gene also directly interacts with Syntax binding protein 1 (STXBP1). A frameshift
mutation in the STXBP1 gene has been implicated in a study of quartet families with autism spectrum
disorder [74–76] and is a known autism gene (https://gene.sfari.org/database/human-gene/). SYTL4
recruits and binds STXBP1 to promote exocytosis [26] (http://www.genecards.org/cgi-bin/carddisp.pl?
gene=STXBP1&keywords=STXBP]. It is important to note that like STXBP1, SYTL4 is also associated
with early onset epileptic encephalopathy and both these genes are expressed in every part of the
brain [http://www.genecards.org/). SYTL4 as well as STXBP1 are known to be expressed in the frontal
cortex and brain and are essential for protein–protein interactions at synapses and the neurotransmitter
release cycle in human neurons (http://www.genecards.org/). STXBP1 is overexpressed in the frontal
cortex and even heterozygous mutations cause early onset epileptic encephalopathy, specifically
through presynaptic impairment and autism [74–76]. Like STXBP1, SYTL4 is also associated with
early onset epileptic encephalopathy and is expressed in brain regions (http://www.genecards.org/).
Polymorphisms in the SNAP25 (Synaptosomal-associated protein, 25 kDa) gene are associated
with ADHD. SNAP25+/−mice also exhibit hyperactivity and cognitive and social impairment [77].
In addition to the SYTL4 protein’s direct interactions with three known ASD proteins, STX1A,
STXBP1 and SNAP25, it interacts with 14 other genes, namely, FGF4, STX1B, SNAP29, RAB3A,
SNAP23, RAB27B, RAB8A, SNAP47, STX4, STX19, STX3, STX11, STX2, and RAB27A, whose numerous
transcriptome-wide isoform-level multiple gene family members are known ASD genes (https:
//gene.sfari.org/database/human-gene/).

3.1.24. SYTL4- Molecular Pathways, Biological Processes and Molecular Functions

Significant SYTL4 gene-involved molecular pathways are the synaptic vesicle cycle, insulin
secretion, AMPK-signaling pathway, and SNARE interactions (Table 1). The synaptic vesicle cycle
pertains to synaptic vesicles that are filled with neurotransmitters by active transport, and the diseases
that are associated with defects in this cycle are early infantile epileptic encephalopathy; centronuclear
myopathy; episodic ataxias; and familial or sporadic hemiplegic migraine. Insulin secretion is
regulated by several hormones and neurotransmitters, and the diseases associated with this pathway
are defects in the degradation of ganglioside and type II diabetes mellitus. AMPK signaling acts as a
sensor of cellular energy status while SNARE interactions mediate the docking of synaptic vesicles
with the presynaptic membrane in neurons. Diseases associated with defective SNARE interactions
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are pseudohypoparathyroidism and cerebral dysgenesis, neuropathy, ichthyosis, and palmoplantar
keratoderma or CEDNIK syndrome (Table 1).

The SYTL4 gene’s extensive biological processes (Table 2) pertain to RAB-protein signal
transduction along with synaptic vesicle functions, neurotransmitter secretion, regulation of signaling,
glutamate secretion, neuro-muscular synaptic transmission, and axonogenesis, which are all relevant
for proper neuronal function, and thus also relevant to autism. The SYTL4 gene’s molecular functions
(Table 3), biological processes (Table 2) and molecular pathways (Table 1) are indicative of its significant
role in neuronal function that is meaningful in the causation of high-functioning autism in our proband.
Moreover, in recent studies, disturbed SYTL4 gene function has been associated with neuropsychiatric
disorders, such as autism, schizophrenia and depression as well as the immune system. It is also
considered a major modulator of central nervous system function [11,12].

3.1.25. Synaptic Dysfunction in Neurodevelopmental Disorders Is Associated with Autism and
Intellectual Disabilities

The SYTL4 modulates exocytosis of dense-core granules and secretion of hormones in the pancreas
and the pituitary. It interacts with vesicles containing negatively charged phospholipids in a Ca
(2+)-independent manner (http://www.genecards.org/). The significant SYTL4 molecular pathways
are the synaptic vesicle cycle, insulin secretion, AMPK-signaling pathway, and SNARE interactions
(Table 1). Like SYTL4, SYT1, STX1A, STXBP1 and SNAP25 genes play an important role in the
extravesicular synaptic function of neuronal systems and neurotransmission (https://gene.sfari.org/
database/human-gene/; www.genecards.org/). Thus, these proteins are generally involved in the
functioning of the synaptic vesicles’ (or neurotransmitter vesicles) cycle to facilitate synaptic vesicle
exocytosis by which a synaptic vesicle fuses with the plasma membrane of the pre-synaptic axon
terminal and releases its contents in the synaptic cleft, which is essential for propagating nerve impulses
between neurons and are constantly created by the cells to facilitate transcellular communication [73].

It should be noted that the SYTL4 mRNAs are found in extracellular vesicles and stimulate target
cells to translate into active protein [78]. The SNAP25 gene encodes t-SNARE which is involved in
the molecular regulation of neurotransmitter release that associates with proteins in vesicle docking
and membrane fusion. It may play an important role in the synaptic function of specific neuronal
systems [77] (https://gene.sfari.org/database/human-gene/). Similarly, STXBP1 protein is essential
for neurotransmission and binds to syntaxin, a component of the synaptic vesicle fusion machinery
(https://www.uniprot.org/uniprot/P61764).

Genes that regulate presynaptic processes ultimately affect neurotransmitter release when
disturbed [79,80]. Synaptic dysfunction in neurodevelopmental disorders is associated with autism and
intellectual disabilities [81–84] as noted by Baker et al. [80] who reported the first case of a rare missense
variant (I368T) in the Synaptotagmin1 (SYT1) gene causing a human neurodevelopmental disorder.
It has a dominant negative effect involving both synaptic vesicle exocytosis and endocytosis [80].

Significant molecular pathways, functions and biological processes (Tables 1–3) of the SYTL4
gene include synaptic vesicle cycle and fusion, exocytosis and neurotransmitter secretion, akin to the
molecular functions of its directly interacting known ASD genes: STXBP1 and SNAP25. Therefore,
deficiency in the functioning of the SYTL4 protein due to the R (279) C amino acid change affects the
canonical structures of the SYTL4 gene as well as its shorter isoform affecting synaptic vesicle cycle and
fusion, exocytosis, and neurotransmitter secretion likely to cause autism and intellectual disabilities.

3.1.26. ASD-Predictive MicroRNAs among Mouse Sytl4- Interacting MicroRNAs

Our analysis of 298 validated/predicted microRNA interactions with mouse Sytl4 gene [34,85–88]
has identified three of five autism-associated serum miRs (60%), namely, miR181b-5p, miR320a,
and miR130a-3p, which have good predictive power in serum [34]. Among these three miRs, miR320
has the greatest ASD predictive power reported in serum as well as in the superior temporal gyrus and
cerebellar cortex of ASD individuals [34,35,37]. In addition, 5 of 13 (38%) miRs that were differentially
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expressed in ASD serum samples were predicted to be interacting with mouse Sytl4 gene [34]. Three of
these five miRs, namely, miR130a-3p, miR181b-5p, and miR328 are predicted to be associated with the
mouse Sytl4 gene. They have been shown to be differentially expressed in schizophrenics [31,32].

3.1.27. Dysregulation of miR-320—Most Predictive for ASD in Serum and Brain Tissues

Recently, miR-320, along with miR-197 in human follicular fluid were found to be associated with
embryonic development potential [89]. Knocking down miR-320 in mouse oocytes negatively affects
embryonic developmental potentially by inhibiting the expression of the Wnt-signaling pathway and
therefore miRNAs in human follicular fluid might reflect an effect on embryo quality [89]. Furthermore,
autopsy tissue sections showed concordantly dysregulated miR-320a and voltage-dependent anion
channel 1 levels in HIV-1 patients suffering from mild cognitive impairment [90]. One could consider
dysregulation of miR-320 as the most predictive for ASD in serum and brain tissues, since it was
also found to be dysregulated in the superior temporal gyrus of ASD specimens [37]. Additionally,
miR-320 and miR-197 are differentially expressed in the ASD cerebellar cortex [35,36]. Given the fact
that miR-320 has been predicted to interact with mouse Sytl4 gene, it gives credence to the SYTL4 gene
as a plausible new gene ASD.

3.1.28. SYTL4 Interacting miR181b-1- Being Predictive of ASD

The micro RNA second in line to miR320 is miR181b-1 as the most predictive for ASD. It not
only showed good predictive power for ASD in serum [34] but is also differentially expressed in
the ASD cerebellar cortex [35,36]. Unlike miR-320, miR181b-1 has additionally been found to show
altered expression in the cortical regions in schizophrenia [32–34], supporting the contention that
ASD and schizophrenia share common neurobiological features [32–34]. In a recent study, significant
down-regulation of miRNA-181b expression in schizophrenics predicted improvement of negative
symptoms to treatment, and thus miRNA-181b is predicted to serve as a potential plasma-molecular
marker for antipsychotic responses [91].

3.1.29. SYTL4 Interacting miR130a-Being Predictive of ASD

Another potentially important micro RNA is miR130a (miR130a-3p) for prediction of ASD but is
lacking corroboration from any ASD brain tissue studies (unlike miR320 and miR181b-1, above). However,
like miRNA-181b, miR130a also showed altered expression (serum/cortical) in schizophrenia, again
supporting the contention that ASD and schizophrenia share common neurobiological features [32–34].

3.1.30. SYTL4-Interacting miR106b and miR328 Dysregulated in ASD Cerebellar Cortex and Altered
among Schizophrenics

Other SYTL4-associated miRs, miR106b (106b-3p) and miR328, have shown up and down regulation,
respectively, in ASD serum and are differentially expressed in the ASD cerebellar cortex [34,35]. In addition,
both miRs have also been shown to be altered among schizophrenics [32–34].

3.1.31. SYTL Interacting miR63, miR103, 5nd miR132 Are Dysregulated in Superior Temporal Gyrus
of ASD

Other predicted SYTL4-interacting miRs, such as, miR93, miR103 (miR103-1 and miR103-2),
and miR132, have been found to be dysregulated in superior temporal gyrus of ASD [37]. Thus,
a total of eight microRNAs which are predicted to be associated with mouse Sytl4 are found to be
altered in ASD serum and/or brain, thereby, augmenting our contention that the SYTL4 gene is a
plausible new ASD candidate gene. Fifty percent (4/8) of the ASD-associated miRs (miRs106, miRs130a,
miRs181b, and miRs328) that are predicated to interact with the mouse Sytl4 gene are also known to be
associated with schizophrenia, supporting the contention that ASD and schizophrenia share common
neurobiological features [34,92,93] (Table 4).
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Fifty percent (4/8) of the ASD-associated mirRs (mirRs93, mirRs103, mirRs132, mirRs320) that
are predicted to interact with mouse Sytl4 have also been determined to be dysregulated in superior
temporal gyrus of ASD [37]. Yet again, 50% (4/8) of the ASD-associated mirRs (mirRs106b, mirRs181b-5p,
mirRs320, mirRs328) predicted to interact with the mouse Sytl4 have also been determined to be
differentially expressed in the ASD cerebellar cortex [35]. Over expression of miR142-5p, miR142-3p,
miR451a, miR144-3p, and miR21-5p has been reported in ASD brain tissue along with hypomethylation
of the promoter region of the miR142 gene in the same samples, suggesting dysregulation of these
microRNAs [94]. However, the mouse Sytl4 gene has not been predicted to interact with any of the
miRs that were found to be over expressed by Mor et al. [94]. Furthermore, these five miRs are not
represented among the 13 differentially expressed miRs in ASD serum [34] (Table 4). Other studies
have also not reported any of the five miRs to be over expressed by Mor et al., [94] based on specific
regions of ASD brains, such as the superior temporal gyrus [37] and cerebellar cortex [35].

3.2. Transmembrane Protein 187 (TMEM187) Gene

TMEM187 is an emerging candidate gene for autism with a discussion undertaken on protein
interactome networks, expression profiling and microRNA interaction studies.

3.2.1. TMEM187 Gene Belongs to a Group of Genes Which Host MicroRNA Genes in Their Introns
or Exons

At the outset, it should be noted that unlike the SYTL4 gene, not much is known about the
TMEM187 gene, and there is limited information available regarding its biological processes, molecular
pathways and functions or microRNA interactions. The TMEM187 gene, like SYTL4, is a protein-coding
gene, but belongs to a group of genes which host microRNA genes in their introns or exons [17].
However, we introduce the TMEM187 gene as an emerging candidate gene for autism with our mutation
analysis of its novel missense variant c.708G>T; p. Gln236His, its STRING-protein interactome network
and its expression profiling.

3.2.2. Novel TMEM187 Missense Variant c.708G>T: Glutamine(Q)236 Histidine(H)

Unlike the SYTL4 gene variant, TMEM187 Glutamine(Q)236 Histidine(H) variant in our patient is
not found in the Exome Aggregation Consortium (ExAC) database. It is also not found in the listed 261
previous variants currently listed at ensembl.org.

3.2.3. Deleterious and Damaging Nature of the Novel TMEM187- Variant

Our extensive analyses of this novel variant, as detailed in the Results section, was often determined
to be deleterious or damaging. Glutamine, which is a polar amino acid, was changed to histidine and
this alters the protein [43,44].

3.2.4. TMEM187 Protein Is Expressed in Brain

Like SYTL4, the TMEM187 gene is ubiquitously expressed in all systems including all parts of the
brain (www.uniprot.org/uniprot/Q14656; www.genecards.org/).

3.2.5. STRING–Gene Interaction Network Study Reveals Direct Protein–Protein Interactions of the
TMEM187 Gene with Several Other Known Autism Genes

Although the novel X-linked TMEM187 missense gene variant c.708G>T; p.Gln236His found in
our high-functioning autism patient is not known as an ASD gene, but analysis of the latest STRING
network interactions reveal direct interactions with four known ASD genes, namely HCFC1, TMLHE,
MECP2, and GPHN (https://gene.sfari.org/database/human-gene/) (Figure 7).
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3.2.6. Significance of TMEM187 Protein-Protein Interacting Autism Genes

HCFC1 is a syndromic ASD gene that interacts with TMEM187, while TMLHE, MECP2 and GPHN
are rare single gene autism genes (https://gene.sfari.org/database/human-gene/). HCFC1 is involved
in control of the cell cycle with mutations in this X-linked (Xq28) gene associated with intellectual
disability [26]. The two genes (TMEM187 and HCFC1) lie just 2kb apart [95]. Over expression of
HCFC1 due to a variant is linked to intellectual disability [26]. A rare mutation in TMLHE has been
identified with autism (https://gene.sfari.org/database/human-gene/).

The TMEM187 gene is in linkage with the MECP2 gene which is a well-known determinant of
brain structure, and amino acid variations in the MECP2 protein cause micro-encephalopathy and
are also associated with several neurodevelopmental disorders that affect both brain morphology
and cognition [96]. Mutations in this gene underlie Rett syndrome, a well-known autism disorder
(https://gene.sfari.org/database/human-gene/). Rare single gene mutations in the GPHN gene are
associated with ASD and this gene encodes a neuronal assembly protein that anchors inhibitors of
neurotransmitter receptors to postsynaptic cytoskeleton (https://gene.sfari.org/database/human-gene/).

3.2.7. Significance of Other Protein-Protein Interactions of TMEM187

The TMEM187 protein interacts directly with UBL4A, RBM25, and AKAP4 (Figure 7). Though
these genes are not known ASD genes, their other transcriptome-wide isoform-level family member
genes are known ASD genes: UBL7, RBM27, RBM8A, RBMS3 and AKAP9 (https://gene.sfari.org/
database/human-gene/).

Additionally, the TMEM187 protein directly interacts with the LAGE3 (L Antigen Family Member
3) protein (Figure 7), however, LAGE3 is not a known ASD gene. It is associated with Galloway-Mowat
syndrome 2, an X-linked early-onset nephrotic syndrome associated with microcephaly, central
nervous system abnormalities, developmental delay, and a propensity for seizures. Brain anomalies
include gyration defects such as lissencephaly, pachygyria, polymicrogyria, and cerebellar hypoplasia.
Most patients show facial dysmorphism characterized by a small, narrow forehead, large/floppy ears,
deep-set eyes, hypertelorism, and micrognathia (www.uniprot.org/uniprot/Q14657).

3.2.8. Other TMEM Proteins Gene Family Members Are Known Autism, Bipolar and Panic
Disorder Genes

Other transmembrane proteins gene family members, such as TMEM231, are known syndromic
autism genes (https://gene.sfari.org/database/human-gene/). This gene is associated with two neurological
syndromes: Joubert syndrome-20 [MIM:614970] and Meckel syndrome 11 (https://gene.sfari.org/database/
human-gene/; MIM:615397). Additionally, two other members (TMEM132E and TMEM132D) are known
to be associated with bipolar and panic disorders [97,98].

3.2.9. X-chromosome Harbors Disproportionately Higher Number of TMEM187-Interacting Autism
and Nervous System Disorder Genes: Implications for Boys vs Girls Ratio

Except for GPHN gene located on chromosome 14, all the other genes (TMEM187, HCFC1, TMLHE,
MECP2, LAGE3 and SYTL4) are located exclusively on the long arm of the X-chromosome. The LAGE3
gene, whose family of genes are clustered together at Xq28, is like that of TMEM187, HCFC1, TMLHE,
and MECP2. SYTL4 is also located on the X-chromosome at q22.1, proximal to the centromere.
This augments the assertion that X-chromosome harbors a disproportionately higher number of ASD
and nervous system disorder genes [99], and consequently, disproportionately affects more boys than
girls, given that the overall odds-ratio for ASD is increased if the rare hemizygous mutation is on the
X-chromosome and X-linked genes expressed in the brain [41] as is the case in all six of these X-linked
genes (www.genecards.org).
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4. Materials and Methods

4.1. Clinical Report

The 7-year-old male proband was the only child born to healthy young non-consanguineous
parents. There was no family history of genetic disorders, malformations, epilepsy, autism, or intellectual
disability. Our proband was the product of a 38-week pregnancy to a primigravida mother via an
uncomplicated C-section due to a transverse presentation. The Apgar scores were 9 and 9 at 1 and
5 min, respectively. The birth weight was 3600 gm (55th percentile), length was 52 cm (85th percentile),
and head circumference was 35 cm (55th percentile).

The proband was evaluated in the Department of Pediatric Neurology, Hospital Universitario
Quirón, Madrid, Spain at the age of 4.5 years due to longstanding impairment in social and
communicative functioning. Although an early intervention program was established in the first
months of life for motor, cognitive, speech development, and social behavior, the proband exhibited
mild psychomotor delay during his first years of life. He walked unsupported at 11 months but
had significant problems with walking, squatting or dressing at 4.5 years of age. First bi-syllabic
babbling occurred at 18 months; at the age of 3 years, he only spoke words without making sentences.
His social development was markedly affected; he showed atypical behaviors, refused playing with
other children, had a limited amount of interests, and eye contact was minimal.

His weight was 19 kg (65th percentile) and height was 109 cm (65th percentile). He had
down-slanting palpebral fissures, mild hypertelorism, thin upper lip, and a pointed chin. Conventional
genetic studies (karyotype and array comparative genomic hybridization) showed no abnormalities.
The neurological exam was normal. He had impaired social interaction during the examination and
lacked eye contact, had peculiar language (echolalias, verbosity, and abnormal pitch), stereotyped
mannerisms, and restricted patterns of interest. Brain MRI and sleep video-EEG tests displayed
normal results. Cognitive assessment using the Wechsler Preschool and Primary Test of Intelligence-III
(WPPSI-III) revealed a verbal and non-verbal IQ at above-average level without significant discrepancies.
The Behavior Assessment System for Children (BASC) completed by his parents and preschool teachers
revealed significant problems in “social skills,” “adaptability” and “atypicality” domains.

At the age of 6 years, his neurological examination remained normal, but he had an unusually
high-pitched voice with stereotyped phrases and echolalia. He tended to perseverate on repetitive
interests and activities (chronology of history, borders of countries). His eye contact was inconsistent
and poorly integrated with other communicative efforts. He reacted aversely to sensory stimuli
(e.g., loud noise, flavors). Autism Spectrum Screening Questionnaire (ASSQ), the Autism Diagnostic
Interview-Revised (ADI-R), and the Autism Diagnostic Observation Scale (ADOS, Module 3) were
administered. His total score on the ASSQ was 31 and 29 according to the evaluation by the teachers
and parents (high-functioning autism cut-off = 22 and 19, respectively). His ADI-R algorithm scores
were 15 on the social domain (autism cut-off = 10), 11 on the communication domain for verbal children
(autism cut-off = 8), and 5 on the repetitive behavior’s domain (autism cut-off = 3). His total score
on the ADOS communication and social algorithm items were 6 and 9 (autism cut-off = 3 and 6,
respectively). The clinical and neuropsychological evaluations were consistent with high-functioning
autism. The patients allowed for us to undertake research investigations. The study was approved
by the local ethics committees on January 7, 2016 and was conducted in accordance with the ethical
principles of the Declaration of Helsinki and Good Clinical Practice standards. Informed consent was
obtained from parents, with the child giving assent.

4.2. Genomic Investigations

Exome sequencing was performed using genomic DNA isolated (MagnaPure, Roche Applied
Science, Manheim, Germany) from whole blood from the proband and parents. Libraries were prepared
using the Ion AmpliSeq™ Exome Kit (Life Technologies, Carlsbad, California, USA) and quantified
by qPCR. The enriched libraries were prepared using Ion Chef™ and sequenced on PI™ Chip in the
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Ion Proton™ System (Life Technologies) to provide >90% of amplicons covered with at least 20X.
Signal processing, base calling, alignment and variant calling were performed on a Proton™ Torrent
Server using the Torrent Suite™ Software (v4.4 Life Technologies, Carlsbad, CA, USA). Variants were
annotated using Ion Reporter™ Software with the human genome reference assemble GRCh37 (hg19)
and pedigree analysis performed using the Genetic Disease Screen (GDS) trio workflow.

Candidate variants were visualized using IGV (Integrative Genomics Viewer, Cambridge, MA,
USA) and evaluated based on stringent assessments at both the gene and variant levels, taking into
consideration both the patient’s phenotype and the inheritance pattern. Variants in the SYTL4 and
TMEM187 genes were recognized as probable pathogenic and confirmed by Sanger sequencing. However,
due to the lack of cooperation from other family members, additional testing was not available.

4.3. Modeling of Native and R279C Variant for SYTL4 Gene

The theoretical atomic models of native and R279C SYTL4 were constructed using
I-TASSER [20,100,101]. With human SYTL4 sequence (UniProtKB Accession # = Q96C24) as query,
multiple sequence-template alignments were initially generated by the meta-threading program
LOMETS [20,102,103], followed by generation of the predicted atomic structures. Native SYTL4 matched
well with several moderately high-scoring templates corresponding to synaptotagmin family members,
with an estimated TM score of 0.5 ± 0.15 and RMSD of 12.2 ± 4.4 Å. The R279C variant also matched to
synaptotagmin family member templates, with slightly lower scores, yielding a TM score and RMSD of
0.45 ± 0.15 and 13.5 ± 4.0 Å, respectively.

Both structures were close to the threshold (TM score >0.5) for correct topology. Molecular
graphics and analyses were performed with the UCSF Chimera package. Chimera is developed by the
Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco
(supported by NIGMS P41-GM103311) [85].

4.4. MicroRNAs

MicroRNAs (miRNAs /miRs) play a key role in the transcriptional networks of the developing
human brain, as regulators of gene expression. Autism spectrum disorder (ASD), being a complex
neurodevelopmental disorder, is characterized by multiple deficits in communication, social interaction
and behavior [34]. Vasu et al. [34] examined the serum expression profiles of 125 neurologically
relevant miRNAs expression profiles in 55 individuals with ASD. These neurologically relevant
miRNAs represented pathways involved in axon guidance, TGF-beta signaling, MAPK signaling,
adherents’ junction, regulation of actin cytoskeleton, oxidative phosphorylation, hedgehog signaling,
focal adhesion, mTOR signaling, and Wnt signaling [34].

Vasu et al. [34] found that only 13 miRNAs (out of the selected 125 miRs; ~10%) were differentially
expressed among the 55 ASD individuals compared to the controls in their serum. Of these 13, miR151a-3p,
miR181b-5p, miR320a, miR328, miR433, miR489, miR572, and miR663a were downregulated (61.5%),
while miR101-3p, miR106b-5p, miR130a-3p, miR195-5p, and miR19b-3p were upregulated (38.5%) [34].
Furthermore, of these 13 miRs, only five miRs (38.5%), namely, miR181b-5p, miR320a, miR572, miR130a-3p
and miR19b-3p had high values for sensitivity, specificity and area under the curve, thereby showing
good predictive power for distinguishing individuals with ASD [34]. Therefore, it was decided to screen
for the presence of these five miRNAs with good ASD predictive power, namely, miR181b-5p, miR320a,
miR572, miR130a-3p and miR19b-3p as well as the other five miRs that were also differentially expressed
among the 55 ASD individuals among the 298 validated/predicted microRNA interactions of mouse
Sytl4 gene [86–88,104]. Additionally, we screened for the presence of other significantly ASD-associated
miRs from brain-specific micro RNA expression studies by others [35–37].

5. Conclusions

1. TMEM187 as well as SYTL4 genes are: X-linked and both located on the long arm of the
X-chromosome at Xq28 and Xq22.1, respectively;
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2. Both Q236H TMEM187 and R279C SYTL4 gene variants have been predicted to be damaging or
deleterious by SIFT, PolyPhen2, MutationTaster, Provean, and LRT variant calling programs;

3. Both TMEM187 and SYTL4 mRNAs are found in extracellular vesicles and stimulate target cells
to translate into active protein [17], and the release and uptake of extracellular vesicles in the nervous
system and glial cells provides novel mechanisms of transcellular communication [73];

4. Together, TMEM187 and SYTL4 genes directly interact with seven known ASD genes: four and
three ASD genes, respectively (Figures 4 and 7; https://gene.sfari.org/database/human-gene/);

5. Another transmembrane protein gene family member, TMEM231, is a known syndromic
autism gene: TMEM231 gene is associated with two neurological syndromes: Joubert syndrome-20
[MIM:614970] and Meckel syndrome 11 (https://gene.sfari.org/database/human-gene/; MIM:615397);

6. The SYTl4-RAB-binding protein RAB27A is specifically associated with mild cognitive
impairment and Alzheimer disease [52];

7. RAB-binding GTPases play a crucial role in causing diverse patho-physiologies including X- linked
mental retardation (intellectual disability) associated with autism, epilepsy, and macrocephaly, suggesting
a major role for specific RAB-binding effector proteins, such as SYTL4, and interacting RAB-activating
GTPases (RAB GTPases) in the maintenance of normal neuronal function [51,59–61,64–66];

8. Two other members of the transmembrane protein gene family, TMEM132E and TMEM132D,
are known to be associated with bipolar and panic disorders, respectively [97,98];

9. One of the TMEM187 genes’ related phenotypes is schizophrenia (GWAS catalog
for TMEM187 gene: Gene relation via enhancers containing phenotype SNP: Enhancer ID:
GH0XJ153980; https://genecards.weizmann.ac.il/geneloc-bin/display_map.pl?chr_nr=0X&range_type=
gh_id&gh_id=GH0XJ153941#GH0XJ153941). Similarly, our extensive ASD predictive mouse
Sytl4-interacting microRNAs study reveals that 50% of the ASD-associated miRs are known to
be associated with schizophrenia (Table 4);

10. A recent large study of gene expression patterns from postmortem brain tissues found
transcriptome-wide isoform-level dysregulation in ASD, schizophrenia, bipolar disorder, panic
disorder, and other related neurological disorders [105], supporting our above findings in SYTL4 and
TMEM187 gene variants that ASD and schizophrenia share common neurobiological features [34,92,93];

11. Both SYTL4 and the TMM187 genes are ubiquitously expressed, including in the brain [9,10,14]
(www.GeneCards.Org; www.Uniprot.Org). The overall odds-ratio for ASD is increased if rare
hemizygous mutations on the X-chromosome in male patients are found as these genes have known
expression in the brain [41].

Given the above analytical analyses, there is evidence to support that the missense mutations seen
in both the TMEM187 and SYTL4 genes, either synergistically or individually, are causal mutations
for the high-functioning autism seen in our patient. Consequently, both genes are proposed as novel
autism candidate genes.

It is probable that both gene variants synergistically are causative of the high-functioning autism
seen in our patient. Oligogenic heterozygosity or involvement of more than one gene observed in
patients, suggests a new potential mechanism in the pathogenesis of autism spectrum disorders [106],
further supporting the suggestion that the multifactorial model of ASD risk or monogenic may be too
simplistic even for the most penetrant causes of ASD [107]. Pathogenicity of mutations individually
or synergistically would require biological assays, such as in-vivo models, for study. Meanwhile,
publications of similar findings by others in the study of autism involving either of these two gene
variants would lend credence to our findings and assertions.
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Abstract: Current studies suggest that autism spectrum disorders (ASDs) may be caused by many
genetic factors. In fact, collectively considering multiple studies aimed at characterizing the basic
pathophysiology of ASDs, a large number of genes has been proposed. Addressing the problem
of molecular data interpretation using gene networks helps to explain genetic heterogeneity in
terms of shared pathways. Besides, the integrative analysis of multiple omics has emerged as
an approach to provide a more comprehensive view of a disease. In this work, we carry out a
network-based meta-analysis of the genes reported as associated with ASDs by studies that involved
genomics, epigenomics, and transcriptomics. Collectively, our analysis provides a prioritization of
the large number of genes proposed to be associated with ASDs, based on genes’ relevance within
the intracellular circuits, the strength of the supporting evidence of association with ASDs, and the
number of different molecular alterations affecting genes. We discuss the presence of the prioritized
genes in the SFARI (Simons Foundation Autism Research Initiative) database and in gene networks
associated with ASDs by other investigations. Lastly, we provide the full results of our analyses to
encourage further studies on common targets amenable to therapy.

Keywords: autism spectrum disorders; biological networks; genomics; multi-omics; network diffusion;
data integration

1. Introduction

Autism spectrum disorders (ASDs) are among the most common neurodevelopmental disorders.
ASDs are characterized by impaired social interactions, repetitive behavior, and restricted interests, and
they are often comorbidities with other conditions such as epilepsy, mental retardation, inflammation,
and gastrointestinal disorders. Despite the fact that the high heritability of ASDs is well established,
the exact underlying causes are unknown in at least 70% of the cases [1]. Large genome-wide
association studies (GWAS), Copy Number Variation (CNV) testing and genome sequencing yielded
many non-overlapping genes, a fact that underlines the complex genetic heterogeneity of ASDs [1] and
reflects the architecture of intracellular networks, in which several possible combinations of genetic
variations are likely to lead to a common pathological phenotype [2,3].

The identification of the key molecular pathways that link many ASDs-causing genes is of
prominent importance in developing therapeutic interventions [1]. In this context, network-based and
pathway-based analyses provide functional explanations to non-overlapping genes and narrow the
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targets for therapeutic intervention [4]. The rich functional pathway information emerging from such
analyses might unearth common targets that are amenable to therapy [1].

One of the challenges that network-based analyses face is the identification of the so-called
“disease modules,” i.e., gene networks associated with diseases [2]. Under the hypothesis of the
“omnigenic model,” gene regulatory networks are so interconnected that a large number of genes is
liable to affect the function of core genes, i.e., those whose variations are strongly related to disease [3].

The analysis of the human interactome—the complex web of molecular interactions occurring
within human cells—is challenging due to its size (e.g., 104 genes and 105 interactions), and several
approaches have been proposed [5]. In the last few decades, the mathematical machinery of network
diffusion (ND)—also referred to as network propagation—has been exploited to address several
problems in biological data analysis, thanks to its ability to quantify network proximity between query
network nodes (e.g., genes) and to simultaneously consider all the possible network paths among
them [6]. When applied to studying the large number of genes proposed to be associated with a
pathology like ASDs (shortly, disease genes), ND amplifies the relevance of those disease genes that
are in close network proximity with other disease genes. In addition, ND predicts the importance of
other genes not known a priori but that will probably act as “linkers” (or “silent players”), because
they occupy a relevant network position in relation to the network location of disease genes.

In a previous study by our group, the application of ND to genes associated with ASDs from
genetic data led to the identification of gene networks and pathways particularly enriched in disease
genes [7]. Interestingly, several genes predicted as relevant in such study are now included in the
SFARI (Simons Foundation Autism Research Initiative) Gene database [8], which provides curated
information on all known human genes associated with ASDs.

In addition to genetics, several reports have suggested a role for epigenetic mechanisms in ASD
etiology [9,10]. Recent studies have also demonstrated the utility of integrating gene expression with
mutation data for the prioritization of genes disrupted by potentially pathogenic mutations [11,12].
More generally, the integrative analysis of multiple omics has emerged as an approach to provide a
more comprehensive view of a disease [13,14].

While the analysis of epigenomics and transcriptomics from brain-derived samples can provide
important insights into the potential mechanisms of disease etiology, there are relevant limitations
with these types of studies (e.g., the quality of autopsy-derived tissue, sample size, influence of life
experience, and cause of death) [10]. These barriers have been overcome by analyzing blood samples,
and recent blood-based works have shown the usefulness of this alternative approach to gather insights
into ASDs [10,15–17].

In this manuscript, we describe a network-based integrative meta-analysis of the results which
have emerged from several studies on ASDs, based on genomics, epigenomics, and transcriptomics.
Firstly, following the hypothesis of the omnigenic model [3], we analyzed genetic data to introduce a
graduated scale of gene relevance in relation to core genes for ASDs. Subsequently, we identified a
gene network significantly enriched in genes supported by one or more of the considered evidence
(genomics, epigenomics, and transcriptomics). The gene network involves genes that participate in
several pathways relevant to ASDs, which we have distinguished by type (or types) of alteration from
which they are affected. Collectively, our network-based meta-analysis provides a prioritization of
the large number of genes proposed to be associated with ASDs, based on genes’ relevance within
the intracellular circuits, the strength of the supporting evidences of association with ASDs, and the
number of different molecular alterations affecting genes. We discuss the presence of the prioritized
genes in the SFARI database and in gene networks associated with ASDs by other studies [18–22].
Lastly, we provide the full results of our analyses to encourage further studies on common targets
amenable to therapy.
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2. Results

Firstly, we describe the results obtained regarding the genes associated with ASDs on the
basis of genomics. We collected these genes from the SFARI Gene database [8], two recent large
studies [23,24], and a series of previous studies summarized by Mosca et al. [7], for a total of 1133 genes
(Table 1). Following the criteria adopted by SFARI, we distinguished between the genes with the
strongest genomics evidence (334 genes, the “genomics-major” group) from the others (799, the
“genomics-minor”).

Table 1. Datasets considered in this study. Selected: The number of genes for which at least a high
confidence interaction with any other gene is catalogued in the STRING database (see methods).
G: Genomics; E: Epigenomics; T: Transcriptomics. ** major evidence; * minor evidence.

Type of
Evidence

Description Subjects
Number of Genes

Initial Selected

** * ** *

G SFARI [8]. -

404 1087 334 799
G

Network diffusion-based prioritization of
autism risk genes identifies significantly

connected gene modules [7].
-

G Meta-analysis of GWAS of over 16,000
individuals with autism spectrum disorder [23]. 15,954

G Synaptic, transcriptional and chromatin genes
disrupted in autism [24]. 13,808

E Case-control meta-analysis of blood DNA
methylation and autism spectrum disorder [10]. 1654 416 1444 272 955

T
Gene expression profiling differentiates autism
case- controls and phenotypic variants of autism

spectrum disorders [25].
116

330 3045 256 2131

T Blood gene expression signatures distinguish
autism spectrum disorders from controls [15]. 285

T
Disrupted functional networks in autism

underlie early brain mal-development and
provide accurate classification. [26].

147

T Gene expression in blood of children with
autism spectrum disorder [27]. 47

Subsequently, we could describe the multi-omics analysis in which we also considered evidences
emerged in studies that focused on epigenomics [10] and transcriptomics [15,25–27]. Additionally in
these cases, we distinguished between the genes with the strongest evidences (“epigenomics-major”
and “transcriptomics-major”) from the others (“epigenomics-minor” and “transcriptomics-minor”),
following the indications of the corresponding studies from which we collected the data (Table 1).

2.1. Genomics Analysis

Recently, the “omnigenic model” was proposed to explain the inheritance of complex diseases [3].
In this model, the genes whose genetic damage tend to have the strongest effects on disease risk are
considered core genes, while those genes that have a minor impact on disease risk are designated as
peripheral. The number of peripheral genes may be large as a consequence of the multiple ways in
which these genes may interact with core genes throughout cell regulatory networks. Importantly,
such classification may be on a graduated scale rather than simply binary [3].

In this context, ND provides an opportunity to define quantitatively the degree of peripherality of
all genes in relation to “seed” genes, exploring all possible network paths among genes in intracellular
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networks. We applied ND on the human interactome (high confidence functional and biophysical
interactions catalogued in STRING), considering as seeds: the core genes for ASDs, among which we
included those classified in SFARI as “syndromic,” “high confidence,” “strong candidate,” “suggestive
evidence,” and “syndromic minimal evidence,” for a total of 334 genes; other 799 genes proposed to
have a role in ASDs (Supplementary Table S1).

We found several genes with a significant network proximity to core genes (Figure 1A,
Supplementary Table S1). From a topological point of view, among these genes, we found both
hubs (genes that establish many interactions, such as UBC, ubiquitin C; DYNC1H1, dynein cytoplasmic
1 heavy chain 1; and EP300, E1A binding protein p300) and genes with a lower number of connections
(e.g., CHD2, chromodomain helicase DNA binding protein 2; NUDCD2, NudC domain containing
2; and SETD5, SET domain containing 5), which are nevertheless important for the information flow
within the network (Figure 1A).

Figure 1. Genes in network proximity to the core genes of autism spectrum disorders (ASDs). (A)
Diffusion score (Xs) normalized by its empirical p-value (horizontal axis) and number of interactions
(|I|, vertical axis); only genes with p < 0.05 are shown. (B) Connected components of “core+13”
network. (A,B) Blue points: 13 genes of “core+13”; pink points: core genes; yellow points: Significant
genes outside “core+13” genes; red border of points: Genes supported at transcriptomic and/or
epigenetic levels.

