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Abstract

The complex pathophysiology of autism spectrum disorder encompasses interactions between genetic and
environmental factors. On the one hand, hundreds of genes, converging at the functional level on selective
biological domains such as epigenetic regulation and synaptic function, have been identified to be either causative
or risk factors of autism. On the other hand, exposure to chemicals that are widespread in the environment, such as
endocrine disruptors, has been associated with adverse effects on human health, including neurodevelopmental
disorders. Interestingly, experimental results suggest an overlap in the regulatory pathways perturbed by genetic
mutations and environmental factors, depicting convergences and complex interplays between genetic
susceptibility and toxic insults. The pervasive nature of chemical exposure poses pivotal challenges for
neurotoxicological studies, regulatory agencies, and policy makers. This highlights an emerging need of developing
new integrative models, including biomonitoring, epidemiology, experimental, and computational tools, able to
capture real-life scenarios encompassing the interaction between chronic exposure to mixture of substances and
individuals’ genetic backgrounds. In this review, we address the intertwined roles of genetic lesions and
environmental insults. Specifically, we outline the transformative potential of stem cell models, coupled with omics
analytical approaches at increasingly single cell resolution, as converging tools to experimentally dissect the
pathogenic mechanisms underlying neurodevelopmental disorders, as well as to improve developmental
neurotoxicology risk assessment.
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Background
Neurodevelopmental disorders (NDDs) encompass a
broad group of conditions characterized by alterations in
the development of the central nervous system (CNS),
resulting in varying degrees of cognitive and/or behavioral
symptoms. Several conditions are grouped under the
diagnosis of NDD, including intellectual disability (ID),
learning disorders, communication disorders, motor disor-
ders, attention deficit hyperactivity disorder (ADHD), aut-
ism spectrum disorder (ASD), epileptic encephalopathies
(EE), and schizophrenia (SZ) [1, 2].
The worldwide prevalence of NDDs is estimated to be

between 1 and 4% according to the systematic analysis
of the Global Burden of Disease Study 2016 [3]. This
value pools together intellectual disabilities, ASD, epilepsy,
and ADHD.
NDDs entail a major global burden in terms of indi-

vidual and family suffering, health care expenditure, and
lost productivity [4].
Considering ASD, a systematic review on epidemio-

logical surveys reported a global median of prevalence
estimates of 62 per 10,000 [5]. In a report recently
published by the Centers for Disease Control and Preven-
tion, a surveillance conducted in several US states in 2016
identified an ASD prevalence of 18.5 per 1000 children
aged 8 years (1 in 54); the prevalence was 4.3 times higher
in boys than in girls. Among ASD children, 33% were
classified as affected by intellectual disability, with higher
frequency in girls than in boys (39% versus 32%) [6].
The heterogeneity of NDDs is further compounded by

the increasing awareness of their blurred boundaries,
both in terms of their clinical manifestations along the
lifetime and the underlying multifactorial etiology and
pathophysiology. One of the most important scientific
promises and challenges of the next decade, indeed, is
represented by the advance of precision psychiatric
medicine in moving beyond the discovery of single
factors that are associated with neuropsychiatric traits,
towards the elucidation of the mechanistic relations that
connect molecular mechanisms to clinical outcomes [7].
To address this challenge, a genotype-first approach has
been advocated for the definition of ASD and more
generally NDD molecular subtypes, as a way to
overcome rigid diagnostic separations across disorders
that are frequently overlapped (e.g., ASD and epilepsy)
and at the same time to improve diagnosis and clinical
management from a precision medicine perspective [8].
Here, we will focus on ASD as a paradigmatic example

of NDD whose manifestation is the outcome of a
complex interaction of predisposition factors and genetic
or environmental lesions. We will elucidate how both
genetic alterations and toxic insults can be at the root of
the pathogenetic events that trigger NDDs, highlighting
the growing body of evidence pointing towards an

interplay between the individual genetic make-up and
the environmental exposures occurring in early life, and
their convergence towards key molecular pathways.
Finally, we will explore the groundbreaking experimental
approaches that hold the promise to transform neuro-
biology and neurotoxicology by allowing the access and
manipulation of neurodevelopmental key events at the
single cell level, Fig. 1.

The genetic architecture of ASD
Autism spectrum disorder defines a broad group of
NDDs characterized by (i) young age of onset, (ii)
impairment in communication and social abilities, (iii)
restricted interests and repetitive behaviors, and (iv)
symptoms that affect patients’ function in various areas
of their life [2]. Symptoms’ severity varies widely and is
often compounded by significant comorbidities, especially
intellectual disability, epilepsy, anxiety, sleep, and gastro-
intestinal disorders [9, 10].

Genetic causes of autism: rare and common genetic
variants associated with ASD
Although a substantial genetic contribution to ASD is
well recognized, its genetic architecture is exceedingly
heterogeneous [11] and reflects a spectrum of genetic
loads between two extremes: on the one hand a complex
and still only poorly characterized burden of low-risk
variants, mostly single nucleotide polymorphisms
(SNPs), and on the other hand a large number of highly
penetrant rare variants, often copy number variations
(CNVs), whose expressivity is however also influenced
by the heterogeneity of genetic backgrounds [12].
The first pattern of genetic variants contributing to

ASD outlines a scenario involving a high number of
SNPs, each of them conferring a small increase in the
risk of ASD onset, with the hypothesis that clinically
diagnosed ASD individuals can be considered as the
extreme portion of a spectrum of genetically influenced
behaviors that extend over the entire population. In
agreement with this concept, common SNPs, distributed
all over the genome, have been estimated to account for
at least 20% of ASD liability and act additively or syner-
gistically as risk factors [13–15]. For neuropsychiatric
disorders that usually manifest later in life, such as
schizophrenia, bipolar disorder, and major depression,
genome-wide association studies (GWAS) have in fact
elucidated a polygenic scenario with multiple alleles of
very small effect [16–19]. Although most of the GWAS
performed on ASD families also pointed to a similar
outline, SNPs reaching genome-wide significance have
remained elusive for a long period [20]. Only very
recently, a large genotyping campaign carried out in the
Danish population and comprising more than 30,000 in-
dividuals has yielded several genome-wide significant
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markers underlying 5 genetic loci [21]. This investigation
also highlighted a substantial overlap between genetic
variants associated with ASD and other neuropsychiatric
disorders, pointing towards converging pathogenetic
mechanisms. Finally, polygenic risk scores encompassing
ASD, schizophrenia, and years of educational attainment
have been recently shown to be unambiguously associ-
ated with ASD and to also contribute to the phenotype
in the cases of patients carrying de novo deleterious mu-
tations [16]. The second pattern of genetic variants con-
tributing to ASD reflects the effect of rare, highly
penetrant mutations or CNVs that are inherited or,
more frequently, arise de novo in the germinal cells; be-
ing affected by negative selection because of their detri-
mental impact on reproductive fitness, their frequency
in the general population remains very low [22]. Given
the described difficulties in pinpointing common vari-
ants related to its onset, progress in ASD genetic re-
search has so far advanced mainly with the discovery of
rare, de novo, germline, coding, heterozygous mutations.
These genetic alterations that are commonly observed in
global developmental delay in addition to autism [23]
contribute to about 20–30% of clinical cases of ASD
[24–26] and offer transformative potential to illuminate
ASD pathophysiology and new therapeutic routes [27].
Several large consortia have been established with the

purpose to investigate the genetic causes of NDDs by
genotyping large cohorts of patients. This has resulted in

the generation of knowledge bases and repositories
openly available online that represent valuable resources
to explore the genetic cause of NDDs; the most relevant
of them are listed in Table 1.

Convergence of ASD risk genes in molecular functional
domains
The complexity of ASD genetic architecture has been in-
spiring a sustained effort towards the identification of
convergent molecular pathways that can group genetic
mutations into categories sharing an analogous impact
on neurodevelopment, thus explaining the similarity of
the observed phenotypes. In fact, several studies are
starting to indicate that, despite the pronounced hetero-
geneity emerging from a gene-centric view of ASD
genetic causes, a higher degree of convergence becomes
apparent when focusing on affected molecular processes
and pathways. Specifically, the main emerging pathways
are represented by epigenetic regulation of gene expres-
sion, alternative splicing, regulation of translation, and
synaptic activity [7, 28–31].
The evidence of epigenetic and transcriptional dynam-

ics as one of the functional domains more consistently
linked to ASD is related especially to genes coding for
DNA and RNA binding proteins [7]. Examples of key
regulators of chromatin remodeling whose link with
ASD is well established are CHD8 and CHD2 (both
ASD high-risk genes), CTNBB1 (together with CHD8

Fig. 1 Autism Spectrum Disorder at the crossroad between genes and environment
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acting on the WNT pathway), MECP2, and HDAC4
[10]. Among the transcription factors, TBR1 and FOXP1
have been shown to play a pivotal role in neurodevelop-
ment [32, 33]. A paradigmatic example of an RNA-binding
protein related to mRNA dynamics is FMRP (Fragile X
mental retardation protein). Regarding synaptic functional-
ity, affected genes are retrieved among key players of both
glutamatergic and GABAergic transmission as well as scaf-
folding proteins such as those belonging to the SHANK
family and neurexin cell adhesion molecules [10, 28, 34].
Even more interestingly, recent data indicates that this

convergence at the functional level could hold true also
when examining different NDDs and psychiatric disorders.
In fact, mutations in chromatin regulators and transcrip-
tion factors figure prominently among the most common
genetic causes of NDDs, with more than 150 of them listed
in the Simons Foundation Autism Risk Initiative (SFARI)
database. This constitutes a first step to elucidate the
broader phenotypic links between multiple NDDs, under-
lining the importance of identifying shared gene regulatory
networks to better shape the classification of brain
disorders and develop new therapeutic potentials [35]. In
the same conceptual framework, fully penetrant NDD
mutations in genes that regulate transcription appear to be
particularly relevant as they operate at the regulatory
control level, thus affecting cell fate and hence trans-
lating into developmental phenotypes. For example,
the transcription factor GTF2I, located in the gen-
omic region affected by copy number variation in
Williams-Beuren (WBS) and 7Dup syndromes, is
thought to contribute to the cognitive and social
symptoms of both disorders [36]; GTF2I has been re-
ported as a key contributor to the transcriptional
dysregulation observed in the induced pluripotent stem
cells (iPSC) derived from WBS and 7Dup patients [37]. In
mice, GTF2I deletion in forebrain excitatory neurons has
been associated with behavioral alterations such as
increased sociability and anxiety [38]. YY1 is another
transcription factor and epigenetic regulator that plays a
crucial role in neurodevelopment, and whose haploinsuffi-
ciency has been associated with NDDs [39].

Finally, with GWAS performed on large cohorts, in-
creasing evidence is pointing towards common genetic
variants that are shared across several NDDs and psychi-
atric conditions, such as bipolar disorder and major
depressive disorder, resulting in overlapping dysregula-
tions and thus suggesting a common neuropathological
architecture [40, 41]. This effort can be summarized by
the comprehensive Psychiatric Cell Map Initiative,
whose goal is to uncover new molecular, cellular, and
circuit level understanding of neuropsychiatric disorders
to reveal new targets for future therapies and bridge the
gap between gene discovery and translational biology [4].

Environmental risk factors for autism
In addition to the complexity of the genetic architecture
underlying ASD, this spectrum of disorders is distinguished
by the concomitant contribution of several environmental
factors with an influence on its pathogenesis. Given its
pervasive nature and its ability to influence the early phases
of fetal development, the potential effect of environmental
chemical exposure is gaining increasing attention [42].
However, an accurate and exhaustive estimation of the
burden related to chemical substances on the manifest-
ation of NDDs is particularly challenging considering that
the current real-life scenario encompasses long-term expo-
sures to a complex mix of substances that could interact in
intricate ways among themselves and with individual gen-
etic factors. This also results in the difficulty in establishing
causality links between environmental exposure and
clinical manifestations. As a consequence, while for some
chemicals most of the epidemiological studies are conver-
gent, in other cases, the findings are more conflicting and
variable across examined cohorts. In this section, we aim at
a panoramic view of the most relevant environmental
factors that, together with the genetic components already
discussed, have been implicated or suspected to contribute
to the manifestation of NDDs. Although here we are not
undertaking a systematic review of the body of literature
on the topic, we have summarized the most relevant stud-
ies and their findings in Table 2, where we also reference

Table 1 Knowledge bases for NDD-relevant genes and patient cohorts

Resource Link Description

SFARI https://gene.sfari.org/ 913 genes cataloged and scored for their strength of association to ASD.

Autism KB http://db.cbi.pku.edu.cn/autismkb_v2/ 1379 syndromic and non-syndromic autism-related genes; 5420 CNVs or
structural variations (SVs), 11,669 single-nucleotide variations
(SNVs)/insertions and deletions (InDels), and 172 linkage regions associated
with ASD.

DECIPHER https://decipher.sanger.ac.uk DDD study: data from about 14,000 children with severe undiagnosed
developmental disorders and their parents.

MSSNG https://research.mss.ng/ Whole genome sequencing from Autism Genetic Research Exchange (AGRE)
families (about 10,000 individuals).

iPSYCH https://ipsych.dk/en/research/ Danish national project examining in more than 130,000 subject risk factors
for autism, ADHD, schizophrenia, bipolar disorder, and depression.
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Table 2 Systematic reviews and epidemiological studies focused on the association between chemical exposure and autism
spectrum disorder

Study design Main findings Reference

Heavy metals

Systematic review on ASD and child exposure to heavy
metals.

Collectively, the studies support evidence of a positive
association between exposure and ASD risk.

[43]

Cohort of monozygotic and dizygotic twins discordant
for ASD; tooth-matrix biomarkers to estimate pre- and
post-natal exposure to metals.

Higher levels of lead and lower levels of manganese
in ASD. Moderate negative and positive association
between respectively manganese and lead levels and
ASD severity.

[44]

Lead

Comparison between children with high and low
concentration of lead in the blood.

Association of higher lead levels with decreased IQ
performance.

[45]

Measurement of blood lead concentration in 172
children at several time-points.

Blood lead concentration inversely and significantly
associated with IQ.

[46]

Pooled analysis on 1333 children from seven cohort
studies.

Inverse relationship between blood lead concentration
and IQ score, with 6.9 IQ point decrement (CI 4.2–9.4)
for an increase in blood lead levels from
2.4 to 30 μg/dL.

[47]

Methylmercury

Cohort of children in Faroe Islands followed from birth
to 7 years of age. Mercury exposure measured in several
biological matrices.

Association of exposure with language, attention, and
memory dysfunctions.

[48]

Cohort of children in Faroe Islands followed from birth
to 7 years of age. Mercury exposure measured in several
biological matrices.

Prenatal methylmercury exposure is a predictor of
neurobehavioral deficits.

[49]

Cohort of children in Faroe Islands. Cohort members examined at 22 years of age:
association between prenatal exposure and cognitive
deficits.

[50]

Cohort of children from New Zealand; mercury levels
measured in mother’s hair.

Association between high prenatal methylmercury
exposure and decreased performance on psychological
and scholastic tests.

[51]

Cohort of mother-child pairs from Seychelles. Mercury
exposure measured in mother’s hair.

No relevant association found with several
neurocognitive and behavioral functions in children at
9 years of age.

[52]

Systematic review on methylmercury prenatal exposure
and neurodevelopmental effects.

Definition of a “lowest observable adverse effect hair
concentration” from evidence by 48 studies on
neurodevelopmental risks associated to methylmercury
exposure.

