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Abstract: The etiology of Autism Spectrum Disorders (ASD) is a result of the interaction between
genes and the environment. The study of epigenetic factors that affect gene expression, such as DNA
methylation, has become an important area of research in ASD. In recent years, there has been an
increasing body of evidence pointing to epigenetic mechanisms that influence brain development,
as in the case of ASD, when gene methylation dysregulation is present. Our analysis revealed
853 differentially methylated CpG in ASD patients, affecting 509 genes across the genome. Enrichment
analysis showed five related diseases, including autistic disorder and mental disorders, which are
particularly significant. In this work, we identified 64 genes that were previously reported in the
SFARI gene database, classified according to their impact index. Additionally, we identified new
genes that have not been previously reported as candidates with differences in the methylation
patterns of Mexican children with ASD.

Keywords: ASD; gene methylation; Mexican children

1. Introduction

Autism spectrum disorder (ASD) is defined as a neurodevelopmental disorder with
characteristics such as difficulty with social interaction, poor communication skills and
repetitive behaviors. The frequency is higher among males than it is among females
(4:1), and its heritability is as high as 90%, depending on the population analyzed [1].
The high concordance between monozygotic twins shows a strong genetic influence. In
Mexico, epidemiological studies are scarce, and it has been estimated to have a prevalence
of 0.87%, which is similar to the world statistic [2]. ASD patients also present with a
higher prevalence of other clinical manifestations, such as depression, ADHD, anxiety,
gastrointestinal problems and sleep disorders, among others [3,4].

Cumulative evidence supports that genetic factors underlie ASD, although the molec-
ular and cellular mechanisms are still unidentified. Single-nucleotide variants (SNV) are
associated with ASD in genes that play a role in neurodevelopment, synapsis, ion transport
and neurotransmission, i.e., SYN1, SCN2A, CACNA1E, KCNQ3, SHANK3 and GABRG3 [5].
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Similarly, copy number variants (CNV) have shown an important effect on ASD suscepti-
bility, and it is estimated to cause around 10% of cases [6,7]. Mutations in animal models of
ASD-related genes showed a phenotype with disorders such as motor coordination, senso-
rial, weight loss, hydrocephalus, anxiety, repetitive behaviors and social deficits similar to
those of ASD patients [8].

Despite the genetic evidence, there is minimal information on gene-altered functions
in ASD and neurodevelopmental disorders. The evidence from exome sequencing has
revealed de novo mutations and disruptive events in candidate genes [9,10]. However, the
effects of most ASD-related gene variations are quite small.

Recent evidence shows that epigenetic regulation (DNA methylation, histone modifi-
cations and non-coding RNAs) may play an important role in ASD, integrating genetic and
environmental factors affecting neurodevelopment [11].

Epigenetic mechanisms regulate gene expression without altering the DNA sequence,
such as DNA methylation. In recent years, DNA methylation has been implicated in ASD
pathophysiology, and it has been proposed that epigenetic alterations could influence
neural programming during development and early life [12–14]. Studies in monozygotic
discordant twins with ASD have identified CpG sites with altered DNA methylation in
genes previously associated with ASD, describing epigenomic discordant patterns [15].
Subsequent studies have shown altered methylation in genes such as OXTR, GAD1, EN2,
RELN, MECP2, RUNX2 and IMMPL2 [16,17]. CpGs with altered methylation in those
genes have been proposed as molecular biomarkers for ASD. On the other hand, ASD
animal models induced by valproic acid have shown exacerbated DNA demethylation,
therefore, interfering with normal brain development correlating with the epidemiological
data that showed an increased risk in children exposed during the first three months of
their intrauterine life [18].

Although it has been pointed out that methylation patterns are tissue specific, the
search for methylation markers has not been restricted to brain samples, which are only
available in brain biobanks. Postmortem samples from children are particularly extremely
difficult to obtain. On the other hand, molecular biomarker candidates should be from sam-
ples obtained using non-invasive methods. To solve these inconveniences, the alternatives
are the use of peripheral tissues, such as blood and buccal cells [16,19–21]. The usefulness
of buccal cells has been demonstrated in their application to establish methylation patterns
and pediatric age markers [22,23]. Since the methylation patterns vary depending on the
tissue, cell type and age, ASD risk biomarkers should either be consistently present and
identifiable across different tissues or accurately reflect alterations in the target tissue [24].

In this work, we evaluated the DNA methylation profiles of a group of Mexican male
children with an ASD diagnosis and controls in order to obtain CpG sites (CpGs) with
altered methylation in pediatric patients using DNA samples from buccal swabs.

2. Materials and Methods

Study population: Twenty-nine cases were selected from a bigger sample established
previously among CMIGA (Consorcio Mexicano de Investigación Genética en Autismo)
patients. This heterogeneous sample was not selected for genetic features; the main char-
acteristics are described in Table 1. The inclusion criteria for cases were as follows: being
male, 3–7 years old and having a previous ASD diagnosis based on the DSM-5 (ADI–R
instrument [25]), corroborated by trained specialists. For the seven controls with neurotypi-
cal development, we matched the cases by age (3–7 years old), sex (males) and nationality.
A psychiatric scale was applied, the Social Responsiveness Scale (SRS), to exclude autistic
symptomatology, and the criterium of having no psychiatric history was applied [26]. The
exclusion criteria for the controls include being female, out of the age range diagnosed
with neurodevelopmental disorders or psychiatric conditions. The controls were from a
previous biobank established, the parents of whom were invited to participate prior to
an informative talk in a public center or school. For methylation studies, it is important
to match the samples by age because it is demonstrated that this factor influences gene
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methylation with age We excluded females to avoid the influence of the X chromosome.
All the participants referred were the third generation of their family to be born in Mexico
and corroborated their ancestry with the PCA plot. This study was approved by ethical
committees in Grupo Médico Carracci in accordance with the Helsinki Declaration.