Interestingly, 13 genes obtained scores comparable to those of core genes (Figure 1). These results
indicate that these 13 genes closely interact with the core genes, and, in almost all cases, the number
of interactions that these genes establish with the core genes is significant (Table 2, Supplementary
Figure S1). From now on, we will call the set of core genes and the 13 genes closely related to the core
genes as “core+13.” In the core+13 gene network, the 13 genes act as linkers between groups of core
genes not directly connected with each other; for instance, WDR37 (WD repeat domain 37) links PACS1
(phosphofurin acidic cluster sorting protein 1) and PACS2 (phosphofurin acidic cluster sorting protein
2). The resulting largest connected component involves 204 genes, while the remaining 143 genes are
mostly isolated or form very small modules of two or three genes.

We checked whether any of these 13 genes, currently not included in the highest categories of
SFARI, are nevertheless classified in other categories corresponding to a lower degree of evidence or
have been reported in other network-based analyses of ASDs data. We found that six genes belong to
the categories designated as “minimal evidence” or “hypothesized but untested,” and eight genes
were proposed as part of gene networks associated with ASDs (Table 2).
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Table 2. The 13 genes that closely interact with the core genes of ASDs. |I|: Number of interactors;
|Ic|: Number of interactors that are core genes; p: Hypergeometric probability of observing |Ic| in
a hypergeometric experiment; G: Genomics; E: Epigenomics; T: Transcriptomics; ** major; * minor;
0: No evidence; SFARI score: “minimal evidence” (4), “hypothesized but untested” (5); other modules:
Reference of gene-networks studies of ASDs in which the gene is mentioned. The total number of
genes considered is equal to the interactome size: 12,739 genes.

Symbol Description |I| |Ic| |core| p G E T
SFARI
Score

Other
Modules

HCN4
hyperpolarization activated

cyclic nucleotide gated
potassium channel 4

4 2 334 3.97 × 10−3 * * 0 - -

DLGAP2 DLG associated protein 2 21 8 334 3.10 × 10−8 * 0 0 4 [18,21,22]

HCN2

hyperpolarization activated
cyclic nucleotide gated

potassium and sodium channel
2

4 1 334 1.01 × 10−1 * 0 0 - -

UBC ubiquitin C 1168 43 334 1.41 × 10−2 * 0 0 - [20]

NLGN2 neuroligin 2 28 8 334 4.04 × 10−7 * 0 0 4 [18]

WDR37 WD repeat domain 37 2 2 334 6.85 × 10−4 0 0 * - -

MTMR2 myotubularin related protein 2 6 1 334 1.47 × 10−1 * 0 0 - -

EPB41L1 erythrocyte membrane protein
band 4.1 like 1 34 9 334 1.55 × 10−7 * 0 0 - [21]

GABRA5 gamma-aminobutyric acid
type A receptor alpha5 subunit 17 4 334 8.43 × 10−4 * 0 0 5 [21]

STX1A syntaxin 1A 78 10 334 3.47 × 10−5 * 0 0 4 [20,21]

EPB41 erythrocyte membrane protein
band 4.1 16 5 334 4.14 × 10−5 * 0 ** - [20]

CACNA1F calcium voltage-gated channel
subunit alpha1 F 37 6 334 3.63 × 10−4 * 0 0 4 [21]

PRKCA protein kinase C alpha 197 11 334 1.48 × 10−2 * * * 4 -

Collectively, we observed that a significant number of “core+13” genes emerged as associated with ASDs at
epigenomics level (p = 2.63 × 10−4; hypergeometic test; Table 3) and at transcriptomics level; p = 1.22 × 10−3

hypergeometic test, Table 3).

Table 3. Overlaps among the lists of genes associated with ASDs. G: Genomic; E: Epigenomics;
T: Transcriptomics; ** major; * minor; core+13(E) and core+13(T) indicate genes belonging to the core+13
set and which are supported by E and T, respectively.

A B |A| |B| |U| |A∩B| 〈|A∩B|〉 P(x≥|A∩B|)

core+13 core+13(E) 347 1227 12739 54 3.27 2.63 × 10−4

core+13 core+13(T) 347 2387 12739 88 6.37 1.22 × 10−3

G E 1133 1227 12739 146 109 1.09 × 10−4

G T 1133 2387 12739 235 212 3.95 × 10−2

E T 1227 2387 12739 243 230 1.66 × 10−1

G ** E ** 334 272 12739 15 7.13 5.47 × 10−3

G ** T ** 334 256 12739 15 6.71 3.12 × 10−3

E ** T ** 272 256 12739 5 5.47 6.42 × 10−1

The association with ASDs for 12 of the 13 genes is supported at genomic level. In addition, HCN4
(hyperpolarization activated cyclic nucleotide gated potassium channel 4) was found with epigenetic
modifications in a study of Andrews et al. [10], while PRKCA (protein kinase C alpha) was found
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both epigenetically modified [10] and differentially expressed [26]. WDR37 does not have supporting
evidences at genomic level, but it was found differentially expressed [25].

2.2. Multi-Omics Analysis

We assessed the significance of the overlaps among the lists of genes associated with ASDs by
genomics, epigenomics, and transcriptomics evidences. We observed significant overlaps between the
list of genes from genomics and those supported by epigenomics or transcriptomics (Table 3). The
intersection among the three gene lists consists of 40 genes, 34 of which are included in the considered
interactome (shortly “shared”) (Figure 2). Out of the shared genes, 26 do not interact directly with
any other shared gene, while eight genes form three connected components composed of: DYNC1H1,
TRAPPC6B (trafficking protein particle complex 6B), TRAPPC9 (trafficking protein particle complex
9) and CSNK1D (casein kinase 1 delta); GNAS (GNAS complex locus) and PRKCA (protein kinase C
alpha); EP400 and TRRAP (transformation/transcription domain associated protein) (Supplementary
Figure S2).

Figure 2. Overlaps among genes associated with ASDs by genomics, epigenomics, and transcriptomics.
(A,B) G: Genomics; E: Epigenomics; T: Transcriptomics. ** major.

In order to find modules of functionally related genes supported by one or more types of
evidences (“layers” from now on), we used ND (see methods) and obtained a final diffusion score that
summarized the relevance of each gene in relation to its location in the interactome and its network
proximity to other genes associated with ASDs in one or more layers (genomics, epigenomics, and
transcriptomics). The higher the final diffusion score, the closer the gene to ASDs genes in one or more
of the considered layers.

At the top of the resulting genome-wide ranking, we found genes with significant scores (Figure 3,
Supplementary Table S2). To assess whether these highly ranked genes formed significantly connected
gene modules, we used network resampling [28] and found a multi-omics integrative gene module
(INT-MODULE) involving a total of 275 genes (Supplementary Figure S3). The largest connected
component (266 genes) of the INT-MODULE connected 22 shared genes which do not establish direct
interactions with each other if considered in isolation (Figure 3).

We compared the INT-MODULE with gene networks proposed by other studies on ASDs and
found that 157 genes occurred in at least one of such networks (Supplementary Table S3). In addition to
the 144 INT-MODULE genes occurring among the highest SFARI categories, we found that 10 genes are
classified as “minimal evidence” and “hypothesized but untested” in SFARI (Table 4, Supplementary
Figure S4), and seven of these 10 genes were reported by other network-based analyses (Table 4). The
INT-MODULE includes also LRRC46 (leucine rich repeat containing 46), the only gene of the module
that does not occur in any of the input gene lists (Figure 3, Supplementary Figure S4).

116



Int. J. Mol. Sci. 2019, 20, 3363

Figure 3. Integrative multi-omics analysis. (A) Global network diffusion scores (horizontal axis) and
number of interactions (vertical axis) of the top ranking genes; the vertical dashed line separates the
top 275 genes belonging to the INT-MODULE (higher scores, on the right) from the other genes (lower
scores, on the left). (B) Network of the top 275 genes (INT-MODULE). Green circles: shared genes; blue
circles: Genes included in SFARI categories 4 and 5; red circle: LRRC46.

Table 4. INT-MODULE genes SFARI. G: Genomics; E: Epigenomics; T: Transcriptomics. ** major;
* minor. Im: Number of interactors within the INT-MODULE; SFARI score: “minimal evidence”
(4), “hypothesized but untested” (5). Other modules: Reference of gene-networks studies that also
associated the gene to ASDs.

Symbol Description #Im G E T
SFARI
Score

Other
Modules

BAIAP2 BAI1-associated protein 2 4 * * 0 5 [19,21]

CACNA1B calcium voltage-gated channel subunit
alpha1 B 7 0 ** 0 4 [19,21]

CREBBP CREB binding protein 43 0 0 ** 5 [18,20,21]

HOXB1 homeobox B1 12 0 * * 5 [18]

INPP1 inositol polyphosphate-1-phosphatase 1 0 ** 0 4 [18,21]

ITPR1 inositol 1,4,5-trisphosphate receptor type 1 11 * * 0 4 [19,21]

KCNMA1
potassium large conductance

calcium-activated channel, subfamily M,
alpha member 1

1 0 ** 0 4 [20]

RASSF5 Ras association domain family member 5 0 0 ** ** 4 -

RBM8A RNA binding motif protein 8A 10 0 ** * 5 -

SH3KBP1 SH3-domain kinase binding protein 1 12 * 0 ** 5 -

To functionally characterize the INT-MODULE, we partitioned its largest connected component
(266 genes) in topological clusters and assessed both the enrichment of each cluster in terms of molecular
pathways and the types of evidences associated with each cluster (Supplementary Tables S2, S4–S6).
We explored several community detection strategies and found the highest modularity with a partition
of 12 clusters (Figure 4A, Supplementary Figure S5).
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Figure 4. Functional characterization of the INT-MODULE. (A) Topological clusters; #1–12: Clusters of
the largest connected component; #13,14: Two clusters of three and two genes, respectively; #15: The
remaining four genes. (B) Enrichment (vertical axis) of each cluster in terms of genes supported by
genomics (G), epigenomics (E), and transcriptomics (T): A value of 1 indicates the same proportion
within the cluster and in the whole INT-MODULE.

The two largest clusters are composed of 61 (cluster #8) and 53 (cluster #3) genes, and they
are characterized by a similar proportion of supporting evidences (Figure 4B). These two central
clusters contain genes that are part of the same pathways, such as the Wnt signaling pathway (#8:
q = 1.83 × 10−2; #3: q = 1.79 × 10−5) and IL-7 signal transduction (#8: q = 4.54 × 10−2; #3: q = 6.02 × 10−4),
but they are also marked by specific pathways. In particular, among the pathways specifically enriched
in cluster #8 and #3, we found chromatin organization (q = 1.27 × 10−27) and signaling by VEGF
(q = 5.41 × 10−23), respectively. Cluster #7 (41 genes) is the most enriched in differentially expressed
genes and significantly associated with pathways involved in cell cycle processes. Cluster #5 is
mainly enriched in genes associated with epigenetic and transcriptional changes, and it is marked by
mRNA splicing (q = 1.92 × 10−12). Cluster #6 is particularly enriched in genes with epigenetic changes
and associated it with extracellular matrix organization (q = 6.10 × 10−5). Cluster #2 (nine genes) is
supported at the genomics and epigenomics levels and is enriched in genes of the calcium signaling
pathway (q = 4.88 × 10−12). Lastly, clusters #11 and #4 are composed of genes associated with ASDs
mainly at the genetic level, which, respectively, control the GABAergic synapse (#4: q = 3.90 × 10−6)
and encode for cell adhesion molecules (#11: q = 1.58 × 10−5) active in the neuronal system.

3. Discussion

The integrative analysis of gene related evidence (e.g., DNA polymorphism or mutations,
epigenetic changes, transcriptional variations) and gene–gene interaction evidences allows for the
extraction of otherwise hidden patterns. In this context, it is worth noting that 68 genes that we
proposed as relevant to ASDs in a previous network-based analysis of genetic data are now classified
in SFARI (Supplementary Table S7).

In light of the utmost importance of jointly analyzing omics data and intracellular networks,
Boyle et al. [3] proposed an explanation for the large number of genes that may be involved in a
complex disease as the result of the highly interacting nature of molecular networks. Following the
omnigenic model [3], we considered as core genes of ASDs those whose variations are highly scored in
SFARI and quantified, by means of network proximity, the degree of peripherality of all other genes in
relation to the core genes. This analysis led to the identification of 13 genes significantly connected
with the core genes. The strong functional relationship we found between these 13 genes and the core
genes suggests that even the former can play an important role in ASDs.
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As for the 13 predicted genes (Table 2) that closely interact with the core genes of ASDs, they mainly
belong to different neuronal pathways and are especially involved in synaptic function and plasticity
that, if impaired, could actively contribute to the pathogenesis of ASDs and/or to their comorbidities.
Genes encoding for the ion channel were found among these genes, and the role of various ion channel
gene defects (channelopathies) is known in the pathogenesis of ASDs. For instance, HCN2 and HCN4
belong to the hyperpolarization-activated cyclic nucleotide-gated (HCN) channels family, encoding
for non-selective voltage-gated cation channels, and they are strongly expressed in the brain. These
channels establish the slow native pacemaker currents contributing to membrane resting potentials,
input resistance, dendritic integration, synaptic transmission, and neuronal excitability. Interestingly,
it seems that SHANK3, strongly linked to ASDs, works in organization of HCN-channels [29] and
that its expression negatively influences those of HCN2 [30], so variations in the SHANK3 gene are
reflected in pacemaker current abnormalities. In addition, variants in HCN1, another member of the
HCN family, were detected in patients with epileptic encephalopathy and clinical features of Dravet
syndrome, intellectual disability, and autistic features [31].

Some of the predicted genes, such as EPB41 and EPB41L1, take part in cytoskeleton and synaptic
structures. EPB41 is the founding member of the large family of proteins that associate with membrane
proteins and cytoskeleton and in neurons is involved in protein–protein interactions at synaptic level.
It interacts with NRXN1 and NRXN2, as well as NLGN1, -2, -3, and -4X. These proteins act at the
presynaptic and post synaptic level and causative variations in NRXN1, -2 [32,33], as well and NLGN2
(also in core+13 gene set), -3, and -4X [34,35] have already been described in ASDs. Furthermore,
EPB41L1 (highly expressed in the brain) and the ionotropic glutamate receptor GRIA1, were listed in the
13 predicted and in core genes, respectively, interact thus contributing to glutamate neurotransmission.
An alteration of glutamate neurotransmission was found in ASDs. Interestingly, EPB41L1 is associated
with mental retardation, deafness autosomal dominant 11 and autosomal dominant non-syndromic
intellectual disability.

Then again, DLGAP2 is a member of the postsynaptic density proteins (as SHANK3), probably
involved in molecular organization of synapses and signaling in neuronal cells, with implications
in synaptogenesis and plasticity. In particular, DLGAP2 could be an adapter protein linking the ion
channel to the sub-synaptic cytoskeleton. Animal models demonstrated that DLGAP2 has key role in
social behaviors and synaptic functions [36]. Case studies also report rare DLGAP2 duplications in
ASDs [37–39]. Then again, the DLGAP2 gene has an important paralog, DLGAP1, already associated
with ASDs. DLGAP1 proteins interact with other ASDs-associated proteins such as DLG1, DLG4,
SHANK1, SHANK2 and SHANK3 [18]. Moreover, the analysis of rare copy number variants in ASDs
found numerous de novo and inherited events in many novel ASDs genes including DLGAP2 [22].

Among the 13 predicted genes, syntaxin-1A (STX1A) is also involved in synaptic signaling.
This gene encodes for part of complex of proteins mediating fusion of synaptic vesicles with the
presynaptic plasma membrane. A dysregulation of STX1A expression [40–42] has been reported in
high functioning autism and Asperger syndrome. A significant association between three STX1A
SNPs (Single Nucleotide Polymorhpisms) and Asperger syndrome was recently described. These
SNPs could alter transcription factor binding sites both directly and through other variants in linkage
disequilibrium [43].

The list of predicted genes includes GABRA5. It transcribes for the subunit 5 of GABA receptor
alpha whose reduced expression and reduced protein level have been described in autism [44], and
the SNPs of this gene are biomarkers of symptoms and developmental deficit in Han Chinese with
autism [45]. The inclusion of this gene in the core list strengthens the evidences of imbalance between
excitatory and inhibitory neurotransmission in ASDs and abnormalities in glutamate and GABA
signaling as possible causative pathological mechanisms of ASDs.

Few of these predicted genes encode for proteins involved in non-neuronal specific signaling
pathways, which are also important for ASDs: PRKCA, WDR37 and UBC. PRKCA regulates many
signaling pathways such as cell proliferation, apoptosis, differentiation, tumorigenesis, angiogenesis,
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platelet function, and inflammation. A meta-analysis performed on the de novo mutation data of
10,927 individuals with neurodevelopmental disorders found an excess of missense variants in the
PRKCA gene [46]. The WDR37 gene encodes a member of a protein family that is involved in many
cellular processes such as cell cycle progression, signal transduction, apoptosis, and gene regulation.
WDR37 is a nuclear protein ubiquitous expressed and particularly abundant in the cerebellum and
whole brain. There are no direct evidences for ASDs development and WDR37—however, recently, it
has been demonstrated that WDR47 shares functional characteristics with PAFAH1B1, which causes
lissencephaly. PAFAH1B1 also constitutes a key protein-network interaction node with high-risk ASDs
genes expressed in the synapse that can impact synaptogenesis and social behavior [47].

Our analysis confirms the importance of the X-linked gene in the aetiopathogenesis of ASDs.
Mutations of CACNA1F (located at Xp11.23) mainly cause X-linked eye disorders. Since the role of
various ion channel gene defects (channelopathies) in the pathogenesis of ASDs is becoming evident,
the deep resequencing of these functional genomic regions has been performed. These studies revealed
potentially causative rare variants contributing to ASDs in CACNA1F. Then again, CACNA1D, an
important paralog of CACNA1F, displayed de novo missense variants in ASDs probands from the
Simons Simplex Collection [48,49]. Moreover, the gene being X-linked could contribute to the sex bias
of ASDs.

Out of the 13 genes tightly interconnected with the core, the occurrence in SFARI (six genes in
“minimal evidence” or “hypothesized but untested”), the inclusion in networks associated with ASDs
by other studies (eight genes) and the presence of epigenetics and/or transcriptional changes modified
in ASDs patients vs controls (four genes), constitute further evidences in favor of these genes. A similar
reasoning can be extended to peripheral genes, for which we proposed a graduated scale of relevance
in relation to the core genes. To this aim, we provided the full results.

Overall, we observed a significant overlap between the lists of genes associated with ASDs by
studies of genomics, as well as by studies of epigenomics and transcriptomics from blood samples,
with a total of 40 genes supported by all the three types of evidences (of which 34 had high confidence
functional interactions). We also observed that a significant number of the core+13 genes has been
reported as epigenetically and/or transcriptionally modified in ASDs patients. The observation that
different types of alterations refer to the same genes further stresses the role of these genes in ASDs.
These results are in line with those of previous studies that suggested the potential role of genetic factors
in contributing to DNA methylation differences in ASDs [10]. Moreover, blood-derived epigenetic
changes observed in genes whose sequence variations are associated with ASDs are more likely to
have a common function across tissues compared to those not related to genetic changes [17].

The existence of molecular relations between altered genes increases the likelihood that such
alterations have a role in ASDs, suggesting molecular pathways that encompass such genes and
functional relations among different types of alterations. Our analysis highlighted a network of
275 genes, which is strongly supported by genomics, epigenomics, and transcriptomics. Importantly,
this network gathers 22 genes not directly linked to each other but supported by all three types of
evidences. Interestingly, 157 of the INT-MODULE genes were proposed by other network-based
studies on ASDs, different in terms of input data and analysis approach. A total of 144 genes belong
to the highest scoring SFARI categories. Ten other genes of the network are currently classified in
SFARI as “minimal evidence” and “hypothesized but untested” and are also supported by epigenomics
and/or transcriptomics. Therefore, they deserve special attention among the genes of such categories.

The largest connected component of the network (275 genes) can be partitioned in 12 subgroups
or topological sub-modules. This analysis suggests a different role of the sub-modules by function
and by association with one or more types of alterations. For example, cluster #3, equally supported
by all the three types of evidence, includes genes that belong to inflammatory mediator regulation of
transient receptor potential (TRP) channels. Inflammation and immune system dysfunctions are in
comorbidity with ASDs, and TRP canonical channel 6 (TRPC6) is emerging as a functional element for
the control of calcium currents in immune-committed cells and target tissues, influencing leukocytes
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tasks. Interestingly, TRPC6 is also involved in neuronal development and variants in the TRPC6 gene
(within core gene) were found in patients with ASDs. Moreover, MeCP2, a transcriptional regulator
whose mutations cause Rett syndrome, was found abundant in a TRPC6 promoter region resulting
a transcriptional regulator of this gene [50] TRPC6, in turn, activates neuronal pathways, including
BDNF, CAMKIV, Akt, and CREB signaling pathways, also involved in ASDs [51].

The prioritization of genes in terms of causality is a relevant challenge, especially in a complex
and multi-genic disorder like ASDs. Nevertheless, it is possible to distinguish, among the functional
themes highlighted by our integrative analysis, possible causative pathways considering their function
and/or alteration type. For example, genes of clusters #4 and #11 mainly display genetic alterations
and participate, respectively, in neuronal cell adhesion and GABAergic synapses, pathways already
associated with brain morpho-functional abnormalities in ASDs.

Our integrative analysis of the large number of genes reported by studies on ASDs that focused on
genomics, epigenomics, and transcriptomics prioritized a series of genes interconnected by functional
relations and associated with one or more types of molecular alteration. Since this rich information
might unearth common targets that are amenable to therapy [1], we have provided the full results of
our network-based meta-analyses.

4. Materials and Methods

4.1. Molecular Interactions

Molecular interactions were collected from the STRING database [52] for a total of 12,739 genes
and 355,171 links with high confidence (score ≥ 700). Native identifiers were mapped to Entrez
Gene [53] identifiers. In case multiple proteins mapped to the same gene identifier, only the pair of
gene identifiers with the highest STRING confidence score was considered.

4.2. Genomics

Genes associated with ASDs on the basis of genomics evidences were collected from the SFARI
Gene database [8] and previous studies [7,23,24]. The SFARI Gene scoring system classifies genes
on the basis of the strength of the supporting evidences as: “Syndromic” (S), “high confidence” (1),
“strong candidate” (2), “suggestive evidence” (3), “minimal evidence” (4), “hypothesized but untested”
(5), and “Evidence does not support a role” (6). Genes classified as S, 1, 2, 3, 1S, 2S, 3S, and 4S were
assigned to the genomics-major evidence group.

Genes belonging to the genomics-minor group were collected from Mosca et al. [7], in which
genes associated with SNPs, mutations, and CNV emerging from several large studies were reported,
the meta-analysis study of GWAS of over 16,000 individuals with ASDs [23], and the whole-exome
sequencing study of rare coding variation in 3871 autism cases and 9937 ancestry-matched or parental
controls [24]. Native gene identifiers were converted to Entrez Gene identifiers [53].

4.3. Epigenomics

Genes associated with ASDs at the epigenomics level were collected from a previous study [10]
in which the authors performed a case-control meta-analysis of blood DNA methylation among two
large case-control studies of autism (796 ASDs cases and 868 controls) using METAL software [54] on
the probes that were present in both studies. All genes found by their meta-analysis with p < 10−3

were assigned to epigenomics-major group, while the genes with 10−3≤ p < 5 × 10−3 were assigned to
epigenomics-minor. Native gene identifiers were converted to Entrez Gene [53] identifiers.

4.4. Transcriptomics

Genes associated with ASDs at transcriptomics level were collected from the four studies [15,25–27]
reported in [55], in which the original authors generated blood-based gene expression profiles from
microarray experiments with sample sizes greater than 40 and provided list of differentially expressed
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genes. Following the approach by [55], genes reported as differentially expressed in at least two
studies were assigned to the transcriptomics-major group, while the other differentially expressed
genes were assigned to the transcriptomics-minor group. Native gene identifiers were converted
to Entrez Gene [53] identifiers, and only genes occurring in STRING network were considered in
network-based analyses.

4.5. Gene Prioritization Based on Network Diffusion

Network diffusion (ND) was performed using an approach previously described [7,28,56,57]. A
genes-by-layers input matrix X0 = (x1, x2, x3) was defined where each element xij was set to: 1 if the
gene i was member of a “-major” group in layer j; 0.5 if the gene i was member of a “-minor” group in
layer j; and 0 if the gene was i was not associated with ASDs in layer j. ND was applied to X0 using the
genome-wide interactome represented by the symmetric normalized adjacency matrix W, according to
the following iterative procedure:

Xt+1 = αWXt + (1− α)X0

Xss = lim
t→∞Xt

where α ∈ (0, 1) is a scalar that weights the relative importance of the two addends and was set to 0.7,
a value that represents a good trade-off between diffusion rate and computational cost and determined
consistent results in previous studies [7,28,56–58]. The resulting matrix Xss, containing ND scores, was
column-wise normalized by the maximum of each column, obtaining the matrix X∗. Similarly to what
was done by Ruffalo et al. [59], a final diffusion score di was calculated for each gene i, multiplying the
sum of its three scores

(
x∗i1, x∗i2, x∗i3

)
by the sum of the three averages

(
y∗i1, y∗i2, y∗i3

)
obtained considering

the top 3 direct neighbors of i with the highest diffusion scores in each layer [60]. Statistical significance
of gene scores was assessed by empirical p values, calculated using 1000 permutations of the input
matrix X0.

4.6. Functional Characterization of the INT-MODULE

Topological community identification was performed using methods based on different rationales
such as modularity/energy function optimization, edge removal, label propagation, leading eigenvector,
and random walks. Modularity was quantified using the Newman definition [61]. Community
identification and modularity quantification were performed using functions implemented R package
igraph [62].

Pathway analysis was carried out using gene-pathway associations from Biosystems [63] and
MSigDB Canonical Pathways [64]. Each pathway was assessed for the over-representation of genes
from each cluster using the hypergeometric test (R functions “phyper” and “dhyper”). Nominal
p values were corrected for multiple testing using the Bonferroni–Hochberg method (R function
“p.adjust”), obtaining q values.

The enrichment of each cluster in terms of a type A of evidence (e.g., genomics) was quantified
as the ratio between the fraction of genes supported by A in the cluster and the fraction of genes
supported by A in the INT-MODULE.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/13/
3363/s1.
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Abstract: Autism Spectrum Disorder (ASD) is a developmental disorder characterized by social and
communication deficits and repetitive behaviors. Children with ASD are also at a higher risk for
developing overweight or obesity than children with typical development (TD). Childhood obesity
has been associated with adverse health outcomes, including insulin resistance, diabetes, heart disease,
and certain cancers. Importantly some key factors that play a mediating role in these higher rates of
obesity include lifestyle factors and biological influences, as well as secondary comorbidities and
medications. This review summarizes current knowledge about behavioral and lifestyle factors
that could contribute to unhealthy weight gain in children with ASD, as well as the current state
of knowledge of emerging risk factors such as the possible influence of sleep problems, the gut
microbiome, endocrine influences and maternal metabolic disorders. We also discuss some of the
clinical implications of these risk factors and areas for future research.

Keywords: Autism spectrum disorder; ASD; Obesity; Overweight; Body mass index; BMI

1. Introduction

Autism Spectrum Disorder (ASD) is a developmental disorder characterized by social and
communication impairments and repetitive behaviors [1,2]; the global prevalence is estimated at
1 in 160 children [3], although current North American estimates are around 1 in 60 children [4,5].
Children with ASD are also often at an increased risk for becoming obese (i.e., body mass index
[BMI]-for-age ≥95th percentile) or overweight (i.e., BMI-for-age ≥85th percentile) than children
with typical development (TD) [6–8]. These BMI levels are associated with adverse health outcomes,
including insulin resistance, diabetes, heart disease, and certain cancers [9,10]. Obesity in childhood can
also adversely affect physical, emotional, and social functioning, as well as academic performance [11],
which might compound disability and reduced quality of life associated with ASD.

Some known key factors that may play a mediating role in the higher rates of obesity observed
in children with ASD include eating behaviors [12], lifestyle [13], secondary comorbidities [14], and
medications usage [15]. There is also evidence showing that reduced gut microbiota diversity [16,17],
hormonal imbalances [18–20], and maternal metabolic disorders [21,22] may influence the development
of either ASD or childhood obesity alone. However, it is yet not clear whether and to what extent these
emerging factors are contributors for unhealthy weight gain and obesity among children with ASD. We
define emerging risk factors as factors independently associated with increased risk for both obesity

Int. J. Mol. Sci. 2019, 20, 3285; doi:10.3390/ijms20133285 www.mdpi.com/journal/ijms127



Int. J. Mol. Sci. 2019, 20, 3285

and ASD that have not yet been studied as risk factors for unhealthy weight gain and obesity among
children with ASD.

Preventing unhealthy weight gain and obesity among children with ASD is crucial, as obesity
affects overall children’s health and well-being and often persists into adulthood [23]. To develop
appropriate strategies with increased efficacy, a comprehensive understanding of the risk factors for
obesity development in ASD is required. Therefore, the purpose of this narrative review is to critically
summarize current knowledge of behavioral, lifestyle, and biological factors potentially contributing
to unhealthy weight gain in children with ASD. We also discuss the current state of knowledge of
novel emerging risk factors for pediatric obesity in ASD.

Briefly, studies discussed in this manuscript were obtained after conducting a literature search
in the main databases MEDLINE, CINAHL, and Google Scholar from inception to May 2019. We
searched for multiple variations of the disorder (e.g., autism, autism spectrum disorder, Asperger
syndrome) and keywords related to each section of this manuscript (e.g., obesity, overweight, weight
gain, oral sensitivities, food selectivity, physical activity, recreational activities). Search was limited
to articles in English and reference lists of selected articles, systematic reviews, and meta-analyses
were manually reviewed to identify additional relevant articles. A critical synthesis of the literature is
presented throughout the main text, describing the limitations of included articles.

2. Feeding Behavior

Reported rates of atypical behavior related to sensory experiences are high among children with
ASD [24]. Compared to sex- and age-matched controls, individuals with autism aged 3 to 56 years old
exhibited an abnormal oral sensory processing, characterized by either greater oral seeking (e.g., child
putting everything into their mouth) or oral defensiveness (e.g., avoidance of certain textures and
tastes and/or only eating a limited variety of foods) [25,26]. Interestingly, age-group analyses revealed
reductions in the differences of sensory processing difficulties between ASD and TD children over time,
suggesting that children are the most affected ones [25]. These sensory difficulties can lead to atypical
eating behaviors and feeding practices in ASD, as children may avoid certain foods due to texture
and/or taste and only eat a limited variety of foods (i.e., food selectivity). In fact, a recent meta-analysis
identified that children with ASD experienced about five times more feeding problems and exhibited
lower intake of calcium than TD children [27]. Thus, children with ASD may be at risk for inadequate
micronutrient intake [28].

Although several studies characterizing feeding behaviors in children with ASD have evaluated
the prevalence of overweight and obesity, few have attempted to investigate whether differences in
feeding behavior are related to body weight categories. To our knowledge, only one study found that
male children with ASD, who were overweight or obese, had more problematic mealtime and feeding
behaviors than overweight or obese TD children, as indicated by the higher scores on a Behavior
Pediatrics Feeding Assessment Scale (BPFA) in the ASD group [29]. There were no differences in BPFA
scores between children with ASD and TD children, of either thin or adequate weight status [29].
However, another study of younger male and female children described no differences in feeding
behaviors (assessed by questionnaire depicting oral function, eating problems, and others) across
weight categories [30]. It is important to note that the sample populations in these two studies differed
by age, sex, and cultural origins (Brazilian vs. Chinese), limiting comparison. Moreover, the second
study found that children with ASD actually had lower mean BMI z-scores than TD children. Another
approach to assessing whether feeding behaviors play a role in obesity is to examine within sample
correlations. For example, one study found no significant association between dietary patterns and BMI
z-score in children with ASD aged 3 to 11 years [31]. Therefore, it is not clear from the current literature
whether feeding behavior is, and to what degree, a contributor to excess weight gain in children and
adolescents with ASD. We speculate that abnormal feeding behaviors and/or dietary intake could
influence weight status. For example, a study found children with ASD tended to consume more
sweetened beverages and snacks foods (chips, candy, etc.) [31]. Thus, although children may be eating
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a limited variety of foods, these may be unhealthier overall (driving weight gain). However, picky
eating could also result in weight loss [32].

Overall total energy intake and macronutrient distribution could also contribute to weight gain
among children with ASD. With regard to total energy intake, two recent meta-analyses included
three-day food record and food frequency questionnaires (FFQs) data from six prospective studies [27]
and 14 observational studies [27,33]. No significant overall differences in total energy intake were
detected between children with ASD and TD children [33]. It is also important to consider macronutrient
distribution, which can lead to variations in body weight and cardiometabolic risk profiles [34,35].
However, the optimal macronutrient distribution for improving the weight status of children and
adolescents is not yet understood [36]. Data from the same two meta-analyses that examined energy
intake also assessed macronutrient intake, finding no significant difference in the intake of carbohydrates
and fats between children with ASD and TD children [27,33]. Intake also tended to be within the
acceptable macronutrient distribution range (AMDR) [8,33]. Children with ASD consumed less protein
than TD children [27,33], but both groups were consuming more protein than currently recommended
for a healthy diet [33].

Micronutrients are also integral to maintaining healthy body weight and have important functions
in various metabolic pathways [37]. Children with ASD are often placed on restrictive diets, such
as the gluten-free, casein-free (GFCF) diet [38], which may reduce intake of certain micronutrients.
GFCF diets have been considered as a possible therapeutic intervention for some of the behavioral
symptoms of ASD; however, evidence is lacking [39]. A recent systematic review identified three
studies showing that nutrient inadequacies tended to remain among children with ASD even after
controlling for common elimination diets, such as GFCF regimens [27,40–42]. Evidence suggests that
deficiencies of vitamin A, vitamin D, B-complex vitamins, calcium, and zinc may be associated with
increased fat deposition [43]. Findings from a meta-analysis confirm intake deficiencies in calcium
and vitamin D in children with ASD relative to TD children and dietary intake recommendations [33].
However, the causality in the relationship between micronutrient intake and fat deposition remains
unestablished [43]. Future studies should also take into account the use of dietary supplements, which
are commonly offered to children with ASD [39].

In addition to these feeding behaviors and patterns, anecdotal reports indicate that children
with ASD may limit their intake of fruits and vegetables due to factors such as taste and texture [42].
The consumption of fruits and vegetables has shown to be inversely associated with weight change
and body adiposity [44,45]. However, studies based on prospective three-day food records generally
demonstrate no difference in the intake of vegetables or fruits between children with ASD and TD
children [40,46], with both groups consuming below the recommendations for vegetable intake [46].
In contrast, a systematic review of studies using FFQs (which assess subjective, longer-term eating
patterns) indicated that children with ASD consume fewer daily servings of fruits and vegetables [31].
Likewise, Bandini et al. found that FFQ data revealed children with ASD refuse more vegetables than
TD children [42]. In agreement with this, a study found that food refusal in children with ASD may in
some cases be due to a bitter taste sensitivity associated with the TAS2R38 genotype [47]. Although
little research has investigated the implications of polymorphisms in taste receptors and feeding
behaviors in ASD, previous research has demonstrated that TD children exhibit two sensitive alleles for
bitter taste had a lower threshold concentration to detected sucrose and a greater sugar consumption
compared to children with less sensitive alleles [48]. Thus, future research into the prevalence of
genetic variants of taste receptors in ASD may help to provide further insight into particular eating
behavior differences, such as vegetable intake, among groups [49].

Overall, much of the recent literature seems to suggest that among those with ASD, overall intake
of energy and macronutrients is fairly comparable to the TD population. These findings, however,
must be interpreted with caution, because methods for collecting dietary information are often limited
by variances in day-to-day food intake [50], under-reporting of energy intake [51], and behavioral
reactions to measurement (e.g., changes in food intake, especially in individuals with obesity) [52].
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Furthermore, although FFQs are designed to capture long-term eating habits, they include a limited
number of foods and both FFQs and three-day food recalls are prone to recall bias [53]. Thus, the
relationship between dietary intake and obesity rates may be clouded by limitations in these commonly
used measures. In addition, parents of children with ASD may be more attuned to their children’s
food selectivity behaviors, than parents of TD children, influencing diet data collection. Future studies
using direct methods, such as doubly labeled water, to measure energy expenditure and energy intake,
may be more informative [52,54]. Additionally, researchers should further elucidate differences in
dietary intake within the ASD group based on oral sensitivities, dietary restrictions, and secondary
comorbidities (e.g., GI disorders), and take into account age- and possibly sex-related differences.
Eating disorders, such as anorexia nervosa, can also impact feeding behaviors and studies have found
comorbidities between eating disorders and ASD, specifically among females [55,56]. Studies suggest
that specific behavioral phenotypes, such as rigid and repetitive behaviors and social anhedonia,
overlap among both conditions [56,57]. This further highlights the importance of stratifying feeding
behaviors based on sex differences.

3. Physical Activity and Sedentary Behavior

School-based or extracurricular programs provide opportunities for children to be physically
active and engage with peers. Physical activity (PA) is considered a protective factor in maintaining a
healthy body weight and preventing obesity [58]. However, opportunities for PA may be limited in
children with ASD due to social and behavioral challenges [59,60], as well as motor deficits [61–63].