[53]

Air pollution

Systematic review on environmental toxicants and ASD. Evidence from exposure to air pollution during
gestation or childhood overall support an association
with increased ASD risk.

[43]

Review on potential confounding factors in assessing
association of air pollution and ASD.

General consistency of findings pointing to a causal
association between air pollution and ASD.

[54]

Meta-analysis on 25 studies examining maternal
exposure to air pollution and ASD risk.

Evidence of positive association for PM2.5, weak
evidence for NO2, and little evidence for PM10 and
ozone.

[55]

Meta-analysis on 23 studies examining developmental
exposure to air pollution and ASD diagnosis.

Statistically significant summary OR for 10 μg/m3

increase in PM10 (OR 1.07; CI 1.06–1.08) and PM2.5
(OR 2.32; CI 2.15–2.51).

[56]

ASD prevalence and exposure to traffic-related air
pollution assessed in a pregnancy cohort in Los Angeles
County (California). 7603 ASD cases and 10 matched
controls for each case.

12–15% relative increase in autism odds for each
interquartile range (IQR) increase for ozone and PM 2.5.

[57]

Cohort of 645 children with autism born in North
Carolina and 334 children born in San Francisco Bay area.
Compared to 14,666 randomly sampled children born in
the same county and year. Exposure to PM10 assessed

Temporal patterns show an inverse correlation
between PM10 concentrations in first and third
trimester. OR estimated for 10 μg/m3 increase in PM10
after accounting for the correlation are 1.01

[58]
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Table 2 Systematic reviews and epidemiological studies focused on the association between chemical exposure and autism
spectrum disorder (Continued)

Study design Main findings Reference

by geostatistical interpolation methods. (CI 0.81–1.27) for the first trimester and 1.38
(CI 1.03–1.84) for the third trimester.

Nested case-control study of participants in the Nurses’
Health Study II. PM 2.5 and PM 10–2.5 exposure
predicted from a spatio-temporal model.

Increased ASD risk for PM2.5 exposure, with OR per
IQR increase of 1.57 (95% CI 1.22–2.03). Stronger
association for exposure in the third trimester
(OR 1.42; 95% CI 1.09–1.86).

[59]

Case-control study from southwestern Pennsylvania: 217
ASD cases compared to two control groups (intertwined
controls and controls from random selection of birth
certificates).

Analysis performed comparing fourth to first exposure
quartile. Increased ASD risk identified for styrene and
chromium; borderline effects for PAH and methylene
chloride.

[60]

Case-control study on 279 ASD and 245 TD children
from the Childhood Autism Risks from Genetics and the
Environment study in California.

ASD children are more likely to live in areas with the
highest quartile of traffic-related air pollution during
gestation (OR 1.98; CI 1.20–3.31) and during the first
year of life (OR 3.10; CI 1.76–5.57). Positive association
with ASD found for nitrogen dioxide, PM2.5, PM10.

[61]

Cohort of children born in Los Angeles County
(California) between 1995 and 2006 from mothers that
resided nearby toxic monitoring stations.

Increase in ASD risk per IQR increase in average
concentration for 1,3-butadiene (OR 1.59; CI 1.18–2.15),
meta/para-xylene (OR 1.51; CI 1.26–1.82), lead (OR 1.49;
CI 1.23–1.81), perchloroethylene (OR 1.40; CI 1.09–1.80)
and formaldehyde (OR 1.34; CI 1.17–1.52).

[62]

CHARGE study: examined association between ASD and
proximity of residence to freeways or major roadways
during pregnancy for 304 ASD and 259 TD children.

Maternal residence in the third trimester (OR 2.22, CI
1.16–4.42) and at delivery (OR 1.86, CI 1.04–3.45) more
likely near a freeway for ASD than TD.

[63]

ESCAPE project: 8079 children from several European
birth/child cohorts.

No association identified for exposure to NO2 or PM
with autistic traits.

[64]

Children from the Nurses’ Health Study II (325 cases,
22,101 controls). Exposure to air pollutants assessed at
the time and place of birth from the US EPA-modeled
levels.

Comparing highest versus lowest quintile, association
with ASD reported for diesel, lead, manganese,
mercury, and methylene chloride with OR from 1.5 to
2. A stronger association was found in boys compared
to girls.

[65]

Retrospective cohort study on 246,420 children born in
South California.

Identified a boy-specific association between PM2.5
levels and ASD risk (hazard ratio for first trimester
exposure 1.18 per 6.5 μg/m3; CI 1.08–1.27).

[66]

Population-based cohort of 132,256 births in Vancouver;
prenatal exposure to PM2.5, NO, and NO2 estimated.

Association between exposure to NO and ASD (OR for
IQR increase 1.07; CI 1.01–1.13).

[67]

Case-control study on 124 ASD and 1240 TD from
Shanghai. Exposure to PM1, PM2.5, and PM10 estimated
for the first 3 years after birth.

Association with increased ASD risk for an IQR increase
for PM1 (OR 1.85, 95% CI 1.09–3.17), PM2.5 (OR 1.78,
95% CI 1.14–2.75), and PM10 (OR 1.68, 95% CI 1.09–2.59).

[68]

Endocrine disruptors

Review on the links between endocrine disruptors and
neurodevelopment.

Converging body of research from animal models,
clinical observations, and human population studies
implicates EDCs in an array of neurodevelopmental
disorders.

[69]

Review summarizing epidemiological studies on the
relations of early-life exposure to bisphenol A (BPA),
phthalates, triclosan, and perfluoroalkyl substance (PFAS)
with childhood neurobehavioral disorders and obesity.

Prenatal exposure to several EDCs is associated with
adverse neurobehavior (BPA and phthalates) and excess
adiposity or increased risk of obesity/overweight (PFAS).

[70]

Phthalates

Prospective cohort study of primiparous women in New
York between 1998 and 2002 (n = 404). Third-trimester
maternal urines analyzed for phthalate metabolites.
Children (n = 188, n = 365 visits) were assessed for
cognitive and behavioral development between the ages
of 4 and 9 years.

Behavioral domains adversely associated with prenatal
exposure to low molecular weight phthalates.

[71]

Prospective cohort study in New York.
Mono-n-butyl phthalate, monobenzyl phthalate,
monoisobutyl phthalate, and four di-2-ethylhexyl
phthalate metabolites measured in urine. 319 women

Prenatal exposure to Di-n-butyl phthalate (DnBP),
diisobutyl phthalate (DiBP), and benzyl butyl phthalate
(BBzP) may adversely affect child mental, motor, and
behavioral development during the preschool years.

[72]
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to systematic efforts for most of the chemical classes under
scrutiny.

The specific vulnerability of the developing brain
The developing CNS is particularly vulnerable to external
insults. This is related on the one hand to the highly com-
plex, specific, and coordinated series of biological events
guiding early human brain development and on the other
hand to the lack or incomplete functionality of barriers
such as the blood brain barrier. It is therefore not surpris-
ing that the gestational and perinatal periods are recog-
nized as windows of vulnerability in neurotoxicology; in
fact, a variety of external perturbations in prenatal and
perinatal periods have been widely reported in association
with ASD [80] and more in general with NDDs.
Among the environmental factors that have an impact

on ASD onset and act in the developmental phases,

there are several maternal-related determinants includ-
ing maternal nutrition, hormonal equilibrium, and stress
status, as well as substance abuse and exposure to envir-
onmental chemicals, including air pollutants, pesticides,
plastics derivatives, and metals [81, 82]. Prenatal expos-
ure to alcohol is one example of a non-genetic risk
factor, hypothesized to act through the dysregulation of
the SHH pathway. In a study conducted on a representa-
tive Midwestern US community, the prevalence of fetal
alcohol syndrome was estimated from 6 to 9 per 1000
children, and the rate of fetal alcohol spectrum disorders
was 2.4 to 4.8% [83]. Also, many studies observed a
higher risk for ASD or ADHD symptoms in subjects
prenatally exposed to tobacco smoke [84]. Maternal
nutrition is crucial to ensure the correct fetal supply of
nutrients, in particular for fat-soluble vitamins (A, D, E),
tryptophan, and nutrients related to single carbon

Table 2 Systematic reviews and epidemiological studies focused on the association between chemical exposure and autism
spectrum disorder (Continued)

Study design Main findings Reference

sampled in the third trimester. Mental, motor, and
behavioral development in children at 3 years of age.

Australian pregnancy cohort of 1064 women; exposure
to phthalates measured in maternal urine. Oxidative
stress-related genetic score calculated from a panel
of SNPs.

Higher exposure to phthalates was associated to ASD
(OR 1.65 per SD unit increase in phthalates;
CI 1.00–2.72). Multiple phthalate-SNP interactions
observed.

[73]

Bisphenol A

Prospective cohort study in Cincinnati (2003–2006). BPA
concentrations at 16 and 26 weeks gestation (n = 389).
Thyroid stimulating hormone (TSH) and free and total
thyroxine (T4) and triiodothyronine (T3) at 16 weeks
(n = 181).

Prenatal BPA exposure may reduce TSH among
newborn girls, particularly when exposure occurs later
in gestation.

[74]

Collaborative project called the Consortium Linking
Academic and Regulatory Insights on Toxicity of BPA
(CLARITY–BPA) launched by three US federal agencies:
the FDA, the NIH National Institute of Environmental
Health Sciences, and the National Toxicology Program.

Published studies indicate among the most consistent
effects those of BPA on the brain, including alterations
of the volume of sexually dimorphic structures and
gene expression within specific brain regions.

[75]

Perfluoroalkyl substances

Scientific Opinion of the European Food Safety Authority
(EFSA) panel on contaminants in the food chain.

Administration of PFOS to 10-day old mice has been
reported to result in impaired performance in
behavioral tests conducted when the mice were 2 and
4months old.

[76]

A nested case-control study in the Danish National Birth
Cohort (1996–2002). 220 cases of ADHD, 220 cases of
ASD, 550 controls. Sixteen PFASs were measured in
maternal plasma collected in early or mid-pregnancy.

No consistent evidence to suggest that prenatal PFAS
exposure increases the risk of ADHD or childhood
autism in children.

[77]

A matched case-control study in Malmö, Sweden
(1978–2005). Children with ADHD (n = 206), controls
(n = 206). PFOS and PFOA concentrations were
measured in umbilical cord serum samples.

The study revealed no support for an association
between fetal exposure to PFOS, PFOA, or PFNA and
ADHD.

[78]

Polychlorinated biphenyls

Mother-child pairs from MARBLES (California, Davis, from
2006). PCB concentrations were measured in maternal
blood at each trimester. Clinical diagnosis of ASD and
non-typical development compared to typically
developing (TD) analyzed in 3-year-old children.

This study does not provide strong supporting
evidence that PCBs are risk factors for ASD or
non-typical development.

[79]

CI 95% confidence interval, OR odds ratio, IQR interquartile range, SD standard deviation, PM2.5 particulate matter ≤ 2.5 micron, PM10 particulate matter ≤ 10 micron
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metabolism (choline, vitamins B2, B6, B12, and folate)
known to contribute to the methylation of metastable
epialleles in the progeny that is persistent also in differ-
entiated tissues [85]. The maternal stress status, acting
through the neuroendocrine axis, has also been associ-
ated with alterations of the epigenetic programming that
can impair correct neuronal development [86]. As a
paradigmatic example, evidence from rodent studies also
indicates maternal care deprivation as impacting on the
function of progeny’s brains by modulating the activity
of the retrotransposon LINE-1 (a key source of somatic
mosaicism in the brain) as well as by altering the methy-
lation of YY1 binding sites and the expression of the
DNA methyltransferase DNMT3A [87]. As for drug use,
epidemiological studies showed that prenatal exposure
to SSRI (selective serotonin reuptake inhibitors) [88] and
valproic acid [89] increases the risk of ASD in the
offspring, and even prenatal exposure to paracetamol
has an adverse impact on language development [90];
however, the current literature evidences have not yet
elucidated how specific drugs can increase the risk of
ASD, highlighting the need of further research on this
topic.
While some of the maternal-associated factors, such as

stress and care deprivation, are difficult to examine
quantitatively, efforts are ongoing to tackle the challen-
ging task to precisely follow the exposure to chemical
substances in gestational and mother-child cohorts.
From a historical point of view, very frequently the at-

tention on the impact of such chemicals on the CNS
was drawn by obvious effects ensuing exposure to high
doses in both adults and children; this then led to the in-
vestigation of subtler but more pervasive effects at lower
doses especially on the developing brain [91].

Heavy metals
Exposure to heavy metals such as mercury, lead, and arsenic
has been robustly associated with neurodevelopmental dis-
orders [91, 92] as well as to adverse neurodevelopmental
outcomes linked to ASD [93]. Both epidemiological data
and animal studies have highlighted an association between
exposure to lead and neurodevelopmental alterations
[46, 94, 95]. The proposed molecular mechanisms are
diverse, ranging from imbalances in calcium homeo-
stasis [96, 97], impaired synaptic functionality [98],
and alteration of the blood brain barrier [99].
Methylmercury neurodevelopmental toxicity, mainly

due to contaminated seafood, is widely reported [92],
with pathogenetic mechanisms related to oxidative stress
and altered calcium and glutamate homeostasis [100].
Beyond very apparent effects registered after exposure at
high doses, there is evidence underlying developmental
neurotoxicity also for lower doses [101]. Three major
epidemiological studies have examined the association

between pregnancy low level exposure and neurobe-
havioral deficits in children in the Faroe Islands, New
Zealand, and the Seychelles. Two of them have
highlighted an association between maternal levels
and subtle neurobehavioral deficits [48, 51, 92], with
indications of defects persisting in adult life [50]. In
contrast, the Seychelles study did not find an associ-
ation after correcting for post-natal exposure [52]. In
children, exposure to methylmercury has been associ-
ated with neurobehavioral alterations [102].
Focusing on ASD prevalence, epidemiological data,

although in some cases limited by study design and
sample size, overall point towards an association of
gestational and post-natal exposure to several heavy
metals [43]. A recent study, estimating from deciduous
tooth matrix gestational and early post-natal exposure to
metals in monozygotic and dizygotic twins discordant
for ASD, revealed differences in metal uptake affecting
specific developmental windows [44].

Air pollution
Air pollutants such as gasses, particulate matter, metals,
and chemicals have been reported by the Environmental
Protection Agency to be hazardous to human health
[103]. While so far the focus of the research in this field
has been on respiratory and cardiovascular diseases,
both in vitro and epidemiological studies are mostly con-
cordant in indicating effects of air pollution also on the
brain. Studies in animal models exposed to air pollutants
have highlighted a complex range of effects on the CNS,
depending on both the examined model and the expos-
ure paradigm, with mechanisms related to oxidative
stress and neuroinflammation as those described more
frequently [104–106]. An increasing body of epidemio-
logical studies suggest pre-natal and post-natal expos-
ure to air pollution as a potential risk factor for ASD
[43, 57–63]. Although this is not confirmed by all the
gathered evidences [64, 67], the majority of the studies
are largely consistent in reporting an association also
after taking into account possible confounders [54]. A
sex-specific interaction has also been suggested, with
boys being more susceptible than girls [65, 66].