Table 1. Description of the cases and control samples.

Samples Mean Age (Years) SD Diagnosis Therapy Medication Formal Schooling

Cases (29) 5.1 1.1 ASD Yes:69%
ND:31%

Yes:48.3%
No:20.7%
ND:31.0%

Yes:55.2%
No:17.2%
ND:27.6%

Controls (7) 5.7 1.1 None None None Yes: 100%

Therapy: psychological, language, sensory and socialization; SD (standard deviation); ND (not described).
Medication: risperidone, sertraline, methylphenidate, quetiapine, magnesium valproate, clonazepam, piracetam
and aripiprazole. Scholarship: kindergarten, preschool and elementary school.

Sample collection and DNA extraction: Non-invasive samples were taken for this
study using sterile buccal swabs to obtain epithelial cells via scraping. Immediately, nucleic
acids were extracted with a Gentra Puregene kit (Qiagen, Hilden, Germany) following
the manufacturer’s instructions. DNA concentration as well as 260/230 and 280/230
ratios were determined via spectrophotometry with a Nanodrop instrument (Thermofisher,
Waltham, MA, USA). DNA integrity was visualized in 1% agarose gel.

Genome-wide DNA Methylation Profiling: DNA methylation profiles were generated
with Illumina Infinium Human Methylation 450K BeadChip arrays (Illumina, San Diego,
CA, USA). High-quality DNA was bisulfite converted using an EZ DNA methylation kit
(Zymo Research, Irvine, CA, USA). Bisulfite-converted DNA was whole-genome ampli-
fied for 23 h, which was followed by end-point fragmentation. Fragmented DNA was
precipitated, denatured and hybridized using BeadChips for 18 h at 48 ◦C. The BeadChips
were washed, and the hybridized primers were extended and labeled prior to scanning the
BeadChips using the Illumina iScan system.

We read methylation data from the raw IDAT files using the Chip Analysis Methylation
Pipeline package (ChAMP v2.16.2) R package and calculated the β-value for each CpG
as β = M/(M + U + α), where M and U represent methylated and unmethylated signal
intensities at the specific site, respectively, and α is an arbitrary offset (usually 100) intended
to stabilize the β-values where the fluorescent intensities are low. SNPs and probes with a
low detection rate were removed from the analysis. To identify the differentially methylated
regions (DMRs), we used the ChAMP package

For enrichment analysis, we used WebGestalt 2019 software, a functional enrich-
ment analysis web tool. Its main function is to translate gene lists into biological insights.
The parameters chosen were the organism of interest—Homo sapiens; the method of
interest—ORA (over-representation analysis); and the functional database—disease. Pa-
rameters for the enrichment analysis: FDR method—Benjamini–Hochberg; significance
level—FDR < 0.05.

3. Results
3.1. Differential DNA Methylation

We selected only male patients, as DNA methylation is affected by sex, not only in
regard to sex chromosomes, but also autosomes. DNA methylation data were acquired with
Illumina 450K microarrays, and differentially methylated CpGs (DMCs) were obtained
by comparing the ASD patients’ profiles to the controls (p < 0.05; delta beta ≥ 0.10). A
total of 853 DMCs were found between the ASD patients and controls, representing 84%
hypomethylated (green dots) and 16% hypermethylated (red dots) ones, as shown in the
volcano plot (Figure 1a and Table S1). DMCs were located in 509 protein-coding genes,
278 intergenic regions and 15 non-coding RNA genes, which were distributed throughout
the whole genome, as seen in the Manhattan plot (Figure 1a lower panel and Table S1).
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Twenty-six genes showed more than one DMC. However, no region reached a level of
significance to be considered as a DMR.
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Figure 1. Differential DNA methylation in buccal swabs from children with autism. (a) Volcano plot
showing CpG sites from the site-level test assessed via methylation differences and adjusted p values.
All of the CpGs have FDR < 1 × 10−10; the CpGs in blue are differentially methylated and have more
than 0.2 or less than −0.2. Manhattan plot showing the distribution of differentially methylated CpG
sites across 22 autosomes and sexual chromosomes. The CpG sites marked in blue are the ones that
reached a delta-beta ≥0.1 or ≤−0.1 and p value < 0.05. (b) Pie graph showing the percentage of
different gene regions where CpGs were located. (c) Heat map from non-supervised analysis with
case and control samples. Grouping of samples by methylation profiles separates most ASD patients
from controls.

The most abundant DMCs were found in open sea regions (62%), followed by the
shore (20%), shelf (10%) and island (8%) (Figure 1b upper panel). In Figure 1b, the bottom
panel shows the gene position of the identified DMCs, which were the most abundant in
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the body of genes and intergenic regions, and the rest were distributed along other gene
positions. The five most statistically significant DMCs were found within the genes ISM1,
PTPRG, SLITRK4, CAP2 and CYP26C1.

Most of the genes with DMCs only included one per gene, although 33 genes were
found with more than one CpG.

In the heatmap, unsupervised hierarchical data clustering showed the separation of
the subjects in each group, with the exception of one ASD patient who clustered within the
control group when studying the top 50 most significant DMCs (Figure 1c).