For optimal health benefits [64], the U.S. Department of Health and Human Services Office of
Disease Prevention and Health Promotion suggests that children between the ages of 6 and 17 years
should engage in moderate- to vigorous-intensity physical activity (MVPA) for at least 60 min, 3 days
per week [65]. Studies that have assessed intensity and frequency of PA in children and adolescents
with ASD are summarized in Table 1. Studies comparing the daily time spent in MVPA, as measured
by accelerometers, between children with and without ASD have yielded mixed findings. For example,
while Bandini et al. reported similar daily MVPA in children with ASD and TD children [66], Stanish
et al. found that children with ASD who are younger than 16 years old spent less time engaged in
MVPA; but for those adolescents over 16 years, the difference in MVPA was not significant [67]. In
contrast, a systematic review found a consistently negative association between PA and age [68]. The
discrepancies in these findings suggest that longitudinal studies would enhance the understanding on
whether age influences PA patterns. Notably, both children with ASD [67] and TD children [69] were
unlikely to meet the recommendations for MVPA.
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Studies utilizing parent report questionnaires generally show that children with ASD spend less
time engaged in PA than TD children [70–72]. Although questionnaires are more feasible than objective
measures given the associated time demands and costs, parent-reports often underestimate PA [73]. In
the Bandini et al. study, parents reported that their children with ASD spent significantly less time in
PA annually (158 vs. 225 h per year) and participated in fewer types of PA, but no differences in PA
between children with ASD and TD children were observed based on accelerometry data [66]. Parents
of children with ASD also report more barriers to PA (e.g., increased needs for supervision), which
could influence their estimates of overall PA [70]. Moreover, a weak to moderate correlation has been
found between parent reports of children’s PA and accelerometer-measured activity, depending on
type of activity and age group [73]. It is possible that children react to being monitored by increasing
their PA [74]; on the other hand, social desirability bias could cause parents to under- or over-report
their children’s PA based on weight status [75].

Another important variable to consider is sedentary behavior (SB), which is defined as resting
behavior with very little expenditure of energy [76]. Factors contributing to prolonged SB in children
may include increased access to television, computers, and phones [77,78]. Prolonged SB has long-term
health consequences, such as increased body weight, cardiovascular diseases, and type 2 diabetes [79,80].
In a recent systematic review, only two of six studies comparing the prevalence rates of SB reported
greater participation in SB by children with ASD than TD children [68]. However, children with ASD
(aged 8–18 years old) spent 62% more time on screen activities compared to their TD siblings, as reported
by parents [81]. Furthermore, children with ASD spent more hours per day playing video games (both
boys and girls), but spent less time using social media or playing interactive video games [81,82].

Overall, the relationships between time spent in MVPA or SB and the propensity for children with
ASD to be overweight or obese were not directly investigated in the reviewed studies. It is important
to note that ASD severity may influence these relationships by affecting behavior as well as social and
motor functioning [83]. Indeed, McCoy et al. found an association between higher parent-reported
levels of autism severity, increased odds of being obese, and decreased odds of PA [71]. In the future,
research based on objective measures of MVPA and SB (e.g., accelerometer data) could yield insights
into differences in these variables between children with ASD and TD children. Further sample
stratification based on ASD severity could further clarify how symptoms moderate the relationship
between PA and SB among children with ASD.

4. Genetics

Genetic vulnerabilities and syndromic causes of ASD and obesity have been explored extensively,
albeit independently. Both conditions are heritable; thus, understanding possible shared genetic links
may yield insights into their interplay. Specifically, sibling and twin studies have shown that ASD
tends to run in families [84,85]. Likewise, genetics also play a role in childhood obesity [86]. When
compared to adopted siblings, the risk of being obese is higher among individuals with affected siblings
and parents who are already obese [87]. Because both ASD and obesity have heritable components,
investigation of any genetic overlap in their pathways may help explain the higher rates of obesity
among individuals with ASD.

Sharma et al. hypothesized that a common molecular pathway may contribute to the pathogenesis
of ASD and obesity, as a pathway-based analysis revealed 36 common genes between these two
conditions [88]. Specifically, one study has shown that ASD, Attention Deficit Hyperactivity Disorder
(ADHD), developmental delays and obesity are highly associated with a microdeletion involving
11p14.1 [89]. Furthermore, deletions in 16p11.2 were associated with genetic vulnerabilities related to
both obesity and ASD [90,91]. More recently, in a genetic analysis of very obese children with ASD,
Cortes and Wevrick focused on de novo mutations and found that very obese ASD probands had loss
of function mutations in DNMT3A and POGZ [92].

In addition, Prader-Willi Syndrome (PWS) is a genetic disorder caused by paternal 15q11–13
deletions [93]. PWS is characterized by hyperphagia, elevated ghrelin concentrations, and increased
risk for obesity [93,94]. PWS is also associated with higher rates of social-communication impairments
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and repetitive behaviors [95], although the degree to which symptoms meet diagnostic criteria for
ASD varies across studies, emphasizing that ASD symptom measures require careful consideration of
developmental profile and overall clinical context [95,96]. That said, genetic mechanisms underlying
the association between Prader Willi and ASD may underlie obesity risk related to hyperphagia in a
subset of individuals with ASD [97].

In summary, although evidence indicates that certain genetic vulnerabilities are associated with
both ASD and obesity, there is a need to further investigation, such as pathway-based analyses to
reveal how genetics influence the complex etiologies of both conditions. In addition, it is not currently
clear what proportion of children with ASD and obesity would be accounted for by these rare genetic
variants; future efforts to parse the relative contribution of genetic versus non-genetic associations
would provide important insights into this topic. Genetic testing, in the form of clinical microarrays,
are increasingly becoming standard of practice for ASD diagnosis [98] and determining whether there
are deletions in areas such as 16p11.2 may allow for early interventions and targeted molecular therapy,
with potential to prevent obesity in children with ASD.

5. Medications

Comorbid conditions, such as ADHD and depression, often manifest in ASD [99]. To manage
these and other behavioral symptoms, psychotropics including stimulants, selective serotonin reuptake
inhibitors (SSRIs), and antipsychotics are often prescribed [100]. The prescription rate of these drugs in
children with ASD has been reported at 27–64% (median 41.9%) [101–104].

A 2016 meta-analysis by Park found that 1 in 6 children with ASD were prescribed anti-psychotic
medication [105]. Second-generation anti-psychotics (SGA) such as risperidone and aripiprazole, are
often prescribed to alleviate behavioral symptoms comorbid with ASD such as hyperactivity, irritability
and aggression [106,107], but are associated with substantial weight gain [15,106]. A systematic review
of seven randomized controlled trials (RCTs) of risperidone use among children and adolescents with
ASD, revealed weight gain as an adverse event [15]. Furthermore, dose-related increases in blood
glucose, insulin, and leptin have been reported [108] and metabolic changes (e.g., leptin) track closely
with changes in fat mass [109]. Furthermore, a systematic review looking at two RCTs of apriprazole use
in children with ASD reported a mean difference of 1.13 kg of weight gain in children using apriprazole
compared to a placebo after 8 weeks of treatment [110]. Other commonly prescribed antipsychotics in
ASD are olanzapine and clozapine [111,112]. A 2014 meta-analysis found that olanzapine and clozapine
were also both associated with severe weight gain [113]. The mechanism of action behind weight gain
associated with atypical antipsychotics relates in part to serotonin receptor blockade and reduction
in dopamine (D2) receptor-mediated neurotransmission [114], implicated in weight regulation [115].
Thus, monitoring adverse effects of antipsychotics are important to alleviate behavioral symptoms
without detrimental effects on metabolic health [116].

Selective serotonin reuptake inhibitors (SSRIs) are another class of medications commonly
prescribed to children with ASD for comorbid anxiety, depression and obsessive-compulsive
behaviors [117,118]. Previous research on the efficacy of citalopram [119] and fluoxetine [120]
in children with ASD have not examined changes in weight gain. However, other research has
suggested SSRIs such as citalopram may cause weight gain [121]. The degree and persistence of weight
gain with these medications, particularly from long term use, are not known in children with ASD,
and thus would benefit from further study.

6. Emerging Factors

6.1. Breastfeeding

Breast milk provides energy, nutrients and antibodies, and reduces risks for various infections
during infancy [122]. Researchers have also studied how breastfeeding affects children’s cognitive
development. The rate and duration of exclusive breastfeeding also appears to be a potential risk
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factor for ASD [123]. For example, Boucher et al. found associations between longer durations of
breastfeeding and better cognitive development and fewer autistic traits in children, after controlling for
relevant demographic and social confounding variables [124]. Tseng et al. also reported that children
with ASD were significantly less likely to have been breastfed than children without ASD [123]. Tseng
et al. highlighted some proposed explanations for the role of breastfeeding in ASD pathophysiology,
such as the nutrition theory [125], oxytocin stimulation [126], and the secretion of neurotrophic
factors [123,127].

Researchers have also found that breastfeeding may lower the risk of childhood obesity [128,129].
In their meta-analysis, Yan et al. showed a dose-response effect between breastfeeding duration and
reduced risk of childhood obesity [130]. These studies highlight that reduced breastfeeding may be a
contributing factor to obesity, although they did not specifically examine these relationships in ASD.
Thus, future studies could examine how breastfeeding affects the growth patterns and long-term
weight status of children with ASD.

6.2. Sleep

Evidence suggests that sleep duration and quality of sleep are risk factors for becoming overweight
or obese [131]. Numerous studies have confirmed an inverse correlation between sleep quantity, BMI,
and the risk for overweight and obesity [132,133]. A 2016 meta-analysis found an association between
poor sleep quality (independent of sleep duration) and overweight and obesity in children [134].
Decreased quality of sleep can lead to endocrine changes affecting appetite regulation and glucose
metabolism, with implications on body weight gain [135]. As such, an inverse relationship between
total sleep and ghrelin levels has been reported, as well as a positive relationship between total sleep
and leptin levels [136]. Ghrelin and leptin are appetite regulating hormones that influence food intake.
Childhood obesity can present with sleeping problems such as obstructive sleep apnea (OSA) [137].
OSA is associated with inadequate duration and poorer quality of sleep and may be associated with
specific metabolic markers such as insulin resistance and hypertension [137].

Studies have found that children with ASD have higher rates of sleep problems when compared
to TD controls [138]. One study found associations between poor sleep quality and weight status
among children with ASD, with 86% of the obese group presenting with clinically significant sleep
problems compared to 76% of those with healthy weight [139]. Children with ASD are more likely to be
diagnosed with insomnia, circadian rhythm disorder, or sleep-disordered breathing such as OSA [140].
Metabolic risk factors, as well as day-time sleepiness, may reduce daytime activity levels, contributing
to unhealthy weight gain [139]. Although many findings suggest that children with ASD are at greater
risk for sleep problems, associations with BMI remain underexplored within this population. However,
sleep duration and quality are important factors to consider, because increased findings of sleep
problems may be compounding the risk for unhealthy weight gain in children with ASD.

6.3. Microbiota
Gastrointestinal (GI) disorders, such as diarrhea, chronic constipation [141], and abdominal pain

are common in ASD [142]. In a study including 163 preschoolers with ASD, 25.8% of the participants
reported having at least one severe GI symptom [143]. Studies have also shown that children with ASD
and GI problems have higher levels of affective problems, including anxiety, than children with ASD
who have normal GI functioning [14,143,144]. This link between GI and behavior disorders suggests
that gut microbiota may influence developmental course in ASD [145].

Data from several pediatric studies reveals a unique gut microbiota profile in children with
ASD compared to those with TD, but inconsistent findings on the characterization of the bacterial
communities [146]. While one study reported decreased bacteria of the genera Prevotella, Coprococcus
and Veillonellaceae, other studies found increased Lactobacillus, Clostridium, Candida spp., and the
Firmicutes/Bacteroidetes ratio [16,146–148]. Similar to what has been seen in ASD, studies exploring
the gut microbiome in obesity have reported an increased Firmicutes/Bacteroidetes ratio, and this ratio
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could be positively associated with BMI in children and adults with obesity [149–151]. To further
understand the implications of obesity on gut composition, animal studies comparing lean, wild-type,
and obese mice (leptin-deficient) have demonstrated an increase in the Firmicutes/Bacteroidetes ratio
in obese mice, independent of diet [152]. Indeed, a high-fat diet was shown to promote more profound
increases in Firmicutes [153]. Certain features of the gut microbiota, such as individual variability,
may explain the lack of a consistent microbiota signature in ASD and obesity. As the gut microbiota
is assembled mainly during infancy, before the age of 2 years, diverse factors including birth mode,
antibiotics, feeding practices, and environmental exposure to bacteria shape the gut community and
contribute to this individual variability [154]. Thus, characterizing the microbiome from an ecological
perspective (bacterial diversity, abundance, community interactions, metabolic profiles), may be more
informative in understanding the interplay between gut microbiota, ASD prognosis, and weight gain.

Growing evidence suggests that decreased gut microbiota diversity in ASD [16,155] may be
associated with behavioral and GI symptoms. Sharon et al. took this hypothesis a step forward,
reporting that offspring of germ-free mice receiving gut microbiota from individuals with ASD indeed
exhibited behaviors related to those observed in ASD [156]. This finding, however, must be interpreted
with caution given the small sample size used in the experiments and relevance to behavioral expression
in the human condition.

Gut microbiome dysbiosis, which refers to changes in the composition and function of gut
microbiome especially early in life, are associated with increased production of pro-inflammatory
cytokines and alterations in the dynamics of the communication between the gut and brain, known
as the gut-brain axis [157–159]. These cytokines affect the inflammation pathways, which have been
implicated in ASD development [158–160]. Inflammatory cytokines and an increased gut permeability
also promote metabolic endotoxemia [161], which plays a role in the development of obesity and
metabolic diseases [162]. Indeed, gut microbiome dysbiosis has also been reported in obesity [163].

A much-debated topic is whether gut permeability contributes to ASD development [159], with
evidence remaining limited and controversial. To our knowledge, only three studies have investigated
gut permeability in children with ASD using varied biomarkers [164–166]. Specifically, children with
ASD exhibited greater gut permeability than TD children, as assessed by zonulin concentrations [164]
or sugar probes (lactulose and mannitol) [165]. In contrast, no difference in gut permeability using
the lactulose and rhamnose probe was observed in children with ASD compared to TD children [166].
There were marked differences in the design of these studies; in particular, with respect to the selection
of comparison groups. One study included children with and without GI complaints in both study
(i.e., children with ASD) and control (i.e., children with TD) groups; another study excluded children
with GI symptoms from the control group only; and in the third study, all children (study and control
groups) had mild GI disorders. Thus, it is not clear whether gut permeability is increased due to the
presence of ASD or GI-associated disorders per se. Furthermore, studies have shown significantly lower
short-chain fatty acids (SCFAs) in ASD [167]. As SCFAs are produced by gut microbiota (from dietary
fiber fermentation), and their production promotes gut barrier and mucosal integrity [168], it could be
speculated that individuals with ASD may have decreased ability to repair the intestinal barrier.

Dietary intake has a direct impact not only on obesity development, but also on the microbiome
composition [169]; the role of diets in ASD could thereby be explored as a possible way to alleviate
both irritable bowel syndrome symptoms and some ASD problem behaviors. An interesting avenue to
explore would be fiber interventions in ASD, especially in those children with concomitant obesity.
Many studies have found that fiber intake in children with ASD, as well as TD, does not meet
recommended levels [8,42]. Fiber-rich foods can alleviate GI symptoms, such as chronic constipation
and increase feelings of fullness, as these foods take longer to digest [170]. Fiber intake could also
promote a healthier metabolic profile by mediating the gut microbiota [171,172]. Our bodies produce
SCFAs by degrading fiber in the gut, which results in the release of anorexigenic gut hormones [173],
improvements of the gut barrier [174], and triggering of anti-inflammatory cytokines [175,176]. More
specifically, the SCFA propionate was shown to promote increases in peptide YY (PYY) and glucagon
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like peptide-1 (GLP-1) levels in an in vitro study using human colonic cells [177]. Subsequent in vivo
studies were conducted in human adults; while acute intake of inulin-propionate ester reduced energy
intake by ≈14% with increases in plasma PYY and GLP-1, supplementation over 24 weeks reduced rate of
weight gain and intra-abdominal adiposity [177]. In addition to alleviating GI symptoms associated with
ASD, SCFAs thus also prevented obesity and its comorbidities [178]. However, sensory aversions (e.g., to
food texture) associated with ASD may create challenges with increasing intake of fiber rich foods.

Further delineating the microbial signature of individuals with comorbid ASD and obesity may
provide further insight into the complex etiologies of both conditions. Although more studies are
needed, there is emerging evidence of a dysbiotic gut microbiome influencing children with ASD. If
supported by more definitive studies (e.g., metagenomics), evaluation of novel therapeutic strategies
would be warranted, such as dietary interventions and fecal transplantations. Some challenges in this
area include the need for approaches to directly sample the gut mucosa in order to reliably characterize
the microbiome in various group and regions [179]. Furthermore, animal studies remain difficult to
translate because of the precise control over genetics, the environment, and diet; which is not possible
in human studies, making the human microbiome a lot more heterogeneous [179].

6.4. Endocrine Influences
Researchers have also begun to explore the role of endocrine factors in the pathogenesis of

ASD. It has been hypothesized that specific chemical messengers, such as endocrine hormones, and
neuropeptides work together with neurotransmitters (e.g., dopamine and serotonin) to influence the
developing fetal brain [20]. Thus, imbalances in the chemical transmissions could lead to defective
encoding, which could in turn lead to some of the social behaviors exhibited by those with ASD [20].
Research in this area has been focused on understanding how hormonal imbalances and differences
may contribute to the pathogenesis of ASD. In this section, we review evidence related to specific
appetite hormones, leptin, adiponectin and ghrelin.

6.5. Leptin
Leptin is an anorexigenic (satiety) hormone that regulates how much one consumes and inhibits

appetite [180]. Produced by adipose tissue in amounts proportionate to fat mass [181], leptin is an
important hormone involved in energy homeostasis and growth [182]. Evidence suggests that obese
individuals exhibit leptin resistance, whereby the brain no longer responds to leptin by inhibiting
energy intake and increasing energy expenditure [183,184].

Several studies have reported higher circulating concentrations of leptin in individuals with ASD
compared to control groups [18,19,185–188], summarized in Table 2. Ashwood et al. found higher
concentrations of peripheral blood leptin in individuals with ASD compared to age-matched controls,
despite no group differences in BMI [18]. Leptin plays an important role in growth [182] and rapid
growth has also been independently implicated as a risk factor for ASD [189]. One study found that
children born small-for-gestational age (SGA) had lower leptin cord levels; among those born SGA,
children with the most rapid weight gain had the highest childhood leptin levels and were more likely
to be diagnosed with ASD [187], suggesting differences in early weight trajectories between children
with ASD and TD children [7]. Hasan et al. measured fasting serum concentrations for 20 children
with ASD and 20 TD children; the BMI of the group with ASD was significantly lower compared to the
control group; however, no children in either group were found to be of obese status [188]. The study
found that the children with ASD had higher leptin concentrations and lower BMI [188], suggesting
that leptin concentrations could be higher among individuals with ASD, regardless of weight status.
The studies summarized in Table 2 have consistently found higher concentrations of leptin in children
with ASD when compared to TD children. In the future, leptin concentrations could be analyzed based
on BMI percentile stratifications to explore relationship to obesity among children with ASD.
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6.6. Adiponectin

Adiponectin is a protein hormone secreted by the adipocytes [190]. Plasma adiponectin levels
and BMI are strongly negatively correlated in both men and women [191]. Adiponectin is an
anti-inflammatory protein [192]; decreased levels may lead to increased expression of adhesion
molecules and inflammatory molecules, resulting in higher risk for cardiovascular diseases associated
with obesity [193]. Therefore, adiponectin and its receptors may be therapeutic targets for individuals
who are obese or overweight [193,194].

Disturbances in immunoinflammatory factors and adipocytokines have been reported
among individuals with ASD relative to age- and weight-matched TD controls [195]. Table 3
summarizes published data on adiponectin concentrations in children with ASD compared to
controls [19,186,196,197]. One study reported lower serum adiponectin levels among individuals
with ASD relative to age- and sex-matched healthy controls [196], but two other studies showed no
significant differences [19,186]. Differences in findings among the three studies may be explained
by differences in exclusion and inclusion criteria and sample composition, particularly by sex and
age. For example, Rodrigues et al. and Blardi et al. included both males and females, whereas
Fujita-Shimizu et al. only included males [19,186,196]. Past studies have found sex differences in
adiponectin levels and body composition [198,199], whereby adiponectin concentrations decrease into
late puberty and become significantly lower in males by adulthood [199]. Furthermore, recent findings
also suggest a link between a high leptin/adiponectin ratio (i.e., higher concentrations of leptin and
lower concentrations of adiponectin) and abdominal obesity [200]. Although higher concentrations of
leptin among individuals with ASD is a relatively consistent finding, the role of adiponectin is less
clear. Exploring the relationship between these two hormones and its potential role in the propensity
for individuals with ASD to become overweight or obese warrants further examination.

6.7. Ghrelin

Ghrelin is an appetite-stimulating hormone [201], but its exact role in obesity is poorly understood,
as, counterintuitively, ghrelin is often suppressed in obese individuals, and concentrations increase
with weight loss [202]. Evidence about the role of this hunger hormone in children with ASD is
also unclear. Researchers have explored serum ghrelin concentrations in two case control studies of
children with ASD (see Table 4). One study found that male children with ASD had significantly lower
concentrations of acylated, des-acylated, and total ghrelin [185]. However, findings from a more recent
study, that included both boys and girls, showed a trend towards lower concentrations of ghrelin,
although not significant, in children with ASD when compared to age-matched TD children [188].
Previous studies have found that ghrelin levels can be modified by an increase in sex hormone [203],
whereby testosterone can lead to marked decreases in ghrelin [203], which may contribute to differences
in findings between these two studies. Future studies should examine ghrelin levels relative to weight
status as well as ASD diagnosis and consider sex differences.
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Although researchers have begun to explore the role of hormones in contributing to higher rates
of obesity among children with ASD, they have focused primarily on hormonal differences in relation
to ASD pathogenesis. Furthermore, some of the studies discussed above did not report a difference
in BMI or weight status among children with ASD, when compared to TD children. However, the
relatively smaller sample sizes, compared to larger scale studies (which have reported greater rates
of obesity in children with ASD), may have contributed to these differences in findings [6,7]. Future
studies, which stratify study groups based on weight status (overweight, obese, etc.), sex, and age
would help to understand whether there are potential biological differences associated with specific
weight status. Therefore, further research into possible differences in these hormones’ concentrations,
in children with ASD, may yield insights into hormonal impacts on unhealthy weight gain and obesity.

6.8. Maternal Metabolic Disorders

Although maternal metabolic disorders such as diabetes, hypertension and obesity could place
children with ASD at higher risk for becoming overweight or obese, this hypothesis has not been
explored directly. Instead, researchers have focused on examining maternal metabolic disorders as
potential risk factors for ASD in children; separately, others have studied how maternal metabolic
disorders may increase risk of obesity in children.

Maternal obesity prior to pregnancy is a risk factor for ASD [21,204,205]. Evidence has also shown
significant associations between maternal diabetes and hypertension and ASD risk [206–208]. Several
mechanisms may contribute to these in-utero effects. In a systematic review, Xu et al. suggested several
potential pathways through which maternal diabetes may increase the risk for ASD in offspring: (a)
maternal hyperglycemia can result in hypoxia and impair neural development in the fetus [209–211] (b)
maternal hyperglycemia can cause oxidative stress associated with ASD risk [212,213], and (c) increased
maternal adiposity can cause chronic inflammation that can affect neuronal development [206,214].

Concurrently, there has been considerable research on how maternal metabolic disorders may
increase children’s obesity risk. In their systematic review, Wang et al. found a strong positive
association between parental and child obesity and overweight status across various countries,
indicating a genetic predisposition toward obesity, with other factors playing a mediating role, such
as obesogenic lifestyles and behaviors [22]. In another recent systematic review and meta-analysis,
Kawasaki et al. reported an association between gestational diabetes mellitus and higher BMI z-scores
among offspring [215]. Deierlein et al. found an association between fetal exposure to maternal glucose
concentration in the high–normal range and children being overweight or obese at 3 years of age,
independent of maternal pre-pregnancy BMI [216]. Furthermore, Lawlor et al. conducted a sibling
analysis to control for shared genetics and environment and reported that children exposed to diabetes
in utero had higher BMI than their unexposed siblings [217].

These findings may help explain how certain maternal metabolic disorders increase risk for obesity.
Factors such as lifestyle behaviors and genetic predisposition may have compounded effects on weight
gain for children with ASD. Additional research on in-utero effects of maternal metabolic disorders may
help explain why many children with ASD tend to become overweight or obese. Longitudinal studies
to assess parental weight status and track neurodevelopmental outcomes and weight in offspring
would provide important insights into the extent to which parental obesity status influences the
development of obesity in children with ASD. A better conceptualization of the role of maternal
metabolic disorders and any shared pathophysiology between ASD and obesity would help mothers
understand how to best reduce their children’s risk for both health conditions.

7. Future Directions and Perspectives

The current treatments for childhood obesity generally involve a combination of
(1) non-pharmacological interventions (e.g., behavioral treatments, weight-reducing diets),
(2) pharmacological interventions, (3) and surgical treatments [23]. Typically, behavioral treatments
and weight-reducing diets, such as family-based interventions, are the first therapeutic steps [218].
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However, these may be problematic for children with ASD, who struggle with social and behavioral
communication, changes in routine, and sensory processing difficulties [24,68]. Furthermore, challenges
with self-management and, in many cases, impairments in decision-making skills play an important
role in the challenges associated with this first line of treatment in children with ASD [219]. The second
line of intervention is through common pharmacological treatments for childhood obesity, such as
orlistat, sibutramine, and metformin. These, however, may cause abdominal pain, fecal incontinence,
nausea, and vomiting [220,221]. Administering medications that can cause GI problems to children
with ASD, who typically already have co-morbid GI disorders, may cause additional difficulties [222].
Moreover, because many children already take medication to manage symptoms of ASD and other
comorbid medical conditions, additional medications may increase the risk of side effects, as well as
pharmacological interactions and medication burden [223,224]. Finally, severe and morbid forms of
pediatric obesity may warrant surgical interventions such as bariatric surgery [225]. Although the
prevalence of severe morbid obesity (that would warrant consideration of bariatric surgery) among
children with ASD is unclear, a study reported that children with the de novo 16p11.2 deletion, which is
associated with autism, were also severely obese (BMI≥ 120% of 95th percentile) [226]. Bariatric surgery,
however, also comes with its risks and complications associated with Roux-en-Y gastric bypass, such
as pulmonary embolism, shock, intestinal obstruction, postoperative bleeding, staple line leaks and
severe malnutrition [23]. Furthermore, adolescents are more likely to have remission of type 2 diabetes
and hypertension after bariatric surgery, when compared to adults [227], emphasizing that optimal
timing for surgery in order to reverse metabolic complications of obesity is still unclear. Furthermore,
little research has been done in this area to address treatment needs that may be specific to this
population [219]. A systematic review looking more broadly at children with intellectual disabilities
suggested the need for further research into how obesity treatment can be more specifically tailored for
children with intellectual disabilities [219]. Finding more intensive treatments and combination of
techniques are warranted for children with intellectual disabilities, such as more training for parents to
support children with defiant behaviors [219,228].

Furthermore, although much is known about behavioral and lifestyle factors, little is known
about possible biological drivers of obesity among children with ASD. There is also a need to identify
whether specific biological drivers can be monitored and assessed at an earlier age, such as at the
time of ASD diagnosis. Research in this area is particularly important, because evidence suggests that
weight trajectories, at an earlier age, may be different among children with ASD. Therefore, clinical
health surveillance of these weight trajectories in ASD and monitoring of growth patterns may serve
as a useful method in preventing unhealthy weight gain and obesity. Based on this review, biological
factors (gut microbiota, endocrine hormones, maternal metabolic disorders) may be driving increased
propensity to become overweight, but further research is needed. Finally, given some of the unique
challenges faced by children with ASD, results from pediatric obesity trials in the general population
may not generalize to patients with ASD. Thus, as a field, we may require more targeted treatment
options and ASD-specific randomized, controlled trials. In an era of precision medicine, there is a
need to take into account the interplay between behavioral and biological characteristics influencing
unhealthy weight gain in ASD.

8. Conclusion and Recommendations

Body weight is determined by energy balance, which is influenced by environmental (e.g.,
nutrition), behavioral (e.g., food selectivity, PA, SB), and biological (e.g., genetics, metabolic dysfunction)
factors. Because the etiologies of ASD and obesity are so complex, risk factors specifically associated
with one condition or the other are difficult to disentangle. Nevertheless, it is important to understand
that many risk factors for becoming obese or overweight are heightened in individuals with ASD, as
suggested by growing evidence. Figure 1 summarizes the risk factors discussed within this review. A
limitation of this narrative review is that we compared various risk factors for unhealthy weight gain
and obesity in children with ASD to TD children. Although similarities were found with regard to
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specific risk factors between children with ASD and TD children (i.e., physical activity, etc.), this does
not necessarily mean these are not clinically relevant to children with ASD and should still be taken
into account in future studies, including clinical trials.

Figure 1. Risk factors for becoming obese or overweight among individuals with ASD. Primary factors
include risk factors which have been directly implicated in obesity and/or unhealthy weight gain, in
children with ASD. Secondary factors are those which are not specific to children with ASD but could
result in unhealthy weight gain. Emerging factors are those on which we have postulated hypotheses
based on indirect evidence. *Created with BioRender.

Overall, evidence suggests that oral sensitivities may mediate food selectivity and food and
nutrient intake and other factor such as PA, SB, sleep, genetics, and medication usage may all contribute
to some degree, and ultimately have a compounded effect on weight gain in ASD. Additionally,
researchers have begun to investigate the roles of sleep problems, the gut microbiome, the endocrine
system, and developmental risk factors. Going forward, studies of obesity in ASD should incorporate
assessment of both biological and lifestyle-related factors, as well as test for mediating and moderating
relationships such as ASD severity, oral sensitivities, and sex and age differences. It is important to
consider these multiple factors in conjunction with individual factors to clarify whether unhealthy
weight gain affects children across the entire ASD spectrum, or whether certain children are more
vulnerable than others. Understanding each of these individual risk factors and components is
important to effectively prevent and treat unhealthy weight gain among children with ASD and to
facilitate the development of potential early intervention strategies. An understanding of individual
risk factors would enable the development of personalized approaches to help children with ASD
manage their weight, including dietary recommendations, medical therapies, and nutrition and exercise
regimens. Overall in conjunction with the clinical guidelines for pediatric obesity [229] and ASD
care [98], clinicians should consider more tailored medical surveillance in children with ASD that
considers the above factors in a care and management plan.
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Abstract: Autism spectrum disorder (ASD) is a highly heterogeneous neurodevelopmental disorder
characterized by impaired social communication coupled with stereotyped behaviors and restricted
interests. Despite the high concordance rate for diagnosis, there is little information on the magnitude
of genetic contributions to specific ASD behaviors. Using behavioral/trait severity scores from the
Autism Diagnostic Interview-Revised (ADI-R) diagnostic instrument, we compared the phenotypic
profiles of mono- and dizygotic twins where both co-twins were diagnosed with ASD or only one twin
had a diagnosis. The trait distribution profiles across the respective twin populations were first used
for quantitative trait association analyses using publicly available genome-wide genotyping data.
Trait-associated single nucleotide polymorphisms (SNPs) were then used for case-control association
analyses, in which cases were defined as individuals in the lowest (Q1) and highest (Q4) quartiles of
the severity distribution curves for each trait. While all of the ASD-diagnosed twins exhibited similar
trait severity profiles, the non-autistic dizygotic twins exhibited significantly lower ADI-R item scores
than the non-autistic monozygotic twins. Case-control association analyses of twins stratified by trait
severity revealed statistically significant SNPs with odds ratios that clearly distinguished individuals
in Q4 from those in Q1. While the level of shared genomic variation is a strong determinant of the
severity of autistic traits in the discordant non-autistic twins, the similarity of trait profiles in the
concordantly autistic dizygotic twins also suggests a role for environmental influences. Stratification
of cases by trait severity resulted in the identification of statistically significant SNPs located near
genes over-represented within autism gene datasets.

Keywords: autism; genetics; quantitative traits; stratification by trait severity; heterogeneity reduction;
case-control association analysis

1. Introduction

Autism spectrum disorder (ASD) is a highly heritable and heterogeneous neurodevelopmental
disorder which is characterized by deficits in social communication and reciprocal interactions as
well as by stereotyped behavior and restricted interests, often accompanied by language difficulties,
especially in the area of pragmatics [1]. ASD is often comorbid with disorders such as anxiety,
attention-deficit/hyperactivity disorder, and intellectual disability, and some affected individuals also
suffer from gastrointestinal, immune system, and sleep disorders, suggestive of systemic dysregulation.
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Severity levels of autism vary broadly with some cases having only mild deficits in social interactions,
while other cases exhibit severe deficits in social behaviors and manifest noticeably aberrant stereotypic
behaviors, including self-injury. Boys are four times more likely than girls to have an ASD diagnosis
and treatment options are limited in part due to the heterogeneity of the disorder as well as a lack of
knowledge of the underlying biology [2].

Ever since the twin study of Bailey et al. [3] reported a concordance rate for autism of 60% for
genetically identical monozygotic (MZ) twins and 0% for dizygotic (DZ) twins, autism has been
perceived as a strongly genetic disorder. However, a review of twin studies conducted between 1977
and 2011 suggests that concordance rates for autism are quite variable ranging from 36% to 96% for MZ
twins, depending in part on sex as well as whether or not the diagnosis was narrowly defined (i.e., strict
autism) or more broadly defined as autism spectrum disorder (ASD) [4]. The differences in concordance
rates and the incomplete penetrance have been attributed to undefined environmental factors. To
tease out the contributions of genetics and environment, there have been increased efforts to assemble
large twin cohorts not only for genetic analyses but also for studies on the associated phenotypes of
autism, including neurodevelopmental differences [5–8]. In fact, heritability rates of ASD vary greatly
in different studies conducted since 2011, with Hallmayer et al. reporting a moderate genetic effect
of 38% [9], Gaugler et al. reporting a narrow-sense (strictly defined) autism heritability of 52% [10],
and Tick et al. estimating heritability at 64–91% in a meta-analysis of twin studies [11], with each
study acknowledging the effects of shared environment to explain the non-genetic component of ASD.
Heritability studies that included subclinical (i.e., broad autism phenotype) diagnoses also indicate that
heritability is determined by both genetics and non-shared environment, but that concordance rates
are somewhat dependent on diagnostic method [12]. Using three different diagnostic methods, Colvert
et al. showed that concordance rates among monozygotic twins ranged from 62% to 75%, while the
rate varied from 5% to 40% among dizygotic twins. More recently, several studies using monozygotic
and dizygotic twins have investigated the association between autistic traits and specific phenotypes,
such as atypical sensory reactivity [13], face identify recognition [14], and social cognition [15], with all
of these studies reinforcing genetic links to these phenotypes. However, few studies have used a broad
range of specific phenotypic differences among clinically discordant non-autistic twins to determine
how zygosity influences the severity of autistic traits.

While twin studies make it apparent that genetics plays a significant role in ASD and associated
phenotypes, no one genetic profile emerges due to the heterogeneity of ASD. In order to overcome this
issue, some groups have attempted to reduce the heterogeneity by clustering individuals according to
clinical, behavioral, or molecular subphenotypes. Previously, we used cluster analyses of severity scores
on a broad spectrum of traits and behaviors probed by the Autism Diagnostic Interview-Revised (ADI-R)
instrument [16] to identify four phenotypic subgroups of individuals which were qualitatively described
as severely language-impaired, intermediate, mild, and savant [17]. In addition, transcriptomic analyses
of lymphoblastoid cell lines derived from individuals in three of the four subgroups showed that the
ASD subgroups could be distinguished from a group of non-autistic controls as well as from each other,
suggesting the contribution of different biological processes to specific subphenotypes of ASD [18].
Furthermore, case-control association analyses based upon the four ASD phenotypic subgroups using
SNPs derived from quantitative trait association analyses which were based on ADI-R scores for
multiple traits identified novel and statistically significant SNPs that were subtype-dependent [19].
Similarly, a linkage analysis based on these subphenotypes revealed novel genetic loci with highly
significant LOD scores that were not detected in the absence of subtyping in addition to intra-family
phenotypic and genetic heterogeneity [20]. Another study used a cohort of ASD individuals with
extreme sleep onset delay as a means to decrease heterogeneity of cases to tease out significant variants
in genes for melatonin pathway enzymes [21]. Recently, subgrouping of females with autism using X
chromosome inactivation status as an epigenetic marker revealed a novel alternatively-spliced isoform
of an X-linked chromatin gene, KDM5C, which contained the 3′UTR from a retrotransposed gene and
was differentially expressed in this subgroup of autistic females relative to controls [22]. Collectively,
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these studies based on reducing heterogeneity among cases suggest the potential for relating genotype
as well as gene structure with specific subphenotypes of ASD. However, there is little information on
the relationship between genotype and the specific traits or subphenotypes observed in ASD.

The goals of this study were to: (1) investigate how genetics influences specific autism-associated
behaviors and traits among monozygotic versus dizygotic twins, either concordant or discordant
for autism diagnosis; (2) utilize ASD trait distribution profiles based on individual ADI-R scores in
quantitative trait association analyses to identify single nucleotide polymorphisms (SNPs or quantitative
trait nucleotides [QTNs]) that associate with specific traits; (3) determine whether the QTNs can
differentiate cases from controls using individuals with ASD at the extremes of each trait distribution
profile to reduce the phenotypic heterogeneity of cases for case-control association analyses; and
(4) identify genes, pathways, and biological functions associated with specific traits. The results of
these deep phenotyping analyses suggest that while shared genotype is a strong determinant of the
severity of autistic traits in discordant monozygotic twins, the similarity of trait profiles of genetically
distinct dizygotic twins concordant for diagnosis of ASD also suggests a role for shared environment.
Moreover, genetic analyses which utilize both quantitative trait and case-control association analyses
in which clinical or phenotypic heterogeneity is reduced by limiting the cases to those at the extremes
of trait severities reveal highly significant SNPs associated with genes enriched in autism datasets and
over-represented in neurological functions relevant to ASD.

2. Results

2.1. Deep Phenotypic Analyses of MZ and DZ Twins: Influence of Zygosity and Diagnostic Concordance

A total of 284 pairs of twins represented in the Autism Genetic Resource Exchange (AGRE)
were included in this study. The twins were sorted into subgroups based on validated zygosity
(monozygotic versus dizygotic) as well as by diagnostic concordance (concordant or discordant) for
ASD. Each individual’s ADI-R scores for 88 items covering five ASD traits (spoken language, nonverbal
communication, play skills, social interactions, and perseverative behaviors) were downloaded from
AGRE and were used to establish trait severity distribution profiles for each subgroup of twins (Figure 1,
see legend for nomenclature used for different twin subgroups). Among discordant twins who do not
meet the ADI-R diagnostic criteria for autism (i.e., non-autistic co-twins), the trait distribution profiles
show noticeably lower severity, as indicated by lower cumulative trait scores, among the DZ twins in
comparison to the MZ twins. On the other hand, the discordant MZ and DZ twins who received an
autism diagnosis exhibited similar severity profiles across each trait which closely tracked the severity
profiles of both MZ and DZ twins who were concordant for autism diagnosis.