Endocrine disruptors
An endocrine-disrupting chemical (EDC) is defined by
the World Health Organization as an exogenous sub-
stance or mixture that alters function(s) of the endocrine
system and consequently causes adverse effects in an in-
tact organism, or its progeny, or (sub)population [107].
The definition of EDC is a non-trivial process, since it
entails complex mechanisms that have to be considered
and has vast impacts on regulatory aspects and therefore
public health. The relevance for a high number of
stakeholders is also shown by the recent effort of the
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European Commission in mediating between industry, so-
ciety, institutions, and scientific results to define EDC and
the policies for their employment [108]. As an example, it
is still not clear if heavy metals such as lead, cadmium,
mercury, arsenic, manganese, and zinc that are known
neurotoxicants should be classified as EDCs. EDCs impact
on fetal CNS is of particular concern because, through the
dysregulation of the delicate hormonal balance, epigenetic
responses can mediate effects on neural progenitors
resulting in long-term adverse health impact [69, 84, 109].
EDC adverse effects on neurodevelopment, indeed, can
act at different scales and times, such as progenitor prolif-
eration and migration, as well as neuronal maturation or
the synthesis, transportation, and release of neurotrans-
mitters [69]. EDC association to ASD has been hypothe-
sized to be mediated by the alteration of different
hormonal signaling pathways as well as epigenetic modifi-
cations that need to be systematically characterized yet
[84, 110]. In the following paragraph, the endocrine-
disrupting compounds that are better known in terms of
their molecular effect on neurodevelopment are reviewed.
Phthalates derive from a multitude of consumer prod-

ucts, including personal care products, medications, and
plastics. They are ingested, inhaled, and absorbed from
derma, and they can also cross the placenta [111–113].
Because of their chemical properties, they may interfere
with the action or metabolism of androgens, thyroid
hormones, and glucocorticoids. Prospective cohort stud-
ies have associated phthalates with ADHD and ASD, re-
duced mental and psychomotor development, emotional
problems, and reduced IQ [71, 72].
Bisphenol A (BPA) is incorporated in several plastics

that are present in daily life consumer products. It is
known to act through the binding of estrogen receptors
α and β as a weak agonist [114], but it can also interfere
with androgen and thyroid signaling pathways [74]. Dif-
ferent studies suggest that BPA exposure is associated
with behavioral and cognitive problems in children, but
there are inconsistencies with regard to the period of life
with the greatest vulnerability and sex-specific effects
[70, 75]. Very recently, it has also been suggested that,
due to technical limitations in biomonitoring measure-
ments, human exposure to BPA could have been import-
antly underestimated [115].
Perfluoroalkyl substances (PFAS) are used in water-

resistant materials, industrial surfactant, and food containers,
thus, like phthalates and bisphenols, are ubiquitously found
in the environment [76]; they are very persistent and as such
prone to bioaccumulation. They are active on several
endocrine axes, in particular interacting with the per-
oxisome proliferator activated receptor (PPAR), gluco-
corticoid, and thyroid pathways [116–118]. Exposure
to PFAS however has not been linked to ASD and
ADHD risk by epidemiological studies [77, 78].

Polychlorinated biphenyls (PCBs) were widely employed
industrially as coolants, plasticizers, and flame retardants.
Although their production was banned, given their resist-
ance to degradation, their presence in the environment
persists. PCB mechanisms of action are not well-known,
and the association between exposure and inattention, im-
pulsiveness, and other ADHD-related behaviors needs yet
to be confirmed by further studies [79].
Finally, neurotoxicological studies on EDCs have

brought to the attention of scientists and regulators
three important issues that are usually underestimated
and, in general, not properly addressed in other contexts:
(i) the impact of low doses, (ii) long-term effects, and
(iii) interactions occurring because of mixtures of com-
pounds. It was observed, indeed, that EDC doses similar
to environmental levels can have significant effects in
experimental models, showing peculiar dose-response
patterns that are not monotonic [119], even if this
phenomenon has yet to be validated in other settings
[120]. Moreover, EDCs can cause effects that only mani-
fest much later in life than the period of exposure [121],
most likely because of epigenetic mechanisms of infor-
mation transmission: the exposure to the chemical could
result in epigenetic modifications of the genome that
can be inherited by future generations [122]. As far as
EDC mixtures are concerned, there are still huge gaps of
knowledge regarding their mechanisms of action,
especially if considering molecules that interfere with
different hormonal pathways, for which additive predict-
ive models are not suited and additional experimental
evidence and testing systems are required [123, 124]. To
conclude, EDCs are posing pivotal questions regarding
their toxicological and regulatory profile, drawing the at-
tention on the need to find innovative tools and models
to study and regulate the potential danger associated
with chemical exposure; they thus embody both the
challenge and the opportunity to translate science into
policies [125].

Gene × environment: convergence and interactions
Interactions between genetic and environmental causes
of ASD
The topics discussed so far underline the complex inter-
play between genetic and environmental factors in ASD
pathophysiology. This is further shown by different stud-
ies that are trying to address the multifaceted etiology of
ASD examining the combination of the two factors at
the same time. This effort is highlighting not only that
both genes and environment can cause ASD, but also
that dissecting their interactions is crucial to understand
the contribution of the genetic background to environ-
mental stressor response.
One of the mechanisms by which genes and environment

interact in ASD pathogenesis is related to polymorphisms
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in genes that regulate the response to endo- or xeno-
biotics, such as the differential susceptibility to estrogen ex-
posure in different mouse strains [126], or by the evidence
of SNPs that in mice confer resistance to the adverse effects
induced by the endocrine disruptor Di(2-ethylhexyl)phtha-
late (DEHP). In the latter case, in particular, the effect is
mediated by the increased expression of the estrogen
receptor as well as by the altered methylation of specific
promoters, regulated in opposite direction by the genetic
variants and the chemical exposure [127]. Interactions
between genetic and environmental factors in determining
social and cognitive outcomes have also been reported in
rodent models carrying a specific Mecp2 truncating muta-
tion, a condition that provides resistance to polybrominated
diphenyl ethers effects on short memory [128].
In humans, studies examining the influence of specific

genetic variants on the susceptibility to toxicants have
identified SNPs in enzymes involved in xenobiotic
metabolism such as paraoxonase 1 (PON1), glutathione-
S-transferases (GSTM1 and GSTP1), δ-aminolevulinic
acid dehydratase (ALAD), solute carrier family 40 mem-
ber 1 (SLC40A1), and the metal regulatory transcription
factor 1 (MTF1) that were associated with ASD risk [43].
Other examples of studies that have tackled this issue
revealed that (i) a genetic variant in the receptor tyrosine
kinase (MET) contributes to increase the risk of ASD to-
gether with prenatal exposure to air pollutants [129];
and (ii) genetic variants in the one carbon metabolism
pathway interact with the maternal use of prenatal
vitamins for ASD risk, in a study where the pre-
conceptional period and the first pregnancy trimester
resulted as the most critical ones [130]. A recent investi-
gation of an Australian pregnancy cohort of 1064
women has taken into consideration the role of prenatal
exposure to phthalates and of genetic variants associated
to oxidative stress (a candidate mechanism of phthalate
toxicity) in ASD risk. Increased exposure to phthalates
as well as increased oxidative stress-related genetic score
were found associated to ASD; the co-occurrence of the
two factors was identified as particularly detrimental,
thus underlying the importance of considering genetic
and environmental interplays [73].
A further level of complexity of gene × environment

(G×E) interactions recently emerged from a study
performed on a cohort of twins including typically
developed (TD) individuals and ASD patients. This has
shown, through the analysis of structural brain mea-
sures, that distinctive clinical phenotypes are influenced
by genes and environment in a different way between
patients and controls. As a matter of fact, on the one
hand, genetic factors accounted for the majority of vari-
ation in brain size in both ASD patients and TDs, in par-
ticular as far as the curvature and subcortical gray
matter were concerned. On the other hand, cortical

thickness and cerebellar white matter volume were
primarily influenced by environmental factors in ASD
but not TD twin pairs [131]. Some environmental factors
could also act by increasing the risk of DNA mutagenesis
[132]; in fact, it has been hypothesized that exposure to
heavy metals and vitamin D deficiency increase the fre-
quency of de novo mutations in ASD-causing genes [133].
On the same line of evidence, a recent study has reported
PCB-95, a polychlorinated biphenyl compound, as impacting
CNV frequency at 15q11-q13 locus, linked to ASD [134].
Finally, another mechanism underlying the convergence

between genetic predisposition and environmental expos-
ure is the interference of the latter with the regulation of
the expression of the genes involved in key molecular
pathways often disrupted in NDDs. Valproic acid, for
example, has an inhibitory effect on histone deacetylase,
thus affecting the epigenetic landscape in a way that was
revealed able to reverse symptoms in bipolar disorder pa-
tients [135]. Folate deficiency, instead, can have an impact
on DNA methylation that, in turn, impairs the physio-
logical neurodevelopment and results in adverse effects on
mental health [136]. Our recent experiments performed
on human neurodevelopmental models revealed that the
specific mixture of EDCs that was associated to neurode-
velopmental outcomes at the epidemiological level has a
transcriptional impact on the same genes whose muta-
tions are causative of ASD [137]. In summary, a growing
body of evidence is accumulating indicating an interplay
between genetic and environmental factors in ASD patho-
genesis. Yet, the current knowledge about G×E interactions
is still limited, and studies to systematically evaluate these
mechanisms are hindered by the difficulties in retrieving
high-quality exposure and genetic data for large cohorts of
individuals, needed to further illuminate the most relevant
interactions at the population level [138]. This is especially
challenging for the G×E of low penetrant common vari-
ants, since most of the effort so far has been focusing
in dissecting the impact of specific environmental
factors on highly penetrant NDD mutations [139].
To conclude, the increasing resolution of environmen-

tal data records given by initiatives such as the Human
Exposome Project [140], coupled with the growing num-
ber and depth of genomic profiles, will likely result in
powerful and high-quality G×E studies on larger cohorts
and thus push the field closer to the stratification of
developmental disorders based on both genetic and
environmental markers [138, 141, 142].

Transforming experimental approaches to dissect
convergence of molecular circuitries
iPSC and brain organoids to dissect temporal and spatial
dynamics in neurodevelopment
The possibility of deriving human pluripotent stem cells,
either from embryos (embryonic stem cells, ESCs) or
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from somatic cells (induced pluripotent stem cells,
iPSCs), has allowed in recent years to gain experimental
access to biological systems and stages that have been so
far elusive. The developing CNS is a paradigmatic
example: the introduction of cell reprogramming tech-
nologies has transformed our abilities to model and study
brain development. In fact, 3D brain organoids derived
from iPSCs have increasingly emerged as a groundbreak-
ing approach for overcoming the inaccessibility of the
spatial and temporal dynamics of human fetal brain devel-
opment, recapitulating its most salient features. As such,
they can be exploited to dissect the cellular and molecular
mechanisms at the basis of physiological human cortico-
genesis [143], as well as for the study of genetic and envir-
onmental perturbations affecting its trajectories. This is
particularly relevant considering that the use of rodent
models to scrutinize the pathogenesis of such complex
brain disorders encounters an important limitation in the
scarce representation of specific cell types, particularly
those related to human cerebral cortex expansion [144].
Brain organoids are composed by the main cell popula-

tions characteristic of the fetal brain such as neural progeni-
tors, neuronal, and glial population, organized in
morphologically defined domains with progenitor cells dis-
tributed in the inner regions (ventricle-like structures) while
maturing cells migrate outwards. The cellular composition
varies according to the specific model [145]. In fact, several
experimental protocols have been developed by research
groups, falling in two main approaches: unpatterned and
patterned protocols. In the first case, the emergence of de-
velopmental trajectories results from the intrinsic programs
of cellular aggregates [146–149]. The second approach is
based on the use of small molecules and growth factors ap-
plied to selectively guide the differentiation towards a spe-
cific brain region, such as the forebrain, the midbrain, the
hippocampus, or the thalamus [150–153]. While unpat-
terned brain organoids are richer in terms of cellular and re-
gional diversity, they are also less reproducible, showing
higher variability across differentiation rounds compared to
patterned protocols [154].
Brain organoids represent a promising approach to

overcome the inherent constraints associated to 2D
cultures or simpler 3D models by better capturing the
physiological characteristics and developmental trajec-
tories of their in vivo counterpart. The research in this
field is active in devising improvements to current tech-
nical limitations, such as the generation of “vascularized”
organoids to limit metabolic stress [155] and organizing
centers to recapitulate morphogen gradients responsible
for the anterior-posterior and dorsal-ventral axes [156].
A number of different brain disorders have been already

modeled and manipulated by taking advantage of brain
organoids, such as microcephaly related to CDK5RAP2
mutations [148], or considering an environmental insult,

neurodevelopmental delays related to Zika virus exposure
[157, 158]. Focusing on ASD, idiopathic cases have been
studied by means of iPSC-derived brain organoids [159]:
transcriptomic analysis revealed an imbalanced overpro-
duction of GABAergic interneurons, hypothesized to be
dependent on FOXG1 dysregulation. In a cohort of
patients affected by ASD associated with macrocephaly,
cerebral organoids, together with other experimental
models, have revealed a perturbations of the physiological
steps of neuron development, associated to an early stage
pathological priming of molecular circuitries [160].
Timothy syndrome, a severe neurodevelopmental disorder
with ASD symptoms due to mutations in CACNA1C gene,
has also been studied through glutamatergic and GABAer-
gic organoids “assembloids,” with results showing an im-
pairment of inhibitory neuron migration [161]. Finally, a
novel application for brain organoids is their use for in vitro
chemical screening, as discussed in more detail in the sec-
tion on “ASD and developmental neurotoxicology: prior-
ities, challenges, perspectives, and innovative paradigms”.