3.2. Functional Analysis of DMCs

To identify the functional categories of genes with DMCs, gene enrichment anal-
ysis was performed. Five important categories were indicated using the software We-
bGestalt [27], and we grouped the statistically significant genes as follows: autistic disorder
(AD) was the most identified disease and mental disorders term (MD), as well as aortic
rupture, premature birth and musculoskeletal diseases (Figure 2). The genes within AD
were ANK3, ANKRD11, DPP6, FOXP1, GJA8, GRM8, IMMP2L, KCND2, MYT1L, NLGN1,
NRXN1, SHANK2, SHANK3, SLC9A9, ST7, TBX1, TRAPPC9 and TRIO. The MD genes
were ANK3, ANKRD11, ATRX, CACNB2, CALHM3, CHMP2B, CHRM2, CSMD1, DEAF1,
DLGAP3, DPP6, EBF3, FOXP1, GRID1, GRM8, IMMP2L, KAT6B, KIRREL3, LSAMP, MCTP1,
MYT1L, NDP, NLGN1, NOS1AP, NRG1, NRXN1, RYR3, SHANK2, SHANK3, SKA2, SLC1A2,
SLC1A3, SLC9A9, TENM4 and TRAPPC9. Other functional categories of genes are shown
in Table S2.
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In pathway analysis, only the axon guidance pathway showed statistical significance
when using KEGG or REACTOME functional databases. Figure S1 illustrates the genes
within the axon guidance pathway where DMCs were identified.

3.3. Comparison with ASD and Neurodevelopmental Gene Databases

In order to deeper understand the possible implications of genes with DMCs; these
genes were compared with those in the databases related to ASD and neurodevelopment.

Sixty-four genes with DMCs have previously been associated with ASD and reported
in the SFARI gene (Simons Foundation Autism Research Initiative) [28] database (Figure 3a).
According to their classification score in four categories, four were syndromic, sixteen had
a high confidence level, forty were strong candidates, four had suggestive evidence and
one was found in two categories, syndromic and high confidence level, CELF2 (Figure 3b).
The four syndromic ones and their associations with ASD are confirmed in several papers
(DMD, SLC1A2, TBX1 and CELF2) [24]. On the other hand, Leblond compared multiple
data repositories with genes related to neurodevelopmental disorders (NDD), classifying
them into different categories, including high-confidence-level genes related to NDD (HC-
NDD) [29]. We also compared our gene set list with high-confidence-level NDD and SFARI
genes, and 30 genes were common among three data sets: IGF1, ARHGEF9, TRAPPC9,
CNOT1, ZBTB20, SHANK3, NRXN1, DPP6, RERE, MYT1L, CELF2, CSNK1G1, SHANK2,
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DMD, KCND2, ATRX, TRIO, SETD2, CEP135, SLC1A2, ANKRD11, EBF3, TBX1, KCNQ2,
BRSK2, DEAF1, FOXP1, CUX1, ANK3 and KAT6B (Figure 4). Four genes previously
classified in the SFARI syndromic category (DMD, SLC1A2, TBX1 and CELF2) and HC-
NDD in Leblond’s dataset were maintained in this comparison, highlighting their relevance
in ASD.

Brain Sci. 2023, 13, x FOR PEER REVIEW 6 of 12 
 

 
Figure 2. Functional categories obtained via gene enrichment analysis using WebGestalt. FDR ⋜0.05. 
These 5 categories were found with differentially methylated genes among cases and controls. 

3.3. Comparison with ASD and Neurodevelopmental Gene Databases 
In order to deeper understand the possible implications of genes with DMCs; these 

genes were compared with those in the databases related to ASD and neurodevelopment. 
Sixty-four genes with DMCs have previously been associated with ASD and reported 

in the SFARI gene (Simons Foundation Autism Research Initiative) [28] database (Figure 
3a). According to their classification score in four categories, four were syndromic, sixteen 
had a high confidence level, forty were strong candidates, four had suggestive evidence 
and one was found in two categories, syndromic and high confidence level, CELF2 (Figure 
3b). The four syndromic ones and their associations with ASD are confirmed in several 
papers (DMD, SLC1A2, TBX1 and CELF2) [24]. On the other hand, Leblond compared 
multiple data repositories with genes related to neurodevelopmental disorders (NDD), 
classifying them into different categories, including high-confidence-level genes related 
to NDD (HC-NDD) [29]. We also compared our gene set list with high-confidence-level 
NDD and SFARI genes, and 30 genes were common among three data sets: IGF1, 
ARHGEF9, TRAPPC9, CNOT1, ZBTB20, SHANK3, NRXN1, DPP6, RERE, MYT1L, CELF2, 
CSNK1G1, SHANK2, DMD, KCND2, ATRX, TRIO, SETD2, CEP135, SLC1A2, ANKRD11, 
EBF3, TBX1, KCNQ2, BRSK2, DEAF1, FOXP1, CUX1, ANK3 and KAT6B (Figure 4). Four 
genes previously classified in the SFARI syndromic category (DMD, SLC1A2, TBX1 and 
CELF2) and HC-NDD in Leblond’s dataset were maintained in this comparison, highlight-
ing their relevance in ASD. 

Otherwise, we found significant CpGs in 446 genes that have not been previously 
reported or associated with TEA, but these are still important (Table S1). 

 
(a) 

Brain Sci. 2023, 13, x FOR PEER REVIEW 7 of 12 
 

 

(b) 

Figure 3. Total of genes identified in the methylation analysis. (a) DMCs were located in 510 genes, 

of which, 64 were in SFARI database and classified in four categories according to reported evidence. 

(b) SFARI gene categories were as follows: in red, 4 were syndromic; in orange, 16 had a high con-

fidence level; in yellow, 40 were strong candidates; and in green, 4 had suggestive evidence. 

 

Figure 4. Venn diagram showing convergence of genes with 3 gene sets, Mexicans, SFARI and Le-

blond. Thirty genes were common among the 3 sets. 