Boxplots of the cumulative trait scores for each trait exhibit the same pattern of severity where
the non-autistic DZ twins have a significantly lower average severity for each trait in comparison to
the non-autistic MZ twins, but all ASD-diagnosed twins exhibit similar average trait severity scores,
regardless of zygosity or concordance (Figure 2). The comparisons of average severity scores for all
ADI-R items that comprise each trait also reveal significant differences (p-values ≤ 0.05) between the
non-autistic MZ and DZ twins for a majority of the items (Figure 3). Taken together, the significantly
higher trait severity of non-autistic MZ twins in comparison to non-autistic DZ twins supports the
notion that genetics is a strong determinant of the severity of virtually all autistic traits and behaviors,
even in undiagnosed individuals. On the other hand, the almost identical severity profiles of the
concordantly autistic but genetically different DZ co-twins suggest that shared environment may also
contribute to trait severity. However, the specific relationships among genotype, environmental factors,
and ASD phenotypes remain unknown.
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Figure 1. Phenotypic (trait) profiles based on cumulative ADI-R scores for spoken language, nonverbal
communication, play skills, social skills/interactions, and perseverative behaviors. In order to better
compare the distribution of traits in each twin subgroup, the total number of individuals comprising
each group was normalized to 100. The concordant autistic monozygotic (MZ) and dizygotic (DZ)
twin subgroups are identified as cMZ and cDZ, respectively, and the discordant autistic (dA) and
non-autistic (dNA) MZ and DZ twin subgroups are referred to as dA.MZ, dA.DZ, dNA.MZ, and
dNA.DZ, respectively.
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Figure 2. Boxplots showing range of trait scores of all twin groups. Student’s t-test was used to
show that there were significant differences between the trait scores for dNA.MZ and dNA.DZ twins.
*** p-value ≤ 0.001.

Figure 3. Cont.
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Figure 3. Comparison of average severity scores for dNA.MZ (red bars) and dNA.DZ (blue bars) twins
across all ADI-R items (along horizontal axes) used to derive a cumulative trait score. * p-value ≤ 0.05,
** p-value ≤ 0.01, *** p-value ≤ 0.001.

2.2. Genotype–Phenotype Relationships Revealed by Quantitative Trait Association Analyses

Scheme 1 illustrates the overall design and workflow for the genetic analyses conducted in this
study. Based upon the severity differences in multiple traits exhibited in each of the subgroups of
twins, we conducted a series of quantitative trait association analyses to discover SNPs that may
associate with the phenotypic differences in trait severity. Quantitative trait association analyses were
conducted using the cumulative trait scores for each individual in each twin subgroup and their
respective genotyping data derived from the study by Wang et al. (2009). QTNs with unadjusted
p-values ≤ 1 × 10−5 were selected for subsequent case-control association analyses. Results of the QTL
analyses for each subgroup of twins are shown in Tables S1–S6 in Supplementary Materials. The
combined sets of genes associated with the QTNs across all twin groups are shown in Table 1, with a
Venn diagram showing the distribution of the overlapping genes among four of the five traits (Figure 4).
Notably, there were no genes shared between those associated with perseverative behaviors and any
of the other four traits. Hypergeometric distribution analyses of each set of QTN-associated genes
indicated significant enrichment in genes from the SFARI database for all traits except non-verbal
communication (Table 2).
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Scheme 1. Workflow for two-phase genetic analyses using both quantitative trait and case-control
association analyses of individuals stratified according to severity of traits.

Figure 4. Venn diagram showing SNP-associated gene overlap among language, nonverbal
communication, play skills, and social skills. There was no gene overlap between the genes associated
with perseverative behaviors and those associated with any of the other four traits.
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Table 2. Hypergeometric distribution analyses of trait-associated genes and SFARI genes.

Hypergeometric Distribution Analyses of Enrichment of SFARI Genes Among ASD Trait-Associated Genes

Trait
Number of

Trait-Associated Genes
# Genes Represented
within SFARI Gene

p-Value * for Enrichment

Language deficits 65 11 4.20 × 10−4

Nonverbal
communication 59 5 2.01 × 10−1

Play skills 84 9 3.30 × 10−2

Social skills 162 19 9.48 × 10−4

Perseverative behaviors 29 5 1.68 × 10−2

* For the hypergeometric distribution analyses, the total number of genes in the population was estimated to be
20,406, and the total number of ASD-associated genes in the SFARI gene database was 1079.

2.3. Case-Control Association Analyses Based on Individuals Stratified by Trait Severity for Each Subgroup
of Twins

The SNPs used for case-control association analyses were limited to the trait-associated SNPs
derived from QTL analyses involving the corresponding twin groups. Results of these case-control
association analyses are presented in Tables S7–S12. Examination of these results for each set of twins
reveals significant SNPs (corrected for multiple testing by Bonferroni and/or Benjamini–Hochberg
methods) that differentiate between cases and controls. Moreover, for all SNPs that were found to be
significantly associated with both the lowest quartile (Q1) and highest quartile (Q4) cases diagnosed
with ASD, the minor allele frequencies (MAF) relative to that of controls were noticeably different,
resulting in different odds ratios. That is, a specific trait-associated SNP that may be considered
as predisposing to ASD in the Q4 subgroup with a high odds ratio (>1.0) was found to have a
lower odds ratio (often <1.0) in the Q1 subgroup, further suggesting relevance to severity of that
specific trait. Although a SNP may occasionally have a higher odds ratio in the Q1 than in the Q4
case group, the differences in MAFs still suggest that these subgroups based on trait severity are
genetically distinct with respect to that genetic variant. Notably, the majority of significant SNPs in the
non-autistic subgroups (dNA.MZ and dNA.DZ) were found in Q4, at the highest severity end of the
trait distribution.

2.4. Enrichment of Known Autism Risk Genes from Case-Control Association Analyses

The SNP-associated genes derived from the case-control association analyses described above
were compared to the complete set of autism risk genes that comprise the SFARI gene database. Table 3
shows that genes mapped to the trait-associated SNPs that are significant by case-control association
analyses using individuals in both Q1 and Q4 as cases for each subgroup of twins are enriched among
SFARI genes in three of the six twin groups (dNA.MZ, dNA.DZ, and cDZ). Together with the results
shown in Table 2, these findings suggest that the experimental strategy of combining quantitative trait
association analyses with case-control association analyses using cases stratified by trait severity is
capable of identifying significant autism risk genes even with relatively small numbers of samples.
Furthermore, the SNPs identified can be associated with severity of specific traits, thereby associating
genotype with phenotype.
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Table 3. Hypergeometric analyses of case-control associated genes and SFARI genes.

Case Groups
(Combined Q1 and Q4)
vs. Unaffected Controls

Number of
Case-Associated Genes

# Genes Represented
within SFARI Gene

Q-Value * for
Enrichment

dA.MZ 13 0 1
dA.DZ 8 0 1

dNA.MZ 53 9 1.69 × 10−3

dNA.DZ 19 4 1.59 × 10−2

cMZ 29 2 4.58 × 10−1

cDZ 23 4 3.10 × 10−2

* For the hypergeometric distribution analyses, the total number of genes in the population was estimated to be
20,406; and the total number of ASD-associated genes in the SFARI gene database was 1079.

2.5. Functional Analysis of Genes Associated with QTNs from Quantitative Trait and Case-Control
Association Analyses

Genes implicated by QTNs were analyzed using Ingenuity Pathway Analysis (IPA) software with
a focus on identifying genes that impact nervous system development and function. Tables 4–8 show
the neurological functions that are statistically enriched among genes implicated by QTNs associated
with spoken language, nonverbal communication, play skills, social skills, and perseverative behaviors,
respectively, for each subgroup of twins. Notably, many of the annotated functions are relevant to
what is known about specific neuronal processes disrupted in ASD. Moreover, IPA analyses of genes
associated with significant SNPs identified by case-control association analyses of both dNA.MZ and
dNA.DZ subgroups in addition to the cDZ subgroup which are all enriched in SFARI genes also
revealed significant over-representation of genes involved in neurological functions, behaviors, and
disorders relevant to ASD, as shown in Tables 9–11, respectively.

Table 4. Neurological functions associated with genes implicated by language QTNs.

Functions Annotation p-Value * Genes

cell-cell adhesion of neurons 9.52 × 10−6 CDK5R1, CNTN4, NRXN1

guidance of axons 9.66 × 10−6 CDK5R1, CNTN1, CNTN4, LHX4,
NRXN1, UNC5D

fasciculation of axons 8.24 × 10−5 CDK5R1, CNTN1, CNTN4

abnormal morphology of brain 1.86 × 10−4
CDK5R1, CHRM1, CHRNA7,
CNTN1, ID3, LHX4, NPAS3,

TOP2B
GABA-mediated receptor currents 6.98 × 10−4 CHRNA7, NRXN1
abnormal morphology of granule
cells 9.17 × 10−4 CDK5R1, CNTN1

abnormal morphology of nervous
system 1.48 × 10−3

CDK5R1, CHRM1, CHRNA7,
CNTN1, CNTN4, ID3, LHX4,

NPAS3, TOP2B
stratification of cerebral cortex 1.75 × 10−3 CDK5R1, TOP2B

formation of brain 2.52 × 10−3 BMP5, CDK5R1, CNTN1, CREM,
DSCAML1, NPAS3, TOP2B

memory 2.58 × 10−3 CDK5R1, CHRM1, CHRNA7,
CREM, NPAS3

abnormal morphology of
molecular layer of cerebellum 2.63 × 10−3 CDK5R1, CNTN1

formation of enteric ganglion 2.82 × 10−3 PAX3
morphology of motor cortex 2.82 × 10−3 CDK5R1
origination of axons 2.82 × 10−3 CDK5R1
reorganization of molecular layer 2.82 × 10−3 CDK5R1
sprouting of mossy fiber cells 2.82 × 10−3 CDK5R1

* Fisher exact p-value which indicates the probability that the list of SNP-associated genes is not enriched for
annotated function, using genes in IPA’s Knowledgebase as the reference set of genes.
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Table 5. Neurological functions associated with genes implicated by nonverbal QTNs.

Functions Annotation p-Value * Genes

organization of mossy fibers 2.60 × 10−3 CHL1
formation of enteric ganglion 2.60 × 10−3 PAX3
targeting of retinal ganglion cells 2.60 × 10−3 EPHB1
cell-cell adhesion of astrocytes 2.60 × 10−3 CADM1
maintenance of neural crest 5.18 × 10−3 PAX3
survival of neural crest 5.18 × 10−3 PAX3
innervation of forelimb 7.77 × 10−3 BMPR2
differentiation of satellite cells 1.03 × 10−2 PAX3
morphogenesis of optic nerve 1.29 × 10−2 EPHB1
migration of pyramidal neurons 1.29 × 10−2 CHL1
abnormal pruning of axons 1.29 × 10−2 EPHB1
excitatory postsynaptic potential
of neurons 1.39 × 10−2 DLG2, RARB

formation of pyramidal neurons 1.55 × 10−2 CHL1
synaptic depression of collateral
synapses 1.80 × 10−2 EPHB1

synaptic transmission of collateral
synapses 1.80 × 10−2 EPHB1

abnormal morphology of axons 2.29 × 10−2 CHL1, EPHB1
development of retinal pigment
epithelium 2.31 × 10−2 RARB

abnormal morphology of optic
tract 2.31 × 10−2 EPHB1

abnormal morphology of
hypoglossal nerve 2.82 × 10−2 RARB

abnormal morphology of olfactory
receptor neurons 3.32 × 10−2 CHL1

abnormal morphology of mossy
fibers 4.07 × 10−2 CHL1

projection of axons 4.57 × 10−2 CHL1
synaptic transmission of nervous
tissue 4.74 × 10−2 ANKS1B, EPHB1

abnormal morphology of neural
arch 4.82 × 10−2 RARB

* Fisher exact p-value which indicates the probability that the list of SNP-associated genes is not enriched for
annotated function, using genes in IPA’s Knowledgebase as the reference set of genes.

Table 6. Neurological functions associated with genes implicated by play skills QTNs.

Functions Annotation p-Value * Genes

formation of dendritic spines 6.97 × 10−4 ITSN1, KALRN
short-term depression of calyx-type
synapse 7.29 × 10−4 ITSN1

neurotransmission of synapse 8.88 × 10−4 CHRM3, PRKN
formation of tip of neurite-like extensions 1.46 × 10−3 KALRN
elongation of dendritic spine neck 1.46 × 10−3 ITSN1
long-term potentiation of Purkinje cells 1.46 × 10−3 CHRM3
arrest in axonal transport of mitochondria 1.46 × 10−3 PRKN
quantity of catecholaminergic neurons 1.46 × 10−3 PRKN
length of neurons 2.18 × 10−3 ITSN1, KALRN
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Table 6. Cont.

Functions Annotation p-Value * Genes

excitation of striatal neurons 2.18 × 10−3 PRKN
differentiation of satellite cells 2.91 × 10−3 PAX7
replenishment of synaptic vesicles 2.91 × 10−3 ITSN1
abnormal morphology of locus ceruleus 2.91 × 10−3 PRKN
afterhyperpolarization of pyramidal
neurons 4.36 × 10−3 CHRM3

morphology of corticcal neurons 4.36 × 10−3 KALRN
sensorimotor integration 5.09 × 10−3 PRKN
abnormal morphology of substantia nigra 5.81 × 10−3 PRKN
neurotransmission 6.89 × 10−3 CHRM3„KALRN, PRKN
morphogenesis of dendritic spines 7.26 × 10−3 KALRN
retraction of dendrites 7.99 × 10−3 KALRN
maturation of dendritic spines 8.71 × 10−3 KALRN
length of axons 9.43 × 10−3 KALRN
abnormal morphology of cerebral cortex 9.91 × 10−3 KALRN„PRKN
length of dendritic spines 1.38 × 10−2 ITSN1
coordination 1.43 × 10−2 KALRN, PRKN

* Fisher exact p-value which indicates the probability that the list of SNP-associated genes is not enriched for
annotated function, using genes in IPA’s Knowledgebase as the reference set of genes.

Table 7. Neurological functions associated with genes implicated by social skills QTNs.

Functions Annotation p-Value * Genes

abnormal morphology of thoracic
vertebra 1.19 × 10−3 DMRT2, FAT4, NDRG2

action potential of neurons 4.63 × 10−3 DLG2, GRID2, KCND2, PARK7,
RARB

abnormal morphology of Purkinje cells 4.78 × 10−3 CNTN1, GRID2, PITPNA
innervation of climbing fiber 7.24 × 10−3 GRID2
formation of enteric ganglion 7.24 × 10−3 PAX3
development of climbing fiber 7.24 × 10−3 GRID2
differentiation of branchial motor neurons 7.24 × 10−3 RUNX1
targeting of retinal ganglion cells 7.24 × 10−3 EPHB1
differentiation of visceral motor neurons 7.24 × 10−3 RUNX1
abnormal morphology of Golgi
interneurons 7.24 × 10−3 CNTN1

proliferation of neuroglia 7.26 × 10−3 CCND3, CDK2, CNTN1, MMP9,
RUNX1

abnormal morphology of white matter 7.39 × 10−3 PITPNA, SRGAP3
function of blood-brain barrier 9.99 × 10−3 ABCC4, MMP9
abnormal morphology of lumbar vertebra 1.09 × 10−2 DMRT2, FAT4
function of brain 1.12 × 10−2 ABCC4, KCNIP4, MMP9

morphology of brain 1.18 × 10−2
CASP6, CNTN1, EPHB1, GRID1,

GRID2, MCPH1, MECOM, PARK7,
PITPNA, SRGAP3

axonogenesis 1.31 × 10−2 CASP6, EPHB1, GRID2, LRRC4C,
PTPRE, STK11

arrest in cell cycle progression of
oligodendrocyte precursor cells 1.44 × 10−2 CDK2

abnormal morphology of superior
ganglion of glossopharyngeal nerve 1.44 × 10−2 MECOM

delay in initiation of pruning of axons 1.44 × 10−2 CASP6
maintenance of neural crest 1.44 × 10−2 PAX3
blood-cerebrospinal fluid barrier function 1.44 × 10−2 ABCC4

* Fisher exact p-value which indicates the probability that the list of SNP-associated genes is not enriched for
annotated function, using genes in IPA’s Knowledgebase as the reference set of genes.
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Table 8. Neurological functions associated with genes implicated by Perseverative behavior QTNs.

Diseases or Functions Annotation p-Value * Genes

paired-pulse facilitation of parallel
fiber-Purkinje cell synapses 1.27 × 10−3 UNC13C

early infantile epileptic encephalopathy
type 12 1.27 × 10−3 PLCB1

loss of hippocampal neurons 6.36 × 10−3 PLCB1
epilepsy 1.27 × 10−2 GABRR2, PLCB1, PRICKLE1
afterhyperpolarization of neurons 2.27 × 10−2 KCNAB1
progressive myoclonic epilepsy 2.64 × 10−2 PRICKLE1
status epilepticus 4.13 × 10−2 GABRR2
density of synapse 4.61 × 10−2 GRIP1
sedation 4.61 × 10−2 GABRR2

* Fisher exact p-value which indicates the probability that the list of SNP-associated genes is not enriched for
annotated function, using genes in IPA’s Knowledgebase as the reference set of genes.

Table 9. Neurological functions implicated by QTN-associated genes in dNA.MZ.

Functions Annotation p-value * Genes

abnormal morphology of pyramidal neurons 5.59 × 10−5 CHL1, CHRNA7, KALRN
GABA-mediated receptor currents 4.19 × 10−4 CHRNA7, NRXN1
abnormal morphology of cerebral cortex 1.12 × 10−3 CHL1, CHRNA7, KALRN, NPAS3
organization of mossy fibers 2.19 × 10−3 CHL1
cell-cell adhesion of astrocytes 2.19 × 10−3 CADM1

developmental process of synapse 2.35 × 10−3 CADM1, CHRNA7, KALRN,
NRXN1

formation of tip of neurite-like extensions 4.37 × 10−3 KALRN
hyperexcitation of hippocampal neurons;
short-term potentiation of hippocampus;
nicotine-mediated receptor current

4.37 × 10−3 CHRNA7

abnormal morphology of enlarged fourth
cerebral ventricle 6.54 × 10−3 NPAS3

miniature excitatory postsynaptic currents 7.15 × 10−3 KALRN, NRXN1
abnormal morphology of lateral cerebral ventricle 7.64 × 10−3 CHL1, NPAS3
differentiation of satellite cells 8.71 × 10−3 PAX7
abnormal morphology of cingulate gyrus 8.71 × 10−3 NPAS3
abnormal morphology of GABAergic neurons 8.71 × 10−3 CHRNA7
migration of pyramidal neurons 1.09 × 10−2 CHL1
pervasive developmental disorder 1.13 × 10−2 BCAS3, PREP, SLC1A7
excitatory postsynaptic current 1.26 × 10−2 KALRN, NRXN1
morphology of cortical neurons 1.30 × 10−2 KALRN
formation of pyramidal neurons 1.30 × 10−2 CHL1
maturatin of neurons 1.46 × 10−2 KALRN, NRXN1
branching of axons 1.49 × 10−2 KALRN, STK11
prepulse inhibition 1.56 × 10−2 KALRN, NRXN1
abnormal morphology of enlarged third cerebral
ventricle 1.74 × 10−2 NPAS3

paired-pulse inhibition 1.74 × 10−2 NRXN1
coordination 1.79 × 10−2 CHRNA7, KALRN, NPAS3
abnormal morphology of cerebral aqueduct 1.95 × 10−2 NPAS3
morphogenesis of dendritic spines 2.16 × 10−2 KALRN
retraction of dendrites 2.38 × 10−2 KALRN
activation of dopaminergic neurons 2.59 × 10−2 CHRNA7
maturation of dendritic spines 2.59 × 10−2 KALRN
abnormal morphology of olfactory receptor
neurons 2.81 × 10−2 CHL1

length of axons 2.81 × 10−2 KALRN
spatial memory 2.88 × 10−2 CHRNA7, KALRN, NPAS3
sleep disorders 3.06 × 10−2 CHRNA7, PDE4B

neurotransmission 3.20 × 10−2 ANKS1B, CHRNA7, KALRN,
NRXN1

development of neurons 3.44 × 10−2 CADM1, CHL1, CHRNA7, KALRN,
NRXN1, STK11

* Fisher exact p-value which indicates the probability that the list of SNP-associated genes is not enriched for
annotated function, using genes in IPA’s Knowledgebase as the reference set of genes.
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Table 10. Neurological functions implicated by QTN-associated genes in dNA.DZ.

Diseases or Functions Annotation p-Value * Genes

adhesion of cerebellar granule cell 8.65 × 10−4 ADGRG1
migration of CA1 neuron 8.65 × 10−4 DISC1
abnormal morphology of lumbar dorsal
root ganglion 8.62 × 10−3 GABBR1

abnormal morphology of somatic nervous
system 1.03 × 10−2 GABBR1

pervasive developmental disorder 1.44 × 10−2 CORO2A, GABBR1
abnormal morphology of sciatic nerve 1.46 × 10−2 GABBR1
positioning of neurons 1.55 × 10−2 DISC1
development of olfactory cilia 1.80 × 10−2 DISC1
progressive myoclonic epilepsy 1.80 × 10−2 PRICKLE1
maturation of synapse 1.89 × 10−2 DISC1
migration of neuronal progenitor cells 1.97 × 10−2 ADGGRG1
fragile X syndrome 2.48 × 10−2 GABBR1
elongation of axons 2.73 × 10−2 DISC1
migration of neurons 2.81 × 10−2 ADGRG1, DISC1
abnormal morphology of myelin sheath 2.99 × 10−2 GABBR1
differentiation of oligodendroccyte
precursor cells 3.24 × 10−2 DISC1

absense seizure 3.24 × 10−2 GABBR1
passive avoidance learning 3.49 × 10−2 GABBR1
inhibitory postsynaptic current 4.41 × 10−2 GABBR1
electrophysiology of nervous system 4.74 × 10−2 GABBR1

* Fisher exact p-value which indicates the probability that the list of SNP-associated genes is not enriched for
annotated function, using genes in IPA’s Knowledgebase as the reference set of genes.

Table 11. Neurological functions implicated by QTN-associated genes in cDZ.

Diseases or Functions Annotation p-Value * Genes

morphology of brain 1.51 × 10−3 DSCAM, LHX4, PRKN, TOP2B
abnormal morphology of abducens nerve 1.73 × 10−3 LHX4

arrest in axonal transport of mitochondria 1.73 × 10−3 PRKN
quantity of catecholaminergic neurons 1.73 × 10−3 PRKN

delay in specification of corticotroph cells 1.73 × 10−3 LHX4
excitation of striatal neurons 2.59 × 10−3 PRKN

startle response 2.60 × 10−3 PLCB1, PRKN
development of granule cell layer 3.46 × 10−3 CREM

function of central pattern generator 3.46 × 10−3 DSCAM, LHX4, PRKN, TOP2B
development of cortical subplate 3.46 × 10−3 TOP2B

abnormal morphology of locus ceruleus 3.46 × 10−3 PRKN
morphogenesis of dendrites 3.67 × 10−3 DSCAM, FMN1
loss of hippocampal neurons 4.32 × 10−3 PLCB1, PRKN

development of central nervous system 5.75 × 10−3 CREM, PLCB1, PRKN, TOP2B
abnormal morphology of amacrine cells 6.04 × 10−3 DSCAM

sensorimotor integration 6.04 × 10−3 PRKN
abnormal morphology of substantia nigra 6.90 × 10−3 PRKN

abnormal morphology of neurons 7.53 × 10−3 DSCAM, LHX4, PRKN
abnormal morphology of nervous system 8.50 × 10−3 DSCAM, LHX4, PRKN, TOP2B

abnormal morphology of hypoglossal nerve 9.48 × 10−3 LHX4
thickness of cerebral cortex 1.03 × 10−2 DSCAM
quantity of gonadotropes 1.12 × 10−2 LHX4

innervation of motor neurons 1.20 × 10−2 TOP2B
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Table 11. Cont.

Diseases or Functions Annotation p-Value * Genes

abnormal morphology of brain 1.22 × 10−2 LHX4, PRKN, TOP2B
loss of neurons 1.27 × 10−2 PLCB1, PRKN

curvature of vertebral column 1.80 × 10−2 TOP2B
formation of brain 1.83 × 10−2 CREM, PLCB1, TOP2B

stratification of cerebral cortex 1.89 × 10−2 TOP2B
innervation of muscle 1.89 × 10−2 TOP2B

abnormal morphology of adenohypophysis 1.97 × 10−2 LHX4
quantity of nerve ending 2.14 × 10−2 PRKN
guidance of motor axons 2.23 × 10−2 LHX4

loss of dopaminergic neurons 2.23 × 10−2 PRKN
abnormal morphology of spinal nerve 2.48 × 10−2 LHX4

fasciculation of axons 2.56 × 10−2 DSCAM
abnormal morphology of motor neurons 2.82 × 10−2 LHX4

neuritogenesis 3.00 × 10−2 DSCAM, FMN1, TOP2B
abnormal morphology of subventricular zone 3.07 × 10−2 TOP2B

memory 3.36 × 10−2 CREM, PLCB1
morphology of dendritic spines 3.57 × 10−2 DSCAM

quantity of dendritic spines 3.99 × 10−2 DSCAM
development of spinal cord 4.49 × 10−2 TOP2B

abnormal morphology of olfactory bulb 4.57 × 10−2 TOP2B
cell viability of cortical neurons 4.74 × 10−2 PRKN

electrophysiology of nervous system 4.74 × 10−2 PRKN

* Fisher exact p-value which indicates the probability that the list of SNP-associated genes is not enriched for
annotated function, using genes in IPA’s Knowledgebase as the reference set of genes.

2.6. Case-Control Association Analysis Using dNA.DZ Twins as Controls for dA.DZ Co-Twins

Given the differential diagnosis of discordant dizygotic twins with presumed genetic differences
between the autistic and non-autistic co-twins, we conducted an exploratory case-control association
analysis using the dNA.DZ twins (n = 36) as controls for the diagnosed dA.DZ co-twins (n = 38).
Interestingly, over 140 genes were associated with a total of 390 SNPs that exhibited a nominal
p-value ≤ 0.05 and odds ratio ≥ 3 (Table 12, complete case-control association data in Table S13).
Hypergeometric distribution analyses showed that this set of genes was highly enriched for autism
risk genes from the SFARI database (q = 1.84 × 10−7) and from an exome-sequencing study [23]
(q = 4.64 × 10−8). Pathway analysis of this gene set using IPA revealed that netrin signaling (involving
PRKG1, DCC, and PRKAG2) and axon guidance signaling (involving PRKCE, PDGFD, DCC, ROBO1,
SLIT3, PRKAG2, NTNG1, PLCG2) were among the top 10 canonical pathways represented with
Fisher’s Exact p-values of 2.56 × 10−3 and 6.18 × 10−3, respectively. Several of the above-mentioned
genes (specifically, PRKCE, PRKAG2, and PLCG2) are also significantly over-represented in additional
pathways potentially relevant to ASD, including melatonin signaling (p = 1.18 × 10−2) and synaptic
long-term potentiation (p = 4.45 × 10−2). Functional analysis showed significant over-representation of
many neurological processes commonly impacted by autism, notably neuritogenesis, axonogenesis,
neuronal migration, and axon guidance (Table 13).
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Table 12. Genes associated with SNPs identified by case-control association analyses using dA.DZ
twins as cases and dNA.DZ twins as controls.

Case-control Association Analysis of dA.DZ vs. dNA.DZ
Overlap with

SFARI
Overlap with
Exome-seq #

(146 genes associated with SNPs with p ≤ 0.05 and OR ≥ 3) * Q = 1.84 × 10−7 * Q = 4.64 × 10−8

ABCA13 DCC KCTD16 PCSK6 RPH3AL ABCA13 ABCA13 OR1J2
ACVRL1 DKK3 KIAA0232 PDCD4 SCOC CACNA1A ALDH3B2 PCM1
ALDH3B2 DMD KIAA1407 PDE3A SEC16B CACNA2D3 ALMS1 PCSK6
ALMS1 DNAH5 KLHDC7A PDE9A SETBP1 CNTN4 ARHGAP28 PDCD4
ANO4 DST KLHL1 PDGFD SFMBT2 CSMD1 ATP8B4 PDE9A
ARHGAP28 ESRRB KSR2 PDXK SLC12A2 CTNND2 C20orf96 PDGFD
ATP8B4 EXOSC1 LDLRAD3 PDZD2 SLC22A23 DMD CACNA1A PDZD2
ATXN3 FAM216A LIN52 PEX13 SLC25A21 DST CACNA2D3 PKNOX2
BBIP1 FAM89A LPHN3 PGAM1P5 SLC39A11 ESRRB CDK14 PLCG2
C20orf96 FAT4 LRP11 PIP5K1B SLC5A12 FER CSMD1 PRKAG2
CACNA1A FER LRP1B PIP5K1C SLIT3 FHIT CSMD3 PRKCE
CACNA2D3 FERMT1 MAL2 PKNOX2 SMC6 GABRB1 CTNND2 PRPF4B
CACNG2 FHIT MARCH1 PLCG2 SNTG2 GRIP1 DCC PSD3
CARD6 FLIP1L MAST4 POU2F3 SNX9 MCPH1 DMD RBMS3
CCDC102B FREM1 MCPH1 PPARGC1A SORCS2 NELL1 DNAH5 RHBDF2
CCDC111 GABRB1 MIPEP PRKAG2 SYT9 NTNG1 DST RNF213
CCDC176 GALC MPP7 PRKCE TBCE NXPH1 ESRRB ROBO1
CCDC3 GAS7 MYO15B PRKG1 TMEM182 PSD3 FAT4 RPH3AL
CD36 GNN MYOM3 PRPF4B TMTC2 RBMS3 FERMT1 SCOC
CDK14 GPR124 NCOR2 PSD3 TRIP11 ROBO1 GALC SEC16B
CDKAL1 GPR125 NELL1 QRTRTD1 TTC7A SETBP1 HEG1 SETBP1
CLYBL GRIP1 NMNAT2 RABGAP1L TUBGCP5 SLC39A11 KIAA0232 SLC22A23
CMSS1 HAL NRDE2 RASGEF1B VIT SLIT3 KIAA1407 SLC39A11
CNOT10 HEG1 NTNG1 RBMS3 XRCC4 SNTG2 LRP11 SMC6
CNTN4 HSPA12A NXPH1 RCN1 YIPF5 TUBGCP5 LRP1B TMTC2
CSMD1 HVCN1 OAS2 RGS17 ZDDGGC16 MCPH1 TRIP11
CSMD3 IFT81 OR1J2 RHBDF2 MYOM3 TTC7A
CTNND2 IRS1 OR8U8 RNF180 NCOR2 TUBGCP5
CWC27 KCNIP4 PALLD RNF213 NELL1 YIPF5
CYMP KCNN3 PCM1 ROBO1 NTNG1

* Q indicates probability of enrichment in SFARI or exome-seq genes from hypergeometric distribution analysis.
# Exome-seq genes were downloaded from study by Iossifov et al. [23].

Table 13. Neurological functions of SNP-associated genes from dA.DZ vs. dNA.DZ case-control
association analysis.

Function Annotation p-Value * Genes

development of neurons 5.50 × 10−6

ADGRL3, CACNA1A, CACNG2, CNTN4,
CTNND2, DCC, DMD, FER, GAS7,

KLHL1, NTNG1, PALLD, PCM1,
PIP5K1B, PIP5K1C, PRKCE, PRKG1,

ROBO1, SLC12A2, SLIT3, TBCE

neuritogenesis 3.57 × 10−5

CACNA1A, CNTN4, CTNND2, DCC,
FER, GAS7, KLHL1, NTNG1, PALLD,
PIP5K1B, PIP5K1C, PRKCE, PRKG1,

ROBO1, SLIT3, TBCE

axonogenesis 2.58 × 10−4 CACNA1A, CNTN4, DCC, NTNG1,
PIP5K1C, PRKG1, ROBO1, TBCE

migration of neurons 6.40 × 10−4 ADGRL3, DCC, PCM1, PEX13, PIP5K1C,
PRKG1, ROBO1, SLC12A2

development of sensory projections 7.83 × 10−4 ROBO1, SLIT3
pathfinding of neurons 2.02 × 10−3 DCC, ROBO1

morphology of nervous system 2.62 × 10−3

ADGRA2, BBIP1, CACNA1A, CNTN4,
DCC, KLHL1, MCPH1, NCOR2, PALLD,

PCSK6, PEX13, PPARGC1A, ROBO1,
SLC12A2, XRCC4
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Table 13. Cont.

Function Annotation p-Value * Genes

guidance of axons 4.61 × 10−3 CNTN4, DCC, PRKG1, ROBO1, SLIT3

abnormal morphology of forebrain 4.80 × 10−3 ADGRA2, BBIP1, DCC, NCOR2,
PPARGC1A, ROBO1

formation of dendrites 4.83 × 10−3 CACNA1A, GAS7, KLHL1, PRKG1,
ROBO1

developmental process of synapse 5.28 × 10−3 ADGRL3, CACNA1A, CACNG2, DCC,
DMD, SLC12A2

quantity of oxytocin neurons 6.19 × 10−3 DCC
synaptic transmission of stellate cells 6.19 × 10−3 CACNG2

guidance of corticocortical axons 1.23 × 10−2 ROBO1
quantity of vasopressin neurons 1.23 × 10−2 DCC

activation of Purkinje cells 1.23 × 10−2 CACNA1A
afterhyperpolarization of dopaminergic

neurons 1.23 × 10−2 KCNN3

size of hippocampal commissure 1.23 × 10−2 ROBO1
startle response 1.74 × 10−2 CACNA2D3, CSMD1, PPARGC1A

inhibition of presympathetic neurons 1.85 × 10−2 SLC12A2
fragmentation of myelin sheath 1.85 × 10−2 GALC

maturation of cerebellum 1.85 × 10−2 CACNA1A
turnover of synaptic vesicles 1.85 × 10−2 CACNA1A

density of synapse 2.20 × 10−2 CTNND2, GRIP1

morphogenesis of neurites 2.43 × 10−2 CACNA1A, CNTN4, CTNND2, FER,
GAS7, PALLD, PRKG1, ROBO1

* Fisher exact p-value which indicates the probability that the list of SNP-associated genes is not enriched for
annotated function, using genes in IPA’s Knowledgebase as the reference set of genes.

3. Discussion

The goals of this study were to: (1) examine the influence of genetics on specific behaviors and
traits of ASD; (2) identify SNPs (i.e., QTNs) that associate with a particular ASD trait; (3) determine
if trait QTNs can discriminate between cases and controls, where the cases are individuals at the
extremes of phenotypic severity across five autistic traits; and (4) to identify pathways and functions
implicated by the genes associated with the QTNs. To accomplish these goals, we developed a novel
approach which utilized MZ and DZ twins who are either concordant or discordant for diagnosis of
autism to reveal differences in phenotypic severity among and within the subgroups of twins defined
by diagnostic status and by zygosity. Then, we used the phenotypic (trait) profiles of each subgroup
of twins to perform quantitative trait association analyses to identify SNPs that may be functionally
associated with the respective ASD trait (i.e., QTNs). Case-control association analyses were then
performed with the QTNs for five autistic behavioral traits using the six different subgroups of twins
at the extreme ends (i.e., lowest and highest quartiles) of the respective quantitative trait distribution
curves as cases and a large group of unrelated controls. We show here that this novel combination of
experimental strategies allowed us to identify significant SNPs that could distinguish individuals with
autism from controls. Genes harboring these SNPs are significantly enriched for autism risk genes
annotated by SFARI Gene.

3.1. Severity of Autistic Traits Are Strongly Influenced by Genetics

Numerous studies using both monozygotic and dizygotic twins have sought to determine the
role of genetics versus environment with varying results, as described earlier. The quantitative trait
distribution profiles generated in this study demonstrate significant differences in severity between
clinically discordant non-autistic MZ and DZ co-twins, with the profiles of the MZ twins being
significantly more severe than DZ twins across all traits, while the profiles of all diagnosed twins are
virtually indistinguishable from each other, regardless of zygosity (Figures 1 and 2). These differences

174



Int. J. Mol. Sci. 2019, 20, 3804

in trait severity between the non-autistic MZ and DZ twins are seen even at the most fundamental
level, that is, at the level of specific ADI-R items which comprise each trait, demonstrating the
strong influence of genetics on a broad spectrum of ASD-associated behaviors and characteristics
(Figure 3). In other words, a non-autistic identical twin exhibits a significantly higher severity of
autistic traits in comparison to an undiagnosed non-identical twin who shares only a part of his/her
autistic co-twin’s genes.

3.2. Quantitative Trait Association Analyses Reveal SNPs that Associate with a Specific ASD Trait

QTL association analyses allowed us to discover SNPs that may be functionally relevant to autism
traits. The genes associated with trait QTNs (Table 1) are over-represented in a number of neurological
functions related to autism. The neurological functions associated with each set of trait genes are shown
in Tables 4–8. SNPs associated with spoken language implicate genes involved in cell–cell adhesion
of neurons, axon guidance and fasciculation, GABA-mediated receptor currents, and morphology of
different brain regions, including the cerebral cortex, cerebellum, and corpus callosum, which are all
impacted in ASD (Table 4). Another set of SNPs associated with nonverbal communication implicate
genes that play a role in cell–cell adhesion of astrocytes, organization and morphology of mossy
fibers, axon pruning, migration of pyramidal neurons, and synaptic transmission of collateral synapses
(Table 5). SNPs associated with play skills highlight genes involved in dendritic spine formation,
synaptic transmission, and long-term potentiation of Purkinje cells (Table 6). Purkinje cell morphology,
neurotransmission, axonogenesis, and differentiation of motor neurons are functions over-represented
among genes associated with social QTNs (Table 7). QTNs associated with perseverative behaviors
point to genes involved in epileptic encephalopathy, loss of hippocampal neurons, and certain higher
level functions such as social transmission of food preference, mating, spatial learning, and motor
learning (Table 8). Interestingly, the genes associated with the QTNs for perseverative behaviors do
not overlap with those associated with any of the other traits, while there is an overlap of 20 genes
harboring QTNs for nonverbal, play and social skills (Figure 4), suggesting interrelated proficiencies
involving the latter functions. These studies thus help to link genotype to genes and phenotypes and
reveal some of the biological processes that may underlie specific ASD traits. The relevance of the
above-described neurological functions to ASD further suggested that some of these QTNs may be
able to distinguish cases from controls.