CRISPR genome editing to selectively target specific
pathways and validate molecular hypothesis
Genome editing technologies based on CRISPR represent
a ground-breaking advance to introduce genetic or epi-
genetic mutations and investigate their mechanism of ac-
tion. Their application in biomedical research would allow
to accomplish two main objectives: (i) the regeneration of
healthy specialized cells, after correcting mutations, with
the idea of transplanting them into the differentiated or-
gans, and (ii) the interrogation of the mechanistic role of
multiple genes in the course of hardly accessible physio-
logical processes such as early developmental stages [162].
The use of CRISPR in combination with organoid

differentiation has already been exploited in cancer
research by several studies that either introduced or cor-
rected genetic mutations, to then profile the phenotypic
effects in intestinal and kidney organoids, as well as to
study the differential sensitivity of multiple genetic back-
grounds to several drugs [163–166].
Even if similar approaches have not been published yet

in the context of brain organoids and neurodevelopmen-
tal disease modelling, the same principles illustrated
above are valid, and the neuroscience community will
benefit soon of the mechanistic dissection that genome
editing on organoid can illuminate [167]. In particular,
the emergence of experimental strategies that allow to
multiplex the CRISPR perturbations in few samples are
significantly increasing the number of individual gen-
omic loci that can be profiled in the same experiment,
and thus the reach of CRISPR screenings. Different
approaches to perform the systematic perturbation of
genomic or epigenomic loci at the same time are already
available; for example, Datlinger and co-workers [168]
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pooled in the same population of cells thousands of dif-
ferent genomic edits, then reconstructed relying on bar-
codes that were introduced with the CRISPR library and
on deconvolution algorithms that associate the effect of
each perturbation to a gene expression readout. More-
over, the combination of different types of perturbations
(activating and inhibitory) in the same populations in an
orthogonal CRISPR screening allows to understand the
direction of information flow for characterizing how
genetic networks regulation is translated into pheno-
types [169]. Finally, a recently developed strategy can be
exploited to interrogate genomic regulatory regions by
introducing random combinations of enhancer perturba-
tions (based on dCas9-KRAB complex) in a population
of cells that can be then profiled in a single round of ex-
periments [170].
The impact of these experimental strategies on devel-

opmental neuroscience will be substantial, with the
imminent application of CRISPR multiplexed perturba-
tions on brain organoids shedding light on the precise
contribution of multiple genomic regions to cellular
phenotypes throughout the different stages of brain de-
velopment. A first applicative example, although in a
murine model, is the study of 35 ASD risk genes [171]
in which in utero pooled genome editing of forebrain
progenitors was followed by single cell transcriptional
analysis at postnatal stages to uncover their effect in spe-
cific cell populations.

scRNASeq to obtain a read out at the single cell level
Together with 3D brain organoids and genome editing
tools, single-cell omics has the potential to critically boost
the precision and resolution at which biological structures
composed by heterogeneous and intertwined cellular
populations can be analyzed. Single cell approaches aim at
profiling the genome, transcriptome, histone modifications,
chromatin accessibility, DNA methylation, or protein signa-
tures of single cells, overcoming the inherent limitations as-
sociated with the averaged read-out of bulk techniques and
thus gaining information on the molecular state of each cell
that constitutes a complex tissue or organ. Among these
techniques, single cell RNASeq (scRNASeq) is at the mo-
ment the most established and widely used. Based on this
approach, large consortia like the Human Cell Atlas Project
are trying to build reference maps of the molecular states of
all the cell types in healthy human tissues to study physio-
logical states, developmental trajectories, regulatory circuit-
ries, and interactions, and also provide a framework for
understanding cellular dysregulation occurring in patho-
logical states [172–175]. From a developmental point of
view, one of the most interesting potentials of single cell
omics data analysis is the reconstruction of developmental
trajectories. Single cell transcriptomes can be projected,
after dimensionality reduction, in a common analytical

space, through different algorithms that can define a dis-
tance between the single cells coming from a complex tis-
sue, on the basis of the similarity of their transcriptomes,
thus defining a new temporal concept defined as pseudo-
time [176, 177] and introducing the possibility to predict
future developmental trajectories for each single cell
through RNA-velocity [178–180].
Several studies have already taken advantage of these

techniques to investigate the molecular mechanisms at
the basis of the differentiation of heterogeneous cerebral
cell populations. For example, Polioudakis and co-
workers exploited scRNASeq to derive an atlas of the
developing human cortex, defining cell types on the
basis of their transcriptional signature and reconstruct-
ing related regulatory networks [181]. Other studies have
extended scRNASeq also on brain organoids for the
study of their transcriptional and epigenomic landscape
[182] or to investigate characteristics and trajectories of
brain development that are human specific compared to
other primates [183].
Our recent work took advantage of scRNASeq and brain

organoids to probe the impact of chronic GSK3 inhibition
on neurogenesis, uncovering its effect on proliferation and
differentiation dynamics of neural progenitor populations
[143]. Finally, in a single cell RNASeq study performed on
post-mortem cortical tissue of ASD patients, alterations
were identified both in neural cells, with dysregulation of
synaptic functionality in upper-layer neurons, and glial
populations, with activation of microglia [184].

ASD and developmental neurotoxicology:
priorities, challenges, perspectives, and
innovative paradigms
As this review has outlined, the etiology of neurodeve-
lopmental disorders is frequently multifactorial and
underlies a complex interplay of multiple genetic and
environmental contributors. Even in monogenic forms,
individual genetic background and environmental expos-
ure can play a modifying role by influencing disease
expressivity. In line with this, the overall increase in
prevalence reported in recent years for NDDs, and espe-
cially ASD, has been suspected to be linked to increased
exposure to environmental toxicants [185]. This presents
crucial concerns and challenges from a toxicological and
regulatory point of view. In this paragraph, we will dis-
cuss the most relevant ones, reporting as paradigmatic
examples, efforts in which our as well as other research
groups are involved to tackle them. For most of the
thousands of anthropogenic chemicals that are present
on the market and in the environment, the information
about their developmental neurotoxicity (DNT) proper-
ties is limited, highlighting an extensive knowledge gap.
In fact, both in EU and the USA, compounds are not
routinely tested for developmental neurotoxicity, with
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DNT properties investigated only upon indications of
neurotoxicity or endocrine interference observed in
adult rodent organisms [186]. As a consequence, only
few compounds have been tested for their DNT poten-
tial and have been recognized as toxicant during the
neurodevelopmental window. This is particularly prob-
lematic when taking into consideration that, as already
discussed, the developing CNS is largely recognized to
be more vulnerable than the adult brain to chemical per-
turbations [91]. Taken together, these considerations
highlight an urgent need for a new framework for the as-
sessment of chemicals with potential neurodevelopmen-
tal toxicity [185]. To tackle this issue, a key component
is the setup of a battery of complementary, easy-to-
standardize, and cost-effective high-throughput in vitro
screening assays, able as an ensemble to recapitulate as
faithfully as possible the complex events of human neu-
rodevelopment, and therefore to overcome the limita-
tions of in vivo rodent models related to inter-species
differences in brain morphology and functionality. An
example of this innovative approach is being developed
by the ENDpoiNTs consortium [187], whose purpose is
to advance the scientific knowledge on how EDCs exert
their negative effects on neurodevelopment while also
developing new screening tools for this class of com-
pounds. From a mechanistic perspective, increasing the
understanding on the mode of action and key molecular
events that are triggered by toxicants would impact on
our knowledge of the fundamental biological processes
that, when perturbed, alter the physiological trajectories
of neurodevelopment, thus adding valuably on our
insight on NDD pathogenetic events and convergences.
In the context of the setup of in vitro assays tailored

to relevant key events of human neurodevelopment, 3D
models such as brain organoids are particularly promis-
ing: coupled with single cell omics readouts, they allow
to pinpoint the effect of chemical perturbations on
different players and developmental trajectories, taking
into account complex interactions among cell types but
also breaking down the observed effects on specific
populations. This brings also the advantage to widen the
focus of DNT research that is currently mostly neuron-
centric, to other, less examined cell types of the developing
CNS. The possibility to derive organoids from different
iPSC lines, either separately or in combination in a single
organoid (multiplexed organoids) then deconvoluted by in
silico approaches [188–190] is instrumental to dissect the
impact of a toxic insult on different human genetic
backgrounds.
Another emergent challenge in developmental neuro-

toxicology is the need to take into account both in epi-
demiological and regulatory settings real-life scenarios
involving chronic exposure to multiple chemicals. To
tackle this challenge, perspective studies based on large

cohorts followed for long periods of time are needed. In
the innovative concept of exposome, this is coupled with
the assessment of environmental exposure. Among the
efforts active in this field, the EU-funded Human Early
Life Exposome [191] monitors exposure in pregnancy
and early life to evaluate the impact on child health out-
comes. Another EU-funded project, NEUROSOME
[192], is tackling the association between NDDs and cu-
mulative early life exposure to chemicals such as metals
and persistent organic compounds, taking into consider-
ation also the contribution of genetic predisposition. A
second key point is the need to shift from a “single com-
pound” to a “mixture” paradigm. In fact, evidence about
mixture effects in long-term exposure is accumulating
[123], but still risk assessment is mostly focused on sin-
gle substances. This can lead to a substantial underesti-
mation of the risks when effects are additive or
synergistic. EDC-MixRisk [193] is an EU Horizon 2020
research project that examined the effects of prenatal
exposure to mixture of chemicals with suspected EDC
activity on adverse effects in children, with the ambition
to study the mechanistic aspects as well as to provide
tools and insight for risk assessment. The multi-
disciplinary approach has combined epidemiology and
experimental biology, employing complementary in vivo
and in vitro models. The employed strategy has har-
nessed brain cortical organoids, in parallel with human
fetal primary cells, as well as in vivo models, to study the
molecular mechanisms by which the real-life environ-
mental concentrations of EDCs, measured and studied
in the SELMA epidemiological study, can affect human
neurodevelopment [137], thus introducing a transform-
ing paradigm for regulatory neurotoxicology.

Conclusions
In conclusion, neurodevelopmental disorders are the
results of the contribution and interplays between the
individual genetic makeup and the environment in
which the organism develops and grows, with windows
of vulnerabilities in prenatal and early postnatal phases.
Groundbreaking experimental approaches such as iPSC-
based brain organoids, single cell omics, and genome
editing techniques show great promise to advance our
understanding of the molecular conduits causally linking
both genetic vulnerabilities and environmental exposures
to NDDs. This will be instrumental for neurobiology to
elucidate the pathogenic mechanisms at the basis of
these disorders and for neurotoxicology to improve risk
assessment, with an arguably major impact on public
health in terms of actionability for lifelong conditions of
such significance.

Abbreviations
ADHD: Attention deficit hyperactivity disorder; AGRE: Autism Genetic
Research Exchange; ASD: Autism spectrum disorder; BPA: Bisphenol A;

Cheroni et al. Molecular Autism           (2020) 11:69 Page 13 of 18



CI: 95% confidence interval; CNS: Central nervous system; CNVs: Copy
number variations; DEHP: Di(2-ethylhexyl)phthalate; DNT: Developmental
neurotoxicology; EE: Epileptic encephalopathy; EDC: Endocrine-disrupting
chemicals; ESCs: Embryonic stem cells; G×E: Gene × environment;
GWAS: Genome-wide association studies IDIntellectual disability;
iPSC: Induced pluripotent stem cells; IQR: Interquartile range;
NDDs: Neurodevelopmental disorders; OR: Odds ratio; PCBs: Polychlorinated
biphenyls; PFAS: Perfluoroalkyl substances; PM2.5: Particulate matter ≤ 2.5
micron; PM10: Particulate matter ≤ 10 micron; PPAR: Peroxisome proliferator
activated receptor scRNASeqSingle cell RNA sequencing; SD: Standard
deviation; SFARI: Simons Foundation Autism Risk Initiative; SNPs: Single
nucleotide polymorphisms; SSRI: Selective serotonin reuptake inhibitors;
SVs: Structural variations; SZ: Schizophrenia; TD: Typically developed;
WBS: Williams-Beuren Syndrome

Authors’ contributions
CC and NC performed literature search and revision; CC, NC, and GT wrote
the manuscript. The authors read and approved the final manuscript.

Funding
The authors were supported by the following grants: EDCMixRisk, European
Union’s Horizon 2020 research and innovation program (grant no. 634880. to
G.T., C.C., and N.C.); ENDpoiNTs, European Union’s Horizon 2020 research and
innovation program (grant no. 825759. to G.T., C.C., and N.C.).

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests

Author details
1High Definition Disease Modelling Lab, Stem Cell and Organoid Epigenetics,
IEO, European Institute of Oncology, IRCCS, Milan, Italy. 2Department of
Oncology and Hemato-oncology, University of Milan, Milan, Italy. 3Human
Technopole, Via Cristina Belgioioso 171, Milan, Italy.

Received: 11 February 2020 Accepted: 7 August 2020

References
1. Thapar A, Cooper M, Rutter M. Neurodevelopmental disorders. Lancet

Psychiatry. 2017;4:339–46. https://doi.org/10.1016/S2215-0366(16)30376-5.
2. American Psychiatric Association. Diagnostic and statistical manual of

mental disorders. 5th edition. American Psychiatric Association; 2013. doi:
https://doi.org/10.1176/appi.books.9780890425596.

3. Global Research on Developmental Disabilities Collaborators.
Developmental disabilities among children younger than 5 years in 195
countries and territories, 1990-2016: a systematic analysis for the global
burden of disease study 2016. Lancet Glob Health. 2018;6:e1100–21. https://
doi.org/10.1016/S2214-109X(18)30309-7.

4. Willsey AJ, Morris MT, Wang S, Willsey HR, Sun N, Teerikorpi N, et al. The
psychiatric cell map initiative: a convergent systems biological approach to
illuminating key molecular pathways in neuropsychiatric disorders. Cell.
2018;174:505–20. https://doi.org/10.1016/j.cell.2018.06.016.

5. Elsabbagh M, Divan G, Koh Y-J, Kim YS, Kauchali S, Marcín C, et al. Global
prevalence of autism and other pervasive developmental disorders. Autism
Res. 2012;5:160–79. https://doi.org/10.1002/aur.239.

6. Maenner MJ, Shaw KA, Baio J, Washington A, Patrick M, et al. MMWR Surveill
Summ. 2020;69:1–12. https://doi.org/10.15585/mmwr.ss6904a1.

7. Iakoucheva LM, Muotri AR, Sebat J. Getting to the cores of autism. Cell.
2019;178:1287–98. https://doi.org/10.1016/j.cell.2019.07.037.

8. Stessman HA, Bernier R, Eichler EE. A genotype-first approach to defining
the subtypes of a complex disease. Cell. 2014;156:872–7. https://doi.org/10.
1016/j.cell.2014.02.002.

9. Yoo H. Genetics of autism spectrum disorder: current status and possible
clinical applications. Exp Neurobiol. 2015;24:257–72. https://doi.org/10.5607/
en.2015.24.4.257.

10. Bourgeron T. From the genetic architecture to synaptic plasticity in autism
spectrum disorder. Nat Rev Neurosci. 2015;16:551–63. https://doi.org/10.
1038/nrn3992.

11. Mitchell KJ. The genetic architecture of neurodevelopmental disorders. In:
Mitchell KJ, editor. The genetics of neurodevelopmental disorders. Hoboken,
NJ, USA: John Wiley & Sons, Inc; 2015. p. 1–28. https://doi.org/10.1002/
9781118524947.ch1.

12. Jeste SS, Geschwind DH. Disentangling the heterogeneity of autism
spectrum disorder through genetic findings. Nat Rev Neurol. 2014;10:74–81.
https://doi.org/10.1038/nrneurol.2013.278.

13. Anney R, Klei L, Pinto D, Almeida J, Bacchelli E, Baird G, et al. Individual
common variants exert weak effects on the risk for autism spectrum
disorders. Pi. Hum Mol Genet. 2012;21:4781–92. https://doi.org/10.1093/
hmg/dds301.

14. Gaugler T, Klei L, Sanders SJ, Bodea CA, Goldberg AP, Lee AB, et al. Most
genetic risk for autism resides with common variation. Nat Genet. 2014;46:
881–5. https://doi.org/10.1038/ng.3039.

15. Klei L, Sanders SJ, Murtha MT, Hus V, Lowe JK, Willsey AJ, et al. Common
genetic variants, acting additively, are a major source of risk for autism. Mol
Autism. 2012;3:9. https://doi.org/10.1186/2040-2392-3-9.

16. Weiner DJ, Wigdor EM, Ripke S, Walters RK, Kosmicki JA, Grove J, et al.
Polygenic transmission disequilibrium confirms that common and rare
variation act additively to create risk for autism spectrum disorders. Nat
Genet. 2017;49:978–85. https://doi.org/10.1038/ng.3863.

17. Schizophrenia Working Group of the Psychiatric Genomics Consortium.
Biological insights from 108 schizophrenia-associated genetic loci. Nature.
2014;511:421–7. https://doi.org/10.1038/nature13595.

18. Bipolar Disorder and Schizophrenia Working Group of the Psychiatric
Genomics Consortium. Electronic address: douglas.ruderfer@vanderbilt.edu,
bipolar disorder and schizophrenia working Group of the Psychiatric
Genomics Consortium. Genomic dissection of bipolar disorder and
schizophrenia, including 28 subphenotypes. Cell. 2018;173:1705–1715.e16.
https://doi.org/10.1016/j.cell.2018.05.046.

19. Wray NR, Ripke S, Mattheisen M, Trzaskowski M, Byrne EM, Abdellaoui A,
et al. Genome-wide association analyses identify 44 risk variants and refine
the genetic architecture of major depression. Nat Genet. 2018;50:668–81.
https://doi.org/10.1038/s41588-018-0090-3.