4. Discussion 

Recent evidence points to the role of altered DNA methylation in neurodevelopmen-

tal disorders, such as ASD. In this work, we analyzed differential DNA methylation be-

tween ASD patients and healthy controls in samples from buccal swabs. We found 853 

DMCs in 509 protein-coding genes, which shows the value of buccal swab samples as a 

good non-invasive alternative to inaccessible brain tissue since buccal epithelial tissue de-

rives from the same ectodermal layer as neurons do during neurodevelopment; thus, it 

has been suggested as a good alternative to reflect methylation profiles [19]. 

Figure 3. Total of genes identified in the methylation analysis. (a) DMCs were located in 510 genes,
of which, 64 were in SFARI database and classified in four categories according to reported evidence.
(b) SFARI gene categories were as follows: in red, 4 were syndromic; in orange, 16 had a high
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4. Discussion

Recent evidence points to the role of altered DNA methylation in neurodevelopmental
disorders, such as ASD. In this work, we analyzed differential DNA methylation between
ASD patients and healthy controls in samples from buccal swabs. We found 853 DMCs
in 509 protein-coding genes, which shows the value of buccal swab samples as a good
non-invasive alternative to inaccessible brain tissue since buccal epithelial tissue derives
from the same ectodermal layer as neurons do during neurodevelopment; thus, it has been
suggested as a good alternative to reflect methylation profiles [19].

The top five genes with the most significant DMCs have not previously been linked
to ASD (ISM1, PTPRG, SLITRK4, CAP2 and CYP26C1 genes). The gene ISM1 (Isthmin
1) located on chromosome 20 has not been previously linked to psychiatric disorders or
ASD. ISM1 has been related to clefting and craniofacial patterning [30] and colorectal
cancer [31,32] and probably plays a role in the negative regulation of angiogenesis [33].
The PTPRG gene product is part of the protein tyrosine phosphatase (PTP) family and
has multiple functions in cell signaling such as cell growth, differentiation, oncogenic
transformation and the mitotic cycle. In the central nervous system, PTPs play an important
role in mediating differentiation and synaptic organization [34]. CAP2 codifies for the
cyclase-associated actin cytoskeleton regulatory protein 2, with a higher expression level in
the brain. This gene was identified by its similarity to the gene for human adenylyl cyclase-
associated protein. The function of the protein encoded by this gene is not completely
understood; it is a spine-shaper protein located in the postsynaptic compartment involved
in spine enlargement, and it appears to interact with adenylyl cyclase and actin [35,36].
SLITRK4 located at Xq27.3 is a member of the SLIT and NTRK-like family that encode
integral membrane proteins expressed mainly in the brain [36,37]. These proteins regulate
neurite growth and synapse formation [38]. There is a report on Iranian patients with an
altered expression of SLITRK4 associated with fragile X syndrome caused by a repeat
expansion in the 5′ untranslated region of the FMR1 gene at the same chromosomal
location [39]. The CYP26C1 gene product is a member of the P450 enzyme cytochrome
family involved in drug and lipid metabolism, including retinoic acid [40]. Although
there is no evidence implicating this gene with ASD, retinoic acid signaling is crucial
in neurodevelopment, and there are reports indicating the alteration of the retinoic acid
pathway in schizophrenia.

In regard to enrichment analysis, autistic disorder was the third most enriched func-
tional category, which could weigh the value of the alterations in methylation that we have
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found, in addition to the fact that another enriched category is mental disorders. Several
authors have proposed that mental disorders, including ASD, share a common genetic
background and common overlap processes and pathways based on their shared genetic
variants and mutations [41–45]. Epigenetic alterations could additionally contribute to the
proposed common genetic background of mental disorders.

Another ailment that could be linked to ASD is musculoskeletal diseases, since ASD
patients show repetitive behaviors, hypermobility and other conditions. These patients
frequently report fatigue, sensory alterations, coordination difficulties, osteopenia, dental
diastasis, alterations in tooth eruption, flat feet and a pronated valgus [46]. A possible
relationship between gene methylation and these affections, grouped as musculoskeletal
diseases, must be studied thoroughly. Moreover, the fact that the axon guidance was the
enriched pathway may be an indication of how important it is for neurodevelopment and
the construction of neural circuits in the brain. Future studies should examine whether
these epigenetic changes are a result of ASD-related abnormalities in neural connections.

On the other hand, by using hierarchical clustering with the 50 most significant DMCs,
we found that ASD patient samples were almost completely separated from the controls,
indicating a possible epigenetic profile in ASD patients. One case sample clustered within
the controls. We reviewed the patient’s clinical characteristics as well as their methylation
data. This patient does not show any distinctive clinical characteristics or any error in the
DNA methylation data. So, the clustering reflects that it is not perfect, but it separated most
patients from the controls, as reflected in other investigations [10]. Finding reproducible
methylation patterns unique to the disorder could help in the early diagnosis of ASD
patients; more research is needed with a higher number of samples to identify reliable and
accurate methylation biomarkers for ASD. Furthermore, methylation biomarkers could
provide insights into the underlying biology of ASD. The fact that we found the DMCs
in genes described in the SFARI database supports the evidence that they are involved
in the etiology of autism. SFARI is a specialized database of candidate genes involved in
autism susceptibility by integrating genetic information from multiple research studies,
which are selected by experts and constantly updated. The genes within this database
are supported by evidence of their role in ASD; for example, gene variation in SHANK2,
SHANK3, FOXP1, ANKRD11, DEAF1, MYT1L and NRXN1 was reported in association
with ASD in one of the largest exome sequencing studies [40]. More recently, it was
associated with rare coding variants in SHANK3, FOXP1, DEAF1, BRSK2, ZBTB20 and
EBF3 genes in ASD [47]. Moreover, the role of epigenetic regulation has been pointed out
for SHANK3, as it alters DNA methylation in brain samples from ASD patients [48], which
makes it a strong candidate as an epigenetic marker, with the advantage that its analysis is
feasible using buccal swab samples. It is worth mentioning that most of the genes that we
found with DMCs show similar methylation profiles between saliva or the oral epithelium
and the brain, as reported in the IMAGE-CpG database [49]. On the other hand, DNA
methylation alteration has been reported for ANKRD11 in murine models for intrauterine
exposure to a high-fat diet in relation to ASD, which could indicate a possible link between
environmental and genetic factors. Future studies are needed to find out if genes that
have been reported with altered expression in ASD, such as FOXP1 or SHANK2, could be
epigenetically regulated.