3.3. Trait-Associated QTNs Can Discriminate between Cases and Controls

Case-control association analyses using individuals at the extremes of phenotypic (i.e., trait)
severity (Q1 and Q4) as cases enabled the identification of significant trait QTNs that were demonstrated
to discriminate between cases and controls. This approach allowed reduction in the phenotypic
heterogeneity of the individuals within each subgroup of twins for genetic analyses. In fact, genetic
differences between the first and fourth quartiles of trait severity for all twin subgroups are quite clear.
Notably, for SNPs associated with both Q1 and Q4 subgroups, the odds ratios for the two extreme
groups are distinctly different and often in opposite directions (that is, greater or less than 1) relative
to unrelated controls (Tables S7–S12), thereby supporting the associative nature of the specific SNP
with that particular trait. Thus, the genetic heterogeneity of cases with respect to these trait-associated
SNPs reflects the phenotypic heterogeneity of individuals at the extreme ends of the trait distribution
profiles. In addition, hypergeometric distribution analyses of the genes derived from case-control
analyses of twin subgroups show significant enrichment in SFARI autism risk genes in three of the
twin subgroups (dNA.MZ, dNA.DZ, and cDZ) (Table 3). The over-representation of SFARI-annotated
autism risk genes among those revealed here through case-control analyses indicates that the reduction
in heterogeneity of cases at the extremes of the trait spectrum allows the detection of significant genetic
variants differentiating cases and controls with relatively few samples, while also implicating novel
ASD-associated genes that may be replicated by future studies. Although there is precedence for the
use of individuals at the extremes of autistic traits for phenotype analyses [24–27], no other study
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has utilized individuals within these phenotypically extreme populations for genome-wide genetic
association analyses.

3.4. Genetic Differences between Discordant DZ Twins Strongly Associate with Autism Risk Genes

The availability of genome-wide genotype data for both autistic and non-autistic DZ co-twins in
our study prompted us to examine the feasibility of performing a case-control analysis in which the
group of non-autistic DZ twins was used as a control for the group of autistic co-twins. Although none
of the 3400 SNPs with raw p-values ≤ 0.05 remained significant after correction for multiple testing,
there were 390 SNPs with nominal p-values ≤ 0.05 and odds ratios ≥ 3 (ranging from 3 to 11) (Table
S13). Hypergeometric distribution analysis of the 146 SNP-associated protein-coding genes showed
significant enrichment in ASD-risk genes annotated by SFARI Gene as well as in genes revealed by
exome sequencing [23]. Table 13 shows that this set of genes is highly enriched for ASD-associated
neuronal functions including development, migration and pathfinding of neurons, neuritogenesis,
axonogenesis, and guidance of axons, as well as synaptic development and transmission.

While the use of discordant non-autistic DZ twins as a control group for their autistic co-twins in
case-control association analyses may seem unconventional, there is precedence for family-based genetic
studies in which concordant MZ twin pairs were compared against their parents by whole genome
and exome sequencing, with each study revealing novel and rare variants in the probands [28,29].
The use of both concordant and discordant MZ and DZ twins to investigate the contribution of
pre-and post-zygotic de novo CNVs to ASD and other neurodevelopmental disorders [30] further
illustrates the value of using diagnostic concordance and discordance in dissecting the complex genetic
underpinnings of ASD.

3.5. Advantages and Limitations of Study Design

An advantage of quantitative trait association analysis is that it allows the identification of SNPs
that may potentially be more functionally related to the condition, thus reducing the number of SNPs
to be considered for further case-control association analyses. A possible disadvantage is that this
procedure may exclude some ASD-relevant but not trait-associated SNPs from case-control analyses.
Another limitation is that we did not separately analyze male and female twins due to the relatively
small and variable number of females in the different subgroups of twins, and thus cannot eliminate
sex as a confounding factor. However, a prior analysis of affected males and females from the AGRE
repository using cluster analyses of ADI-R scores as described previously [17] showed no obvious sex
differences in subphenotypes [31].

Because of the extreme heterogeneity of ASD, there has been increasing attempts to stratify or
subgroup individuals with ASD by specific phenotypes to obtain more homogeneous sample groups
for large-scale genetics analyses. While some autism studies have been conducted using individuals
at the top 5% of an autistic trait [24,25,27,32], no other study has performed genetic case-control
association analyses on subgroups of twins stratified by trait severity in this manner. Although the
use of both MZ and DZ twins at the extremes of trait severity reduces the genetic heterogeneity of
‘cases’ when compared against a large group of unrelated controls, sample sizes at these extremes are a
limitation of this study. Another limitation is that there is no empirical validation of the significant
SNPs identified by case-control analyses as this was purely an in silico study, and we did not have
access to the twins’ biological samples for follow-up genotype analyses. On the other hand, the
identification of some significant SNPs (with different odds ratios) for samples in the first and fourth
quartiles of trait severity in case-control analyses replicates the association of those SNPs with ASD in
distinct subgroups of individuals. Despite these limitations, case-control analyses revealed a number
of significant trait-associated SNPs that implicate genes that converge on certain neurological functions
associated with ASD, suggesting that disruption of those functions or pathways may play a role in
the manifestation of that specific trait in ASD. Notably, multiple genes are associated with each of
the five traits reflecting the multi-genic nature of ASD, even at these fundamental levels. However,
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no information is available on the functional significance of the specific SNPs with respect to gene
regulation or to protein function and expression, and many SNPs are in noncoding regions which
require further exploration.

Case-control association analyses using clinically discordant DZ twins as both cases and controls,
while underpowered, identified a large number of nominally significant SNPs associated with genes
that are significantly enriched in autism risk genes. While this study shows that reduction of genetic
heterogeneity by stratification of cases according to trait severity or by use of discordant DZ twins as
cases and controls increases the ability to identify common genetic variants associated with ASD, future
studies with greater numbers of individuals in each subgroup are required to replicate these findings.

4. Summary

We present here a novel experimental design using MZ and DZ twins, either concordant or
discordant for ASD, which evaluates the role of genetics in contributing to the severity of autistic traits
and identifies significant SNPs that can distinguish cases from unaffected controls by capitalizing on
the extreme phenotypic differences exhibited especially by discordant MZ and DZ twins. Although
prior studies have consistently indicated that genetics is a major contributor to the overall diagnosis
of ASD, deep phenotypic profiling shows that almost all ASD traits are significantly more severe in
non-autistic MZ twins than in non-autistic DZ twins, suggesting a dominant influence of genotype
on ASD phenotypes probed by the majority of items on the ADI-R diagnostic instrument [16]. At
the same time, the similarity of trait-severity profiles among all autistic subgroups suggests that the
ADI-R, often considered the gold-standard instrument for autism diagnostics, captures the essential
components of ASD across the ASD population.

Quantitative trait association analyses using ASD trait profiles reveal SNPs (QTNs) associated with
genes that provide meaningful insight into neurological functions and pathways commonly associated
with ASD, thus linking genotype to phenotype (i.e., specific traits) as well as to underlying molecular
pathology. Moreover, reducing phenotypic heterogeneity by using individuals at the extremes of
trait severity for case-control association analyses with the trait-associated QTNs resulted in the
identification of SNPs that significantly discriminate both affected and non-autistic co-twins from a
large group of unrelated controls. These results suggest an underlying genetic liability towards autistic
traits, even in the undiagnosed individuals (i.e., non-autistic co-twins). Genes implicated by the QTNs
that survive correction for multiple testing in case-control association analyses are statistically enriched
in ASD-associated genes revealed by significant overlap with those in the SFARI Gene database.
Finally, case-control association analysis using dA.DZ twins as cases and their discordant non-autistic
co-twins (dNA.DZ) as ‘controls’ also reveals a large number of neurologically relevant genes that are
significantly over-represented in both SFARI Gene and exome sequencing datasets.

5. Materials and Methods

5.1. ASD Subphenotype Analysis and Generation of Trait Severity Distribution Profiles

Detailed demographic information of the 284 pairs of twins included in this study is shown in Table
S14. Of these sets of twins, 88 monozygotic (MZ) pairs were concordant for diagnosis of ASD, while 25
MZ pairs were discordant. Among the dizygotic (DZ) twins, 56 pairs were concordantly autistic, while
115 pairs were discordant for diagnosis. As mentioned earlier, we label the concordant autistic MZ and
DZ twin subgroups as cMZ and cDZ, respectively, and the discordant autistic (dA) and non-autistic
(dNA) MZ and DZ twin subgroups as dA.MZ, dA.DZ, dNA.MZ, and dNA.DZ, respectively. ADI-R
diagnostic scoresheets for all sets of twins were downloaded from the AGRE repository. It should
be noted that ADI-R scoresheets were available for both the autistic and non-autistic (discordant)
co-twins in order to establish concordance. Raw scores for 88 items from the ADI-R scoresheet which
related to five ASD traits (spoken language, nonverbal communication, play skills, social skills, and
perservative behaviors) were extracted from each individual’s scoresheet, and the ADI-R scores were
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then adjusted according to previously described methods [17]. The specific items related to each
trait are shown in Table S15. The average score for each ADI-R item, as well as the cumulative score
for a specific trait, was calculated for each of the six twin subgroups. Quantitative trait distribution
profiles for each twin subgroup were created by graphing each individual’s cumulative score for
each trait. To account for differences in the number of individuals in the different subgroups of
twins, the total number of individuals in each subgroup was normalized to 100 to facilitate graphical
comparisons between trait severity distribution profiles based on zygosity as well as on diagnostic
concordance or discordance. The student’s two-sample t-test in the StatPac statistical software package
(https://statpac.com/index.htm) was used to determine significance of differences in severity scores of
overall ASD traits and specific ADI-R items based on p-values ≤ 0.05.

5.2. Source of Genetic Data

Genome-wide genotype data for the twins and 2438 unaffected (non-autistic) controls were derived
from a previously published genome-wide association study (GWAS) by Wang et al. [33], with data
previously cleaned by Jennifer K. Lowe in the laboratory of Daniel H. Geschwind, M.D., Ph.D. at UCLA.
Briefly, genotyping data were generated on Illumina HumanHap550 BeadChip arrays with over 550,000
SNP markers. Quality control procedures required DNA samples to have ≥ 0.95 call rate with minor
allele frequency ≥ 0.05, and p-values testing significant deviation from Hardy–Weinberg equilibrium
that were ≥ 0.001. Only subjects of European ancestry were genotyped and thus, only Caucasian
twins could be included in the genetic association analyses, eliminating concerns about population
stratification as a confounding factor. This publicly available dataset contained the genotypes for 74.3%
of MZ twins (85 pairs) and ~85.4% of DZ twins (146 pairs) in this study. Controls were comprised of
2438 unrelated non-autistic individuals of European ancestry for whom genome-wide genotyping data
was also available from the same GWAS study [33]. The workflow for the genetic association analyses
performed on the twin data is shown in Scheme 1 for clarity.

5.3. Quantitative Trait Loci (QTL) Association Analyses

PLINK 1.07 software [34] was used to perform all genetic association analyses. Quantitative
trait association analyses utilized the cumulative trait scores and the respective genotype data from
the above-mentioned dataset for each individual within a specific twin subgroup as previously
described [19]. Single nucleotide polymorphisms (SNPs) with unadjusted p-value ≤ 1.0 × 10−5 were
identified as QTNs which were subsequently used in case-control association analyses as described
below. The overlap of trait-associated genes implicated by the SNPs was determined using Venny
2.1.0, an online software package for creating Venn diagrams [35].

5.4. Case-Control Association Analyses

To reduce ASD heterogeneity for genetic analyses, only cases at the extremes of a defined ASD trait
were used in separate case-control association analyses. These individuals exhibited cumulative trait
severity scores within the first or fourth quartiles. The first quartile (Q1) was comprised of twins who
exhibited the least severe phenotype for that trait and the fourth quartile (Q4) was comprised of twins
who exhibited the highest severity for that trait. Cumulative trait scores at Q1 and Q4 for each subgroup
of twins were determined using Tyers Box Plot software [36] (see Scheme 1 and Figure 2). Individuals
with cumulative scores less than or equal to that determined by Q1 and greater than or equal to that
determined by Q4 were used in case-control association analyses against 2438 unrelated controls
from the study of Wang et al. [33], focusing on the SNPs discovered by QTL analysis. Discordant
non-autistic twins for whom genome-wide genotyping data were available were also stratified and
analyzed in the same way. Because only one individual of a pair of MZ twins was included in the
original genome-wide genotyping analysis [33], the genotype data of each dA.MZ twin was used for
his or her respective dNA.MZ co-twin in case-control analyses. SNPs were considered significant if the
adjusted Benjamini–Hochberg FDR was ≤ 0.10.
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5.5. SNP Annotation and Functional Analyses of Associated Genes

Significant SNPs were annotated using SNPper [37] and/or SNPnexus [38]. Both are web-based
applications that allow downloading of information on SNPs according to user-defined criteria, such
as chromosomal position, band, alleles, closest gene, role (e.g., coding exon, promoter, intron, 3′-UTR),
amino acid change, and position. The SNP-associated genes were analyzed using Ingenuity Pathway
Analysis (IPA) software (QIAGEN, Redwood City, CA) with a focus on genes involved in neurological
functions and pathways. Significance for enrichment of genes associated with a particular pathway or
function included in IPA’s Knowledgebase was determined by right-tailed Fisher’s exact test (p-value
≤ 0.05).

5.6. Hypergeometric Distribution Analyses for Gene Enrichment

SNP-associated genes were then compared to a list of known autism risk genes in the SFARI Gene
database [39] and/or a list of ASD-associated genes identified by an exome sequencing study [23].
Hypergeometric distribution probabilities for over-representation of overlapped genes within the SFARI
dataset or among ASD genes identified by exome sequencing were calculated using the CASIO Keisan
Online Calculator (http://keisan.casio.com/exec/system/1180573201), with significance determined by
an upper cumulative q-value ≤ 0.05.

6. Conclusions

Deep phenotyping analysis of monozygotic and dizygotic twins concordant or discordant for
diagnosis of ASD indicates that the identical genotype of non-autistic MZ twins with their respective
affected co-twins strongly influences the severity of autistic traits in comparison to the trait severity
expressed by non-autistic DZ twins. Quantitative trait association analyses using trait distribution
profiles and genotype data for the respective twin groups identify SNPs linked to traits. Case-control
association analyses using these QTNs and individuals at the extremes of trait distribution profiles
reveal significant SNPs associated with genes that are functionally significant to the known pathobiology
of ASD. Finally, we suggest that more effective treatment strategies may be derived by associating
specific phenotypes with genotype-implicated genes and related functional deficits manifested by a
given subgroup of individuals.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/15/3804/
s1, Table S1: All trait QTNs for cMZ twins, Table S2: All trait QTNs for dA.MZ twins, Table S3: All trait QTNs for
dNA.MZ twins, Table S4: All trait QTNs for cDZ twins, Table S5: All trait QTNs for dA.DZ twins, Table S6: All
trait QTNs for dNA.DZ twins, Table S7: Case-control by quartile analysis of cMZ twins, Table S8: Case-control
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Abstract: Although fragile X syndrome (FXS) is caused by a hypermethylated full mutation (FM)
expansion with ≥200 cytosine-guanine-guanine (CGG) repeats, and a decrease in FMR1 mRNA and
its protein (FMRP), incomplete silencing has been associated with more severe autism features in
FXS males. This study reports on brothers (B1 and B2), aged 5 and 2 years, with autistic features and
language delay, but a higher non-verbal IQ in comparison to typical FXS. CGG sizing using AmplideX
PCR only identified premutation (PM: 55–199 CGGs) alleles in blood. Similarly, follow-up in B1 only
revealed PM alleles in saliva and skin fibroblasts; whereas, an FM expansion was detected in both
saliva and buccal DNA of B2. While Southern blot analysis of blood detected an unmethylated FM,
methylation analysis with a more sensitive methodology showed that B1 had partially methylated
PM alleles in blood and fibroblasts, which were completely unmethylated in buccal and saliva cells.
In contrast, B2 was partially methylated in all tested tissues. Moreover, both brothers had FMR1
mRNA ~5 fold higher values than those of controls, FXS and PM cohorts. In conclusion, the presence
of unmethylated FM and/or PM in both brothers may lead to an overexpression of toxic expanded
mRNA in some cells, which may contribute to neurodevelopmental problems, including elevated
autism features.

Keywords: fragile X syndrome; autism; RNA toxicity; DNA methylation; mosaicism; pediatrics;
MS-QMA; AmplideX

1. Introduction

Fragile X syndrome (FXS) is a leading single-gene cause of inherited intellectual disability
(ID), with a prevalence of up to 1 in 4000 [1]. The vast majority (~90%) of males affected by FXS,
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and ~50% of females, show autism spectrum disorder (ASD) features, including speech perseveration,
compulsions, echolalia, repetitive behaviors, poor eye contact, and deficits in social communication [2–5].
Many of these features are shared with idiopathic ASD [6]. The primary molecular cause of FXS is
abnormal regulation of the fragile X mental retardation 1 (FMR1) gene due to the presence of ≥200
cytosine-guanine-guanine (CGG) repeats, termed full mutation (FM), within the FMR1 promoter
(reviewed in Kraan et al. [7]). These FM alleles are thought to silence FMR1 transcription [8–12]
through epigenetic changes at the FMR1 promoter, including increased DNA methylation. Loss of
FMR1 mRNA in turn leads to depletion of the fragile X mental retardation protein (FMRP) [13–16],
which is the primary cause of FXS symptomology, as FMRP has a critical function in synaptic plasticity
and normal brain development [17–21].

In contrast, smaller CGG alleles (55–199 repeats), termed premutation (PM), usually have an
unmethylated FMR1 promoter, but abnormally increased levels of expanded PM mRNA [22,23].
In some PM carriers, the transcription of FMR1 mRNA from expanded alleles has been associated
with “RNA gain of function” toxicity, implicated in late onset disorders such as Fragile X-associated
Tremor/Ataxia Syndrome (FXTAS) [22,23]. Other factors proposed to contribute to PM-related disorders
are expanded repeat associated non-AUG translation, and increased transcription of ASFMR1/FMR4
originating from the same locus as FMR1 (reviewed in Kraan et al. [7]). In FXS, these mechanisms have
not been comprehensively studied, but may explain significant variability in the type and severity of
the FXS phenotype, beyond FMRP deficiency. This is consistent with our recent study suggesting that,
in the majority (60%) of FXS males, FM mRNA can still be detected, and that this incomplete silencing
in males <19 years of age is associated with more severe autism features, but not more severe ID [6].
This led us to propose that FXS can be stratified based on complete and incomplete silencing, with the
two reciprocal mechanisms of RNA toxicity and FMRP deficiency contributing to overlapping aspects
of FXS, namely the ID and autism phenotype in each individual that has incomplete silencing. This is
particularly important as mosaicism for active and inactive expanded alleles may be more common
than previously reported (10% to 40%) [5,11,15,24–29], based on the detection of FMR1 mRNA in more
than 60% of FM males [6]. The difference of >20% in the reported prevalence of mosaicism in FXS
by Southern blot analysis as opposed to incomplete FMR1 silencing detected by real-time PCR [6],
is likely due to the limited analytical sensitivity of methylation-sensitive Southern blot analysis (the
‘gold standard’ FXS diagnostic test used in earlier studies) that does not detect mosaic alleles in less
than 20% of cells [26]. Extreme examples of low level methylation mosaicism found in <20% of cells
have previously been described in rare adult individuals with unmethylated FM (UFM) alleles that
typically have mild ID (but are at risk of premutation phenotypes such as FXTAS) [30].

This study, for the first time, describes two brothers with UFM alleles detected by Southern blot
analysis in a pediatric setting. Based on non-verbal intellectual functioning assessments, the brothers
are ‘higher functioning’ compared to typical FXS, but have autism features ranging from mild to severe.
The detailed clinical and molecular follow-up is described. This includes the detection of low-level
mosaicism for methylated PM and FM alleles in different tissues. The CGG sizing and FMR1 mRNA
analysis of the two brothers are also compared with family members ascertained through cascade
testing, typical FXS, age-matched children with PM, and typically developing (TD) controls.

2. Results

2.1. Medical History

B1 was born at term after an uncomplicated pregnancy and delivery. His parents became concerned
with his development from an early age. He had extreme shyness, disliked new social circumstances,
avoided some physical contact, and had limited eye contact. He was difficult to settle and he was
often irritable and upset. His early motor milestones were normal, but language was significantly
delayed. A clinical evaluation with the Griffiths Mental Developmental Scales, Extended Revised led to a
diagnosis of mild global developmental delay, with significant difficulties with language and play skills.
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Fragile X testing by Southern blot analysis of DNA extracted from blood and microarray analysis were
performed at the age of 3 years. Southern blot analysis detected an abnormal 1.42 kb pfxa3 fragment
equivalent to approximately 170 CGG repeats expansion. No pathogenic copy number variants (ISCA 60K)
were identified through a chromosomal microarray. The results of psychometric testing (Stanford-Binet
Intelligence Scales 5th Edition) [31] at the age of 4.5 years were consistent with a mild ID, with relative
strengths in nonverbal abilities. The Adaptive Behavioural Assessment System (ABAS-II) results indicated
a mild deficit in everyday functioning. He was treated with fluoxetine, which improved his social anxiety.
After B1’s fragile X genetic testing, cascade testing was carried out for other family members. The mother
of both brothers was found to have a 74 CGG expanded allele; the maternal half-sister, maternal aunt, and
maternal grandfather were also all identified as having a PM allele (Figure 1A).

A. 

C. B1 B2 B1 B2D.

B. 

Figure 1. (A) Family pedigree, with expansion sizes from AmplideX testing. None of the individuals
had manifested symptoms consistent with fragile X syndrome or fragile X-associated disorders, such
as Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) or Fragile X-associated Primary Ovarian
Insufficiency (FXPOI). The brothers’ have two half-sisters, one of which was identified as carrying a
premutation (PM) allele and the other as carrying a normal fragile X mental retardation 1 (FMR1) allele.
B1′s cousin (C1) was identified at 1 year and 11 months of age as carrying an FMR1 PM allele of 66
CGG repeats. (B) Methylation-sensitive Southern blot analysis of the NruI restriction site within the
FMR1 CpG island in blood. The DNA samples from the two brothers in question are located in lanes 5
and 6. B2 has a 223 CGG unmethylated allele, while B1 has a 190 CGG repeat unmethylated allele.
A typical female (CGG < 44) is in lane 1, while typical males (CGG < 44) are in lanes 3 and 4; and a full
mutation (FM) female with a 100% methylated 580 CGG allele is in lane 2. The numbers superimposed
on the blot indicate CGG sizing. The lower limit of detection for the Southern blot analysis of FM alleles
on a normal allele background is 20%. (C) Photos of B1 and B2 at the ages of 5 and 2 years, respectively;
written informed consent was obtained from the mother of the brothers to include these images in
the publication (D) Photos of B1 and B2 at the ages of 10 and 7 years, respectively; written informed
consent was obtained from the mother of the brothers to include these images in the publication. Note:
Comparator DNA used of methylation-sensitive Southern blot analysis in (B) were also sized using
standard CGG sizing PCR.

B2 is the younger brother of B1, who is a dizygous twin. The twins were conceived before
the FMR1 CGG expansion was identified in B1. B2 and his twin brother were delivered at term by
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elective caesarean section, in good condition after a pregnancy complicated by gestational hypertension.
The twins were admitted for two days in the newborn nursery for blood sugar instability and required
intravenous fluids. However, there were no ongoing neonatal concerns and the boys were discharged
home on day four of life. There were no concerns about B2′s development in the first year of life; he
fed and slept well and all his motor milestones were in the normal range. He had surgery for left
cryptorchidism, but his medical history was otherwise unremarkable. B2′s mother became concerned
about his development and behaviour around two years of age. Although B2 did not have typical
craniofacial features of fragile X syndrome, he had a slightly longer face than his twin brother, which was
visible at the time of assessment (Figure 1C) and also more recently (Figure 1D). He was normocephalic,
had a normal tone and power, with a normal gait, and did not have joint hypermobility. At 9 months
of age, fragile X PCR with AmplideX commercial kit was performed on their DNA extracted from
blood, which identified a normal triplet repeat size (29 CGG repeats) in one of the twins, but a 174 PM
CGG repeats expansion in B2.

2.2. Extended FMR1 CGG Testing

Extended FMR1 testing was initiated to test the hypothesis that the neurodevelopmental
phenotypes in B1 and B2 were due to the presence of FM alleles in tissues other than blood. For these
extended studies, B1 and B2 were recruited into the FREE FX study at 5.6 and 2.7 years of age,
respectively, but were not included in previous FREE FX study publications due to uncertainty about
molecular diagnosis [6].

In blood, methylation-sensitive Southern blot analysis demonstrated the presence of unmethylated
alleles of 190 CGGs in B1 and 223 CGGs in B2 (Figure 1B). These results are consistent with those
previously reported for rare ‘high functioning’ FXS males with fully unmethylated FM alleles [32–34].
AmplideX testing of blood at the time of the FREE FX study assessments showed an allele of 168 CGGs
in B1, while for B2, there were three alleles detected of 165, 185, and 199 CGGs (Figure 2B). AmplideX
CGG sizing analysis in tissues other than blood showed that for B1, CGG sizing in saliva was consistent
with that in blood. However, in fibroblasts, the sizing was different, with mosaicism for 140 CGG
and 156 CGG alleles detected. In contrast, for B2, all alleles in the PM range were consistent between
the tissues tested. However, for B2, in buccal epithelial cells (BEC) and saliva, FM alleles were also
detected, which were not identified in blood. Subsequently, B2 received a molecular diagnosis of FXS
that was not initially given by standard testing of blood.

The variability in CGG sizing between tissues was also investigated in both brothers using FastFraX
5′ and 3′ melting curve analysis (MCA) assays, using samples from C1 (cousin, as reference) [35].
Surprisingly, there was no amplification by the 3′ MCA assay in B1 and B2, while amplification
occurred by 3′ MCA for C1, with the 5′ MCA performed on the same samples from B1, B2, and C1
displaying amplification, as expected (Supplemental Figure S1). This suggested that one of the primer
sites for the 3′ MCA assay had a de novo sequence change of unknown significance in all tissues
tested in both brothers that prevented primer binding and amplification, but not in their cousin. As a
follow-up, sanger sequencing of the 3′ MCA FMR1 exon 1 binding site inclusive of the ATG translation
start site, and surrounding regions, was performed. However, no sequence variants were detected in
both brothers compared to controls (Supplemental Figures S3 and S4). This suggested that a de novo
sequence change was present for the binding site of the primer anchored at the 3′ end of the CGG
repeat, rather than the primer overlapping with the ATG site within the exon 1.

2.3. FMR1 Methylation and Gene Expression Analyses

Methylation analysis using Methylation-Specific Quantitative Melt Analysis (MS-QMA) identified
methylated alleles in both brothers in multiple tissues (Figure 3A,B) that were not present in 17 control
males and 14 PM males co-run with these samples. However, the methylated peaks of ~5% in both
brothers did overlap with those found in 41 FM only males and 18 typical PM/FM mosaics also co-run
with the B1 and B2 samples (Supplemental Figure S2). The levels observed in both brothers were also

186



Int. J. Mol. Sci. 2019, 20, 3907

consistent with those of the spiking reference sample, which contained 6% methylated FM and 94%
unmethylated normal size male DNA (Figure 3C). Presence of the unmethylated expanded alleles in
the majority of cells was consistent with FMR1 mRNA analyses in blood for both brothers (Figure 4),
where the levels in both brothers were ~5 fold higher than the levels observed in male and female
controls. Interestingly, of the 13 PM male reference samples (most children or adolescents), only one
had analogous FMR1 mRNA levels. None of the FM only or PM/FM mosaic males had mRNA levels
remotely close to those observed in the brothers, with the C1 PM (66 CGGs) cousin having mRNA
levels just above the control range.

187



Int. J. Mol. Sci. 2019, 20, 3907

 
F

ig
u

re
2

.
(A

)O
rg

an
iz

at
io

n
of

th
e

fr
ag

ile
X

m
en

ta
lr

et
ar

da
tio

n
1

(F
M

R
1)

5′
re

gi
on

,i
nc

lu
di

ng
th

e
cy

to
si

ne
-g

ua
ni

ne
-g

ua
ni

ne
(C

G
G

)e
xp

an
si

on
an

d
pr

im
er

bi
nd

in
g

si
te

lo
ca

ti
on

s
fo

r
A

m
pl

id
eX

C
G

G
si

zi
ng

PC
R

,F
as

tF
ra

X
H

ig
h-

R
es

ol
ut

io
n

M
el

tA
na

ly
si

s,
an

d
M

et
hy

la
ti

on
-S

pe
ci

fic
Q

ua
nt

it
at

iv
e

M
el

tA
na

ly
si

s
(M

S-
Q

M
A

),
in

re
la

ti
on

to
Fr

ag
ile

X
-R

el
at

ed
Ep

ig
en

et
ic

El
em

en
t2

(F
R

EE
2)

;t
he

FM
R

1
C

pG
is

la
nd

an
d

m
et

hy
la

tio
n

se
ns

iti
ve

re
st

ri
ct

io
n

si
te

N
ru

Ia
na

ly
se

d
us

in
g

ro
ut

in
e

fr
ag

ile
X

So
ut

he
rn

bl
ot

te
st

in
g;

an
d

tw
o

H
pa

II
si

te
s

ta
rg

et
ed

by
A

m
pl

id
eX

m
et

hy
la

tio
n

PC
R

.N
ot

e:
Th

e
FM

R
1

tr
an

sl
at

io
n

st
ar

ts
ite

is
in

di
ca

te
d

in
re

d
ov

er
la

pp
in

g
w

ith
Fa

st
Fr

aX
3′

m
el

tin
g

cu
rv

e
an

al
ys

is
(M

C
A

)p
ri

m
er

.
(B

)A
m

p
lid

eX
tr

ip
le

t-
re

p
ea

tp
ri

m
ed

lo
ng

ra
ng

e
P

C
R

re
su

lt
s

fo
r

B
1

an
d

B
2,

fo
r

bl
oo

d
,b

u
cc

al
,s

al
iv

a,
an

d
fi

br
ob

la
st

D
N

A
.N

ot
e:

a
re

fe
re

nc
e

sa
m

pl
e

co
-r

un
w

it
h

th
e

sa
m

pl
es

in
qu

es
ti

on
is

in
cl

ud
ed

as
th

e
A

m
pl

id
eX

si
zi

ng
co

nt
ro

li
n

(B
).

188



Int. J. Mol. Sci. 2019, 20, 3907

 

10
0%

 
77

%
65

%
24

%
13

%
6% 0%

Sp
ik

ed
 

co
nt

ro
ls

B2
 B

lo
od

B2
 B

uc
ca

l
B2

 S
al

iv
a

B1
 

Fi
br

ob
la

st
s

B1
 B

uc
ca

l
B1

 S
al

iv
a

B1
 B

lo
od

F
ig

u
re

3
.

D
er

iv
at

iv
e

cu
rv

e
hi

gh
-r

es
ol

ut
io

n
m

el
tp

ro
fil

es
an

d
m

ea
n

m
et

hy
la

tio
n

ou
tp

ut
ra

tio
s

of
C

pG
si

te
s

lo
ca

te
d

w
ith

in
th

e
Fr

ag
ile

X
-R

el
at

ed
Ep

ig
en

et
ic

El
em

en
t2

(F
R

EE
2)

re
gi

on
as

se
ss

ed
us

in
g

M
et

hy
la

tio
n-

Sp
ec

ifi
c

Q
ua

nt
ita

tiv
e

M
el

tA
na

ly
si

s
(M

S-
Q

M
A

)b
et

w
ee

n
di
ff

er
en

tt
is

su
es

fo
r

(A
)B

1
an

d
(B

)B
2.

(C
)D

N
A

sa
m

pl
es

fr
om

ly
m

p
ho

bl
as

ts
of

a
fr

ag
ile

X
sy

nd
ro

m
e

(F
X

S)
m

al
e

w
it

h
th

e
fr

ag
ile

X
m

en
ta

lr
et

ar
d

at
io

n
1

(F
M

R
1)

p
ro

m
ot

er
10

0%
m

et
hy

la
te

d
sp

ik
ed

w
it

h
D

N
A

fr
om

a
ty

p
ic

al
ly

de
ve

lo
pi

ng
co

nt
ro

l(
cy

to
si

ne
-g

ua
ni

ne
-g

ua
ni

ne
(C

G
G

)<
44

)w
ith

th
e

FM
R

1
pr

om
ot

er
0%

m
et

hy
la

te
d.

Th
es

e
sa

m
pl

es
w

er
e

m
ix

ed
at

di
ff

er
en

tr
at

io
s

fo
r

th
e

M
S-

Q
M

A
m

et
hy

la
ti

on
re

fe
re

nc
e

cu
rv

e,
w

it
h

th
e

ex
pe

ct
ed

%
of

m
et

hy
la

ti
on

in
di

ca
te

d
on

th
e

pl
ot

fo
r

ea
ch

de
ri

va
ti

ve
cu

rv
e

pr
ofi

le
.

189



Int. J. Mol. Sci. 2019, 20, 3907

 

0
1

2
3

4
5

6
7

8

N
or

m
al

ize
d 
FM

R1
 m

RN
A 

le
ve

l (
A.

U
)

Female 

Controls 

(n=14)

Male 

Controls 

(n=2)

B1 B2 C1Male 

PM 

(n=13)

Male 

FM 

(n=55)

Male 

PM/FM 

(n=14)

Figure 4. Comparison of fragile X mental retardation 1 (FMR1) mRNA levels in blood in the probands,
control, premutation (PM), full mutation (FM) only, and PM/FM mosaic reference cohorts. Note: Control
reference ranges included in blood of females (age 22 to 54 years; cytosine-guanine-guanine (CGG) < 44)
and males (age 7.7–8.1 years) typically developing (TD) controls; males with PM alleles (3.4 to 23.6 years);
and males with FM only alleles and PM/FM mosaic alleles (1.89 to 43.17 years). Control children had no
family history of developmental delay and their mothers had CGG size < 44.

2.4. Neurodevelopmental Outcomes at the Time of Recruitment

In B1, the cognitive assessment as part of the FREE FX study highlighted receptive language
difficulties, which greatly influenced his performance in the IQ test. He showed significant variability
in his cognitive abilities. His verbal skills were a cognitive weakness, reflected in his verbal IQ (VIQ)
score of 72 falling in the borderline range. His overall nonverbal problem-solving skills were in the low
average range, with a performance IQ (PIQ) score of 84. His processing speed index (PSI) score was 71,
which fell in the borderline range. His overall intellectual functioning, as reflected in the Full Scale
IQ (FSIQ), was 77. Based on the Autism Diagnostic Observation Schedule Second Edition (ADOS-2)
assessment, B1 met the cut-off for autism spectrum, with an overall ADOS-2 calibrated severity score
(CSS) of 4. His Social Affect (SA) CSS was 3 (non-spectrum range), whilst his Restricted and Repetitive
Behavior (RRB) CSS was 6 (autism range). B1’s scores on the Child Behavior Checklist (CBCL) were in
the normal range for the Total Problem and Externalizing problem scales, but fell in the borderline
range for the Internalizing problems scale. Moreover, the Pervasive Developmental Problems subscale
score fell in the clinical range and the Withdrawn subscale score fell in the borderline range. At the
time of the research assessment, B1 was enrolled in a small mainstream primary school with additional
learning support. He was reported to play alongside other children and although still shy, he did not
have any major challenging behaviours. He had no seizures and was taking 2 mg/day of sertraline.

During assessment, as part of the FREE FX study, B2 predominantly used non-word vocalizations
and jabbering; although on a number of occasions, he used single words and word approximations.
Moreover, his formal developmental assessment with the Mullen Scales of Early Learning (MSEL)
showed that his receptive and expressive language skills were respectively similar to that expected of an
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infant aged 10 and 17 months old, a marked discrepancy from his chronological age (31 months). He did
not obtain a valid score (T ≥ 20) on the receptive language subdomain of the MSEL; a further indication
of the significant impairment in this area. B2′s ratio VIQ [36] was 44. In contrast, his performance
in tasks assessing visual reception and fine motor skills was much better, obtaining age equivalents
of 25 and 20 months, respectively, and a ratio non-verbal IQ (NVIQ) of 73. His overall MSEL Early
Learning Composite score (using a default minimum T score of 20 for his Receptive Language domain)
was 56, more than three standard deviations below the mean score (mean = 100; SD = 15) of similar
aged peers, indicating a significant developmental delay. B2′s difficulties with social communication,
his engagement in sensory seeking and repetitive behaviours, and restricted interests observed during
the ADOS-2 assessment led to an ADOS-2 classification of autism, with an overall ADOS CSS of
7. His SA CSS score of 5 fell in the autism spectrum range, whereas his RRB CSS of 10 fell in the
autism range, the highest severity level for this domain for children with ASD of his age and verbal
abilities. B2′s CBCL Total, Internalizing, and Externalizing problem scales scores were all in the normal
range. However, his score in the Withdrawn and Pervasive Developmental Problems subscales fell in
the clinical range. His mother reported significant concerns regarding his very limited speech and
social anxiety.