20. Cross-Disorder Group of the Psychiatric Genomics Consortium. Identification
of risk loci with shared effects on five major psychiatric disorders: a
genome-wide analysis. Lancet. 2013;381:1371–9. https://doi.org/10.1016/
S0140-6736(12)62129-1.

21. Grove J, Ripke S, Als TD, Mattheisen M, Walters RK, Won H, et al.
Identification of common genetic risk variants for autism spectrum disorder.
Nat Genet. 2019;51:431–44. https://doi.org/10.1038/s41588-019-0344-8.

22. Saffen D. The genetic architecture of autism spectrum disorders (ASDs)
and the potential importance of common regulatory genetic variants.
Sci China Life Sci. 2015;58:968–75. https://doi.org/10.1007/s11427-012-
4336-5.

23. Deciphering Developmental Disorders Study. Large-scale discovery of novel
genetic causes of developmental disorders. Nature. 2015;519:223–8. https://
doi.org/10.1038/nature14135.

24. De Rubeis S, He X, Goldberg AP, Poultney CS, Samocha K, Cicek AE, et al.
Synaptic, transcriptional and chromatin genes disrupted in autism. Nature.
2014;515:209–15. https://doi.org/10.1038/nature13772.

25. Iossifov I, O’Roak BJ, Sanders SJ, Ronemus M, Krumm N, Levy D, et al. The
contribution of de novo coding mutations to autism spectrum disorder.
Nature. 2014;515:216–21. https://doi.org/10.1038/nature13908.

26. Sanders SJ, He X, Willsey AJ, Ercan-Sencicek AG, Samocha KE, Cicek AE, et al.
Insights into autism spectrum disorder genomic architecture and biology
from 71 risk loci. Neuron. 2015;87:1215–33. https://doi.org/10.1016/j.neuron.
2015.09.016.

27. Sestan N, State MW. Lost in translation: traversing the complex path from
genomics to therapeutics in autism spectrum disorder. Neuron. 2018;100:
406–23. https://doi.org/10.1016/j.neuron.2018.10.015.

28. Pinto D, Delaby E, Merico D, Barbosa M, Merikangas A, Klei L, et al.
Convergence of genes and cellular pathways dysregulated in autism
spectrum disorders. Am J Hum Genet. 2014;94:677–94. https://doi.org/10.
1016/j.ajhg.2014.03.018.

Cheroni et al. Molecular Autism           (2020) 11:69 Page 14 of 18

https://doi.org/10.1016/S2215-0366(16)30376-5
https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1016/S2214-109X(18)30309-7
https://doi.org/10.1016/S2214-109X(18)30309-7
https://doi.org/10.1016/j.cell.2018.06.016
https://doi.org/10.1002/aur.239
https://doi.org/10.15585/mmwr.ss6904a1
https://doi.org/10.1016/j.cell.2019.07.037
https://doi.org/10.1016/j.cell.2014.02.002
https://doi.org/10.1016/j.cell.2014.02.002
https://doi.org/10.5607/en.2015.24.4.257
https://doi.org/10.5607/en.2015.24.4.257
https://doi.org/10.1038/nrn3992
https://doi.org/10.1038/nrn3992
https://doi.org/10.1002/9781118524947.ch1
https://doi.org/10.1002/9781118524947.ch1
https://doi.org/10.1038/nrneurol.2013.278
https://doi.org/10.1093/hmg/dds301
https://doi.org/10.1093/hmg/dds301
https://doi.org/10.1038/ng.3039
https://doi.org/10.1186/2040-2392-3-9
https://doi.org/10.1038/ng.3863
https://doi.org/10.1038/nature13595
mailto:douglas.ruderfer@vanderbilt.edu
https://doi.org/10.1016/j.cell.2018.05.046
https://doi.org/10.1038/s41588-018-0090-3
https://doi.org/10.1016/S0140-6736(12)62129-1
https://doi.org/10.1016/S0140-6736(12)62129-1
https://doi.org/10.1038/s41588-019-0344-8
https://doi.org/10.1007/s11427-012-4336-5
https://doi.org/10.1007/s11427-012-4336-5
https://doi.org/10.1038/nature14135
https://doi.org/10.1038/nature14135
https://doi.org/10.1038/nature13772
https://doi.org/10.1038/nature13908
https://doi.org/10.1016/j.neuron.2015.09.016
https://doi.org/10.1016/j.neuron.2015.09.016
https://doi.org/10.1016/j.neuron.2018.10.015
https://doi.org/10.1016/j.ajhg.2014.03.018
https://doi.org/10.1016/j.ajhg.2014.03.018


29. Geschwind DH. Genetics of autism spectrum disorders. Trends Cogn Sci
(Regul Ed). 2011;15:409–16. doi:https://doi.org/10.1016/j.tics.2011.07.003.

30. Quesnel-Vallières M, Weatheritt RJ, Cordes SP, Blencowe BJ. Autism
spectrum disorder: insights into convergent mechanisms from
transcriptomics. Nat Rev Genet. 2019;20:51–63. https://doi.org/10.1038/
s41576-018-0066-2.

31. Ruzzo EK, Pérez-Cano L, Jung J-Y, Wang L-K, Kashef-Haghighi D, Hartl
C, et al. Inherited and de novo genetic risk for autism impacts shared
networks. Cell. 2019;178:850–866.e26. https://doi.org/10.1016/j.cell.2019.
07.015.

32. Bedogni F, Hodge RD, Elsen GE, Nelson BR, Daza RAM, Beyer RP, et al. Tbr1
regulates regional and laminar identity of postmitotic neurons in
developing neocortex. Proc Natl Acad Sci U S A. 2010;107:13129–34. https://
doi.org/10.1073/pnas.1002285107.

33. Bacon C, Schneider M, Le Magueresse C, Froehlich H, Sticht C, Gluch C,
et al. Brain-specific Foxp1 deletion impairs neuronal development and
causes autistic-like behaviour. Mol Psychiatry. 2015;20:632–9. https://doi.org/
10.1038/mp.2014.116.

34. Guang S, Pang N, Deng X, Yang L, He F, Wu L, et al. Synaptopathology
involved in autism spectrum disorder. Front Cell Neurosci. 2018;12:470.
https://doi.org/10.3389/fncel.2018.00470.

35. Gabriele M, Lopez Tobon A, D’Agostino G, Testa G. The chromatin basis of
neurodevelopmental disorders: rethinking dysfunction along the molecular
and temporal axes. Prog Neuro-Psychopharmacol Biol Psychiatry. 2018;84(Pt
B):306–27. https://doi.org/10.1016/j.pnpbp.2017.12.013.

36. Chailangkarn T, Noree C, Muotri AR. The contribution of GTF2I
haploinsufficiency to Williams syndrome. Mol Cell Probes. 2018;40:45–51.
https://doi.org/10.1016/j.mcp.2017.12.005.

37. Adamo A, Atashpaz S, Germain P-L, Zanella M, D’Agostino G, Albertin V,
et al. 7q11.23 dosage-dependent dysregulation in human pluripotent stem
cells affects transcriptional programs in disease-relevant lineages. Nat Genet.
2015;47:132–41. https://doi.org/10.1038/ng.3169.

38. Barak B, Zhang Z, Liu Y, Nir A, Trangle SS, Ennis M, et al. Neuronal deletion
of Gtf2i, associated with Williams syndrome, causes behavioral and myelin
alterations rescuable by a remyelinating drug. Nat Neurosci. 2019;22:700–8.
https://doi.org/10.1038/s41593-019-0380-9.

39. Gabriele M, Vulto-van Silfhout AT, Germain P-L, Vitriolo A, Kumar R, Douglas
E, et al. YY1 haploinsufficiency causes an intellectual disability syndrome
featuring transcriptional and chromatin dysfunction. Am J Hum Genet.
2017;100:907–25. https://doi.org/10.1016/j.ajhg.2017.05.006.

40. Brainstorm Consortium, Anttila V, Bulik-Sullivan B, Finucane HK, Walters RK,
Bras J, et al. Analysis of shared heritability in common disorders of the brain.
Science. 2018:360. https://doi.org/10.1126/science.aap8757.

41. Gandal MJ, Haney JR, Parikshak NN, Leppa V, Ramaswami G, Hartl C, et al.
Shared molecular neuropathology across major psychiatric disorders
parallels polygenic overlap. Science. 2018;359:693–7. https://doi.org/10.1126/
science.aad6469.

42. Zoeller RT, Brown TR, Doan LL, Gore AC, Skakkebaek NE, Soto AM, et al.
Endocrine-disrupting chemicals and public health protection: a statement
of principles from the Endocrine Society. Endocrinology. 2012;153:4097–110.
https://doi.org/10.1210/en.2012-1422.

43. Rossignol DA, Genuis SJ, Frye RE. Environmental toxicants and autism
spectrum disorders: a systematic review. Transl Psychiatry. 2014;4:e360.
https://doi.org/10.1038/tp.2014.4.

44. Arora M, Reichenberg A, Willfors C, Austin C, Gennings C, Berggren S, et al.
Fetal and postnatal metal dysregulation in autism. Nat Commun. 2017;8:
15493. https://doi.org/10.1038/ncomms15493.

45. Landrigan PJ, Whitworth RH, Baloh RW, Staehling NW, Barthel WF,
Rosenblum BF. Neuropsychological dysfunction in children with chronic
low-level lead absorption. Lancet. 1975;1:708–12. https://doi.org/10.1016/
s0140-6736(75)91627-x.

46. Canfield RL, Henderson CR, Cory-Slechta DA, Cox C, Jusko TA, Lanphear BP.
Intellectual impairment in children with blood lead concentrations below
10 microg per deciliter. N Engl J Med. 2003;348:1517–26. https://doi.org/10.
1056/NEJMoa022848.

47. Lanphear BP, Hornung R, Khoury J, Yolton K, Baghurst P, Bellinger DC, et al.
Low-level environmental lead exposure and children’s intellectual function:
an international pooled analysis. Environ Health Perspect. 2005;113:894–9.
https://doi.org/10.1289/ehp.7688.

48. Grandjean P, Weihe P, White RF, Debes F, Araki S, Yokoyama K, et al.
Cognitive deficit in 7-year-old children with prenatal exposure to

methylmercury. Neurotoxicol Teratol. 1997;19:417–28. https://doi.org/10.
1016/s0892-0362(97)00097-4.

49. Grandjean P, Weihe P, Nielsen F, Heinzow B, Debes F, Budtz-Jørgensen E.
Neurobehavioral deficits at age 7 years associated with prenatal exposure to
toxicants from maternal seafood diet. Neurotoxicol Teratol. 2012;34:466–72.
https://doi.org/10.1016/j.ntt.2012.06.001.

50. Debes F, Weihe P, Grandjean P. Cognitive deficits at age 22 years associated
with prenatal exposure to methylmercury. Cortex. 2016;74:358–69. https://
doi.org/10.1016/j.cortex.2015.05.017.

51. Crump KS, Kjellström T, Shipp AM, Silvers A, Stewart A. Influence of prenatal
mercury exposure upon scholastic and psychological test performance:
benchmark analysis of a New Zealand cohort. Risk Anal. 1998;18:701–13.
https://doi.org/10.1023/b:rian.0000005917.52151.e6.

52. Myers GJ, Davidson PW, Cox C, Shamlaye CF, Palumbo D, Cernichiari E, et al.
Prenatal methylmercury exposure from ocean fish consumption in the
Seychelles child development study. Lancet. 2003;361:1686–92. https://doi.
org/10.1016/S0140-6736(03)13371-5.

53. Schoeman K, Bend JR, Hill J, Nash K, Koren G. Defining a lowest observable
adverse effect hair concentrations of mercury for neurodevelopmental
effects of prenatal methylmercury exposure through maternal fish
consumption: a systematic review. Ther Drug Monit. 2009;31:670–82. https://
doi.org/10.1097/FTD.0b013e3181bb0ea1.

54. Weisskopf MG, Kioumourtzoglou M-A, Roberts AL. Air pollution and autism
spectrum disorders: causal or confounded? Curr Environ Health Rep. 2015;2:
430–9. https://doi.org/10.1007/s40572-015-0073-9.

55. Chun H, Leung C, Wen SW, McDonald J, Shin HH. Maternal exposure to air
pollution and risk of autism in children: a systematic review and meta-
analysis. Environ Pollut. 2020;256:113307. https://doi.org/10.1016/j.envpol.
2019.113307.

56. Lam J, Sutton P, Kalkbrenner A, Windham G, Halladay A, Koustas E, et al. A
systematic review and meta-analysis of multiple airborne pollutants and
autism spectrum disorder. PLoS One. 2016;11:e0161851. https://doi.org/10.
1371/journal.pone.0161851.

57. Becerra TA, Wilhelm M, Olsen J, Cockburn M, Ritz B. Ambient air pollution
and autism in Los Angeles county. California Environ Health Perspect. 2013;
121:380–6. https://doi.org/10.1289/ehp.1205827.

58. Kalkbrenner AE, Windham GC, Serre ML, Akita Y, Wang X, Hoffman K, et al.
Particulate matter exposure, prenatal and postnatal windows of
susceptibility, and autism spectrum disorders. Epidemiology. 2015;26:30–42.
https://doi.org/10.1097/EDE.0000000000000173.

59. Raz R, Roberts AL, Lyall K, Hart JE, Just AC, Laden F, et al. Autism spectrum
disorder and particulate matter air pollution before, during, and after
pregnancy: a nested case-control analysis within the nurses’ health study II
cohort. Environ Health Perspect. 2015;123:264–70. https://doi.org/10.1289/
ehp.1408133.

60. Talbott EO, Marshall LP, Rager JR, Arena VC, Sharma RK, Stacy SL. Air toxics
and the risk of autism spectrum disorder: the results of a population based
case-control study in southwestern Pennsylvania. Environ Health. 2015;14:80.
https://doi.org/10.1186/s12940-015-0064-1.

61. Volk HE, Lurmann F, Penfold B, Hertz-Picciotto I, McConnell R. Traffic-related
air pollution, particulate matter, and autism. JAMA Psychiatry. 2013;70:71–7.
https://doi.org/10.1001/jamapsychiatry.2013.266.

62. von Ehrenstein OS, Aralis H, Cockburn M, Ritz B. In utero exposure to toxic
air pollutants and risk of childhood autism. Epidemiology. 2014;25:851–8.
https://doi.org/10.1097/EDE.0000000000000150.

63. Volk HE, Hertz-Picciotto I, Delwiche L, Lurmann F, McConnell R. Residential
proximity to freeways and autism in the CHARGE study. Environ Health
Perspect. 2011;119:873–7. https://doi.org/10.1289/ehp.1002835.

64. Guxens M, Ghassabian A, Gong T, Garcia-Esteban R, Porta D, Giorgis-
Allemand L, et al. Air pollution exposure during pregnancy and childhood
autistic traits in four European population-based cohort studies: the ESCAPE
project. Environ Health Perspect. 2016;124:133–40. https://doi.org/10.1289/
ehp.1408483.

65. Roberts AL, Lyall K, Hart JE, Laden F, Just AC, Bobb JF, et al. Perinatal air
pollutant exposures and autism spectrum disorder in the children of nurses’
health study II participants. Environ Health Perspect. 2013;121:978–84.
https://doi.org/10.1289/ehp.1206187.

66. Jo H, Eckel SP, Wang X, Chen J-C, Cockburn M, Martinez MP, et al. Sex-
specific associations of autism spectrum disorder with residential air
pollution exposure in a large Southern California pregnancy cohort. Environ
Pollut. 2019;254(Pt A):113010. https://doi.org/10.1016/j.envpol.2019.113010.