Other genes with DMCs, which are not included in SFARI, are candidates that par-
ticipate in ASD susceptibility, and we need future studies to confirm their importance.
Most of the DMCs were found within gene regions, and of these, around half were found
in regulatory regions (UTRs and promoter regions), so we cannot rule out that some of
these alterations in DNA methylation may have an effect on DNA methylation expression.
Unfortunately, we do not have RNA to assess the expression in these samples. Additionally,
the inclusion of some genes with DMCs in other databases of genes linked to ASD, such as
the one reported by Leblond, reinforces the evidence that epigenetic processes are relevant
for their regulation and their role as susceptibility genes for ASD.
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5. Conclusions

In summary, the identification of altered DNA methylation in CpG sites from buccal
swabs of ASD patients, notably within genes cataloged in the SFARI database, offers
persuasive insights into the significance of these genes in the etiology of ASD. Epigenetic
mechanisms are likely contributors to the regulation of these genes. Moreover, our findings
endorse the feasibility of employing DNA methylation patterns as potential biomarkers
and may contribute to the development of personalized approaches for the diagnosis and
treatment of individuals with ASD.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/brainsci13101420/s1, Table S1: Differentially methylated CpG (DMCs);
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Author Contributions: Conceptualization, M.E.M.-M., X.H.C.M. and H.N.S.; methodology, M.E.M.-
M., X.H.C.M., F.C.C. and F.B.-O.; data analysis, M.E.M.-M., F.C.C., F.B.-O. and L.O.; writing—original
draft preparation, M.E.M.-M., X.H.C.M., F.C.C. and F.B.-O.; writing—review and editing, M.E.M.-M.
and F.C.C.; patients diagnosis and recruitment, O.N.L. and A.G.G.C.; funding acquisition and project
administration, M.E.M.-M. and H.N.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by CONACYT FOSSIS 262115 and INMEGEN.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board Grupo Médico Carracci, protocol code
TEA-01 approval 09/12/2015.

Informed Consent Statement: Signed informed consent and assent forms were obtained from all
subject participants in this study.

Data Availability Statement: All data are available under request following the personal privacy
restrictions of participants. Credit to authors and institutions must be given.

Acknowledgments: We thank Paulina Q. Aspra and all students involved in this project and the
parents and children who donated their time and samples for this research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. WHO. 2019. Available online: https://www.who.int/news-room/fact-sheets/detail/autism-spectrum-disorders (accessed on 25

March 2023).
2. Fombonne, E.; Marcin, C.; Manero, A.C.; Bruno, R.; Diaz, C.; Villalobos, M.; Ramsay, K.; Nealy, B. Prevalence of Autism Spectrum

Disorders in Guanajuato, Mexico: The Leon survey. J. Autism Dev. Disord. 2016, 46, 1669–1685. [CrossRef] [PubMed]
3. Lai, M.C.; Lombardo, M.V.; Baron-Cohen, S. Autism. Lancet 2014, 383, 896–910. [CrossRef] [PubMed]
4. Mughal, S.; Faizy, R.M.; Saadabadi, A. Autism Spectrum Disorder; en StatPearls; StatPearls Publishing: Treasure Island, FL, USA,

2023; [En línea]. Available online: http://www.ncbi.nlm.nih.gov/books/NBK525976/ (accessed on 9 September 2023).
5. Rylaarsdam, L.E.; Guemez-Gamboa, A. Genetic Causes and Modifiers of Autism Spectrum Disorder. Front. Cell Neurosci. 2019,

13, 385. [CrossRef]
6. Geschwind, D.H. Genetics of autism spectrum disorders. Trends Cogn. Sci. 2011, 15, 409–416. [CrossRef]
7. Dias, C.M.; Walsh, C.A. Recent Advances in Understanding the Genetic Architecture of Autism. Annu. Rev. Genom. Hum. Genet.

2020, 21, 289–304. [CrossRef] [PubMed]
8. Yoon, S.H.; Choi, J.; Lee, W.J.; Do, J.T. Genetic and Epigenetic Etiology Underlying Autism Spectrum Disorder. J. Clin. Med. 2020,

9, 966. [CrossRef]
9. Hoischen, A.; Krumm, N.; Eichler, E.E. Prioritization of neurodevelopmental disease genes by discovery of new mutations. Nat.

Neurosci. 2014, 17, 764–772. [CrossRef]
10. Satterstrom, F.K.; Kosmicki, J.A.; Wang, J.; Breen, M.S.; De Rubeis, S.; An, J.-Y.; Peng, M.; Collins, R.; Grove, J.; Klei, L.; et al.