3. Discussion

This study describes two young brothers with expanded FMR1 alleles, who were ‘higher
functioning’ based on intellectual functioning assessments compared to a typical FXS cohort reported
in previous studies [6]. Specifically, B1 had a PIQ score three standard deviations above the mean
of the FREE FX typical FXS male cohort, while B2 had a non-verbal (NVIQ) score that was nearly
two standard deviations above the same mean. Regarding VIQ, B1′s score was 1 SD greater than the
FXS group mean, while B2 fell within 1 SD of the typical FXS cases on this measure. B2′s greater
difficulties with expressive and receptive language skills may be closely linked to his more severe
autism phenotype. In contrast, B1 presented mild autism features, though still met the ADOS-2
cut-off for autism spectrum. Based on methylation-sensitive Southern blot analysis of blood DNA,
both brothers have been described as having UFM alleles approaching 200 CGGs in blood. Previous
studies have described adults with similar Southern blot profiles, explaining their higher intellectual
functioning through the FMR1 promoter being completely unmethylated and expressing FMR1 FM
mRNA and FMRP [32–34]. These adult males with unmethylated alleles (FM and PM/FM mosaic)
and incomplete silencing of FMR1 mRNA from expanded FM alleles are at risk of FXTAS, based on
clinical assessments and magnetic resonance imaging (MRI) features [30,37,38]. In these studies, it was
hypothesized that expression of the UFM RNA is a contributor to the neurodegenerative features
observed in some adults, through the same RNA toxicity mechanism as in PM-related disorders.
However, the interplay between intellectual functioning and autism severity in the pediatric setting
has not previously been characterized in individuals with UFM alleles.

In this study, additional molecular analyses with more sensitive techniques, such as MS-QMA and
AmplideX PCR, indicate that a small proportion of cells in blood and other tissues have methylated PM
and FM alleles that were not detected by Southern blot analysis. These findings are partly consistent
with a previous study examining tissue heterogeneity in FMR1 methylation and CGG size post-mortem,
in a 79-year-old ‘high-functioning’ male with unmethylated PM and FM alleles detected in blood by
Southern blot analysis [34]. In this male, a complete unmethylated PM/FM allele smear was found
in blood by Southern blot analysis; however, in multiple other tissues, including the parietal lobe,
methylated FM alleles were detected. Together, this suggests that the detection of methylated alleles
varies with the tissue tested and the analytical sensitivity of the technique used. With the addition of
more sensitive technologies to complement Southern blot analysis, the UFM classification in some
of these cases is likely to be replaced with the term ‘low-level methylation mosaicism’. Moreover,
these males with low-level somatic mosaicism may not be as uncommon as previously thought. One
reason for this may be that these unmethylated alleles are somatically unstable, with a significant
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proportion of these cases that have retraction down to a normal repeat size currently not being detected
by standard testing [26].

It is also important to note that based on CGG sizing and methylation analysis of multiple tissues,
B1 was found to have multiple methylated alleles in the PM range in a small proportion of cells (e.g.,
170 CGG repeats in blood, but 140 and 156 CGG alleles in fibroblasts). This is consistent with an earlier
study [26] that also reported a male with a methylated PM allele of 110 CGG repeats, in the absence of
an FM, with a FSIQ value of 46. Together, this suggests that as part of somatic retraction below an FM
allele size, some alleles may remain methylated in a proportion of cells, and may not be fully functional,
with this proportion and CGG sizing differing between tissues. For the two brothers, however, the
RNA toxicity, rather than FMRP deficiency, is likely to be the primary factor contributing to the autism
phenotype. This is consistent with FM RNA levels being ~5 fold greater than in the reference sample
of typically developing controls, PM/FM mosaic and FM only males affected with FXS, and the PM
cousin (C1) with 66 CGGs. This is also consistent with our earlier study showing that FM males with
incomplete silencing of FMR1 had more severe autism features compared to the FM group where
FMR1 mRNA could not be detected [6].

This study also detected a potential sequence variant in the FMR1 promoter overlapping with the
3′ MCA FastFraX primer binding site at the 3′ end of the CGG repeat. While the functional and clinical
significance of this potential variant is uncertain, it did not inhibit FMR1 transcription in both brothers.
Similarly, previous studies have reported a sequence variant located next to the CGG repeat in FXS
individuals displaying somatic retractions [30]. The loss of primer binding sites that may be associated
with somatic retraction is an important limitation of all standard and long-range PCR-based methods,
including AmplideX and FastFraX, as it may lead to expanded alleles being missed or not amplified, as
demonstrated by the 3′ MCA assay for both brothers in this study, and for AmplideX previously [30].

In summary, the study reports two brothers with low-level methylation mosaicism not detected by
standard testing in blood, who may be mistaken for males with rare UFM alleles, when based alone on
Southern blot analysis of blood DNA. Moreover, in both brothers, FMR1 mRNA levels were increased
~5-fold compared to typical developing controls, and significantly above the levels reported from PM,
FM only, and PM/FM mosaic male cohorts from a previous study [6]. The abnormally elevated levels
of FMR1 mRNA in the two brothers may have led to FMR1 mRNA-related cellular “toxicity”. It is
plausible that an FXS patho-mechanism exists whereby active unmethylated FM and/or PM alleles lead
to the expression of toxic expanded mRNA in some cells, in conjunction with possible reduced FMR1
mRNA and FMRP levels in other cells with FMR1 methylation detected by MS-QMA. A combination of
these two mechanisms in different cells may contribute to the brothers’ neurodevelopmental problems,
including the elevated ASD symptoms. This hypothesis is also in line with the findings reported by
Baker et al. [6] showing that males with FM-only CGG expansions (aged < 19 years), who expressed
FM FMR1 mRNA, had significantly more severe ASD symptoms measured with the ADOS-2 compared
to males with FM-only alleles who had completely silenced FMR1. The main limitations of this study
are that the FMRP levels in blood and direct sequencing of the 3′ MCA binding site, anchored at the 5′
end of the CGG repeat, suspected to be modified in both brothers, have not been tested and performed.
Future studies will address these limitations to shed light on the effect of the potential 3′ MCA variant
(to be confirmed through DNA sequencing) on FMRP structure and function, and possibly further
explain the phenotype presented by these two young children.

4. Materials and Methods

4.1. Ethics Approval and Consent

All aspects of this study have received ethical approval by The Royal Children’s Hospital Human
Research Ethics Committee (Single Site Reference numbers: HREC 34227, HREC 33066—Multi site
HREC Reference Number: HREC/13/RCHM/24, approved on 24 May 2013).
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4.2. Recruitment and Assessments

Affected family members include two brothers, B1, age 5.6 years, and B2, age 2.7 years, and their
cousin C1, age 3.4 years. All were recruited through their clinical geneticist into the FREE FX study [6].
As part of the FREE FX study, the brothers’ neurodevelopmental outcomes were evaluated through a
medical and developmental history questionnaire prepared ad hoc for this study, the ADOS-2 (Module
2 for B1 and Module 1 for B2) [39], the Wechsler Preschool and Primary Scale of Intelligence–Third
Edition (WPPSI-III) (Australian) (B1) [40], MSEL (B2) [41], and CBCL [42]. Both brothers’ and their
cousin’s buccal epithelial cells, saliva, and venous blood samples were collected at the time of their
participation in the study. A skin biopsy for genetic testing on fibroblasts was performed on B1, as part
of his clinical care. Molecular data for positive and negative control cohorts used as reference data in
this study were analysed previously [6,43,44] and from a newly recruited control and PM participants
as part of the FREE FX study.

4.3. Sample Processing

Up to four BEC samples were collected per participant using the Master Amp Buccal Swab Brush
kit (Epicentre Technologies, Madison, WI, USA), as previously described [45]. A single saliva sample
was collected for each participant using the Oragene® DNA Self-Collection Kit (DNA Genotek, Global)
and was processed as per the manufacturer’s instructions. As part of a clinical genetic follow-up,
and not as part of his involvement in the FREE FX study, a skin biopsy was performed for B1 to obtain
fibroblasts. The DNA extracts were evaluated using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Foster City, CA, USA). Ten ml of venous blood, from B1 and B2 and from two control
male participants (aged 7.6 and 8.1 years, respectively), was used for peripheral blood mononuclear cell
(PBMC) isolation using Ficoll gradient separation [46]. Isolated PBMCs were used for RNA extraction
(RNeasy kit; Qiagen Inc., Hilden Germany) for gene expression analyses [46]. Total RNA extraction,
purification, and reverse transcription were performed as previously described [47].

4.4. Methylation Specific-Quantitative Melt Analysis (MS-QMA)

DNA samples were extracted from BEC, saliva, venous blood, and fibroblasts, and transferred
into 96-well plates to be treated with sodium bisulphite. An EZ DNA Methylation-GoldTM kit
(Zymo research, Irvine, CA, USA) was used to bisulphite convert each sample in two separate
reactions, with each conversion analysed in duplicate reactions. FREE2 DNA methylation analysis was
performed using MS-QMA, as previously described [43]. Specifically, ninety-six samples were bisulfite
converted at a time (3 controls and 93 unknown samples per plate) and were serially diluted four
times post-conversion. These included positive and negative control cohorts used as reference data in
this study, as well as samples in question from B1, B2, and C1. The bisulfite converted DNA was then
transferred into a 384 well format for real-time PCR analysis utilizing MeltDoctor™ high-resolution
melt reagents in 10 μL reactions, as per the manufacturer’s instructions (Life technologies, Foster City,
CA, USA). A unique primer set was used for real-time PCR that targets specific CpG sites within the
Fragile X-Related Epigenetic Element 2 (FREE2) region, at the FMR1 exon1/intron 1 boundary [43].
The annealing temperature for the thermal cycling protocol was 650 ◦C for 40 cycles. The ViiA™
7 Real-Time PCR System (Life technologies, Foster City, CA, USA) was then used to quantify the
DNA concentration of the unknown samples using the relative standard curve method post bisulfite
conversion, by measuring the rate of dye incorporation into double stranded DNA. To progress to the
next stage of the MS-QMA analysis, the unknown samples had to be within this dynamic linear range.

The products from a methylated and unmethylated FREE2 sequence were then separated into
single strands in the temperature range of 74 and 82 ◦C as part of the high-resolution melt step that
followed the real-time PCR in a close tube format. The HRM Software Module for ViiA™ 7 System
was then used to plot the rate of PCR product separation to single strands, with the difference in
fluorescence converted to Aligned Fluorescence Units (AFU).
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The AFU conversion to the methylation percentage was performed at 78 ◦C, and all of the above
quality control steps, were analysed simultaneously for 384 reactions at a time using Q-MAX software
(Curve Tomorrow, Melbourne, Australia), developed to automate the process.

This software utilizes a custom-designed computer algorithm to simultaneously perform multiple
quality control checks to determine DNA concentrations and quality post-bisulfite conversion using raw
RT-PCR and high-resolution melt data for all dilutions from each bisulfite reaction. The high-resolution
melt data for those sample dilutions outside the QC ranges were discarded from the quantitative
methylation analysis by Q-MAX software, and were not used for the final aggregate methylation ratio
calculation. The high-resolution melt profiles discarded from quantitative assessments by Q-MAX,
however, were used for visual assessments for the presence or absence of abnormal methylation
compared to control melt curves (Figure 3). Males were considered to have positive MS-QMA results
if they had >2% methylation derived through Q-MAX and/or one of more high-resolution melt curve
profiles that had derivative high-resolution melt plots with the presence of a peak originating from
methylated alleles, at the same melting temperature as in FXS male controls (Figure 3).

4.5. Methylation Analysis and CGG Sizing Using Southern Blot and AmplideX PCR

Methylation-sensitive Southern blot analysis of the NruI restriction site within the FMR1 CpG
island was performed for the two brothers’ venous blood DNA samples, using a fully validated
methylation-sensitive Southern blot procedure with appropriate normal and abnormal controls,
as described previously [48]. The FMR1 CGG repeat size was assessed using a fully validated PCR
assay with a precision of +/− one triplet repeat across the normal and grey zone ranges, performed
using a fragment analyser (MegaBACE, GE Healthcare, Chicago, Illinois, IL, USA), with the upper
limit of detection of 170 repeats, as described previously [49]. CGG sizing using both brothers’ BEC,
saliva, venous blood, and fibroblast (only B2) DNA was also performed using the AmplideX®™ FMR1
PCR Kit as per the manufacturer’s instructions [50] (Asuragen, Austin, TX, USA). The FMR1 CGG size
in DNA extracted from venous blood from the two brothers was further investigated by Southern blot
testing at the Victorian Clinical Genetics Services (VCGS) (without the use of methylation sensitive
restriction enzymes), as described previously [48].

4.6. Melting Curve Analysis (MCA) to Determine the Presence of Expanded FMR1 Alleles

Five prime and 3′ MCA high-resolution melt analyses were also undertaken in the BEC, saliva,
and venous blood DNA of both brothers, in the fibroblasts DNA of B1, and in the venous blood DNA of
C1, as per the manufacturer’s instructions for the FastFraX commerical kit (Biofactory, Singapore) [35].
Specifically, 5′ and 3′ PCR reactions were performed for each sample, with each assay having one
of the primers anchored at one end of the CGG repeat. Each assay contained 5 units of HotStarTaq
DNA polymerase (Qiagen), 2.5× Q-Solution (Qiagen), 1× of the supplied PCR buffer (Qiagen),
0.1× SYBR Green I nucleic acid dye (Roche Applied Science, Upper Bavaria, Germany), and 50 ng
genomic DNA. The 5′ PCR used a deoxynucleoside triphosphate mix consisting of 0.2 mmol/L each of
dATP, dTTP, and dCTP, and 0.1 mmol/L each of 7-deaza-2′-dGTP (7-deaza-dGTP) and dGTP (Roche
Molecular Diagnostics, Upper Bavaria, Germany). The 3′-PCR used a deoxynucleoside triphosphate
mix consisting of 0.2 mmol/L each of dATP, dTTP, dCTP, and dGTP, and primer sequences and
concentrations as previously described [35], with primer locations indicated in Figure 2A. The 5′ and
3′-PCR reactions were performed separately under identical thermocycling conditions in a ViiA™ 7
Real-Time PCR System (Life technologies, Foster City, CA). An initial denaturation step at 95 ◦C for
15 min was followed by 40 cycles of 99 ◦C for 2 min, 65 ◦C for 2 min, and 72 ◦C for 3 min, and then a
final extension step at 72 ◦C for 10 min. PCR amplicons were then melted (after completion of the
PCR program), consisting of denaturation at 95 ◦C for 1 min, a temperature-hold step at 60 ◦C for
1 min, and a temperature ramp from 60 ◦C to 95 ◦C at a rate of 0.01 ◦C/s. Reference male samples were
co-run with the samples in question, including an FM (530 CGG), a PM (170 CGG), and a normal size
(NS) control (30 CGG). Positive and negative calls were made based on the presence or absence of the
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difference in the profile fluorescence at the melting temperature threshold (85 ◦C for 5′ MCA; 90 ◦C for
3′MCA) compared to male reference samples.

4.7. Sanger Sequencing

Sanger sequencing of the 3′ MCA FMR1 exon 1 binding site inclusive of the ATG translation start
site, and surrounding regions was performed at the Australian Genome Research Facility Ltd in blood
of B1 and B2, and compared to 2 reference samples from typically developing controls co-run with
these samples. The data was re-analysed at the Victorian Clinical Genetics Services (VCGS), using
Mutation Surveyor®V4.0.9 software (SoftGenetics®, State College, PA, USA) to detect and report
SNPs as previously described [51].

4.8. FMR1 mRNA Analysis

Gene expression analyses were performed using reverse transcription real-time quantitative
PCR (RT-PCR) on a ViiaTM 7 System (Life Technologies, Global), with the relative standard curve
method as described in Kraan et al. [52]. The mean 5’and 3′ FMR1 mRNA levels were normalized to
the mean of EIF4A2 and SDHA mRNA levels used as internal controls, expressed in arbitrary units
(a.u) [52]. The summary measure used for mRNA expression levels for each participant was calculated
by averaging the four arbitrary unit outputs originating from the two separate cDNA reactions, with
each of these analysed in two separate RT-PCR reactions, performed for each RNA sample [52,53].
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Abstract: Changes in monocyte cytokine production with toll like receptor (TLR) agonists in subjects
with autism spectrum disorders (ASD) were best reflected by the IL-1β/IL-10 ratios in our previous
research. The IL-1β/IL-10 based subgrouping (low, normal, and high) of ASD samples revealed
marked differences in microRNA expression, and mitochondrial respiration. However, it is unknown
whether the IL-1β/IL-10 ratio based subgrouping is associated with changes in T cell cytokine profiles
or monocyte cytokine profiles with non-TLR agonists. In ASD (n = 152) and non-ASD (n = 41)
subjects, cytokine production by peripheral blood monocytes (PBMo) with TLR agonists and β-glucan,
an inflammasome agonist, and T cell cytokine production by peripheral blood mononuclear cells
(PBMCs) with recall antigens (Ags) (food and candida Ags) were concurrently measured. Changes
in monocyte cytokine profiles were observed with β-glucan in the IL-1β/IL-10 ratio based ASD
subgroups, along with changes in T cell cytokine production and ASD subgroup-specific correlations
between T cell and monocyte cytokine production. Non-ASD controls revealed considerably less of
such correlations. Altered innate immune responses in a subset of ASD children are not restricted to
TLR pathways and correlated with changes in T cell cytokine production. Altered trained immunity
may play a role in the above described changes.

Keywords: ASD; cytokine; monocyte; β-glucan; T cell cytokine; trained immunity; maternal
immune activation

1. Introduction

Autism spectrum disorder (ASD) is a behaviorally defined syndrome and the effects of genetic
and environmental factors that form its pathogenesis, likely vary in individuals with ASD diagnosis.
However, recent research is increasingly supporting the role of immune mediated inflammation in its
pathogenesis [1–3]. In fact, one of the most extensively studied animal models of ASD is generated
by inducing sterile inflammation in pregnant rodents through intraperitoneal injection of stimulants
of innate immunity, such as endotoxin [4]. This model which is called maternal immune activation
(MIA) has been shown to create lasting neurodevelopmental and behavioral changes in offspring, as
well as lasting effects on T cell functions [4–6]. Perinatal stresses causing immune activation such as
maternal infection, during pregnancy, has also been implicated with pathogenesis of ASD and other
neuropsychiatric conditions [7,8]. In our clinic, we have also observed that some ASD subjects reveal
fluctuating behavioral symptoms and even repeated loss of once acquired cognitive activity following
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each immune insult. In addition, our previous research indicated an association between fluctuating
behavioral symptoms and dysregulated innate immune responses [9,10].

The MIA model relies on the induction of sterile immune activation through non-specific stimulants
of innate immunity. However, the lack of antigen (Ag)-specific immune memory in innate immunity,
as opposed to adaptive immunity, has made the lasting effects of puzzling. Although neuronal damage
caused by innate immune activation in mothers could cause lasting effects in neuronal development,
if this is the case, such neurodevelopmental changes will remain static, as seen in patients with cerebral
palsy. However, we observed that ASD subjects reveal fluctuating behavioral symptoms following
immune insults (mainly microbial infection) repeatedly affect behavioral symptoms along with a high
frequency of co-morbid conditions. That is, these ASD subjects develop multi-system inflammation
not restricted to the brain (inflammatory subtype) [11]. In addition, direct damage to the brain by MIA
would not explain MIA’s lasting effects on T cell functions [6].

The recent discovery of innate immune memory (IIM) may explain many aspects of the lasting
effects of MIA. Reprogramming of innate immunity via metabolic and epigenetic changes following
initial innate immune stimulus, was first realized as a part of the non-specific effects of vaccinations
such as Bacillus Calmette–Guérin (BCG) [12]. Such effects of IIM were termed as trained immunity
(TI). It has been shown that TI causes hyper-responsiveness of innate immunity against second stimuli,
which can be totally different from the 1st stimuli, since TI is established through metabolic and
subsequent epigenetic modulation of innate immune cells [12–15]. On the other hand, the 1st innate
immune stimuli can also cause subsequent hypo-responsiveness of innate immunity (tolerance) as
shown in endotoxin tolerance [16]. Innate immune tolerance is also thought to be induced by metabolic
and epigenetic regulation [17,18]. Induction of innate immune memory appears to be associated with
dose, kinds of stimuli, and other environmental and genetic factors [19].

We have previously reported that some ASD subjects reveal changes in monocyte activation
status at the level of cytokine production, expression of microRNA (miRNAs), and mitochondrial
respiration [20,21]. Our research has also revealed that the above-described changes are closely
associated with production of monocyte cytokines as well as the ratio of IL-1β/IL-10 [20,21]. In these
studies, we used a panel of agonists of toll like receptors (TLRs) for stimulating peripheral blood
monocytes (PBMo), main innate immune cells in the peripheral blood. It was found that subgrouping
of ASD subjects based on IL-1β/IL-10 ratios help identify ASD subjects who have dysregulated innate
immune responses; high or low ratio ASD subgroup reveal marked differences in miRNA expression
and mitochondrial respiration [20,21]. These findings support the presence of maladapted TI in these
ASD children.

In the animal model of TI, with β-glucan derived from Candida albicans used as an initial stimulus,
the IL-1β family was reported to have a major role in the development of TI [22]. Additionally,
β-glucan tends to induce TI, but not tolerance, while endotoxin tends to induce tolerance when
given at a low dose [23]. β-glucan is a representative dectin-1 agonist, which stimulates canonical
inflammasomes of innate immune cells, leading to cleavage of proinflammatory cytokines, especially
IL-1β and IL-18. Inflammasome mediated pathways are different from TLR mediated pathways, but
often they exert converging effects on activation of innate immunity [24,25]. It is also noted that
miRNAs have important regulatory roles in inflammasome priming and activation [25]. Thus, it can
be hypothesized that TI suspected in ASD children will include multiple pathways of innate immunity,
including both TLRs and inflammasome mediated pathways.

We also noted that in the low IL-1β/IL-10 ratio ASD subgroup, there is a higher frequency of
non-IgE mediated food allergy (NFA) as compared to the normal ratio ASD subgroups [21]. NFA
is thought to be associated with cellular immune reactivity to common food proteins, and we have
previously reported that ASD children reveal increased T cell cytokine production (TNF-α, IFN-γ, and
IL-12) against cow’s milk proteins at a high frequency. Given these findings, it may be hypothesized
that exaggerated innate immune responses due to maladapted TI could result in the alternation of
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adaptive immune responses, resulting in unwanted T cell responses to benign environmental Ags,
such as food proteins, and self-Ags.

This study was formulated to examine the above described hypothesis by assessing whether
changes in the monocyte cytokine production are detected under β-glucan stimulated cultures in
IL-1β/IL-10 based ASD subgroups, and whether T cell cytokine production in response to luminal
antigens differ among IL-1β/IL-10 based ASD subgroups. This study determined monocyte cytokine
profiles in responses to β glucan, in comparison with their responses to TLR agonists, and T cell
cytokine profiles in response to food and candida proteins in ASD (n = 152) and control non-ASD
(n = 41) subjects. Samples from ASD subjects were subdivided into the IL-1β/IL-10 based subgroups
(high, normal, and low) as reported previously [20]. The results obtained support our hypotheses
described above.

2. Results

2.1. Clinical Characteristics in the IL-1β/IL-10 Based ASD Subgroups

A summary of clinical characteristics of the ASD subgroups are shown in Table 1. There are
no statistical differences in gender frequency and clinical characteristics (ASD severity, cognitive
development, sleep, GI symptoms, history of non-IgE mediated food allergy (NFA), seizure disorders,
specific antibody deficiency, AR, and asthma) by Chi-Square test (p > 0.05) (Table 1). Ages in the ASD
subgroups did not differ (p > 0.05 by Kruskal–Wallis test). History of NFA tended to be higher in
the low IL-1β/IL-10 ratio group than the normal ratio ASD subgroup, but this was not statistically
significant (p = 0.1286 by Fisher’s exact test).

Table 1. Demographics and clinical features in the IL-1β/IL-10 based autism spectrum disorder
(ASD) subgroups.

IL-1β/IL-10 Ratio Based ASD Subgroups
High (n = 65) Normal (n = 51) Low (n = 36)

Age (year) median (range) 9.9 (2.5–26.3) 8.5 (2.2–24.5) 11.4 (2.6–22.4)
Age (year) Mean ± SD 1 11.3 ± 5.8 10.6 ± 6.1 12.1 ± 5.6

Gender (M:F) 52:13 (80.0%:20.0%) 46:5 (80.4%:19.6%) 32:4 (88.9%:11.1%)

Ethnicity AA 5. Asian 17, W 40,
Mixed 5

AA 2, Asian 12, W 35,
mixed 2 AA 4, Asian 5, W 27,

Clinical Characteristics 2

ASD severity
Severe 39/65 (60.0%) 31/51 (60.8%) 20/36 (55.6%)

Moderate 13/65 (20.0%) 9/51(17.6%) 9/36 (25.0%)
Mild 13/65 (20.0%) 11/51(21.6%) 7/36 (19.4%)

Cognitive development
(<1st %) 39/65 (60.0%) 38/51 (74.5%) 25/36 (69.4%)

Disturbed sleep 21/65 (32.3%) 16/51 (33.3%) 12/36 (33.3%)

GI symptoms 46/65 (70.8%) 36/51 (70.6%) 29/36 (80.6%)

History of NFA 30/65 (46.2%) 22/51 (43.1%) 22/36 (61.1%)

Seizure disorders 7/65 (10.8%) 8/51 (8.3%) 3/36 (8.3%)

Specific antibody deficiency 11/65 (16.9%) 7/51 (13.75) 8/36 (22.2%)

Allergic rhinitis 15/65 (23.1%) 10/51 (19.6%) 5/36 (13.9%)

Asthma 8/65 (12.3%) 4/51 (7.8%) 4/36 (11.1%)
1 Abbreviations used: AA, African Americans; ADHD, attention deficit hyperactivity disorder; AEDs, anti-epileptic
drugs; F, female; GI, gastrointestinal; M, male; NFA, non-IgE mediated food allergy; SD, standard deviations;
SSRIs, selective serotonin receptor inhibitors; W, Caucasians. 2 No significant differences in frequency of clinical
characteristics in the IL-1β/IL-10 ratio based ASD subgroup by Chi-Square test (p > 0.05).
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We also assessed the frequency of prescription medication use in the IL-1β/IL-10 ratio based ASD
subgroups. Table 2 summarizes frequency of intake of prescription medications at the time of sample
obtainment. For ASD subjects who had samples taken at multiple time points, the medications taken at
each time-point was assessed. There was no difference in the frequency of medication intake between
the ASD subgroups (p > 0.05 by Chi-Square test). Co-variance analysis rejected the effects of the above
described clinical characteristics and prescription medication use on IL-1β/IL-10 ratios under all the
culture conditions tested in this study.

Table 2. Frequency of medication use in the IL-1β/IL-10 based ASD subgroups.

IL-1β/IL-10 Ratio Based ASD Subgroups (Sample Numbers)

High (n = 70) 1 Normal (n = 74) Low (n = 43)

Medication Use 2

Neuroleptics 6/70 (8.6%) 12/74 (15.7%) 6/43 (14.6 %)

ADHD medications 11/70 (15.7%) 6/74 (8.1%) 8/43 (18.6%)

AEDs 12/70 (17.1%) 13/74 (17.6%) 6/43 (14.6 %)

SSRIs 13/70 (18.5%) 11/74 (14.9%) 8/43 (18.6%)
1 Frequency of medication use at the time of sample obtainment. It should be noted that samples were obtained
at 2–4 time points in a total of 25 ASD subjects. Frequency of medication use did not significantly differ in the
IL-1β/IL-10 based ASD subgroups by Chi-Square test (p > 0.05). 2 Medications on which study subjects were on
when blood samples were obtained.

2.2. Changes in Monocyte Cytokine Production in Response to Candida Heat Extract (β-Glucan) the
IL-1β/IL-10 Based ASD Subgroups

Since TLR agonists were used to generate IL-1β/IL-10 ratios for subgrouping ASD samples
previously, we also assessed the effects of β-glucan, a ligand to dectin 1 which activates innate
immunity through inflammasome. We used candida heat extract as a source of β-glucan. One of
the reasons that we used β-glucan is that this is widely used for TI induction [12]. Under β-glucan
stimulated cultures, significant changes in IL-1β/IL-10 ratios and in the production of IL-1β, IL-10,
TNF-α, sTNFRII, and CC-chemokine-ligand-2 (CCL2) were observed (Table 3). There is a tendency of
high production of inflammatory cytokines (IL-1β and TNF-α) in the high ratio ASD subgroup, while
the low ratio ASD subgroup revealed higher levels of counter-regulatory cytokines (IL-10, sTNFRII, and
TGFβ) and CCL2, chemokine under the β-glucan stimulated cultures (Table 3). Therefore, differences
were the most apparent between the high vs. low ratio ASD subgroups (Table 3). Such changes were
not observed in the production of IL-6, IL-12, IL-23, and CCL7. The changes in monocyte cytokine
profiles were more evident with stimulus of β-glucan as compared to monocyte cytokine production
without stimuli (Table 3).

We were able to obtain samples at 2–4 different time points in 22 ASD subjects to test longitudinal
changes in each subject. With the use of repeated measures of analysis of variance, significant variability
was observed in IL-1β/IL-10 ratios under the cultures without stimulus and β-glucan stimulated
cultures (F-ratio 5.0 and 3.88, with p < 0.01 and p < 0.02, respectively).
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Table 3. Changes in IL-1β/IL-10 ratios and monocyte production in the IL-1β/IL-10 based ASD
subgroups under β-glucan stimulated culture conditions.

Cytokines Produced
IL-1β/IL-10 Ratio Based ASD Subgroups Non-ASD

p-Value 4

High (n = 70) 1 Normal (n = 74) Low (n = 43) Controls (n = 41)

Without Stimuli (Medium Only) 6

IL-1β/IL-10 1.44 ± 1.9 2,6 0.71 ± 0.48 0.42 ± 0.29 1.02 ± 2.06 0.00000

IL-1β 208.8 ± 233.1 3 201.2 ± 236.9 101.6 ± 93.9 6 260.8 ± 317.5 5 0.00612

IL-10 212.3 ± 170.9 248.6 ± 211.7 299.2 ± 271.7 436.4 ± 837.0 5 0.09448

TNF-α 76.2 ± 136.0 6 42.9 ± 116.8 15.7 ± 26.0 81.9 ± 121.1 0.00006

sTNFRII 301.1 ± 167.9 370.5 ± 187.2 340.8 ± 169.8 331.3 ± 200.8 0.19151

TGFβ 577.4 ± 321.0 6 370.5 ± 187.2 691.3 ± 328.8 650.6 ± 328.9 0.00703

CCL2 18,423 ± 7617 18,519 ± 6259 17,637 ± 8364 18,554 ± 7775 0.90492

With β-Glucan

IL-1β/IL-10 15.4 ± 20.6 6 4.1 ± 2.1 2.7 ± 1.7 4.5 ± 3.1 0.00000

IL-1β 2355.1 ± 1077.5 6 2266.6 ± 1083.6 1541.8 ± 776.9 6 1812.3 ± 1028.3 0.00008

IL-10 266.4 ± 205.7 6 670.7 ± 394.8 806.5 ± 469.4 517.7 ± 395.8 0.00000

TNF-α 1456.6 ± 1125.3 6 1096.7 ± 967.0 740.1 ± 484.4 6 1138.6 ± 876.1 0.00761

sTNFRII 426.7 ± 227.1 6 722.2 ± 464.5 825.1 ± 518.9 595.8 ± 567.9 0.00000

TGFβ 439.6 ± 298.0 6 588.4 ± 298.3 598.3 ± 259.3 560.8 ± 298.5 0.00312

CCL2 4640 ± 3741 6 7308 ± 5596 10001 ± 7502 6 6807 ± 6568 0.00000
1 Total sample numbers in the group; 2 The results are expressed as mean values ± SD. 3 Cytokine concentrations
are shown as pg/mL; 4 p values by one-way ANOVA with α = 0.2 (Terry–Hoeffding test). Comparisons between
groups by ANOVA with α = 0.05. 5 Values from non-ASD controls differed from ASD subgroups. 6 Differed from
other ASD subgroups by ANOVA (α = 0.05).

2.3. Changes in T Cell Cytokine Production in the IL-1β/IL-10 Based ASD Subgroups

We then tested whether T cell cytokine production differs among the study groups, including
non-ASD controls. Numerically significant differences were found between the study groups in the
production of IFN-γ (medium only and in response to candida), TNF-α (in all the culture conditions),
and IL-10 (in response to β-LG and gliadin), as shown in Table 4. When the whole ASD samples were
compared with non-ASD controls, no significant differences were observed (p > 0.05). These changes
are mainly due to higher production of TNF-α and IL-10 in the high IL-1β/IL-10 ratio ASD subgroup
as compared to other study groups (Table 4). On the other hand, IFN-γ production was lower in the
high ratio ASD subgroup, as compared to the normal and low ratio ASD subgroups in the cultures
without stimuli or with candida protein (Table 4). In addition, the low ratio subgroup revealed lower
IL-10 production in response to gliadin than other study groups (Table 4).

When we assessed the variability of the production T cell cytokines, no significant time-dependent
variations were found under all culture conditions, except for IFN-γ production under soy-protein
stimulated cultures (F-ratio 4.93, p < 0.01).

203



Int. J. Mol. Sci. 2019, 20, 4731

Table 4. T cell cytokine production by peripheral blood mononuclear cells (PBMCs) in response to
β-LG, gliadin, or candida Ag in the IL-1β/IL-10 based ASD subgroups.

Cytokines
IL-1β/IL-10 Ratio Based ASD Subgroups Non-ASD

p-Value 3

High (n = 70) 1 Normal (n = 74) Low (n = 43) Controls (n = 41)

IFN-γ
medium only 54.5 ± 155.5 2 65.1 ± 183.9 71.1 ± 134.6 28.7 ± 39.5 0.3431
β-lactoglobulin 152.4 ± 229.9 112.7 ± 181.6 178.6 ± 291.7 77.8 ± 122.9 0.3486

gliadin 107.4 ± 179.3 94.2 ± 192.6 114.3 ± 212.7 43.5 ± 56.1 0.2129
Candida 189.4 ± 290.9 278.9 ± 442.7 265.0 ± 351.3 172.3 ± 342.1 4 0.0119

TNF-α
medium only 31.2 ± 136.9 25.2 ± 130.1 61.7 ± 177.5 0.9 ± 2.4 0.0309
β-lactoglobulin 230.7 ± 219.2 5 137.3 ± 201.0 108.8 ± 191.2 154.0 ± 196.8 0.00043

gliadin 220.9 ± 219.4 5 125.1 ± 193.0 90.5 ± 173.4 112.9 ± 159.0 0.00002
Candida 64.6 ± 219.2 38.3 ± 139.2 58.8 ± 183.3 28.7 ± 85.5 0.01695

IL-10
medium only 60.4 ± 161.3 38.5 ± 98.3 80.6 ± 164.1 30.5 ± 63.3 0.107
β-lactoglobulin 1358.5 ± 523.7 5 1146.4 ± 495.1 1044.3 ± 526.6 1119.2 ± 423.1 0.0073

gliadin 808.3 ± 371.0 5 760.4 ± 446.8 572.1 ± 387.7 5 742.5 ± 374.7 0.0063
Candida 66.6 ± 91.0 41.5 ± 60.0 60.4 ± 90.1 93.6 ± 152.0 4 0.9926

1 Total sample numbers in each study group. 2 The results are expressed as mean values± SD. Cytokine concentrations
are shown as pg/mL; 3 p values by one-way ANOVA with α = 0.2 (Terry–Hoeffding test). Comparisons between
groups by ANOVA with α = 0.05. 4 Values from non-ASD controls differed from ASD subgroups. 5 Differed from
other ASD subgroups by ANOVA (α = 0.05).

2.4. Associations between T Cell Cytokine Production by Peripheral Blood Mononuclear Cells (PBMCs) and
Monocyte Cytokine Production

Since we observed differences in the production of IFN-γ, TNF-α, and IL-10 by peripheral blood
mononuclear cells (PBMCs) under cultures stimulated with β-LG, gliadin, and candida, we assessed
whether production of these cytokines revealed any correlation with the cytokines produced by PBMo
in response to TLR agonists and/or β-glucan.

When IFN-γ production by PBMCs were compared with monocyte cytokine profiles, we observed
significant correlations between IFN-γ levels produced by PBMCs and levels of monocyte cytokines
produced by PBMo in the ASD subgroups (Table 5). Interestingly, correlations markedly differed
among the ASD subgroups, while the non-ASD controls revealed little correlations. Such correlations
were most notable between IL-6 and CCL2 production by PBMo and IFN-γ production by PBMCs in
response to candida proteins in the normal ratio ASD subgroup (Table 5).

Table 5. Correlations between IFN-γ production by PBMCs and monocyte cytokine production.

Correlation
Coefficient

IL-1β/IL-10 Ratio Based ASD Subgroups Non-ASD

High (n = 70) 1 Normal (n = 74) Low (n = 43) Controls (n = 41)

In Response to β-Lactoglobulin

IL-1β/IL-10 ratio
No stimulant 3 – – 0.3236 (p < 0.05) –

LPS – 0.3084 (p < 0.02) 2 – –
CL097 – −0.2662 (p < 0.05) – –

IL-1β
No stimulant 0.2668 (p < 0.05) — 0.3941 (p < 0.02) –

LPS 0.3141 (p < 0.02) 0.3663 (p < 0.005) – –
CL097 — −0.2714 (p < 0.05) 0.3912 (p < 0.02) –

IL-10
No stimulant 0.332 (p < 0.01) – 0.3258 (p < 0.05) –

Zymosan – 0.2439 (p < 0.05) – –
CL097 – – – −0.3586 (p < 0.05)
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Table 5. Cont.