Cheroni et al. Molecular Autism           (2020) 11:69 Page 15 of 18

https://doi.org/10.1016/j.tics.2011.07.003
https://doi.org/10.1038/s41576-018-0066-2
https://doi.org/10.1038/s41576-018-0066-2
https://doi.org/10.1016/j.cell.2019.07.015
https://doi.org/10.1016/j.cell.2019.07.015
https://doi.org/10.1073/pnas.1002285107
https://doi.org/10.1073/pnas.1002285107
https://doi.org/10.1038/mp.2014.116
https://doi.org/10.1038/mp.2014.116
https://doi.org/10.3389/fncel.2018.00470
https://doi.org/10.1016/j.pnpbp.2017.12.013
https://doi.org/10.1016/j.mcp.2017.12.005
https://doi.org/10.1038/ng.3169
https://doi.org/10.1038/s41593-019-0380-9
https://doi.org/10.1016/j.ajhg.2017.05.006
https://doi.org/10.1126/science.aap8757
https://doi.org/10.1126/science.aad6469
https://doi.org/10.1126/science.aad6469
https://doi.org/10.1210/en.2012-1422
https://doi.org/10.1038/tp.2014.4
https://doi.org/10.1038/ncomms15493
https://doi.org/10.1016/s0140-6736(75)91627-x
https://doi.org/10.1016/s0140-6736(75)91627-x
https://doi.org/10.1056/NEJMoa022848
https://doi.org/10.1056/NEJMoa022848
https://doi.org/10.1289/ehp.7688
https://doi.org/10.1016/s0892-0362(97)00097-4
https://doi.org/10.1016/s0892-0362(97)00097-4
https://doi.org/10.1016/j.ntt.2012.06.001
https://doi.org/10.1016/j.cortex.2015.05.017
https://doi.org/10.1016/j.cortex.2015.05.017
https://doi.org/10.1023/b:rian.0000005917.52151.e6
https://doi.org/10.1016/S0140-6736(03)13371-5
https://doi.org/10.1016/S0140-6736(03)13371-5
https://doi.org/10.1097/FTD.0b013e3181bb0ea1
https://doi.org/10.1097/FTD.0b013e3181bb0ea1
https://doi.org/10.1007/s40572-015-0073-9
https://doi.org/10.1016/j.envpol.2019.113307
https://doi.org/10.1016/j.envpol.2019.113307
https://doi.org/10.1371/journal.pone.0161851
https://doi.org/10.1371/journal.pone.0161851
https://doi.org/10.1289/ehp.1205827
https://doi.org/10.1097/EDE.0000000000000173
https://doi.org/10.1289/ehp.1408133
https://doi.org/10.1289/ehp.1408133
https://doi.org/10.1186/s12940-015-0064-1
https://doi.org/10.1001/jamapsychiatry.2013.266
https://doi.org/10.1097/EDE.0000000000000150
https://doi.org/10.1289/ehp.1002835
https://doi.org/10.1289/ehp.1408483
https://doi.org/10.1289/ehp.1408483
https://doi.org/10.1289/ehp.1206187
https://doi.org/10.1016/j.envpol.2019.113010


67. Pagalan L, Bickford C, Weikum W, Lanphear B, Brauer M, Lanphear N, et al.
Association of prenatal exposure to air pollution with autism spectrum
disorder. JAMA Pediatr. 2019;173:86–92. https://doi.org/10.1001/
jamapediatrics.2018.3101.

68. Chen G, Jin Z, Li S, Jin X, Tong S, Liu S, et al. Early life exposure to
particulate matter air pollution (PM1, PM2.5 and PM10) and autism in
Shanghai, China: a case-control study, Environ Int. 2018;121(Pt 2):1121–7.
https://doi.org/10.1016/j.envint.2018.10.026.

69. Schug TT, Blawas AM, Gray K, Heindel JJ, Lawler CP. Elucidating the links
between endocrine disruptors and neurodevelopment. Endocrinology.
2015;156:1941–51. https://doi.org/10.1210/en.2014-1734.

70. Braun JM. Early-life exposure to EDCs: role in childhood obesity and
neurodevelopment. Nat Rev Endocrinol. 2017;13:161–73. https://doi.org/10.
1038/nrendo.2016.186.

71. Engel SM, Miodovnik A, Canfield RL, Zhu C, Silva MJ, Calafat AM, et al.
Prenatal phthalate exposure is associated with childhood behavior and
executive functioning. Environ Health Perspect. 2010;118:565–71. https://doi.
org/10.1289/ehp.0901470.

72. Whyatt RM, Liu X, Rauh VA, Calafat AM, Just AC, Hoepner L, et al. Maternal
prenatal urinary phthalate metabolite concentrations and child mental,
psychomotor, and behavioral development at 3 years of age. Environ Health
Perspect. 2012;120:290–5. https://doi.org/10.1289/ehp.1103705.

73. Ponsonby A-L, Symeonides C, Saffery R, Mueller JF, O’Hely M, Sly PD, et al.
Prenatal phthalate exposure, oxidative stress-related genetic vulnerability
and early life neurodevelopment: a birth cohort study. Neurotoxicology.
2020. https://doi.org/10.1016/j.neuro.2020.05.006.

74. Romano ME, Webster GM, Vuong AM, Thomas Zoeller R, Chen A, Hoofnagle
AN, et al. Gestational urinary bisphenol a and maternal and newborn
thyroid hormone concentrations: the HOME study. Environ Res. 2015;138:
453–60. https://doi.org/10.1016/j.envres.2015.03.003.

75. Vandenberg LN, Hunt PA, Gore AC. Endocrine disruptors and the future of
toxicology testing - lessons from CLARITY-BPA. Nat Rev Endocrinol. 2019;15:
366–74. https://doi.org/10.1038/s41574-019-0173-y.

76. Perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA) and.
https://www.efsa.europa.eu/en/efsajournal/pub/653. Accessed 14 Jul 2020.

77. Liew Z, Ritz B, von Ehrenstein OS, Bech BH, Nohr EA, Fei C, et al. Attention
deficit/hyperactivity disorder and childhood autism in association with
prenatal exposure to perfluoroalkyl substances: a nested case-control study
in the Danish National Birth Cohort. Environ Health Perspect. 2015;123:367–
73. https://doi.org/10.1289/ehp.1408412.

78. Ode A, Källén K, Gustafsson P, Rylander L, Jönsson BAG, Olofsson P, et al.
Fetal exposure to perfluorinated compounds and attention deficit
hyperactivity disorder in childhood. PLoS One. 2014;9:e95891. https://doi.
org/10.1371/journal.pone.0095891.

79. Granillo L, Sethi S, Keil KP, Lin Y, Ozonoff S, Iosif A-M, et al.
Polychlorinated biphenyls influence on autism spectrum disorder risk in
the MARBLES cohort. Environ Res. 2019;171:177–84. https://doi.org/10.
1016/j.envres.2018.12.061.

80. Emberti Gialloreti L, Mazzone L, Benvenuto A, Fasano A, Alcon AG,
Kraneveld A, et al. Risk and protective environmental factors associated with
autism spectrum disorder: evidence-based principles and recommendations.
J Clin Med. 2019;8. https://doi.org/10.3390/jcm8020217.

81. Pelch KE, Bolden AL, Kwiatkowski CF. Environmental chemicals and autism:
a scoping review of the human and animal research. Environ Health
Perspect. 2019;127:46001. https://doi.org/10.1289/EHP4386.

82. Homberg JR, Kyzar EJ, Scattoni ML, Norton WH, Pittman J, Gaikwad S, et al.
Genetic and environmental modulation of neurodevelopmental disorders:
translational insights from labs to beds. Brain Res Bull. 2016;125:79–91.
https://doi.org/10.1016/j.brainresbull.2016.04.015.

83. May PA, Baete A, Russo J, Elliott AJ, Blankenship J, Kalberg WO, et al.
Prevalence and characteristics of fetal alcohol spectrum disorders. Pediatrics.
2014;134:855–66. https://doi.org/10.1542/peds.2013-3319.

84. Tran NQV, Miyake K. Neurodevelopmental disorders and environmental
toxicants: epigenetics as an underlying mechanism. Int J Genomics. 2017;
2017:7526592. https://doi.org/10.1155/2017/7526592.

85. Dominguez-Salas P, Moore SE, Baker MS, Bergen AW, Cox SE, Dyer RA, et al.
Maternal nutrition at conception modulates DNA methylation of human
metastable epialleles. Nat Commun. 2014;5:3746. https://doi.org/10.1038/
ncomms4746.

86. Maccari S, Krugers HJ, Morley-Fletcher S, Szyf M, Brunton PJ. The
consequences of early-life adversity: neurobiological, behavioural and

epigenetic adaptations. J Neuroendocrinol. 2014;26:707–23. https://doi.org/
10.1111/jne.12175.

87. Bedrosian TA, Quayle C, Novaresi N, Gage FH. Early life experience drives
structural variation of neural genomes in mice. Science. 2018;359:1395–9.
https://doi.org/10.1126/science.aah3378.

88. Boukhris T, Sheehy O, Mottron L, Bérard A. Antidepressant use during
pregnancy and the risk of autism spectrum disorder in children. JAMA
Pediatr. 2016;170:117–24. https://doi.org/10.1001/jamapediatrics.2015.3356.

89. Christensen J, Grønborg TK, Sørensen MJ, Schendel D, Parner ET, Pedersen
LH, et al. Prenatal valproate exposure and risk of autism spectrum disorders
and childhood autism. JAMA. 2013;309:1696–703. https://doi.org/10.1001/
jama.2013.2270.

90. Bornehag CG, Reichenberg A, Hallerback MU, Wikstrom S, Koch HM,
Jonsson BA, et al. Prenatal exposure to acetaminophen and children’s
language development at 30 months. Eur Psychiatry. 2018;51:98–103.
https://doi.org/10.1016/j.eurpsy.2017.10.007.

91. Grandjean P, Landrigan PJ. Developmental neurotoxicity of industrial
chemicals. Lancet. 2006;368:2167–78. https://doi.org/10.1016/S0140-
6736(06)69665-7.

92. Giordano G, Costa LG. Developmental neurotoxicity: some old and new
issues. ISRN Toxicol. 2012;2012:814795. https://doi.org/10.5402/2012/814795.

93. Saunders NR, Dziegielewska KM. Developmental neurotoxicity of industrial
chemicals. Lancet. 2007;369:821. https://doi.org/10.1016/S0140-
6736(07)60397-3.

94. Gilbert SG, Weiss B. A rationale for lowering the blood lead action level
from 10 to 2 microg/dL. Neurotoxicology. 2006;27:693–701. https://doi.org/
10.1016/j.neuro.2006.06.008.

95. Grandjean P. Even low-dose lead exposure is hazardous. Lancet. 2010;376:
855–6. https://doi.org/10.1016/S0140-6736(10)60745-3.

96. Simons TJ. Lead-calcium interactions in cellular lead toxicity.
Neurotoxicology. 1993;14:77–85.

97. Marchetti C. Molecular targets of lead in brain neurotoxicity. Neurotox Res.
2003;5:221–36. https://doi.org/10.1007/bf03033142.

98. Neal AP, Guilarte TR. Molecular neurobiology of lead (Pb(2+)): effects on
synaptic function. Mol Neurobiol. 2010;42:151–60. https://doi.org/10.1007/
s12035-010-8146-0.

99. Zheng W, Aschner M, Ghersi-Egea J-F. Brain barrier systems: a new frontier
in metal neurotoxicological research. Toxicol Appl Pharmacol. 2003;192:1–
11. https://doi.org/10.1016/s0041-008x(03)00251-5.

100. Farina M, Rocha JBT, Aschner M. Mechanisms of methylmercury-induced
neurotoxicity: evidence from experimental studies. Life Sci. 2011;89:555–63.
https://doi.org/10.1016/j.lfs.2011.05.019.

101. National Research Council (US) Committee on the Toxicological Effects of
Methylmercury. Toxicological effects of methylmercury. Washington (DC):
National Academies Press (US); 2000. https://doi.org/10.17226/9899.

102. Pirrone N, Mahaffey KR, editors. Dynamics of mercury pollution on regional
and global scales: Boston. MA: Springer US; 2005. https://doi.org/10.1007/
b105709.

103. Integrated Science Assessment (ISA) for particulate matter (Final Report, Dec
2009) | Risk Assessment Portal | US EPA. https://cfpub.epa.gov/ncea/risk/
recordisplay.cfm?deid = 216546#Download. Accessed 14 Jul 2020.

104. Levesque S, Taetzsch T, Lull ME, Johnson JA, McGraw C, Block ML. The role
of MAC1 in diesel exhaust particle-induced microglial activation and loss of
dopaminergic neuron function. J Neurochem. 2013;125:756–65. https://doi.
org/10.1111/jnc.12231.

105. Fonken LK, Xu X, Weil ZM, Chen G, Sun Q, Rajagopalan S, et al. Air pollution
impairs cognition, provokes depressive-like behaviors and alters
hippocampal cytokine expression and morphology. Mol Psychiatry. 2011;16:
987–95973. https://doi.org/10.1038/mp.2011.76.

106. Guo L, Zhu N, Guo Z, Li G, Chen C, Sang N, et al. Particulate matter
(PM10) exposure induces endothelial dysfunction and inflammation in
rat brain. J Hazard Mater. 2012;213–214:28–37. https://doi.org/10.1016/j.
jhazmat.2012.01.034.

107. WHO | Global assessment of the state-of-the-science of endocrine
disruptors. https://www.who.int/ipcs/publications/new_issues/endocrine_
disruptors/en/. Accessed 14 Jul 2020.

108. Process to set scientific criteria to identify endocrine disruptors | Public
Health. https://ec.europa.eu/health/endocrine_disruptors/process_en.
Accessed 14 Jul 2020.