Large-Scale Exome Sequencing Study Implicates Both Developmental and Functional Changes in the Neurobiology of Autism.
Cell 2020, 180, 568–584.e23. [CrossRef]

11. Kushak, R.I.; Sengupta, A.; Winter, H.S. Interactions between the intestinal microbiota and epigenome in individuals with autism
spectrum disorder. Dev. Med. Child Neurol. 2021, 64, 296–304. [CrossRef]

https://www.mdpi.com/article/10.3390/brainsci13101420/s1
https://www.mdpi.com/article/10.3390/brainsci13101420/s1
https://www.who.int/news-room/fact-sheets/detail/autism-spectrum-disorders
https://doi.org/10.1007/s10803-016-2696-6
https://www.ncbi.nlm.nih.gov/pubmed/26797939
https://doi.org/10.1016/S0140-6736(13)61539-1
https://www.ncbi.nlm.nih.gov/pubmed/24074734
http://www.ncbi.nlm.nih.gov/books/NBK525976/
https://doi.org/10.3389/fncel.2019.00385
https://doi.org/10.1016/j.tics.2011.07.003
https://doi.org/10.1146/annurev-genom-121219-082309
https://www.ncbi.nlm.nih.gov/pubmed/32396753
https://doi.org/10.3390/jcm9040966
https://doi.org/10.1038/nn.3703
https://doi.org/10.1016/j.cell.2019.12.036
https://doi.org/10.1111/dmcn.15052


Brain Sci. 2023, 13, 1420 10 of 11

12. Tremblay, M.W.; Jiang, Y.-H. DNA Methylation and Susceptibility to Autism Spectrum Disorder. Annu. Rev. Med. 2019, 70,
151–166. [CrossRef]

13. Masini, E.; Loi, E.; Vega-Benedetti, A.F.; Carta, M.; Doneddu, G.; Fadda, R.; Zavattari, P. An Overview of the Main Genetic,
Epigenetic and Environmental Factors Involved in Autism Spectrum Disorder Focusing on Synaptic Activity. Int. J. Mol. Sci.
2020, 21, 8290. [CrossRef] [PubMed]

14. Grova, N.; Schroeder, H.; Olivier, J.-L.; Turner, J.D. Epigenetic and Neurological Impairments Associated with Early Life Exposure
to Persistent Organic Pollutants. Int. J. Genom. 2019, 2019, 2085496. [CrossRef] [PubMed]

15. Wong, C.C.Y.; Meaburn, E.L.; Ronald, A.; Price, T.S.; Jeffries, A.R.; Schalkwyk, L.C.; Plomin, R.; Mill, J. Methylomic analysis of
monozygotic twins discordant for autism spectrum disorder and related behavioural traits. Mol. Psychiatry 2014, 19, 495–503.
[CrossRef] [PubMed]

16. Loke, Y.J.; Hannan, A.J.; Craig, J.M. The Role of Epigenetic Change in Autism Spectrum Disorders. Front. Neurol. 2015, 6, 107.
[CrossRef] [PubMed]

17. Zhang, B.; Hu, X.; Li, Y.; Ni, Y.; Xue, L. Identification of methylation markers for diagnosis of autism spectrum disorder. Metab.
Brain Dis. 2022, 37, 219–228. [CrossRef] [PubMed]

18. Gadad, B.S.; Hewitson, L.; Young, K.A.; German, D.C. Neuropathology and Animal Models of Autism: Genetic and Environmental
Factors. Autism Res. Treat. 2013, 2013, 731935. [CrossRef] [PubMed]

19. Andrews, S.V.; Ellis, S.E.; Bakulski, K.M.; Sheppard, B.; Croen, L.A.; Hertz-Picciotto, I.; Newschaffer, C.J.; Feinberg, A.P.; Arking,
D.E.; Ladd-Acosta, C.; et al. Cross-tissue integration of genetic and epigenetic data offers insight into autism spectrum disorder.
Nat. Commun. 2017, 8, 1011. [CrossRef]

20. Ciernia, A.V.; LaSalle, J. The landscape of DNA methylation amid a perfect storm of autism aetiologies. Nat. Rev. Neurosci. 2016,
17, 411–423. [CrossRef]

21. Saeliw, T.; Tangsuwansri, C.; Thongkorn, S.; Chonchaiya, W.; Suphapeetiporn, K.; Mutirangura, A.; Tencomnao, T.; Hu, V.W.;
Sarachana, T. Integrated genome-wide Alu methylation and transcriptome profiling analyses reveal novel epigenetic regulatory
networks associated with autism spectrum disorder. Mol. Autism 2018, 9, 27. [CrossRef]

22. Van Dongen, J.; Ehli, E.A.; Jansen, R.; Van Beijsterveldt, C.E.M.; Willemsen, G.; Hottenga, J.J.; Kallsen, N.A.; Peyton, S.A.; Breeze,
C.E.; Kluft, C.; et al. Genome-wide analysis of DNA methylation in buccal cells: A study of monozygotic twins and mQTLs.
Epigenetics Chromatin 2018, 11, 54. [CrossRef]

23. McEwen, L.M.; O’donnell, K.J.; McGill, M.G.; Edgar, R.D.; Jones, M.J.; MacIsaac, J.L.; Lin, D.T.S.; Ramadori, K.; Morin, A.; Gladish,
N.; et al. The PedBE clock accurately estimates DNA methylation age in pediatric buccal cells. Proc. Natl. Acad. Sci. USA 2020,
117, 23329–23335. [CrossRef] [PubMed]

24. Bakulski, K.M.; Dou, J.F.; Feinberg, J.I.; Aung, M.T.; Ladd-Acosta, C.; Volk, H.E.; Newschaffer, C.J.; Croen, L.A.; Hertz-Picciotto, I.;
Levy, S.E.; et al. Autism-Associated DNA Methylation at Birth From Multiple Tissues Is Enriched for Autism Genes in the Early
Autism Risk Longitudinal Investigation. Front. Mol. Neurosci. 2021, 14, 775390. [CrossRef] [PubMed]

25. Lord, C.; Rutter, M.; Le Couteur, A. Autism Diagnostic Interview-Revised: A revised version of a diagnostic interview for
caregivers of individuals with possible pervasive developmental disorders. J. Autism Dev. Disord. 1994, 24, 659–685. [CrossRef]
[PubMed]

26. Constantino, J.N. Social Responsiveness Scale. In Encyclopedia of Autism Spectrum Disorders; Volkmar, F.R., Ed.; Springer: New
York, NY, USA, 2013; pp. 2919–2929.