Correlation
Coefficient

IL-1β/IL-10 Ratio Based ASD Subgroups Non-ASD

High (n = 70) 1 Normal (n = 74) Low (n = 43) Controls (n = 41)

IL-6
No stimulant 0.2917 (p < 0.05) 0.2744 (p < 0.05) – 0.3351 (p < 0.05)

LPS – 0.3216 (p < 0.01) – –

sTNFRII
No stimulant −0.2524 (p < 0.05) – – –
β-glucan −0.3615 (p < 0.005) – – –

CCL2
No stimulant – 0.2928 (p < 0.02) – –
β-glucan – 0.2511 (p < 0.05) – –

In Response to Gliadin

IL-1β/IL-10 ratio
No stimulant – – 0.3772 (p < 0.02) –

LPS – 0.3843 (p < 0.005) – –

IL-1β
No stimulant 0.2713 (p < 0.05) – 0.4462 (p < 0.005) –

LPS – 0.481 (p < 0.0001) – –

IL-10
No stimulant 0.2748 (p < 0.05) – – –

LPS – 0.3413 (p < 0.005) – –

TNF-α
No stimulant 0.3398 (p < 0.01) – – –

Zymosan – – – −0.326 (p < 0.05)

IL-6
No stimulant 0.2621 (p < 0.05) 0.2426 (p < 0.05) – –

LPS – 0.396 (p < 0.001) – –
Zymosan – 0.3036 (p < 0.02) – –

sTNFRII
Zymosan −0.3397 (p < 0.01) – – –
β-glucan −0.4695 (p < 0.0001) – – –

In Response to Candida Protein

IL-1β/IL-10 ratio
No stimulant – −0.324 (p < 0.01) – –

IL-1β
No stimulant – 0.2607 (p < 0.05) – –

Zymosan – −0.2677 p < 0.05) – –

IL-10
No stimulant – 0.2567 (p < 0.05) – –

IL-6
No stimulant – 0.379 (p < 0.001) – –

Zymosan – 0.2932 (p < 0.02) – –
β-glucan – 0.2507 (p < 0.05) – –

sTNFRII
No stimulant – – – −0.3515 (p < 0.05)

LPS – – – −0.346 (p < 0.05)
Zymosan – – – −0.3768 (p < 0.05)

CCL2
No stimulant – 0.3071 (p < 0.01) – –

Zymosan – 0.2385 (p < 0.05) – –
CL097 – 0.3292 (p < 0.005) – –

β-glucan – 0.277 (p < 0.05 – −0.4391 (p < 0.01)
1 Total sample numbers in each study group; 2 Correlation coefficient by Spearman test with p value shown in ( )
when p value is at least p < 0.05. 3 Culture conditions monocyte cytokines produced under.
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As for TNF-α production, production of TNF-α by PBMCs in response to β-LG and gliadin and
that by PBMo revealed a significant correlation with TNF-α production by PBMo in response to TLR
agonists and β-glucan (Table 6). Such correlations were most notable in the high ratio ASD subgroup.
However, such correlations were also noted in the low ratio and non-ASD subgroups as well, but to
a lesser extent (Table 6). On the other hand, few correlations were found in the normal ratio ASD
subgroups (Table 6). It should be noted that PBMCs from the normal ratio ASD subgroup produced
equivalent amounts of TNF-α, as compared to both the low ratio ASD subgroup and the non-ASD
controls (Table 4), making it unlikely that the lack of correlations in the normal ASD subgroup is
associated with low TNF-α production. The high and low ratio ASD subgroups revealed positive
associations between TNF-α production by PBMCs in response to candida protein, and production of
IL-1β, IL-6, IL-10, and sTNFRII by PBMo.

Table 6. Correlations between TNF-α production by PBMCs and monocyte cytokine production.

Correlation
Coefficient

IL-1β/IL-10 Ratio Based ASD Subgroups Non-ASD

High (n = 70) 1 Normal (n = 74) Low (n = 43) Controls (n = 41)

In Response to β-Lactoglobulin

IL-1β/IL-10 ratio
LPS 3 – – – 0.3541 (p < 0.05)
CL097 – −0.2744 (p < 0.05) 2 0.3916 (p < 0.02) –

IL-1β
LPS 0.2858 (p < 0.05) – – 0.3411 (p < 0.05)

CL097 0.4575 (p < 0.0005) – 0.4069 (p < 0.02) 0.5101 (p < 0.005)

IL-10
No stimulant 0.3339 (p < 0.01) – – –

LPS 0.2858 (p < 0.05) – – –
CL097 – 0.253 (p < 0.05) – –

TNF-α
No stimulant 0.4883 (p < 0.0001) – – 0.569 (p < 0.0002)

LPS 0.6857 (p < 0.0001) – – 0.5103 (p < 0.002)
Zymosan 0.4558 (p < 0.0005) – – 0.3469 (p < 0.05)

CL097 0.5481 (p < 0.0001) – 0.3364 (p < 0.05) 0.4643 (p < 0.005)
β-glucan 0.5469 (p < 0.0001) – – –

IL-6
No stimulant 0.3887 (p < 0.02) – – –

LPS 0.2776 (p < 0.05) – 0.3197 (p < 0.05) 0.4241 (p < 0.01)

sTNFRII
LPS – – – −0.4695 (p < 0.005)

Zymosan – – – −0.3532 (p < 0.05)
CL097 – 0.2632 (p < 0.05) −0.3166 (p < 0.05) −0.4571 (p < 0.005)

β-glucan – – – –

CCL2
β-glucan – – – −0.4411 (p < 0.01)

In Response to Gliadin

IL-1β/IL-10 ratio
LPS – 0.2515 (p < 0.05) – –

CL097 – −0.3013 (p < 0.02) 0.3561 (p < 0.05) –

IL-1β
LPS 0.3098 (p < 0.02) 0.2441 (p < 0.05) – –

CL097 0.2944 (p < 0.02) – 0.4395 (p < 0.005) –
β-glucan – 0.2633 (p < 0.05) – –
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Table 6. Cont.

Correlation
Coefficient

IL-1β/IL-10 Ratio Based ASD Subgroups Non-ASD

High (n = 70) 1 Normal (n = 74) Low (n = 43) Controls (n = 41)

IL-10
No stimulant 0.2823 (p < 0.05) – – –

LPS 0.3098 (p < 0.02) – – –
CL097 02917 (p < 0.02) – 0.3642 (p < 0.02) –

TNF-α
No stimulant 0.5168 (p < 0.0001) – 0.5156 (p < 0.001) 0.4179 (p < 0.01)

LPS 0.6777 (p < 0.0001) – 0.3462 (p < 0.02) 0.452 (p < 0.005)
Zymosan 0.4567 (p < 0.0001) – – –

CL97 0.4268 (p < 0.0005) – 0.4201 (p < 0.01) 0.5626 (p < 0.001)
β-glucan 0.4778 (p < 0.0001) – – –

IL-6
CL097 0.2612 (p < 0.05) – 0.3937 (p < 0.02) 0.3695 (p < 0.05)

β-glucan – – – 0.3939 (p < 0.02)

sTNFRII
CL097 – 0.2481 (p < 0.05) – –

CCL2
β-glucan −0.2509 (p < 0.05) – – −0.327 (p < 0.05)

In Response to Candida Protein

IL-1β/IL-10 ratio
No stimulant −0.3303 (p < 0.01) – – –

CL097 – – 0.5351 (p < 0.005) –

IL-1β
Zymosan – – −0.4518 (p < 0.005) 0.3507 (p < 0.05)

CL097 0.4228 (p < 0.0005) – 0.5832 (p < 0.0001) –
β-glucan – – −0.3169 (p < 0.05) –

IL-10
CL097 0.2486 (p < 0.05) – 0.4879 (p < 0.001) –

sTNFRII
CL097 0.4237 (p < 0.0005) – 0.5626 (p < 0.0001) –

β-glucan 0.2814 (p < 0.02) – – –

IL-6
CL097 0.3848 (p < 0.005) – 0.5636 (p < 0.0001) –

CCL2
CL097 – – – −0.3362 (p < 0.05)

1 Total sample numbers in each study group; 2 Correlation coefficient by Spearman test with p value shown in ( )
when p value is at least p < 0.05. 3 Culture conditions monocyte cytokines produced under.

When we examined correlations between IL-10 production by PBMCs and monocyte cytokine
production, we found different correlating patterns between the ASD subgroups in response to β-LG
and gliadin, while the non-ASD controls revealed little correlations (Table 7). In response to candida
protein, only the high ratio ASD subgroup revealed positive correlations between IL-10 production by
PBMCs and monocyte cytokine production (Table 7). Non-ASD controls revealed positive correlations
between IL-10 production by PBMCs and sTNFRII production by PBMo, and negative correlations
between IL-10 production by PBMCs and CCL2 production by PBMo.
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Table 7. Correlation between IL-10 production by PBMCs and monocyte cytokine production.

Correlation
Coefficient

IL-1β/IL-10 Ratio Based ASD Subgroups Non-ASD

High (n = 70) 1 Normal (n = 74) Low (n = 43) Controls (n = 41)

In Response to β-Lactoglobulin

IL-1β/IL-10 ratio −0.3223 (p < 0.05)
0.3407 (p < 0.05)Zymosan 3 −0.3281 (p < 0.01) 2 – –

CL097 – – –

IL-1β
LPS 0.4682 (p < 0.0001) 0.3497 (p < 0.005) – –

CL097 0.3247 (p < 0.02) – 0.4745 (p < 0.005) –

IL-10
No stimulant 0.4606 (p < 0.0005) – – –

LPS 0.3998 (p < 0.005) 0.5026 (p < 0.0001) 0.3545 (p < 0.05) 0.5166 (p < 0.005)
Zymosan 0.2924 (p < 0.05) – – –

CL097 – – 0.3848 (p < 0.02) –

TNF-α
No stimulant 0.3132 (p < 0.02) – – –

LPS 0.5669 (p < 0.0001) 0.3322 (p < 0.01) – –
CL097 0.3086 (p < 0.02) – 0.4028 (p < 0.02) –

IL-6
LPS – 0.2552 (p < 0.05) – –

CL097 – – 0.4028 (p < 0.02) –

In Response to Gliadin

IL-1β/IL-10 ratio
LPS – 0.2504 (p < 0.05) – –

Zymosan −0.252 (p < 0.05) −0.2656 (p < 0.05) – –
CL097 – – 0.3138 (p < 0.05) –

IL-1β
LPS 0.3834 (p < 0.005) 0.3866 (p < 0.005) – –

CL097 – – 0.4537 (p < 0.005) –
β-glucan – 0.2576 (p < 0.05) – –

IL-10
No stimulant 0.3233 (p < 0.01) 0.2398 (p < 0.05) – –

LPS – 0.4354 (p < 0.0005) 0.3524 (p < 0.05) –
Zymosan 0.3459 (p < 0.005) – – –

CL097 – – 0.3962 (p < 0.02) –
β-glucan 0.2745 (p < 0.05) – – –

TNF-α
No stimulant – – 0.3378 (p < 0.05) –

LPS 0.3368 (p < 0.01) – –. –
Zymosan 0.285 (p < 0.05) – – –

CL97 – – 0.3422 (p < 0.05) –

IL-6
CL097 – – 0.3235 (p < 0.05) –

β-glucan – – – 0.3374 (p < 0.05)

sTNFRII
β/glucan – – −0.3227 (p < 0.05) –

In Response to Candida Protein

IL-1β/IL-10 ratio
No stimulant −0.2785 (p < 0.05) – – –

zymosan −0.3022 (p < 0.02) – – –

IL-1β
CL097 0.2382 (p < 0.05) – – –
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Table 7. Cont.

Correlation
Coefficient

IL-1β/IL-10 Ratio Based ASD Subgroups Non-ASD

High (n = 70) 1 Normal (n = 74) Low (n = 43) Controls (n = 41)

IL-10
LPS 0.2709 (p < 0.05) – – –

β-glucan – – – −0.323 (p < 0.05)

sTNFRII
Zymosan – 0.2433 (p < 0.05) – 0.3507 (p < 0.05)

CL097 0.2969 (p < 0.02) – – 0.3165 (p < 0.05)
β-glucan – −0.2419 (p < 0.05) – 0.3342 (p < 0.05)

IL-6
CL097 0.3021 (p < 0.05) – – –

β-glucan 0.261 (p < 0.05) – – –

sTNFRII
Zymosan – – – −0.3154 (p < 0.05)

CCL2
No stimulant – – 0.3198 (p < 0.05) –

Zymosan – – – −0.3658 (p < 0.05)
CL097 – – – −0.3416 (p < 0.05)

β-glucan – – – −0.5169 (p < 0.001)
1 Total sample numbers in each study group; 2 Correlation coefficient by Spearman test with p value shown in ( )
when p value is at least p < 0.05. 3 Culture conditions monocyte cytokines produced under.

We also observed significant correlations between IL-12 production by PBMCs and monocyte
cytokine production, although IL-12 production did not differ between IL-1β/IL-10 based ASD
subgroups (Table 8). Namely, the low ratio ASD subgroup revealed significant correlations between
PBMC IL-12 production and PBMo cytokine production, while the other ASD subgroups and non-ASD
controls revealed little correlations between these two parameters.

Table 8. Correlation between IL-12 production by PBMCs and monocyte cytokine production.

Correlation
Coefficient

IL-1β/IL-10 Ratio Based ASD Subgroups Non-ASD

High (n = 70) 1 Normal (n = 74) Low (n = 43) Controls (n = 41)

In Response to β-Lactoglobulin

IL-1β/IL-10 ratio
No stimulant 3 – – 0.3867 (p < 0.02) 2 –

IL-1β
β-glucan – – −0.3908 (p < 0.02) –

IL-10
Zymosan −0.2832 (p < 0.02) – −0.4993 (p < 0.005) 0.338 (p < 0.05)

TNF-α
β-glucan – – −0.345 (p < 0.05) –

IL-6
LPS 0.2796 (p < 0.05) – – –

Zymosan – – −0.3165 (p < 0.05) –

sTNFRII
No stimulant −0.3463 (p < 0.01) – – –

LPS – – −0.3762 (p < 0.02) −0.342 (p < 0.05)
Zymosan – – −0.4228 (p < 0.01) −0.3346 (p < 0.05)
β-glucan – – −0.4733 (p < 0.005) –
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Table 8. Cont.

Correlation
Coefficient

IL-1β/IL-10 Ratio Based ASD Subgroups Non-ASD

High (n = 70) 1 Normal (n = 74) Low (n = 43) Controls (n = 41)

TGF-β
No stimulant – – −0.4374 (p < 0.01) –

LPS – – −0.4476 (p < 0.005) –
Zymosan – – −0.4546 (p < 0.005) –

CL097 – – −0.4602 (p < 0.005) –
β-glucan – – −0.4356 (p < 0.01) –

In Response to Gliadin

IL-1β/IL-10 ratio
No stimulant – – – 0.3964 (p < 0.02)

IL-1β ‘
β-glucan – 0.2835 (p < 0.02) – –

IL-10
Zymosan −0.2667 (p < 0.05) – −0.3707 (p < 0.02) –

TNF-α
No stimulant – – 0.468 (p < 0.005) –

LPS – 0.255 (p < 0.05) 0.3284 (p < 0.05) –

IL-6
CL097 – – 0.3248 (p < 0.05) –

β-glucan – −0.2472 (p < 0.05) – –

sTNFRII
No stimulant −0.2898 (p < 0.02) – – –

zymosan −0.2466 (p < 0.05) – – –
β-glucan – – −0.4348 (p < 0.005) –

TGF-β
Zymosan – – −0.3163 (p < 0.05) –
β-glucan – – −0.3341 (p < 0.05) –

CCL2
No stimulant – – 0.3084 (p < 0.05) –

In Response to Candida Protein

IL-1β/IL-10 ratio
Zymosan −0.3644 (p < 0.005) – – –

CL097 – – – −0.3143 (p < 0.05)

IL-10
CL097 – – 0.3205 (p < 0.05) –

TNF-α
CL097 – – 0.3319 (p < 0.05) –

TGF-β
Zymosan – – −0.3077 (p < 0.05) –

CCL2
No stimulant −0.2456 (p < 0.05) – 0.506 (p < 0.0005) –

Zymosan – – 0.3125 (p < 0.05) –
CL097 – – 0.3431 (p < 0.05) –

1 Total sample numbers in each study group; 2 Correlation coefficient by Spearman test with p value shown in ( )
when p value is at least p < 0.05. 3 Culture conditions monocyte cytokines produced under.

3. Discussion

Changes in IL-1β/IL-10 ratios and monocyte cytokine profiles in the ASD subgroups, which we
have reported before with the use of TLR agonists, were also found under the β-glucan stimulated
cultures in this study. This finding indicates that the innate immune abnormalities observed in some
ASD children involve both TLR and inflammasome mediated pathways. T cell cytokine profiles (IFN-γ,
TNF-α, and IL-10) also differed among the IL-1β/IL-10 ratio based ASD subgroups under cultures
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stimulated with food proteins (β-LG and gliadin) and candida proteins. Moreover, T cell cytokine
production revealed close correlations with monocyte cytokine production, specific to each ASD
subgroup. These findings support our hypothesis of sustained effects of maladapted TI on adaptive
immunity in some ASD children.

The immune system operates with two components, innate and adaptive immunity. Innate
immunity exerts rapid Ag-non-specific immune responses to contain infection until Ag-specific
adaptive immunity sets in to clear hazards from the human body [26–28]. As opposed to adaptive
immunity, innate immunity has been thought to lack lasting effects, since innate immune responses are
Ag non-specific. However, for the past few years, it became clear that innate immunity can generate
lasting effects or IIM by inducing metabolic and epigenetic changes in innate immune cells [29,30].
The key difference of IIM from adaptive immune memory is that the 2nd stimuli to provoke IIM can be
totally unrelated to the 1st stimuli.

The presence of IIM was first convincingly shown as non-specific effects of BCG. Namely, BCG
vaccination led to a greater reduction of infant mortality than predicted for decrease in mortality caused
by tuberculosis in epidemiological and then randomized prospective studies [31,32]. These findings
were further confirmed in rodent IIM models: BCG vaccination reduced from Candida albicans in the
absence of lymphocyte that generates adaptive immune responses [33]. TI is the term that was given to
describe these non-specific effects of IMM. Further studies revealed that TI can be generated in various
innate immune cells including monocyte-macrophage lineage cells, natural killer (NK) cells [34], and
bone marrow progenitor cells of innate immunity [35,36].

Metabolic and epigenetic changes have been extensively studied in ‘in vitro’ models of TI
with the use of β-glucan derived from Candida albicans. Others have shown that β-glucan
stimulates inflammasome through dectin-1, resulting in activation of signaling pathways involving
Akt/PTEN/mTOR/HIF-1α [37]. This will shift oxidative phosphorylation (ATP synthesis) to glycolysis,
resulting in decreased basal cellular respiration, and increased consumption of glucose, thereby
leading to increase in lactate production [37]. These metabolic changes also affect synthesis of
cholesterol and phospholipids [13,38], leading the replenishment of the Krebs cycle through formation
of glutamate and α-keto-glutamate, and finally accumulation of fumarate [13,38]. A high concentration
of fumarate hinders enzymatic actions of H3K4 demethylase, eventually resulting in epigenetic
reprogramming [38–40].

Pre-administration of proinflammatory innate cytokines (IL-1, TNF-α, and IL-6) provided
protection against a variety of microbes [41]. Among the cytokines administered, IL-1 showed
superior effects over TNF-α or IL-6 [41]. In humans, TI associated protection has been mainly
implicated with IL-1β and other IL-1 families [22]. Given the role of IL-1β in TI, excessive, dysregulated
production of IL-1β is likely to cause maladapted TI, and resultant pathogenic consequences. Patients
with gene mutations that lead to the over-production of IL-1β are known to reveal inflammatory
symptoms involving multiple organs including the brain [22,42]. Moreover, chronic inflammatory
conditions, including neuropsychiatric conditions have been implicated with maladapted TI [29,43].

As opposed to TI, tolerance is another form of IIM, causing lasting hypo-responsiveness against
stimuli of innate immunity which is bested studied in endotoxin tolerance [44]. Upon induction
of endotoxin tolerance, innate immune cells were reported to produce less inflammatory cytokines
(TNF-α, IL-12, IL-6), but generate more counter-regulatory cytokines (IL-10 and TGF-β) with the
subsequent endotoxin challenge [45,46]. LPS, a representative endotoxin, exerts its actions through
TLR4, that results in activation of downstream signaling pathways the myeloid differentiation factor 88
(MyD88) and the TIR-domain-containing adaptor-inducing interferon-β (TRIF) [17]. Under the state
of endotoxin tolerance, suppression of activation of these pathways are shown to be accomplished
through multiple stages; down-regulation of TLR4, suppressed recruitment of MyD88 and TRIF to
TLR4, reduced activation of IL-1 receptor-associated kinase (IRAK)1 and IRAK4, diminished activity of
nuclear factor κ chain of B cell (NFκB), and up-regulated expression of counter-regulatory molecules
such as SHIP1 (SH2 domain-containing inositol phosphatase 1) [47]. Induction of innate immune
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tolerance appears crucial in maintaining brain homeostasis; impaired innate immune tolerance has
been implicated with pathogenesis of chronic neurodegenerative disorders including Alzheimer’s
disease [29].

We have been analyzing monocyte functions in ASD subjects for the past 4–5 years, and we have
reported variable differences in monocyte cytokine profiles in ASD subjects, which have been best
reflected in IL-1β/IL-10 ratios [20]. This finding led us to subgroup ASD PBMo samples on the basis of
IL-1β/IL-10 ratios generated by stimulating PBMo with a panel of TLR agonists [20]. The IL-1β/IL-10
ratio based subgrouping revealed notable changes in miRNA expression and mitochondrial respiration
across the IL-1β/IL-10 based ASD subgroups [20]. In addition, we also found the IL-1β/IL-10 ratio
based ASD subgroup specific associations between metabolic changes (mitochondrial respiration)
and monocyte cytokine profiles [21]. This was also true when we examined correlations between
serum miRNA levels and monocyte cytokine profiles in the IL-1β/IL-10 ratio based ASD subgroups
(manuscript submitted for publication). In addition, it is our observation that the ASD subjects whose
PBMo revealed low or high IL-1β/IL-10 ratios tend to reveal fluctuating behavioral symptoms following
immune insults.

The above described findings indicate that the innate immune responses in the high and low
IL-1β/IL-10 ratio ASD subgroups may be altered as a result of maladapted TI, leading to clinical pictures
of chronic inflammation affecting multi-organs. To address this possibility, we assessed whether
responses to β-glucan also differed in the IL-1β/IL-10 ratio based ASD subgroups. Our results revealed
significant differences of IL-1β/IL-10 ratios and monocyte cytokine profiles across the IL-1β/IL-10 based
ASD subgroups under β-glucan stimulated cultures (Table 5). If the previously observed changes of
monocyte cytokine profile were only limited to TLR pathways, such changes would be more likely
to be associated with defects specific to TLR mediated signaling pathways. β-glucan stimulates a
connonical inflammasome pathway and amplifies signaling through the TLR pathway [25]. Thus,
the fact that we observed similar changes under β-glucan stimulated cultures supports the role of
maladapted TI in ASD subjects; TI has been reported in multiple signaling pathways associated with
innate immunity [30].

This study also addressed how T cell cytokine profiles in response to recall Ags are associated
with changes in innate immune responses in the IL-1β/IL-10 based ASD subgroups. TI induced
excessive innate immune responses are likely to induce more exuberant adaptive responses, thereby
increasing the risk of unwanted immune reactivity to benign environmental antigens such as food
antigens. However, if chronic activation of adaptive immunity through maladapted TI is sustained,
this may eventually lead to suppression of adaptive immunity, regaining immune homeostasis. Such
secondary suppression of adaptive immunity could occur by clonal deletion or through actions exerted
by regulatory T cells [48,49]. However, how dysregulated innate immune abnormalities (presumably
maladapted TI) affect adaptive immune responses in ASD children is poorly understood. Since ASD
subjects have a high frequency of GI symptoms and delayed type reactivity to common food proteins
and candida proteins [50], we opted to check T cell cytokine profiles against representative food
proteins and candida antigens, when assessing associations between T cell cytokine profiles and
monocyte cytokine profiles.

With this analysis, we observed significant differences in the production of TNF-α and IL-10 in
response to β-LG and gliadin between the IL-1β/IL-10 based ASD subgroups. Namely, the high ratio
groups tended to reveal higher levels of these two cytokines than the other subgroups (Table 5). On the
other hand, the normal and low ratio ASD subgroups revealed higher IFN-γ production in response to
candida protein (Table 5). As for TNF-α in response to candida Ag, both the high and low IL-1β/IL-10
ratio subgroups revealed a higher TNF-α production (Table 5). In contrast, IL-10 production against
candida Ag was lower in the ASD subgroups, with the normal ratio group being the lowest. These
results indicate complex associations between adaptive immune responses and altered innate immune
responses in the ASD subjects.
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When correlations between T cell cytokine production against β-LG and gliadin and monocyte
cytokine profiles were assessed, positive correlations between IFN-γ production and production of
monocyte cytokines (IL-1β, IL-10, and IL-6) were predominantly observed in the normal ratio ASD
subgroup (Table 6). In contrast, correlations between production of TNF-α, IL-10, and IL-12 by PBMCs
in responses to these food proteins and monocyte cytokines were predominantly found in either the
high ratio ASD subgroup (for TNF-α and IL-10), or the low ratio ASD subgroup (for IL-12) (Tables 7–9).
Non-ASD controls revealed little correlations except for TNF-α production by PBMCs and TNF-α
production by PBMo (Table 7). These results indicate that responses to benign environmental antigens,
such as food proteins, appear to be differently affected by innate immune responses in the IL-1β/IL-10
based ASD subgroups, perhaps reflecting maladapted TI.

Table 9. Demographics of ASD subjects and non-ASD controls.

ASD 1 Subjects (n = 152) Non-ASD Controls (n = 41)

Age (years) 2

median, range 10.0 (2.2–26.3) 11.2 (1.9–29.6)
average ± SD 11.2 ± 5.8 13.3 ± 8.0

Gender (M:F) 130:22 (85.5 %:14.5%) 24:17 (58.5%:41.5%)

Ethnicity AA 11, Asian 34, Mixed 5, W 102 Asian 4, Mixed 6, W 31
1 Abbreviations used; AA; African American, ASD; autism spectrum disorder, F; female, GI; gastrointestinal, M;
male, NFA: non-IgE mediated food allergy, SD; standard deviation, W; Caucasian. 2 Age at the time of study
enrollment is shown.

When correlations between T cell cytokine production against candida proteins and monocyte
cytokine profiles were assessed, we observed similar results; predominant correlations with monocyte
cytokines in the normal ratio group for IFN-γ production, with more predominant correlations in the
high and/or low ratio ASD subgroups for TNF-α, IL-10, and IL-12 production by PBMCs (Tables 6–9).
Non-ASD controls only revealed positive correlations between IL-10 production by PBMCs and
monocyte cytokine productions (Table 8). Since we were testing cellular immune reactivity to benign
environmental Ags (food proteins and candida which is a normal component of the gut microbiome),
a lack of close associations of inflammatory T cell cytokine profiles against these benign Ags in the
non-ASD controls, and monocyte cytokine profiles may indicate the establishment of immune tolerance
in adaptive immunity. Negative correlations between IL-10 production against candida protein and
monocyte cytokine production may also indicate the establishment of immune homeostasis in non-ASD
controls (Table 8). While the presence of close associations between monocyte cytokine profiles and
T cell cytokine profiles (especially inflammatory cytokines—IFN-γ, TNF-α, and IL-12) in the ASD
subgroups may indicate on-going effects of innate immunity in the absence of oral tolerance; this may
also reflect maladapted TI.

When we assessed the clinical features in the IL-1β/IL-10 based ASD subgroups, we observed a
high frequency of GI symptoms and a history of NFA with favorable responses to dietary interventions
(usually gluten-free, dairy-free diet), consistent with our previous reports [20,21]. The IL-1β/IL-10 low
ratio subgroup tended to have a higher frequency of history of NFA. β-GL is thought to be a major milk
protein component associated with delayed type cellular immune reactivity in predisposed individuals.
Interestingly, in the low IL-1β/IL-10 ratio ASD subgroup, IL-12 production by PBMCs in response to
β-GL, a component was negatively correlated with counter-regulatory monocyte cytokines (IL-10,
sTNFRII, and TGF-β) (Table 9). In contrast, IL-10 production in response to the β-GL was mostly
positively correlated with monocyte cytokines production in the low ratio ASD subgroup (Table 9).
This may indicate that altered innate immune responses may be regulating T cell cytokine production
in the direction of suppressing excessive responses to recall antigens. On the other hand, in the high
ratio group, there are positive correlations between IFN-γ, TNF-α, and IL-10 production in response to
β-GL and monocyte cytokines (both inflammatory and counter-regulatory cytokines). In the high ratio
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group, such negative regulations may not be properly in place. Alternatively, with immune stimuli,
such negative regulations may be easily lost secondary to maladapted TI.

4. Materials and Methods

4.1. Study Subjects

This study protocol was approved as protocols 15:45 (approval on 28 April 2016) and 17:53
(approval on 26 April 2018) by the Institutional Review Board, Saint Peter’s University Hospital,
New Brunswick, NJ, USA. This study included both ASD and typically developing (TD), non-ASD
control subjects. We obtained the signed consent forms prior to sample obtainment from parents
or guardians when the study subjects were minor (<18 years of age) or were judged unable to give
consent by him/herself due to intellectual disability. History of comorbidities including food allergy
(FA), asthma, allergic rhinitis (AR), specific antibody deficiency (SAD), sleep disorder, and seizure
disorders were assessed in ASD children by history taking and medical chart review. This study
excluded subjects with chromosomal abnormalities, well defined gene mutations, or chronic diseases
involving major organs, but did not exclude subjects with minor medical conditions highly prevalent
in general population, such as seasonal allergy. In this study, both ASD and non-ASD, TD subjects
were enrolled, and the signed consent forms were obtained prior to entering the study. Consent was
obtained from parents/guardians if participant was a minor (<18 years old) or parents/guardians had
custody. For ASD children, we also assessed whether they had a history of FA, asthma, AR, SAD, or
seizure disorders. Subjects diagnosed with chromosomal abnormalities, other genetic diseases, or
well characterized chronic medical conditions involving a major organ, were excluded from the study.
Subjects with common minor medical conditions such as AR, mild to moderate asthma, eczema were
not excluded from the study.

ASD subjects: ASD subjects (n = 152) were recruited from the Pediatric Allergy/Immunology
Clinic. Diagnosis of ASD was made at various autism diagnostic centers, including ours. The ASD
diagnosis was based on the Autism Diagnostic Observation Scale (ADOS) and/or Autism Diagnostic
Interview-Revisited (ADI-R), and other standard measures. ASD subjects were also evaluated
for their behavioral symptoms and sleep habits with the Aberrant Behavior Checklist (ABC) [51]
and the Children’s Sleep Habits Questionnaires (CSHQ) [52], respectively. Information regarding
cognitive ability and adaptive skills were obtained from previous school evaluation records performed
within 1 year of enrollment in the study; these results were based on standard measures such as
the Woodcock-Johnson III test (for cognitive ability), and Vineland Adaptive Behavior Scale (VABS)
(for adaptive skills) [53].

Non-ASD controls: A total of 41 non-ASD subjects served as controls. These subjects were
recruited in the Pediatrics Subspecialty and General Pediatrics Clinics at our institution. These subjects
were typically growing and satisfied our exclusion criteria.

Table 1 reveals demographics of study subjects. Gender difference did not reveal significant
changes regarding monocyte cytokine profiles and IL-1β/IL-10 ratios in both ASD and non-ASD groups,
as reported before [21].

Diagnosis of FA: IgE mediated FA was diagnosed with reactions to offending food, by affecting the
skin, GI, and/or respiratory tract immediately (within 2 h) after intake with positive prick skin testing
(PST) reactivity, and/or presence of food allergen-specific serum IgE. Non IgE mediated FA (NFA) was
diagnosed if GI symptoms resolved, following implementation of a restricted diet (i.e., avoidance
of offending food), and symptoms recurred with re-exposure to offending food [54]. NFA was also
defined as being non-reactive to PFT and negative for serum IgE specific for food allergens [54].

Diagnosis of asthma and AR: AR and allergic conjunctivitis (AC) were diagnosed when subjects
had corresponding clinical features along with positive PST reactivity and/or positive serum IgE
specific to [55,56]. Asthma was diagnosed following the asthma guidelines from the Expert Panel
Report 3 [57].
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Antibody deficiency syndrome: When the subject revealed protective levels of antibodies in less
than 11 of 14 serotypes of Streptococcus pneumonia after the booster dose of Pneumovax® or PCV13®,
he/she was diagnosed with SAD [58]. Antibody (Ab) levels greater than 1.3 μg/mL were considered
protective [58].

4.2. Sample Collection

Venous blood samples were obtained by physician in this study. We obtained one sample from
each non-ASD control. As for ASD subjects, we obtained multiple blood samples from select ASD
subjects (n = 22), in order to assess variability of T cell cytokine profiles. If parents or study subjects
preferred, we applied a topical lidocaine/prilocaine cream (Emla cream®,IGI Laboratories, Buena, NJ,
USA) to the site of venipuncture prior to blood sampling.

4.3. Cell Cultures

Ficoll–Hypaque density gradient centrifugation was used for separating PBMCs. From PBMCs,
PBMo were further purified using magnetic beads labeled with anti-CD3, CD7, CD16, CD19, CD56,
CD123, and glycophorin A (monocyte separation kit II—human, MILTENYI BIOTEC, Cambridge,
MA, USA). Namely, this column depletes T, B, natural killer, and dendritic cells from PBMCs with
combination of these antibodies.

Cytokine production by purified PBMo was induced by incubating cells overnight
(2.5 × 105 cells/mL) with a panel of agonist of toll like receptors (TLRs). This assay system was designed
to reflect the effects of microbial byproducts commonly encountered in real life. Lipopolysaccharide
(LPS), a TLR4 agonist, represents a signaling pathway activated in response to a Gram negative (G (–))
bacteria. Zymosan, a TLR2/6 agonist, mimics an innate activation signal in response to G (+) bacteria
and fungi. CL097, a TLR7/8 agonist, activates innate signaling pathways in response to ssRNA viruses
that cause common respiratory infection. We adapted these stimuli in our assay system, since these
innate immune stimuli have been widely used by others. In addition, candida heat extract as a source
of β-glucan, dectin-1 agonist, was used as well as a representative C-lectin receptor agonist. PBMos
were incubated overnight with LPS (0.1 μg/mL, GIBCO-BRL, Gaithersburg, MD, USA), zymosan (50
μg/mL, Sigma-Aldrich, St. Luis, Mo, USA), C097 (water-soluble derivative of imidazoquinoline, 20
μM, InvivoGen, San Diego, CA, USA), and candida heat extract (HCKA, heat killed candida albicans
(107 cells/mL, InVivogen, San Diego, CA) as a source of β-glucan, a dectin 1 agonist, in RPMI 1640 with
additives as previously described [59]. Overnight incubation (16–20 h) was adequate to induce the
optimal responses in this setting. The culture supernatant was used for cytokine assays.

Production of T cell cytokines (IFN-γ, IL-5, TNF-α, IL-10, IL-12p40, IL-17, and TGF-β) was assessed
by incubating PBMCs (106 cells/mL) with representative recall antigens including β-lactoglobulin
(β-LG, 10 μg/mL, Sigma Aldrich), soy protein (5 μg/mL, Ross, Nutley, NJ, USA), gliadin (10 μg/mL,
Sigma-Aldrich), milk protein (100 μg/mL, Ross), and candida protein (5 μg/mL, Greer, Lenoir, NC, USA)
for 4 days in RPMI1540 with additives as reported previously [60]. As noted in our previous study,
a 4 day incubation period resulted in the optimal production of these cytokines in this culture setting.

Levels of C-C chemokine ligand 2 (CCL2), CCL7, interferon-γ (IFN-γ), IL-1β, IL-5, IL-6, IL-10,
IL-12p40, IL-17, transforming growth factor-β (TGF-β), tumor necrosis factor-α (TNF-α), and soluble
TNF receptor II (sTNFRII) cytokines were measured by enzyme-linked immuno-sorbent assay (ELISA);
10–100 μL/well supernatants were used for ELISA. The OptEIA™ Reagent Sets (BD Biosciences, San
Jose, CA, USA) were used for ELISA of IFN-γ, IL-1β, IL-6, IL-10, IL-12p40, and TNF-α. For CCL2,
CCL7, IL-17 (IL-17A), sTNFRII, and TGF-β ELISA, reagents were obtained from BD Biosciences and R
& D (Minneapolis, MN, USA). IL-23 ELISA kit was purchased from eBiosciences, San Diego, CA. Intra-
and inter-variations of cytokine levels were less than 5%.
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4.4. Categorizing ASD Samples on the Basis of IL-1β/IL-10 ratios

Previously, we reported that changes in the IL-1β/IL-10 ratios best reflect altered cytokine profiles
and miRNA expression by PBMo [20]. We divided ASD samples into subgroups based on the
IL-1β/IL-10 ratios produced by ASD PBMo, following the criteria used in our previous study [20],
as outlined below. In this study, we used IL-1β/IL-10 ratios generated under cultures with medium
only, LPS, zymosan, CL097, and candida heat extract as a source of β-glucan.

High IL-1β/IL-10 ratio subgroup: In this subgroup, ASD PBMo showed 2 standard deviation (SD)
higher IL-1β/IL-10 ratios under at least one culture condition and/or 1 SD greater IL-1β/IL-10 ratios
under more than two culture conditions, as compared to control PBMo.

Normal IL-1β/IL-10 ratio subgroup: ASD PBMo revealed IL-1β/IL-10 ratios less than +1 SD,
and greater than –1 SD under all the culture conditions, or IL-1β/IL-10 ratios greater than 1 SD but less
than 2 SD under only one culture condition, as compared to control PBMo.

Low IL-1β/IL-10 ratio subgroup: ASD PBMo revealed IL-1β/IL-10 ratios less than –1 SD under at
least one culture condition, as compared to control PBMo.

Among 25 ASD subjects in whom we obtained blood samples at 2–4 time points, most subjects
revealed that blood samples from these subjects were categorized in the same group except for six ASD
subjects. PBMo from these six ASD subjects showed high ratios at 1–2 time points and normal/low
ratios at one time point. Eleven ASD subjects revealed low ratios at 1–2 time points and normal ratios
at one time point. When comparing their clinical characteristics, they were categorized as high and
low IL-1β/IL-10 ratio groups, respectively.