109. Baccarelli A, Bollati V. Epigenetics and environmental chemicals. Curr Opin
Pediatr. 2009;21:243–51.

Cheroni et al. Molecular Autism           (2020) 11:69 Page 16 of 18

https://doi.org/10.1001/jamapediatrics.2018.3101
https://doi.org/10.1001/jamapediatrics.2018.3101
https://doi.org/10.1016/j.envint.2018.10.026
https://doi.org/10.1210/en.2014-1734
https://doi.org/10.1038/nrendo.2016.186
https://doi.org/10.1038/nrendo.2016.186
https://doi.org/10.1289/ehp.0901470
https://doi.org/10.1289/ehp.0901470
https://doi.org/10.1289/ehp.1103705
https://doi.org/10.1016/j.neuro.2020.05.006
https://doi.org/10.1016/j.envres.2015.03.003
https://doi.org/10.1038/s41574-019-0173-y
https://www.efsa.europa.eu/en/efsajournal/pub/653
https://doi.org/10.1289/ehp.1408412
https://doi.org/10.1371/journal.pone.0095891
https://doi.org/10.1371/journal.pone.0095891
https://doi.org/10.1016/j.envres.2018.12.061
https://doi.org/10.1016/j.envres.2018.12.061
https://doi.org/10.3390/jcm8020217
https://doi.org/10.1289/EHP4386
https://doi.org/10.1016/j.brainresbull.2016.04.015
https://doi.org/10.1542/peds.2013-3319
https://doi.org/10.1155/2017/7526592
https://doi.org/10.1038/ncomms4746
https://doi.org/10.1038/ncomms4746
https://doi.org/10.1111/jne.12175
https://doi.org/10.1111/jne.12175
https://doi.org/10.1126/science.aah3378
https://doi.org/10.1001/jamapediatrics.2015.3356
https://doi.org/10.1001/jama.2013.2270
https://doi.org/10.1001/jama.2013.2270
https://doi.org/10.1016/j.eurpsy.2017.10.007
https://doi.org/10.1016/S0140-6736(06)69665-7
https://doi.org/10.1016/S0140-6736(06)69665-7
https://doi.org/10.5402/2012/814795
https://doi.org/10.1016/S0140-6736(07)60397-3
https://doi.org/10.1016/S0140-6736(07)60397-3
https://doi.org/10.1016/j.neuro.2006.06.008
https://doi.org/10.1016/j.neuro.2006.06.008
https://doi.org/10.1016/S0140-6736(10)60745-3
https://doi.org/10.1007/bf03033142
https://doi.org/10.1007/s12035-010-8146-0
https://doi.org/10.1007/s12035-010-8146-0
https://doi.org/10.1016/s0041-008x(03)00251-5
https://doi.org/10.1016/j.lfs.2011.05.019
https://doi.org/10.17226/9899
https://doi.org/10.1007/b105709
https://doi.org/10.1007/b105709
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid%20=%20216546%23Download
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid%20=%20216546%23Download
https://doi.org/10.1111/jnc.12231
https://doi.org/10.1111/jnc.12231
https://doi.org/10.1038/mp.2011.76
https://doi.org/10.1016/j.jhazmat.2012.01.034
https://doi.org/10.1016/j.jhazmat.2012.01.034
https://www.who.int/ipcs/publications/new_issues/endocrine_disruptors/en/
https://www.who.int/ipcs/publications/new_issues/endocrine_disruptors/en/
https://ec.europa.eu/health/endocrine_disruptors/process_en


110. Moosa A, Shu H, Sarachana T, Hu VW. Are endocrine disrupting compounds
environmental risk factors for autism spectrum disorder? Horm Behav. 2018;
101:13–21. https://doi.org/10.1016/j.yhbeh.2017.10.003.

111. Bornehag C-G, Lundgren B, Weschler CJ, Sigsgaard T, Hagerhed-Engman L,
Sundell J. Phthalates in indoor dust and their association with building
characteristics. Environ Health Perspect. 2005;113:1399–404. https://doi.org/
10.1289/ehp.7809.

112. Braun JM, Just AC, Williams PL, Smith KW, Calafat AM, Hauser R. Personal
care product use and urinary phthalate metabolite and paraben
concentrations during pregnancy among women from a fertility clinic. J
Expo Sci Environ Epidemiol. 2014;24:459–66. https://doi.org/10.1038/jes.
2013.69.

113. Singh AR, Lawrence WH, Autian J. Maternal-fetal transfer of 14C-di-2-
ethylhexyl phthalate and 14C-diethyl phthalate in rats. J Pharm Sci. 1975;64:
1347–50. https://doi.org/10.1002/jps.2600640819.

114. Milligan SR, Balasubramanian AV, Kalita JC. Relative potency of xenobiotic
estrogens in an acute in vivo mammalian assay. Environ Health Perspect.
1998;106:23–6. https://doi.org/10.1289/ehp.9810623.

115. Gerona R, Vom Saal FS, Hunt PA. BPA: have flawed analytical techniques
compromised risk assessments? Lancet Diabetes Endocrinol. 2020;8:11–3.
https://doi.org/10.1016/S2213-8587(19)30381-X.

116. Boas M, Feldt-Rasmussen U, Main KM. Thyroid effects of endocrine
disrupting chemicals. Mol Cell Endocrinol. 2012;355:240–8. https://doi.org/
10.1016/j.mce.2011.09.005.

117. Vanden Heuvel JP, Thompson JT, Frame SR, Gillies PJ. Differential activation
of nuclear receptors by perfluorinated fatty acid analogs and natural fatty
acids: a comparison of human, mouse, and rat peroxisome proliferator-
activated receptor-alpha, -beta, and -gamma, liver X receptor-beta, and
retinoid X receptor-alpha. Toxicol Sci. 2006;92:476–89. https://doi.org/10.
1093/toxsci/kfl014.

118. Ye L, Guo J, Ge R-S. Environmental pollutants and hydroxysteroid
dehydrogenases. Vitam Horm. 2014;94:349–90. https://doi.org/10.1016/B978-
0-12-800095-3.00013-4.

119. Vandenberg LN, Colborn T, Hayes TB, Heindel JJ, Jacobs DR, Lee D-H, et al.
Hormones and endocrine-disrupting chemicals: low-dose effects and
nonmonotonic dose responses. Endocr Rev. 2012;33:378–455. https://doi.
org/10.1210/er.2011-1050.

120. Beausoleil C, Beronius A, Bodin L, Bokkers BGH, Boon PE, Burger M, et al.
Review of non-monotonic dose-responses of substances for human risk
assessment. EFS3. 2016;13. doi:https://doi.org/10.2903/sp.efsa.2016.EN-1027.

121. Barouki R, Gluckman PD, Grandjean P, Hanson M, Heindel JJ. Developmental
origins of non-communicable disease: implications for research and public
health. Environ Health. 2012;11:42. https://doi.org/10.1186/1476-069X-11-42.

122. Skinner MK, Manikkam M, Guerrero-Bosagna C. Epigenetic transgenerational
actions of environmental factors in disease etiology. Trends Endocrinol
Metab. 2010;21:214–22. https://doi.org/10.1016/j.tem.2009.12.007.

123. Kortenkamp A. Low dose mixture effects of endocrine disrupters and their
implications for regulatory thresholds in chemical risk assessment. Curr Opin
Pharmacol. 2014;19:105–11. https://doi.org/10.1016/j.coph.2014.08.006.

124. Escher BI, Stapleton HM, Schymanski EL. Tracking complex mixtures of
chemicals in our changing environment. Science. 2020;367:388–92. https://
doi.org/10.1126/science.aay6636.

125. Barouki R. Endocrine disruptors: revisiting concepts and dogma in
toxicology. C R Biol. 2017;340:410–3. https://doi.org/10.1016/j.crvi.2017.
07.005.

126. Spearow JL, Doemeny P, Sera R, Leffler R, Barkley M. Genetic variation in
susceptibility to endocrine disruption by estrogen in mice. Science. 1999;
285:1259–61. https://doi.org/10.1126/science.285.5431.1259.

127. Stenz L, Rahban R, Prados J, Nef S, Paoloni-Giacobino A. Genetic resistance
to DEHP-induced transgenerational endocrine disruption. PLoS One. 2019;
14:e0208371. https://doi.org/10.1371/journal.pone.0208371.

128. Woods R, Vallero RO, Golub MS, Suarez JK, Ta TA, Yasui DH, et al. Long-lived
epigenetic interactions between perinatal PBDE exposure and Mecp2308
mutation. Hum Mol Genet. 2012;21:2399–411. https://doi.org/10.1093/hmg/
dds046.

129. Volk HE, Kerin T, Lurmann F, Hertz-Picciotto I, McConnell R, Campbell DB.
Autism spectrum disorder: interaction of air pollution with the MET receptor
tyrosine kinase gene. Epidemiology. 2014;25:44–7. https://doi.org/10.1097/
EDE.0000000000000030.

130. Schmidt RJ, Hansen RL, Hartiala J, Allayee H, Schmidt LC, Tancredi DJ, et al.
Prenatal vitamins, one-carbon metabolism gene variants, and risk for autism.

Epidemiology. 2011;22:476–85. https://doi.org/10.1097/EDE.
0b013e31821d0e30.

131. Hegarty JP, Pegoraro LFL, Lazzeroni LC, Raman MM, Hallmayer JF, Monterrey
JC, et al. Genetic and environmental influences on structural brain measures
in twins with autism spectrum disorder. Mol Psychiatry. 2019. https://doi.
org/10.1038/s41380-018-0330-z.

132. Modabbernia A, Velthorst E, Reichenberg A. Environmental risk factors for
autism: an evidence-based review of systematic reviews and meta-analyses.
Mol Autism. 2017;8:13. https://doi.org/10.1186/s13229-017-0121-4.

133. Kinney DK, Barch DH, Chayka B, Napoleon S, Munir KM. Environmental risk
factors for autism: do they help cause de novo genetic mutations that
contribute to the disorder? Med Hypotheses. 2010;74:102–6. https://doi.org/
10.1016/j.mehy.2009.07.052.

134. Mitchell MM, Woods R, Chi L-H, Schmidt RJ, Pessah IN, Kostyniak PJ, et al.
Levels of select PCB and PBDE congeners in human postmortem brain
reveal possible environmental involvement in 15q11-q13 duplication autism
spectrum disorder. Environ Mol Mutagen. 2012;53:589–98. https://doi.org/10.
1002/em.21722.

135. Phiel CJ, Zhang F, Huang EY, Guenther MG, Lazar MA, Klein PS. Histone
deacetylase is a direct target of valproic acid, a potent anticonvulsant,
mood stabilizer, and teratogen. J Biol Chem. 2001;276:36734–41. https://doi.
org/10.1074/jbc.M101287200.

136. Irwin RE, Pentieva K, Cassidy T, Lees-Murdock DJ, McLaughlin M, Prasad G, et al.
The interplay between DNA methylation, folate and neurocognitive
development. Epigenomics. 2016;8:863–79. https://doi.org/10.2217/epi-2016-0003.

137. Birgersson L, Borbely G, Caporale N, Germain P-L, Leemans M, Rendel F,
et al. From cohorts to molecules: adverse impacts of endocrine disrupting
mixtures. BioRxiv. 2017. https://doi.org/10.1101/206664.

138. Esposito G, Azhari A, Borelli JL. Gene × environment interaction in
developmental disorders: where do we stand and what’s next? Front
Psychol. 2018;9:2036. https://doi.org/10.3389/fpsyg.2018.02036.

139. Dick DM, Agrawal A, Keller MC, Adkins A, Aliev F, Monroe S, et al. Candidate
gene-environment interaction research: reflections and recommendations.
Perspect Psychol Sci. 2015;10:37–59. https://doi.org/10.1177/
1745691614556682.

140. International Exposome Research Projects - The Human Exposome Project.
https://humanexposomeproject.com/international-exposome-research-
centers. Accessed 14 Jul 2020.

141. van Loo KMJ, Martens GJM. Genetic and environmental factors in complex
neurodevelopmental disorders. Curr Genomics. 2007;8:429–44. https://doi.
org/10.2174/138920207783591717.

142. Torkamani A, Andersen KG, Steinhubl SR, Topol EJ. High-definition medicine.
Cell. 2017;170:828–43. https://doi.org/10.1016/j.cell.2017.08.007.

143. López-Tobón A, Villa CE, Cheroni C, Trattaro S, Caporale N, Conforti P, et al.
Human cortical organoids expose a differential function of GSK3 on cortical
neurogenesis. Stem Cell Rep. 2019;13:847–61. https://doi.org/10.1016/j.
stemcr.2019.09.005.

144. Pollen AA, Nowakowski TJ, Chen J, Retallack H, Sandoval-Espinosa C,
Nicholas CR, et al. Molecular identity of human outer radial glia during
cortical development. Cell. 2015;163:55–67. https://doi.org/10.1016/j.cell.
2015.09.004.

145. Qian X, Song H, Ming G-L. Brain organoids: advances, applications and
challenges. Development. 2019;146. https://doi.org/10.1242/dev.166074.

146. Renner M, Lancaster MA, Bian S, Choi H, Ku T, Peer A, et al. Self-organized
developmental patterning and differentiation in cerebral organoids. EMBO J.
2017;36:1316–29. https://doi.org/10.15252/embj.201694700.

147. Lancaster MA, Knoblich JA. Generation of cerebral organoids from human
pluripotent stem cells. Nat Protoc. 2014;9:2329–40. https://doi.org/10.1038/
nprot.2014.158.

148. Lancaster MA, Renner M, Martin C-A, Wenzel D, Bicknell LS, Hurles ME, et al.
Cerebral organoids model human brain development and microcephaly.
Nature. 2013;501:373–9. https://doi.org/10.1038/nature12517.

149. Quadrato G, Arlotta P. Present and future of modeling human brain
development in 3D organoids. Curr Opin Cell Biol. 2017;49:47–52. https://
doi.org/10.1016/j.ceb.2017.11.010.

150. Jo J, Xiao Y, Sun AX, Cukuroglu E, Tran H-D, Göke J, et al. Midbrain-like
organoids from human pluripotent stem cells contain functional
dopaminergic and neuromelanin-producing neurons. Cell Stem Cell. 2016;
19:248–57. https://doi.org/10.1016/j.stem.2016.07.005.

151. Paşca AM, Sloan SA, Clarke LE, Tian Y, Makinson CD, Huber N, et al.
Functional cortical neurons and astrocytes from human pluripotent stem

Cheroni et al. Molecular Autism           (2020) 11:69 Page 17 of 18

https://doi.org/10.1016/j.yhbeh.2017.10.003
https://doi.org/10.1289/ehp.7809
https://doi.org/10.1289/ehp.7809
https://doi.org/10.1038/jes.2013.69
https://doi.org/10.1038/jes.2013.69
https://doi.org/10.1002/jps.2600640819
https://doi.org/10.1289/ehp.9810623
https://doi.org/10.1016/S2213-8587(19)30381-X
https://doi.org/10.1016/j.mce.2011.09.005
https://doi.org/10.1016/j.mce.2011.09.005
https://doi.org/10.1093/toxsci/kfl014
https://doi.org/10.1093/toxsci/kfl014
https://doi.org/10.1016/B978-0-12-800095-3.00013-4
https://doi.org/10.1016/B978-0-12-800095-3.00013-4
https://doi.org/10.1210/er.2011-1050
https://doi.org/10.1210/er.2011-1050
https://doi.org/10.2903/sp.efsa.2016.EN-1027
https://doi.org/10.1186/1476-069X-11-42
https://doi.org/10.1016/j.tem.2009.12.007
https://doi.org/10.1016/j.coph.2014.08.006
https://doi.org/10.1126/science.aay6636
https://doi.org/10.1126/science.aay6636
https://doi.org/10.1016/j.crvi.2017.07.005
https://doi.org/10.1016/j.crvi.2017.07.005
https://doi.org/10.1126/science.285.5431.1259
https://doi.org/10.1371/journal.pone.0208371
https://doi.org/10.1093/hmg/dds046
https://doi.org/10.1093/hmg/dds046
https://doi.org/10.1097/EDE.0000000000000030
https://doi.org/10.1097/EDE.0000000000000030
https://doi.org/10.1097/EDE.0b013e31821d0e30
https://doi.org/10.1097/EDE.0b013e31821d0e30
https://doi.org/10.1038/s41380-018-0330-z
https://doi.org/10.1038/s41380-018-0330-z
https://doi.org/10.1186/s13229-017-0121-4
https://doi.org/10.1016/j.mehy.2009.07.052
https://doi.org/10.1016/j.mehy.2009.07.052
https://doi.org/10.1002/em.21722
https://doi.org/10.1002/em.21722
https://doi.org/10.1074/jbc.M101287200
https://doi.org/10.1074/jbc.M101287200
https://doi.org/10.2217/epi-2016-0003
https://doi.org/10.1101/206664
https://doi.org/10.3389/fpsyg.2018.02036
https://doi.org/10.1177/1745691614556682
https://doi.org/10.1177/1745691614556682
https://humanexposomeproject.com/international-exposome-research-centers
https://humanexposomeproject.com/international-exposome-research-centers
https://doi.org/10.2174/138920207783591717
https://doi.org/10.2174/138920207783591717
https://doi.org/10.1016/j.cell.2017.08.007
https://doi.org/10.1016/j.stemcr.2019.09.005
https://doi.org/10.1016/j.stemcr.2019.09.005
https://doi.org/10.1016/j.cell.2015.09.004
https://doi.org/10.1016/j.cell.2015.09.004
https://doi.org/10.1242/dev.166074
https://doi.org/10.15252/embj.201694700
https://doi.org/10.1038/nprot.2014.158
https://doi.org/10.1038/nprot.2014.158
https://doi.org/10.1038/nature12517
https://doi.org/10.1016/j.ceb.2017.11.010
https://doi.org/10.1016/j.ceb.2017.11.010
https://doi.org/10.1016/j.stem.2016.07.005


cells in 3D culture. Nat Methods. 2015;12:671–8. https://doi.org/10.1038/
nmeth.3415.