27. WebGestalt. 2023. Available online: http://www.webgestalt.org/ (accessed on 30 July 2023).
28. SFARI gene. 2023. Available online: https://gene.sfari.org/ (accessed on 16 April 2023).
29. Leblond, C.S.; Le, T.-L.; Malesys, S.; Cliquet, F.; Tabet, A.-C.; Delorme, R.; Rolland, T.; Bourgeron, T. Operative list of genes

associated with autism and neurodevelopmental disorders based on database review. Mol. Cell Neurosci. 2021, 113, 103623.
[CrossRef] [PubMed]

30. Lansdon, L.A.; Darbro, B.W.; Petrin, A.L.; Hulstrand, A.M.; Standley, J.M.; Brouillette, R.B.; Long, A.; Mansilla, M.A.; Cornell,
R.A.; Murray, J.C.; et al. Identification of Isthmin 1 as a Novel Clefting and Craniofacial Patterning Gene in Humans. Genetics
2018, 208, 283–296. [CrossRef]

31. Wu, Y.; Liang, X.; Ni, J.; Zhao, R.; Shao, S.; Lu, S.; Han, W.; Yu, L. Effect of ISM1 on the Immune Microenvironment and
Epithelial-Mesenchymal Transition in Colorectal Cancer. Front. Cell Dev. Biol. 2021, 9, 681240. [CrossRef]

32. Menghuan, L.; Yang, Y.; Qianhe, M.; Na, Z.; Shicheng, C.; Bo, C.; XueJie, Y.I. Advances in research of biological functions of
Isthmin-1. J. Cell Commun. Signal. 2023, 17, 507–521. [CrossRef]

33. Valle-Rios, R.; Maravillas-Montero, J.L.; Burkhardt, A.M.; Martinez, C.; Buhren, B.A.; Homey, B.; Gerber, P.A.; Robinson, O.;
Hevezi, P.; Zlotnik, A. Isthmin 1 Is a Secreted Protein Expressed in Skin, Mucosal Tissues, and NK, NKT, and Th17 Cells. J. Interf.
Cytokine Res. 2014, 34, 795–801. [CrossRef]

34. Boni, C.; Laudanna, C.; Sorio, C. A Comprehensive Review of Receptor-Type Tyrosine-Protein Phosphatase Gamma (PTPRG)
Role in Health and Non-Neoplastic Disease. Biomolecules 2022, 12, 84. [CrossRef]

35. Di Maio, A.; De Rosa, A.; Pelucchi, S.; Garofalo, M.; Marciano, B.; Nuzzo, T.; Gardoni, F.; Isidori, A.M.; Di Luca, M.; Errico, F.; et al.
Analysis of mRNA and Protein Levels of CAP2, DLG1 and ADAM10 Genes in Post-Mortem Brain of Schizophrenia, Parkinson’s
and Alzheimer’s Disease Patients. Int. J. Mol. Sci. 2022, 23, 1539. [CrossRef]

https://doi.org/10.1146/annurev-med-120417-091431
https://doi.org/10.3390/ijms21218290
https://www.ncbi.nlm.nih.gov/pubmed/33167418
https://doi.org/10.1155/2019/2085496
https://www.ncbi.nlm.nih.gov/pubmed/30733955
https://doi.org/10.1038/mp.2013.41
https://www.ncbi.nlm.nih.gov/pubmed/23608919
https://doi.org/10.3389/fneur.2015.00107
https://www.ncbi.nlm.nih.gov/pubmed/26074864
https://doi.org/10.1007/s11011-021-00805-5
https://www.ncbi.nlm.nih.gov/pubmed/34427843
https://doi.org/10.1155/2013/731935
https://www.ncbi.nlm.nih.gov/pubmed/24151553
https://doi.org/10.1038/s41467-017-00868-y
https://doi.org/10.1038/nrn.2016.41
https://doi.org/10.1186/s13229-018-0213-9
https://doi.org/10.1186/s13072-018-0225-x
https://doi.org/10.1073/pnas.1820843116
https://www.ncbi.nlm.nih.gov/pubmed/31611402
https://doi.org/10.3389/fnmol.2021.775390
https://www.ncbi.nlm.nih.gov/pubmed/34899183
https://doi.org/10.1007/BF02172145
https://www.ncbi.nlm.nih.gov/pubmed/7814313
http://www.webgestalt.org/
https://gene.sfari.org/
https://doi.org/10.1016/j.mcn.2021.103623
https://www.ncbi.nlm.nih.gov/pubmed/33932580
https://doi.org/10.1534/genetics.117.300535
https://doi.org/10.3389/fcell.2021.681240
https://doi.org/10.1007/s12079-023-00732-3
https://doi.org/10.1089/jir.2013.0137
https://doi.org/10.3390/biom12010084
https://doi.org/10.3390/ijms23031539


Brain Sci. 2023, 13, 1420 11 of 11

36. Won, S.Y.; Lee, P.; Kim, H.M. Synaptic organizer: Slitrks and type IIa receptor protein tyrosine phosphatases. Curr. Opin. Struct.
Biol. 2019, 54, 95–103. [CrossRef] [PubMed]

37. Aruga, J.; Yokota, N.; Mikoshiba, K. Human SLITRK family genes: Genomic organization and expression profiling in normal
brain and brain tumor tissue. Gene 2003, 315, 87–94. [CrossRef]