4.5. Statistical Analysis

We used a two tailed Mann–Whitney test for comparison of two sets of numerical data. Comparison
of multiple data sets was assessed by one-way ANOVA and/or Kruskal—Wallis test. Normality of
the numerical data were assessed by skewness and kurtosis (Omnibus) with α = 0.2. When assessing
differences in frequency between two groups, we used the Fisher exact test. For assessing differences
in frequency among multiple groups, we used the Chi-Square test and the Likelihood ratio. A linear
association between two data sets was determined by Spearman test. A p value of less than 0.05 was
considered nominally significant. Co-variance analysis was done with the use of general linear model for
a fixed factor or for a variable factor. For assessing longitudinal changes, repeated measures of analysis
of variance were used. NCSS19 (NCSS, LLC. Kaysville, UT, USA) was used for statistical analysis.

4.6. Availability of Data and Material

Clinical features of the ASD are available through NDAR data base (https://ndar.nih.gov/).
The additional datasets used and/or analyzed during the current study are available from the
corresponding author on reasonable request.

5. Conclusions

This study revealed similar changes in IL-1β/IL-10 ratios and monocyte cytokine profiles under
β-glucan stimulated cultures as observed in the cultures stimulated with TLR agonist, indicating that
changes in innate immune responses are not limited to TLR pathways. Correlations between the
changes in monocyte cytokine profiles and T cell cytokine profiles in response to benign environmental
Ags differed across the IL-1β/IL-10 based ASD subgroups. Such correlations were much less evident in
non-ASD controls, supporting possible effects of maladapted TI in some ASD children. Further analysis
of the status of innate immunity in association with TI or tolerance will be helpful in understanding
the inflammatory subtype of ASD.
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Abstract: In previous studies we produced autism like behavioral changes in mice by Valproic
acid (VPA) with significant differences between genders. S-adenosine methionine (SAM) prevented
the autism like behavior in both genders. The expression of 770 genes of pathways involved in
neurophysiology and neuropathology was studied in the prefrontal cortex of 60 days old male and
female mice using the NanoString nCounter. In females, VPA induced statistically significant changes
in the expression of 146 genes; 71 genes were upregulated and 75 downregulated. In males, VPA
changed the expression of only 19 genes, 16 were upregulated and 3 downregulated. Eight genes
were similarly changed in both genders. When considering only the genes that were changed by
at least 50%, VPA changed the expression of 15 genes in females and 3 in males. Only Nts was
similarly downregulated in both genders. SAM normalized the expression of most changed genes
in both genders. We presume that genes that are involved in autism like behavior in our model
were similarly changed in both genders and corrected by SAM. The behavioral and other differences
between genders may be related to genes that were differently affected by VPA in males and females
and/or differently affected by SAM.

Keywords: ASD; epigenetics; mice; postnatal VPA injection; SAM; gene expression; nanostring

1. Introduction

Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder characterized by
impaired social communication and social interactions and restrictive stereotyped behaviors and
interests. ASD core symptoms are frequently accompanied by developmental delay, anxiety and
cognitive deficits [1–3]. Currently, the prevalence of ASD is 1 in 59 children, at an earlier onset of
children prior to 3 years of age [4]. ASD is more prevalent in males, with the average male to female
ratio 4:1 [4]. This male bias that can be partially explained by specific genetic differences between
males and females had various impacts on both research and clinical practice [5]. Furthermore, autistic
male and female demonstrate different phenotypes; females were usually reported to have lower social
and communicative problems and fewer restricted and repetitive behaviors than males [6–8]. The age
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of diagnosis is also on average later in autistic females than males, and females may often be missed by
current diagnostic procedures [9].

Although ASD is a highly heritable disorder, prenatal and early postnatal exposures to
environmental toxicants (i.e., pollutants, insecticides and pesticides) or maternal infections as well
as epigenetic alterations are hypothesized to contribute to the development of ASD. Nevertheless,
the underlying cause is still unclear [1–3,10]. Moreover, currently there are no biochemical or molecular
markers for the diagnosis of ASD.

Animal models enable the use of preclinical tools to understand the role of genetic mutations and
environmental factors in the etiology of ASD. Hence, there are several rodent models in which ASD-like
symptoms were produced by exposure of the pregnant dams to a teratogenic agent, especially valproic
acid (VPA), during different stages of gestation, and a few following early postnatal insults [2,10,11].

VPA is an antiepileptic drug that has also been used for bipolar disorder, migraine headaches and
as a mood stabilizer [12,13]. VPA exposure during pregnancy, especially during the organogenesis
period, is associated with various teratogenic effects including high risk of major anomalies, mainly
spina bifida. VPA during pregnancy also leads to 5–10 fold increased rate of ASD in the offspring [3,14].
Similarly, rodents exposed to VPA during different stages of pregnancy exhibit behavioral deficits
including delayed developmental milestones, stereotypic and self-injurious behavior and impaired
social behavior similar to those observed in autistic patients [11,15–19]. Therefore, VPA rodent model
became a robust, widely used, environmental preclinical model of ASD with face construct and
predictive validity [20].

Interestingly, while the male to female ratio observed in human ASD is 4:1, the male to female
ratio in ASD children exposed to VPA during pregnancy is nearly 1:1 [21] or 2:1 [22].

As in human, there are behavioral differences between male and female rodents exposed to VPA.
Male mice exposed to VPA exhibited social impairment and reduced social interaction, manifested by
lack of preference for a stranger mouse in the three-chamber test [23–25]. On the other hand, increased
repetitive behavior and anxiety-like behaviors was reported in both males and females [23,26].

It is important to remember that most cases of ASD in human are genetic in origin and not related
to the use of specific drugs or chemicals during pregnancy. There are also distinct neurobehavioral
differences in human with ASD when compared to animal models. For example, there is a wide range
of cognitive abilities in human from normal to severe retardation (1,2), while learning is often impaired
in the VPA animal model.

The mechanism(s) by which VPA exposure during pregnancy causes autistic-like behaviors in
both human and rodent offspring are still far to be clear. Among the proposed mechanisms are:
Folic acid deficiency, effects on Wnt signaling, increased oxidative stress [11], alternations in serotonin
homeostasis [27] and in the activity of gamma amino butyrate (GABA) neurotransmitter, and neuronal
spine density changes. Other suggested pathways are derangement of the serotonergic, dopaminergic
and/or oxytocinergic systems. In addition, VPA is an epigenetic modulator and a potent histone
deacetylase (HDAC) class l and ll inhibitor [9,11–13]. Histone deacetylases removes acetyl groups from
the tail of core histones, and regulates chromatin condensation and gene expression. Mice exposed
prenatally to VPA demonstrate transient increase in acetylated histone levels [28].

Recently, more and more studies suggest that multifactorial conditions of ASD result from
epigenetic changes, i.e., heritable changes in gene expression via a number of mechanisms including
DNA methylation, histone modifications and ATP-dependent chromatin remodeling, without changing
the underlying DNA sequence.

Choi et al. [29] demonstrated that the effect of prenatal VPA exposure in offspring could be
paternally transmitted from the first up to the third generation. They detected autistic-like behaviors
and increased postsynaptic markers of excitatory neurons in VPA-exposed F2 and F3 generations
similar to those impairments detected in F1 VPA prenatally exposed mice. Furthermore, because the
transmission experiments were performed with non- exposed female mice, the transmission is paternal
and it is not influenced by any in utero exposures. They also reported congenital malformations only in
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F1 generation of VPA exposed mice, suggesting that VPA-induced congenital defects are mediated by a
mechanism other than transmissible epigenetic changes. Their findings support the transgenerational
epigenetic inheritance in the etiology of ASD.

So far, genetic studies identified more than 1000 genes that contribute to ASD risk [30]. Nevertheless,
specific cellular abnormalities that link genes with behavior remain obscure. Most studies exploring
gene alternation in VPA exposed rodents focused on specific set of genes or genes involved in the process
of interest [31–33]. Only a few studies demonstrated comprehensive genetic analysis. Zhang et al. [34]
performed transcriptome analysis in the prefrontal cortex of male rats prenatally exposed to VPA.
They reported 3228 differently expressed genes and 637 genes differently spliced in the VPA group
compared to controls, including genes involved in neurological diseases such as Huntington’s disease,
Alzheimer’s disease and Parkinson’s disease. VPA also changed the expression of genes associated
with neurogenesis, generation of neurons, neuron projection development, neuron differentiation and
synaptic development.

Kotajima-Murakami et al. [35] treated prenatally VPA exposed pups with intraperitoneal injection
of rapamycin for 2 consecutive days. The mammalian target of rapamycin (mTOR) signaling pathway
plays a crucial role in cell growth, proliferation and metabolism. Mice prenatally exposed to VPA
exhibited the aberrant expression of genes associated with the mTOR signaling pathway, and rapamycin
treatment recovered changes in the expression of some genes.

Hill et al. [36] explored changes in methylation of CpG islands in the frontal cortex of mice
prenatally exposed to VPA as well as mice exposed to other toxicants including lead and manganese.
They reported lower regulation and overexpression of Chd7 gene essential for neural crest cell migration
and patterning in all treatment groups.

Several brain structures and functions have been suggested to underlie behavioral abnormalities of
ASD including the prefrontal cerebral cortex [37], the cerebellum, the hippocampus and the basolateral
amygdala [38]. The prefrontal cerebral cortex is affected in ASD at the neuronal development
and synaptic functionality levels. Studies found alternations such as Hyper-Connectivity and
Hyper-Plasticity in the pyramidal network in the medial prefrontal cortex [39]. Thus, we decided to
focus on this part of the brain in our study.

S Adenosyl methionine (SAM) is the principal biological methyl donor involved in multiple
biochemical reactions and critical for regulation of cell growth, differentiation, and function and
biosynthesis of hormones and neurotransmitters [40]. SAM has also been shown to be involved
in reduction of oxidative stress [41–44]. Villalobos et al. [41] showed that SAM modulates cellular
oxidative status, mainly by inhibiting lipid peroxidation and enhancing glutathione system in the
brain of rat model of brain ischemia-reperfusion.

Reduction in SAM levels has been found in neurological conditions such as Alzheimer disease [45].
Numerous studies have therefore explored the efficiency of treatment of depression and other
neuropsychiatric conditions by SAM administration [46–49]. A few studies indicated that gender
might impact the antidepressant efficacy of SAM, with greater therapeutic effect found in males [50].

In our recent study [23] we injected four-day-old mice with a single dose of 300 mg/kg of VPA
and tested them on a variety of neurobehavioral tests during postnatal days 50 to 59. The mice
exhibited typical ASD-like behavior, with differences between males and females in some of the tests.
Lower preference for social novelty and stereotyped repetitive behaviors were more prominent in
males, while impaired re-learning ability were more prominent in females. In addition we evaluated
oxidative stress parameters in the prefrontal cortex and liver on day 60. Enhanced oxidative stress was
observed in the prefrontal cortex, demonstrated by changes in the activity of Superoxide dismutase
(SOD) and Catalase (CAT) enzymes and increased lipid peroxidation in VPA treated mice. In general
oxidative stress parameters were more prominent in females. There were no changes in the redox
potential of the liver, implying that the oxidative stress was induced only in the brain as a result of the
epigenetic changes induced by the VPA. The co-administration of VPA and SAM alleviated most ASD
like neurobehavioral symptoms and normalized the redox potential in the prefrontal cortex [23].
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Our current research focuses on the gene expression changes in the VPA treated mice. In this
study, we aimed to evaluate the effects of early postnatal VPA administration on ASD like behavior and
the therapeutic effect of SAM on the VPA exposed mice by measuring the changes in the expression of
genes involved in various neurobiological pathways. In addition we aimed to evaluate the differences
in the gene expression between males and females in order to understand the cause of the ASD like
behavioral variance between genders.

2. Results

As there were significant gender differences in the expression of genes, the data is described
separately for males and for females. In females, VPA injection induced statistically significant changes
in the expression of 146 genes, 71 genes were upregulated and 75 genes were downregulated. In males,
VPA changed the expression of 19 genes, 16 were upregulated and 3 genes were downregulated.
Nine of these genes were similarly changed in both genders (See Figures 1 and 2).

Gene ontology functional enrichment analysis for the genes significantly changed by VPA in
females revealed several pathways associated with Huntington disease, Alzheimer’s disease, Prostate
cancer, focal adhesion, calcium and PIK3-signaling (Table 1). Of special importance for our study are
pathways of associated diseases involving cognitive impairment, namely Alzheimer’s disease and
Huntington’s disease (supplementary Figure S1). In both pathways, key genes were upregulated in
VPA exposed females (i.e., APP & Htt). Furthermore, Huntington’s disease pathway share mechanisms
with epigenetic modulation of DNA and gene repression, including HDAC - a putative target for
VPA (supplementary Figure S1A). However, in males, no statistical significant pathway was detected.
We therefore, continued to explore the data by focusing on specific genes with a cut-off of 50%
de-regulation of expression, and their possible role as key genes.

Figure 1A,B represent heat map of mRNA levels of genes involved in neuropathological pathways
at the prefrontal cortex. For each gene the expression was normalized to the geometrical mean of 7
housekeeping genes and the negative and positive technical controls. Each vertical column represents
one animal belonging to the treatment group indicated in the upper panel while each horizontal lane
represents the normalized mRNA counts for one gene. The colors represent the expression of each gene
among the different treated animals (red and blue represent strong and weak expression, respectively).
As observed, there were many genes whose expression was significantly changed by VPA. More of
these genes were up or downregulated in females compared to males.

For strict selection we decided to focus on genes with at least 50% change by VPA. With the
restriction of 50% change in comparison to controls, there were 15 genes in females and 3 genes in males
whose expression was changed by VPA. Only one of these genes, Nts, was similarly downregulated in
both genders, as described in Tables 2 and 3.

Table 2 shows the percent of change by VPA compared to controls for each gene in females,
whether the change is corrected by SAM administration or not. Six genes were upregulated and
9 were downregulated. The affected genes are involved in various pathways; 6 are involved in
neurotransmission, 5 in neuroplasticity and 6 in neuroinflammation. Note that 4 of the genes also appear
in Sfari database for genes reported in human ASD. These genes are involved in neurotransmission
and neuroinflammation (Table 2).

Table 3 shows the percent of change by VPA compared to controls for each gene in males, whether
the change was corrected by SAM administration or not. VPA changed the expression of 3 genes,
2 were upregulated and one was downregulated. The biological pathway of these genes varies, as seen
in the table. None of these genes was reported in SFARI database for genes reported in human ASD.
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(A) Females 

 
(B) Males 

Figure 1. Effect of VPA and SAM administration on the gene expression in the prefrontal cortex. Heat
map of the genes significantly changed by VPA in the different groups: A. females, B. males. Each heat
map consists of two NanoString panels (12 samples).
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(A) Females (B) Males 

Figure 2. (A,B) are a volcano plot of log 2 fold-change (x-axis) versus −log 10 adjusted p-value (y-axis,
representing the probability that the gene is differentially expressed). Every dot represents one gene.
Red dots: genes with statistically significant change compared to controls. Grey dots: no statistical
change. More genes were up or down regulated in females compared to males. In males, most of the
genes whose expression was changed by VPA were upregulated.

SAM Administration to Controls

SAM alone did not affect gene expression in males. In females, only one gene, Lsr (lipolysis
stimulated lipoprotein receptor) was significantly downregulated by SAM administration (adjusted
p value 0.008764).

SAM administration to VPA exposed mice: Co-administration of SAM with VPA normalized
in females the expression of 8 of 15 genes that were significantly affected (for at least 50%) by VPA
and their expression was similar to their expression in controls (Table 2). Three of these genes were
upregulated by VPA and 5 were downregulated. All 4 genes that were reported in the Sfari database of
human and animal genes involved in ASD were normalized by SAM.

In males, SAM corrected the expression of all three genes that were changed by VPA at least
50% (Table 3). Note that the gene Nts was similarly downregulated by VPA and corrected by SAM in
both genders.

Table 4 shows 8 genes that were significantly changed in the same direction by VPA in both
genders and the percent of change was similar. Of these genes, only Nts gene changed by more than
50% (Table 4). Two of these 8 genes were reported in the Sfari database of human and animal genes
involved in ASD: Unc13a and Cacna1a. These two genes were normalized by SAM administration
only in males.
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3. Discussion

In this study we explored the regulation of gene expression in the prefrontal cortex of adult male
and female mice by VPA and the possible correction of these changes by SAM. We found that early
postnatal injection of VPA induced statistically significant differences (p < 0.05) in the expression of
many genes. In females, the expression of 146 genes was changed, 15 of them being changed by more
than 50%. In males, the expression of 19 genes was significantly changed by VPA, 3 of them being
changed more than 50%.

VPA is a broad-spectrum antiepileptic drug with a wide range of clinical effects. While normally
VPA is considered to be a safe drug with only few side effects, during pregnancy it may cause severe
teratogenic effects in the embryo and fetus [11]. VPA is a strong HDAC inhibitor, playing an important
role in transcriptional regulation; thus it is reasonable to assume that gene expression changes detected
in the prefrontal cortex of 60 day old adult mice results from VPA induced epigenetic modifications
accumulating during early postnatal developmental stages in the brain. Indeed VPA –induced changes
in gene expression were reported by several investigators [31–33].

S-adenosyl methionine (SAM) is an important biological methyl donor which provides the methyl
groups for histone or nucleic acid modification and phosphatidylcholine production, tuning regulation
of gene expression [51].

In the current study we treated VPA injected pups with SAM. In males, 75% of VPA induced
differently expressed genes were “repaired” by SAM administration; in females more genes were
affected by VPA and only 52% of VPA- affected genes normalized by SAM. These results correlate
with our previously reported behavioral findings that demonstrated greater beneficial effect of SAM
in males in most of the behavioral tests compared to females [23]. In the behavioral analysis of our
study, a composite ASD score combined of the social novelty preference, T-maze test and self-grooming
assay was calculated for each mouse. An elevated score in the VPA group with correction in the SAM
treatment group was noted both in females and males. However, differences were higher in males
compared to females.

Male-to-female prevalence ratio of ASD is estimated to be about 4.5 [52]. This strong male
predominance suggests the existence of different genetic involvement in the pathogenesis of ASD.
In our study, the VPA –induced changes in gene expression were indeed different between the genders.

Most studies using the VPA model have predominantly explored the male sex and gender
differences in autistic like behavioral phenotypes were reported only in few studies. Autistic male
mice and rats were reported to display less social interest and had impairment in social novelty
preference [28,53], decreased ability of nest-building [54] increased anxiety like behaviors, increased
repetitive/stereotypic-like activity and lower sensitivity to pain [24]. Only few studies reported
impaired social behavior in females as that was generally less pronounced than in males [55].

In our previous study, both genders exhibited autistic-like behaviors with differences in several
neurological functions. Females were more prone to present anxiety-related traits as observed in
the open field (center duration) and Elevated plus maze (head dipping); males displayed greater
impairment in social novelty preference, grooming frequency and cognitive rigidity (T-maze) implying
that the autistic-like behavior was stronger in males in spite of fewer VPA-affected genes. The differences
were also reflected in the higher autism composite score induced by VPA in males [23].

We will therefore discuss the role of the genes whose expression was significantly changed by
VPA and corrected by SAM and are already known to be related to ASD and/or to several common
psychiatric and neurodegenerative diseases of the brain.

Only one gene, Nts, was similarly downregulated by more than 50% in males and females and its
expression was normalized by SAM administration. Hence, this gene deserves special consideration.

Neurotensin (NTS) is a 13-amino-acid peptide which acts as a principal neuromodulator in
the central nervous system. NTS was reported to be involved in mediating visceral analgesia [56],
vocal communication and social behaviors [57], maternal aggression during offspring defense [58],
sleep-wake regulation, anxiety, depressive-like behaviors [59] and locomotor activity [60]. The Nts
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system has been implicated in the pathophysiology of several psychiatric and neurological disorders,
such as schizophrenia [61], anxiety [62] and depression [63]. Nts-expressing neurons modulate and
interact with major neurotransmitter systems, including the dopaminergic [64,65], glutamatergic [66–68],
gabaergic [69] and cholinergic [70] systems. NTS has strong interactions with dopamine and in the rat
prefrontal cortex Nts is exclusively localized in dopamine axons [71].

In mammals, the Nts biological effects are mediated through two G-protein coupled receptors,
Nts1 and Nts2, and one single-transmembrane receptor, Ntsr3 /sortilin [61,72,73]. Activation of Nts1
receptor by the selective agonist PD149163 reduced locomotor activity in mice with dose dependent
effects [74]. This agonist also improved memory performance in male Norway rats [75]. Two studies
reported elevated NTS levels in the serum of autistic children [76,77] that may occur as a result of
inflammatory processes [78,79].

Although Nts seems to be involved in pathways and brain areas critical for social behavior,
it received very little research attention regarding its possible role in the etiology of ASD. Kirsten et al.
established a mouse model for ASD by prenatal Lipopolysaccharide exposure and reported autistic
like behavior and reduced NTS (protein) plasma levels in male offspring. Postnatal treatment with
the anti-diabetic drug Pioglitazone corrected social and communication deficits and abolished the
reduction in the NTS levels [80,81]. We found reduced Nts mRNA levels in VPA exposed male and
female mice that were corrected by SAM administration. In our previous behavioral analysis we
detected increased anxiety-like behaviors, manifested by reduced frequency of head dipping in the
VPA exposed male and female mice in the elevated plus maze test. A possible connection between
reduced NTS protein activity and lower performance in the same behavioral test was described also by
Normandeau et al. [82] in a mouse model of chronic stress.

In our previous study [23] we also detected significantly decreased time spent in the center of
the arena in the open field, especially in females. These anxiety-related behaviors normalized by
co-administration of SAM. Similar anxiety-related phenotype in the open field activity test was described
by Fitzpatrick et al. [59] in Nts Receptor1 knockout male mice, with less distance traveled in the open
field, less time spent in the center and more time spent in the corners than the wild-type controls.

Since Nts was the single gene similarly downregulated by VPA more than 50% and corrected by
SAM in both genders, it is tempting to presume that downregulation of Nts may induce autistic like
behavior. As Nts was not yet reported in Sfari data base as possibly related to ASD in animals or man,
this issue needs further studies.

In addition to Nts, we have detected 8 genes that changed in both genders, with significant
statistical difference from control (but less than 50% change). The similarity in the VPA-induced
changes and the fact that both genders had ASD like behavior, may imply that several of these genes
are indeed related to the autistic like behavior of the VPA treated animals. Two of these genes: Unc13a
and Cacna1a also appear in Sfari database for genes reported in human/animal ASD. Since SAM
improved the autistic –like behavior in both genders, we may decrease the number of candidate genes
only to those that were corrected by SAM.

The expression of Unc13a and Cacna1a was upregulated in both genders, but normalized by SAM
only in males. Unc13a, a neurotransmitter release regulator at nerve cell synapses, single-nucleotide
exchange in the Unc13a gene, was reported in a number of disorders including delayed cognitive
development, speech impairment, ASD, and ADHD [83].

Cacna1a encodes for the alpha-1A subunit of a neuronal ion calcium channel, which is
predominantly expressed in neuronal tissue. CACNA1A loss-of-function mutations are associated with
cognitive impairment including intellectual disability, ADHD and ASD [84]. Both genes are involved
in glutamatergic synaptic neurotransmission and significantly associated with major depressive
disorder [85]. Glutamate is considered to be a central excitatory neurotransmitter in CNS synaptic
transmission and is involved in learning, memory and synaptic plasticity. Hence, the gender differences
in the gene expression involved in glutamatergic pathways may explain the sex differences in the
pathology of ASD.
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Adults with ASD have regional abnormalities in subcortical glutamatergic neurotransmission that
are associated with variations in social development [86]. Reduction in glutamate metabolism in ASD
was reported in the basal ganglia [86], anterior cingulate cortex and the thalamus [87], while increased
glutamate metabolism was found in the amygdala-hippocampal region of ASD individuals [88].

In a Shank2-mutant mouse model of ASD, Won et al. reported marked decrease in NMDA
(N-methyl-D-aspartate) glutamate receptor (NMDAR) function which was accompanied by ASD-like
behaviors including impaired social interaction, reduced social communication by ultrasonic
vocalizations, and repetitive behavior, increased anxiety-like behavior and impaired spatial learning
and memory. Furthermore, treatment of mice with a positive allosteric modulator of metabotropic
glutamate receptor 5 (mGluR5) which normalized NMDAR function were found to have enhances
social interaction.

A recently published review by Wickens et al. [89] described sex differences in the glutamatergic
system contribution to psychiatric diseases with male predominance in schizophrenia, ASD and ADHD,
and female predominance in Alzheimer’s disease and major depressive disorder. Furthermore, they
described overall increase in glutamatergic transmission in females in most of these diseases that may
play a protective role and lead to differences in symptomatology. Our findings support the involvement
of sex specific alternations in the glutamatergic system in ASD pathophysiology. More studies are
needed to estimate how glutamate dysfunction differentially affects males and females in context to
ASD phenotype.

3.1. Genes Whose Expression Was Significantly Changed in Females

We will focus on genes previously reported in ASD: Drd1, Adora2a, Grin2a and Flt1. The expression
of Drd1 and Adora2a was decreased and the expression of Flt1 and Grin2a was increased after VPA
injection. All these genes were normalized by SAM administration. In addition, we will also focus on
Nlrp3 gene that has been upregulated by almost 250% from controls and on Chat gene- of importance
in acetyl choline metabolism that was downregulated by 55% and normalized by SAM.

The dopamine D1 receptor (Drd1) is among the most important postsynaptic effectors of dopamine
function in the central nervous system. Drd1 regulates neuronal growth and development, mediates
behavioral responses, and is involved in modulation of Drd2 mediated events. Drd1 was reported to
be involved in social cognition [90]. Mutant Drd1 male rats have significantly reduced sociability and
decreased interest in social novelty accompanied by decreased ultrasonic vocalization [91].

Adora2a: Adenosine A2A receptors are closely intertwined with the dopamine neurotransmitter
system, are co-localized and have functional interactions with dopamine D2 receptors [92,93].

Adora2a is located on 22q11.23 chromosome, while deletions and duplications of chromosome
22q11.2 are associated with higher rates of ASD and psychotic symptoms [94]. Polymorphisms
in Adora2a have been associated with schizophrenia, psychosis and anxiety [95–97]. Furthermore,
Freitag et al. [98] found an association between single variant of Adora2a gene and increased
autistic symptoms in human. Squillace et al. [99] revealed dramatically blunted Drd2 and Adora2a
neurotransmission in BTBR strain of autistic mice, a finding that could play a role in the social deficits
exhibited by these animals.

The Grin2a gene encodes the glutamate-binding GluN2A subunit of the N-methyl-D-aspartate
receptors (NMDARs)- a glutamate gated cation channels that mediates the slow component of excitatory
synaptic transmission [100]. NMDARs play essential roles in normal brain function, including learning,
memory, synaptic plasticity, motor and sensory processes, and nervous system development. Grin2a
mutations were identified in children with specific language impairment, speech disorders and
epilepsy [101,102]. In our study VPA induced upregulation of Grin2a gene. Up regulation of GRIN2A
receptor was also found in the prefrontal cortex of patients with major depression [103,104].

Flt1 (VegfR1) - Vascular endothelial growth factor receptor- 1 is a Tyrosine-protein kinase that
acts as a cell-surface receptor for VEGF, a well-known major angiogenesis stimulating factor. Flt1 was
reported to be involved in the regulation of angiogenesis, cell survival and cell migration, and acts as a
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negative regulator of embryonic angiogenesis [105,106]. In our study, the expression of Flt1 gene was
upregulated by 83% after VPA exposure, and normalized by SAM. Higher prefrontal cortex expression
of Flt1 was associated with worse cognitive trajectories in Alzheimer disease patients [107].

Upregulation of the Flt1 gene was also described by Hu et al. [108] in a study that examined
the gene expression profiling on DNA microarrays of lymphoblastoid cell lines derived from five
monozygotic twin pairs discordant in severity for ASD and language impairment. There was a positive
association between the severity of the autistic phenotype exhibited by the twins (higher or lower
expression in the more severely affected twin relative to the other twin) and the expression level of
several genes involved in neurological function, including Flt1.

The expression of Chat was reduced by 56% in females but not in males. However, we decided to
focus on this gene because of its importance in neuronal pathways.

Choline acetyltransferase (Chat) encodes CHAT enzyme which catalyzes the biosynthesis of
the neurotransmitter acetylcholine. Acetylcholine is one of the most important neurotransmitters
controlling the parasympathetic and the sympathetic autonomic nervous system as well as the somatic
motor system. Furthermore, Acetylcholine is a major neurotransmitter in the CNS, involved in many
functions, including control of locomotor activity, emotional behavior, and higher cognitive processes
such as attention, learning and memory processes [109–111]. Changes in cholinergic neurotransmission
are associated with a variety of important neurological disorders including Alzheimer’s disease,
schizophrenia, Parkinson’s disease, epilepsy, attention-deficit hyperactivity disorder, mild cognitive
impairment and also ASD [110,112]. Cholinergic agents such as Donepezil have been proposed for
treatment of ASD symptoms [113].

Wang et al. [114] examined the role of the nicotinic cholinergic system on social and repetitive
behavior in BTBR mouse model of ASD. They treated autistic mice for 4 weeks with different doses
of nicotine (50, 100, 200 and 400 μg/mL), an agonist of nicotinic acetylcholine receptor subtypes
that is also known to upregulate the expression of various nAChR (acetylcholine receptor) subtypes.
They reported that high doses of nicotine (200 and 400 μg/mL) significantly decreased repetitive
self-grooming behavior in BTBR mice compared to baseline, while lower doses of nicotine (100 μg/mL)
increased social interactions in BTBR mice in the three chambers social interaction test. The authors
combined male and female data because they did not find any gender differences. In our previous
study males, but not females, exposed to VPA showed significantly increased grooming frequency and
lower preference for social novelty and preference to familiar social stimuli in the Social interaction
test, which was normalized by the co-administration of SAM [23].

Although, dysfunction of the cholinergic system may underlie autism-related behavioral
symptoms, we did not find any evidence from the literature connecting between the involvements
of Chat to ASD etiology, especially not in VPA-induced ASD. Furthermore, studies analyzing tissue
samples from deceased autistic adults reported no alteration of CHAT biochemical activity in the
cerebellum [115] and in the frontal and parietal cerebral cortex [116]. Despite these reports, studies of
other neurological disorders suggested significant involvement of CHAT enzyme alternations and
described its possible connection to behavioral changes. Hence, further studies should be carried out
to elucidate the possible role of Chat in the etiology of ASD

Down-regulation of Chat as well as other cholinergic signaling genes was demonstrated in a
chronic restraint stress rat model of depression, in which rats display depression-like behaviors such
as anhedonia and mood despair [117]. In Alzheimer patients Chat activity is significantly decreased in
the cerebral cortex and hippocampus and it seems to correlate with the severity of the dementia [118].

In our previous study [23], in the water T maze assessing reversal learning, cognitive rigidity
and repetitive behavior, the learning curve for detecting the new location of a hidden platform was
significantly less effective and there were greater latencies in trials only in the VPA-exposed females
compared to controls. This higher latency was normalized by the co-addition of SAM. In males we did
not find any differences in the water T maze test, in parallel to normal expression of Chat gene.
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3.2. Genes Whose Expression Was Significantly Changed Only in Males

In addition to Nts 3, Ryr1 and Itga7 were all upregulated by VPA. The expression of all these
genes was normalized by SAM administration. None of these genes was reported to be related to ASD.

Ryr1- ryanodine receptor 1 plays a central role in the regulation of intracellular calcium (Ca2+)
homeostasis, which is crucial for neuron survival and function. Ryrs exist in three isoforms (Ryr 1–3).
Ryr2–3 is predominantly expressed in Purkinje cells of the cerebellum and cerebral cortex and in the
hippocampus [119] and is involved in modulation of learning and memory functions [120]. Ryr1 also
plays a critical role in calcium release and muscle contraction in skeletal muscle [121].

Gene ontology functional enrichment analysis for the genes significantly changed by VPA
in females, demonstrated potential shared mechanism with neurodegenerative diseases such as
Alzheimer’s disease and Huntington’s disease, as our Nlrp3 analysis suggest. Thus, GO term analysis
suggests that common pathways underlay common symptoms in different pathologies. Studying such
common pathways may have implication to several diseases including ASD. Nevertheless, we could
not find shared pathways between females and males. However, it is still possible that individual
genes whose expression was similarly changed by VPA and corrected by SAM play a role in the autistic
like behavior of both genders. Such a candidate gene is Nts. The differences in the behavioral pattern
between VPA treated males and females may be related to the change in the expression of genes that are
differently affected between genders or not corrected by SAM. However, from our data it is impossible
to point out to the genes that are specifically responsible for the ASD like behavioral changes.

4. Materials and Methods

4.1. Animals

Male and female (four days old) outbred ICR albino pups were injected subcutaneously on
postnatal day 4, either with 300 mg/Kg body weight of VPA dissolved in normal saline or normal saline
(NS). The dose chosen was the minimal dose that was reported to produce ASD in mice offspring.
This time is developmentally equivalent to months 7–8 of human pregnancy. Each of these two groups
(VPA and NS treated) were further subdivided into two groups- one receiving daily by intraoral gavage,
from day 5 for 3 days, 30 mg/Kg body weight of SAM dissolved in NS, and the other receiving NS.
Each treatment or control group consisted of 12–16 males and a similar number of female mice.

Twenty four hours after VPA injection pups were given daily for 3 consecutive days 30 mg/kg
SAM by intragastric lavage. On day 60, the animals were euthanized; brains (prefrontal cerebral
cortex) were removed for molecular studies. All pups were handled similarly in the animal quarters
under optimal temperature and light. The University of Ariel Ethics committee for experiments on
animals received approval for the study (IL-109-06-16, 6th July 2016). The more complete data on the
experimental design and the results of the neurobehavioral tests were published elsewhere [23].

4.2. RNA Extraction and Gene Expression Analysis

Total RNA was extracted from the right prefrontal cortex of the mice using the RNA/DNA/protein
purification plus kit (47700; Norgen, Thorold, ON, Canada) according to the manufacturer’s protocol.
RNA was quantified at absorbance of 260nm. An OD260/280 ratio between 1.8 and 2.2 was considered
for further processing.

Gene expression analysis was performed for 24 samples of each gender, 6 in each group, using
the NanoString nCounter system (NanoString Technologies, Seattle, WA, USA) that provides a
simple way to profile specific nucleic acid molecules in a complex mixture. The system is based on
direct digital detection of mRNA molecules utilizing target-specific, color-coded probe pairs that
can hybridize directly to target molecules. The expression level of mRNA molecules is measured by
counting the number of times the barcode for that molecule is detected by a digital analyzer. It does
not require the conversion of mRNA to cDNA by reverse transcription or the amplification of the
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resulting cDNA by PCR. The system does not need amplification and is sensitive enough to detect low
abundance molecules.

The data is expressed by the number of mRNA molecules In 100 ng/uL of RNA. It can simultaneously
quantify up to 800 different interesting targets in a single reaction, making it ideal for miRNA profiling
and targeted mRNA expression analysis [122]. We used the Mouse Neuropathology Panel that includes
770 genes covering pathways involved in neurophysiology, neurodegeneration and other nervous
system diseases, and 10 internal reference genes for data normalization.

4.3. Gene Functional Enrichment

Gene Ontology for Functional enrichment of pathways (KEGG) was performed for genes which
were found to be significantly altered by VPA using DAVID bioinformatics resources 6.8 [123]. The total
list of 770 genes related for neuropathology that were tested in the array was used as background.
Significantly enriched pathways were selected by p value (<0.05) and fold enrichment (>1.3) [124,125].

4.4. Statistical Analysis

NanoString analysis was performed on 6 samples from each group and each gender. This large
sample size allows detecting and referring also to small but statistically significant changes in
gene expression.

Gene expression data were analyzed by two-way ANOVA, in the first time with control as the
reference group, and the second time with VPA as the reference group.

NanoString analysis was performed on 6 samples from each group and each gender. This large sample
size allows detecting and referring also to small but statistically significant changes in gene expression.

Gene expression data were analyzed by the R package DESeq2, v1.22.1 [126]. Since samples
were measured in two batches, the statistical model included both the treatment and the batch. After
normalization by the internal reference genes, Wald test was used to compare the different conditions,
using default parameters, including the significance threshold of Benjamini-Hochberg FDR (p adj) less
than 0.05. Further filtering of significant genes required a change in expression of at least 50% relative
to the control group.

NanoString assay is reported to be reliable, high-throughput assay used to simultaneously screen
for gene expression changes in clinical practice [127,128]. Studies that used the NanoString n-counter
system usually did not use rtPCR analysis for validation [129–132].

5. Conclusions

Most of the genes whose expression were changed by VPA and corrected by SAM seem to be
involved in ASD and/or several other diseases of the nervous system, or in cognition and memory.
These include genes involved in neuronal function and in inflammation. Genes of these two groups
were also described as being associated with human ASD. The fact that SAM normalized their function
may also explain the reversal of the autistic like behavior and reduction of brain oxidative stress
observed in our previous studies. The changes induced by VPA in several pathways (Alzheimer’s
disease and Huntington’s disease) were observed only in females. Since these changes are gender
specific, they might not be related to the ASD like behavioral changes manifested in females and
males. This emphasizes that only changes in the expression of individual genes may be related to
the autistic like behavior. Unfortunately, our data do not enable us to correctly point to the gene/s
that may be responsible for the autistic like behavior induced by VPA, but point to a number of genes
possibly involved, especially those similarly changed by VPA in both genders and “corrected” by
SAM such as Nts or Myrf. Early postnatal administration of SAM alone had very little effect on gene
expression. Methylation of DNA occurs via the methyl donor SAM, and maintenance of adequate
SAM circulating concentrations are, in part, dependent on folic acid and vitamin B12 [133]. Because
most of the epigenetic programming accrue during prenatal development, it is reasonable that SAM
effects as a methyl donor on the methylation pattern will be lower after birth. Indeed, in a different
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study we found that SAM administration during mid-pregnancy to ICR mice caused many significant
changes in gene expression in the prefrontal cortex of the neonates (to be published).

Supplementary Materials: The following is available online at http://www.mdpi.com/1422-0067/20/21/5278/s1,
Figure S1: KEGG pathway analysis in females exposed to VPA. The distribution of differentially expressed genes
in prefrontal cortex of females exposed to VPA compared with controls in (A) Huntington’s disease pathway
and (B) Alzheimer’s disease pathway. Significantly, deregulated genes are marked with red star, detected using
DAVID/KEGG enrichment analysis of the Nanostring array.
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