152. Sakaguchi H, Kadoshima T, Soen M, Narii N, Ishida Y, Ohgushi M, et al.
Generation of functional hippocampal neurons from self-organizing human
embryonic stem cell-derived dorsomedial telencephalic tissue. Nat
Commun. 2015;6:8896. https://doi.org/10.1038/ncomms9896.

153. Xiang Y, Tanaka Y, Cakir B, Patterson B, Kim K-Y, Sun P, et al. hESC-derived
thalamic organoids form reciprocal projections when fused with cortical
organoids. Cell Stem Cell. 2019;24:487–497.e7. https://doi.org/10.1016/j.stem.
2018.12.015.

154. Velasco S, Kedaigle AJ, Simmons SK, Nash A, Rocha M, Quadrato G, et al.
Individual brain organoids reproducibly form cell diversity of the human
cerebral cortex. Nature. 2019;570:523–7. https://doi.org/10.1038/s41586-019-
1289-x.

155. Cakir B, Xiang Y, Tanaka Y, Kural MH, Parent M, Kang Y-J, et al. Engineering
of human brain organoids with a functional vascular-like system. Nat
Methods. 2019;16:1169–75. https://doi.org/10.1038/s41592-019-0586-5.

156. Cederquist GY, Asciolla JJ, Tchieu J, Walsh RM, Cornacchia D, Resh MD, et al.
Specification of positional identity in forebrain organoids. Nat Biotechnol.
2019;37:436–44. https://doi.org/10.1038/s41587-019-0085-3.

157. Garcez PP, Loiola EC. Madeiro da Costa R, Higa LM, Trindade P, Delvecchio
R, et al. Zika virus impairs growth in human neurospheres and brain
organoids. Science. 2016;352:816–8. https://doi.org/10.1126/science.aaf6116.

158. Qian X, Nguyen HN, Jacob F, Song H, Ming G-L. Using brain organoids to
understand Zika virus-induced microcephaly. Development. 2017;144:952–7.
https://doi.org/10.1242/dev.140707.

159. Mariani J, Coppola G, Zhang P, Abyzov A, Provini L, Tomasini L, et al.
FOXG1-dependent dysregulation of GABA/glutamate neuron differentiation
in autism spectrum disorders. Cell. 2015;162:375–90. https://doi.org/10.1016/
j.cell.2015.06.034.

160. Schafer ST, Paquola ACM, Stern S, Gosselin D, Ku M, Pena M, et al.
Pathological priming causes developmental gene network heterochronicity
in autistic subject-derived neurons. Nat Neurosci. 2019;22:243–55. https://
doi.org/10.1038/s41593-018-0295-x.

161. Birey F, Andersen J, Makinson CD, Islam S, Wei W, Huber N, et al. Assembly
of functionally integrated human forebrain spheroids. Nature. 2017;545:54–9.
https://doi.org/10.1038/nature22330.

162. Driehuis E, Clevers H. CRISPR/Cas 9 genome editing and its applications in
organoids. Am J Physiol Gastrointest Liver Physiol. 2017;312:G257–65.
https://doi.org/10.1152/ajpgi.00410.2016.

163. Schwank G, Koo B-K, Sasselli V, Dekkers JF, Heo I, Demircan T, et al.
Functional repair of CFTR by CRISPR/Cas9 in intestinal stem cell organoids
of cystic fibrosis patients. Cell Stem Cell. 2013;13:653–8. https://doi.org/10.
1016/j.stem.2013.11.002.

164. Freedman BS, Brooks CR, Lam AQ, Fu H, Morizane R, Agrawal V, et al.
Modelling kidney disease with CRISPR-mutant kidney organoids derived
from human pluripotent epiblast spheroids. Nat Commun. 2015;6:8715.
https://doi.org/10.1038/ncomms9715.

165. Matano M, Date S, Shimokawa M, Takano A, Fujii M, Ohta Y, et al. Modeling
colorectal cancer using CRISPR-Cas9-mediated engineering of human intestinal
organoids. Nat Med. 2015;21:256–62. https://doi.org/10.1038/nm.3802.

166. Verissimo CS, Overmeer RM, Ponsioen B, Drost J, Mertens S, Verlaan-Klink I,
et al. Targeting mutant RAS in patient-derived colorectal cancer organoids
by combinatorial drug screening. Elife. 2016;5. https://doi.org/10.7554/eLife.
18489.

167. Nie J, Hashino E. Organoid technologies meet genome engineering. EMBO
Rep. 2017;18:367–76. https://doi.org/10.15252/embr.201643732.

168. Datlinger P, Rendeiro AF, Schmidl C, Krausgruber T, Traxler P, Klughammer J,
et al. Pooled CRISPR screening with single-cell transcriptome readout. Nat
Methods. 2017;14:297–301. https://doi.org/10.1038/nmeth.4177.

169. Boettcher M, Tian R, Blau JA, Markegard E, Wagner RT, Wu D, et al. Dual
gene activation and knockout screen reveals directional dependencies in
genetic networks. Nat Biotechnol. 2018;36:170–8. https://doi.org/10.1038/
nbt.4062.

170. Gasperini M, Hill AJ, McFaline-Figueroa JL, Martin B, Kim S, Zhang MD, et al.
A genome-wide framework for mapping gene regulation via cellular
genetic screens. Cell. 2019;176:377–390.e19. https://doi.org/10.1016/j.cell.
2018.11.029.

171. Jin X, Simmons SK, Guo AX, Shetty AS, Ko M, Nguyen L, et al. In vivo
perturb-Seq reveals neuronal and glial abnormalities associated with autism
risk genes. BioRxiv. 2019. https://doi.org/10.1101/791525.

172. Ecker JR, Geschwind DH, Kriegstein AR, Ngai J, Osten P, Polioudakis D, et al.
The BRAIN initiative cell census consortium: lessons learned toward
generating a comprehensive BRAIN cell atlas. Neuron. 2017;96:542–57.
https://doi.org/10.1016/j.neuron.2017.10.007.

173. Regev A, Teichmann SA, Lander ES, Amit I, Benoist C, Birney E, et al. The
human cell atlas. Elife. 2017;6. https://doi.org/10.7554/eLife.27041.

174. https://lifetime-fetflagship.eu/. The LifeTime initiative - LifeTime FET flagship.
https://lifetime-fetflagship.eu/. Accessed 14 Jul 2020.

175. Taylor SR, Santpere G, Reilly M, Glenwinkel L, Poff A, McWhirter R, Et al.
Expression profiling of the mature C. elegans nervous system by single-cell
RNA-sequencing. BioRxiv. 2019. doi:https://doi.org/10.1101/737577.

176. Haghverdi L, Büttner M, Wolf FA, Buettner F, Theis FJ. Diffusion pseudotime
robustly reconstructs lineage branching. Nat Methods. 2016;13:845–8.
https://doi.org/10.1038/nmeth.3971.

177. Tritschler S, Büttner M, Fischer DS, Lange M, Bergen V, Lickert H, et al.
Concepts and limitations for learning developmental trajectories from single
cell genomics. Development. 2019;146. https://doi.org/10.1242/dev.170506.

178. La Manno G, Soldatov R, Zeisel A, Braun E, Hochgerner H, Petukhov V, et al.
RNA velocity of single cells. Nature. 2018;560:494–8. https://doi.org/10.1038/
s41586-018-0414-6.

179. Svensson V, Pachter L. RNA velocity: molecular kinetics from single-cell RNA-
seq. Mol Cell. 2018;72:7–9. https://doi.org/10.1016/j.molcel.2018.09.026.

180. Bergen V, Lange M, Peidli S, Wolf FA, Theis FJ. Generalizing RNA velocity to
transient cell states through dynamical modeling. BioRxiv. 2019. https://doi.
org/10.1101/820936.

181. Polioudakis D, de la Torre-Ubieta L, Langerman J, Elkins AG, Shi X, Stein JL,
et al. A single-cell transcriptomic atlas of human neocortical development
during mid-gestation. Neuron. 2019;103:785–801.e8. https://doi.org/10.1016/
j.neuron.2019.06.011.

182. Amiri A, Coppola G, Scuderi S, Wu F, Roychowdhury T, Liu F, et al.
Transcriptome and epigenome landscape of human cortical development
modeled in organoids. Science. 2018;362. https://doi.org/10.1126/science.
aat6720.

183. Kanton S, Boyle MJ, He Z, Santel M, Weigert A, Sanchís-Calleja F, et al.
Organoid single-cell genomic atlas uncovers human-specific features of
brain development. Nature. 2019;574:418–22. https://doi.org/10.1038/
s41586-019-1654-9.

184. Velmeshev D, Schirmer L, Jung D, Haeussler M, Perez Y, Mayer S,
et al. Single-cell genomics identifies cell type-specific molecular
changes in autism. Science. 2019;364:685–9. https://doi.org/10.1126/
science.aav8130.

185. Fritsche E, Grandjean P, Crofton KM, Aschner M, Goldberg A, Heinonen T,
et al. Consensus statement on the need for innovation, transition and
implementation of developmental neurotoxicity (DNT) testing for regulatory
purposes. Toxicol Appl Pharmacol. 2018;354:3–6. https://doi.org/10.1016/j.
taap.2018.02.004.

186. Bal-Price A, Pistollato F, Sachana M, Bopp SK, Munn S, Worth A. Strategies to
improve the regulatory assessment of developmental neurotoxicity (DNT)
using in vitro methods. Toxicol Appl Pharmacol. 2018;354:7–18. https://doi.
org/10.1016/j.taap.2018.02.008.

187. ENDpoiNTs | ENDpoiNTS. https://endpoints.eu/. Accessed 14 Jul 2020.
188. Heaton H, Talman AM, Knights A, Imaz M, Durbin R, Hemberg M, et al.

souporcell: robust clustering of single cell RNAseq by genotype and
ambient RNA inference without reference genotypes. BioRxiv. 2019. doi:
https://doi.org/10.1101/699637.

189. Huang Y, McCarthy DJ, Stegle O. Vireo: Bayesian demultiplexing of pooled
single-cell RNA-seq data without genotype reference. Genome Biol. 2019;20:
273. https://doi.org/10.1186/s13059-019-1865-2.

190. Kang HM, Subramaniam M, Targ S, Nguyen M, Maliskova L, McCarthy E,
et al. Multiplexed droplet single-cell RNA-sequencing using natural genetic
variation. Nat Biotechnol. 2018;36:89–94. https://doi.org/10.1038/nbt.4042.

191. Home - HELIX | Building the early life exposome. http://www.projecthelix.eu.
Accessed 14 Jul 2020.

192. Project Overview | Neurosome. http://www.neurosome.eu/index.php/
project/. Accessed 14 Jul 2020.

193. Home - EDC-MixRisk - safe chemicals for future generations. https://
edcmixrisk.ki.se/. Accessed 14 Jul 2020.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Cheroni et al. Molecular Autism           (2020) 11:69 Page 18 of 18

https://doi.org/10.1038/nmeth.3415
https://doi.org/10.1038/nmeth.3415
https://doi.org/10.1038/ncomms9896
https://doi.org/10.1016/j.stem.2018.12.015
https://doi.org/10.1016/j.stem.2018.12.015
https://doi.org/10.1038/s41586-019-1289-x
https://doi.org/10.1038/s41586-019-1289-x
https://doi.org/10.1038/s41592-019-0586-5
https://doi.org/10.1038/s41587-019-0085-3
https://doi.org/10.1126/science.aaf6116
https://doi.org/10.1242/dev.140707
https://doi.org/10.1016/j.cell.2015.06.034
https://doi.org/10.1016/j.cell.2015.06.034
https://doi.org/10.1038/s41593-018-0295-x
https://doi.org/10.1038/s41593-018-0295-x
https://doi.org/10.1038/nature22330
https://doi.org/10.1152/ajpgi.00410.2016
https://doi.org/10.1016/j.stem.2013.11.002
https://doi.org/10.1016/j.stem.2013.11.002
https://doi.org/10.1038/ncomms9715
https://doi.org/10.1038/nm.3802
https://doi.org/10.7554/eLife.18489
https://doi.org/10.7554/eLife.18489
https://doi.org/10.15252/embr.201643732
https://doi.org/10.1038/nmeth.4177
https://doi.org/10.1038/nbt.4062
https://doi.org/10.1038/nbt.4062
https://doi.org/10.1016/j.cell.2018.11.029
https://doi.org/10.1016/j.cell.2018.11.029
https://doi.org/10.1101/791525
https://doi.org/10.1016/j.neuron.2017.10.007
https://doi.org/10.7554/eLife.27041
https://lifetime-fetflagship.eu/
https://lifetime-fetflagship.eu/
https://doi.org/10.1101/737577
https://doi.org/10.1038/nmeth.3971
https://doi.org/10.1242/dev.170506
https://doi.org/10.1038/s41586-018-0414-6
https://doi.org/10.1038/s41586-018-0414-6
https://doi.org/10.1016/j.molcel.2018.09.026
https://doi.org/10.1101/820936
https://doi.org/10.1101/820936
https://doi.org/10.1016/j.neuron.2019.06.011
https://doi.org/10.1016/j.neuron.2019.06.011
https://doi.org/10.1126/science.aat6720
https://doi.org/10.1126/science.aat6720
https://doi.org/10.1038/s41586-019-1654-9
https://doi.org/10.1038/s41586-019-1654-9
https://doi.org/10.1126/science.aav8130
https://doi.org/10.1126/science.aav8130
https://doi.org/10.1016/j.taap.2018.02.004
https://doi.org/10.1016/j.taap.2018.02.004
https://doi.org/10.1016/j.taap.2018.02.008
https://doi.org/10.1016/j.taap.2018.02.008
https://endpoints.eu/
https://doi.org/10.1101/699637
https://doi.org/10.1186/s13059-019-1865-2
https://doi.org/10.1038/nbt.4042
http://www.projecthelix.eu
http://www.neurosome.eu/index.php/project/
http://www.neurosome.eu/index.php/project/
https://edcmixrisk.ki.se/
https://edcmixrisk.ki.se/

	Abstract
	Background
	The genetic architecture of ASD
	Genetic causes of autism: rare and common genetic variants associated with ASD
	Convergence of ASD risk genes in molecular functional domains

	Environmental risk factors for autism
	The specific vulnerability of the developing brain
	Heavy metals
	Air pollution
	Endocrine disruptors

	Gene × environment: convergence and interactions
	Interactions between genetic and environmental causes of ASD

	Transforming experimental approaches to dissect convergence of molecular circuitries
	iPSC and brain organoids to dissect temporal and spatial dynamics in neurodevelopment
	CRISPR genome editing to selectively target specific pathways and validate molecular hypothesis
	scRNASeq to obtain a read out at the single cell level

	ASD and developmental neurotoxicology: priorities, challenges, perspectives, and innovative paradigms
	Conclusions
	Abbreviations
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