38. Yim, Y.S.; Kwon, Y.; Nam, J.; Yoon, H.I.; Lee, K.; Kim, D.G.; Kim, E.; Kim, C.H.; Ko, J. Slitrks control excitatory and inhibitory
synapse formation with LAR receptor protein tyrosine phosphatases. Proc. Natl. Acad. Sci. USA 2013, 110, 4057–4062. [CrossRef]
[PubMed]

39. Fazeli, Z.; Ghaderian, S.M.H.; Najmabadi, H.; Omrani, M.D. Understanding the Molecular Basis of Fragile X Syndrome Using
Differentiated Mesenchymal Stem Cells. Iran. J. Child Neurol. 2022, 16, 85–95. [CrossRef] [PubMed]

40. Isoherranen, N.; Zhong, G. Biochemical and physiological importance of the CYP26 retinoic acid hydroxylases. Pharmacol. Ther.
2019, 204, 107400. [CrossRef]

41. The Brainstorm Consortium; Anttila, V.; Bulik-Sullivan, B.; Finucane, H.K.; Walters, R.K.; Bras, J.; Duncan, L.; Escott-Price, V.;
Falcone, G.J.; Gormley, P.; et al. Analysis of shared heritability in common disorders of the brain. Science 2018, 360, eaap8757.
[CrossRef]

42. Cross-Disorder Group of the Psychiatric Genomics Consortium. Genetic relationship between five psychiatric disorders estimated
from genome-wide SNPs. Nat. Genet. 2013, 45, 984–994. [CrossRef]

43. Gandal, M.J.; Haney, J.R.; Parikshak, N.N.; Leppa, V.; Ramaswami, G.; Hartl, C.; Schork, A.J.; Appadurai, V.; Buil, A.; Werge, T.M.;
et al. Shared molecular neuropathology across major psychiatric disorders parallels polygenic overlap. Science 2018, 359, 693–697.
[CrossRef]

44. Grotzinger, A.D.; Mallard, T.T.; Akingbuwa, W.A.; Ip, H.F.; Adams, M.J.; Lewis, C.M.; McIntosh, A.M.; Grove, J.; Dalsgaard, S.;
Lesch, K.-P.; et al. Genetic architecture of 11 major psychiatric disorders at biobehavioral, functional genomic and molecular
genetic levels of analysis. Nat. Genet. 2022, 54, 548–559. [CrossRef]

45. Hammerschlag, A.R.; De Leeuw, C.A.; Middeldorp, C.M.; Polderman, T.J.C. Synaptic and brain-expressed gene sets relate to the
shared genetic risk across five psychiatric disorders. Psychol. Med. 2020, 50, 1695–1705. [CrossRef]

46. Zoccante, L.; Ciceri, M.L.; Gozzi, L.A.; Di Gennaro, G.; Zerman, N. The “Connectivome Theory”: A New Model to Understand
Autism Spectrum Disorders. Front. Psychiatry 2022, 12, 794516. [CrossRef] [PubMed]

47. Fu, J.M.; Satterstrom, F.K.; Peng, M.; Brand, H.; Collins, R.L.; Dong, S.; Wamsley, B.; Klei, L.; Wang, L.; Hao, S.P.; et al. Rare
coding variation provides insight into the genetic architecture and phenotypic context of autism. Nat. Genet. 2022, 54, 1320–1331.
[CrossRef] [PubMed]

48. Zhu, L.; Wang, X.; Li, X.-L.; Towers, A.; Cao, X.; Wang, P.; Bowman, R.; Yang, H.; Goldstein, J.; Li, Y.-J.; et al. Epigenetic
dysregulation of SHANK3 in brain tissues from individuals with autism spectrum disorders. Hum. Mol. Genet. 2013, 23,
1563–1578. [CrossRef] [PubMed]

49. Braun, P.R.; Han, S.; Hing, B.; Nagahama, Y.; Gaul, L.N.; Heinzman, J.T.; Grossbach, A.J.; Close, L.; Dlouhy, B.J.; Howard, M.A.;
et al. Genome-wide DNA methylation comparison between live human brain and peripheral tissues within individuals. Transl.
Psychiatry 2019, 9, 47. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.sbi.2019.01.010
https://www.ncbi.nlm.nih.gov/pubmed/30822649
https://doi.org/10.1016/S0378-1119(03)00715-7
https://doi.org/10.1073/pnas.1209881110
https://www.ncbi.nlm.nih.gov/pubmed/23345436
https://doi.org/10.22037/ijcn.v15i4.22070
https://www.ncbi.nlm.nih.gov/pubmed/35222660
https://doi.org/10.1016/j.pharmthera.2019.107400
https://doi.org/10.1126/science.aap8757
https://doi.org/10.1038/ng.2711
https://doi.org/10.1126/science.aad6469
https://doi.org/10.1038/s41588-022-01057-4
https://doi.org/10.1017/S0033291719001776
https://doi.org/10.3389/fpsyt.2021.794516
https://www.ncbi.nlm.nih.gov/pubmed/35250650
https://doi.org/10.1038/s41588-022-01104-0
https://www.ncbi.nlm.nih.gov/pubmed/35982160
https://doi.org/10.1093/hmg/ddt547
https://www.ncbi.nlm.nih.gov/pubmed/24186872
https://doi.org/10.1038/s41398-019-0376-y
https://www.ncbi.nlm.nih.gov/pubmed/30705257

	Introduction 
	Materials and Methods 
	Results 
	Differential DNA Methylation 
	Functional Analysis of DMCs 
	Comparison with ASD and Neurodevelopmental Gene Databases 

	Discussion 
	Conclusions 
	References

