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Autism spectrum disorders (ASD) is a heterogeneous group of neurodevelopmental
disorders characterized by synaptic dysfunction and defects in dendritic spine
morphology. In the past decade, an extensive list of genes associated with ASD
has been identified by genome-wide sequencing initiatives. Several of these genes
functionally converge in the regulation of the Wnt/β-catenin signaling pathway, a
conserved cascade essential for stem cell pluripotency and cell fate decisions during
development. Here, we review current information regarding the transcriptional program
of Wnt/β-catenin signaling in ASD. First, we discuss that Wnt/β-catenin gain and
loss of function studies recapitulate brain developmental abnormalities associated with
ASD. Second, transcriptomic approaches using patient-derived induced pluripotent
stem cells (iPSC) cells, featuring mutations in high confidence ASD genes, reveal
a significant dysregulation in the expression of Wnt signaling components. Finally,
we focus on the activity of chromatin-remodeling proteins and transcription factors
considered high confidence ASD genes, including CHD8, ARID1B, ADNP, and TBR1,
that regulate Wnt/β-catenin-dependent transcriptional activity in multiple cell types,
including pyramidal neurons, interneurons and oligodendrocytes, cells which are
becoming increasingly relevant in the study of ASD. We conclude that the level of
Wnt/β-catenin signaling activation could explain the high phenotypical heterogeneity of
ASD and be instrumental in the development of new diagnostics tools and therapies.

Keywords: Wnt/β-catenin signaling, transcription, chromatin remodeling proteins, synaptic dysfunction, autism
spectrum disorders (ASD)

INTRODUCTION

Autism (from the Greek root auto: self) was first described by Kanner (1943), who clinically
characterized eleven cases, three girls and eight boys, with “extreme autistic aloneness” and
“anxiously obsessive desire for the maintenance of sameness.” Since then, the definition of autism
underwent constant revision to classify the pathology into a homogeneous subgroup. However,
the wide arrange of disorders that shared common features lead to comprise these disabilities
as autism spectrum disorders (ASD), thus widening the array of symptoms inside the diagnosis
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(Lai et al., 2014). To this day, Kanner described core symptoms
required for the diagnosis of ASD under the Diagnostic
and Statistical Manual of Mental Disorders (DSM; American
Psychiatry Association). As of 2013 the DSM-5 has refined the
criteria for diagnoses of ASD into two categories: persistent
impairment in reciprocal social communication and social
interaction; and restricted, repetitive patterns of behavior
(Ozonoff, 2012). Defining the diagnosis criteria for ASD will
continue to be a challenge in years to come, especially given
the rising incidence in the population. For instance, in 1992
the estimate was that 1 in 500 children had ASD in the US,
however, today it is estimated that 1 in 54 (Maenner et al.,
2020) children carry this condition.1 Additionally, studies in
Asia, Europe and North America have determined an average
prevalence of about 1% for the general population (Kim et al.,
2011). There are several potential explanations for an increase in
the observed prevalence of ASD including the inclusion of milder
neurodevelopmental differences bordering on normality, better
identification and screening methods, broader diagnostic criteria,
and increased awareness among parents and clinicians (Rice et al.,
2012; Graf et al., 2017).

The genetic etiology of autism was early recognized by
Kanner, the moment he noted that autistic children came
from highly intelligent families, though better at relating to
concepts than to people (Kanner, 1943). To date, family and
twin studies have established ASD as a highly inheritable
disease with a 90% phenotypic concordance among monozygotic
twins (Rosenberg et al., 2009), with mutations ranging from
single nucleotide variants (SNVs), copy number variants (CNVs)
and large-scale structural variants (SVs), such as deletions,
duplications, or translocations (Abrahams and Geschwind, 2008;
O’Roak et al., 2012b). Significant advancements in identifying
molecular mechanisms involved in ASD have been made
by studying common ASD comorbidities with Mendelian
inheritance patterns such as Tuberous Sclerosis (TSC1/2), Rett
syndrome (MECP2), Fragile X syndrome (FMR1), Phellan-
McDermid (SHANK3), Angelman (UBE3A), and Cowden
(PTEN) syndromes, but altogether these disorders do not account
for more than 10% of ASD cases (Sztainberg and Zoghbi, 2016).

Genetics and genome wide association studies (GWAS) have
identified over 900 genes associated with ASDs (see SFARI Gene
at: https://sfari.org/resources/sfari-gene). Nevertheless, most of
the variants identified have a weak effect (Anney et al., 2012),
suggesting a greater contribution for de novo occurring SNVs
and CNVs (O’Roak et al., 2012b; Krumm et al., 2014; Lai et al.,
2014). Indeed, 9% of de novo SNVs in affected individuals are
disruptive or frameshift mutations that generate non-conserved
amino acid changes, premature stop codons or alternative splice
sites (Sanders et al., 2012; Iossifov et al., 2014), ultimately
affecting the function of the resulting protein. Similarly, de
novo CNVs are significantly enriched in individuals affected
with the disorder and it is estimated that at least 8% of cases
carry pathogenic variants (Levy et al., 2011; Sanders et al.,
2012). Overall, it is estimated that these deleterious de novo
variants contribute to about 30% of all simplex and 45% of

1https://www.cdc.gov

female diagnoses (Iossifov et al., 2014; Sanders et al., 2015). In
this regard, exome sequencing studies in family trios have
identified that these disruptive de novo mutations are part of
an interconnected network containing chromatin remodeling,
synaptic and Wnt/β-catenin signaling genes (O’Roak et al.,
2012a,b; De Rubeis et al., 2014; Turner et al., 2017).

Wnts are lipid-modified secreted glycoproteins that signal
through at least three distinct signaling cascades: the canonical
Wnt/β-catenin, non-canonical planar cell polarity and Wnt/Ca2+

pathways (De Ferrari and Inestrosa, 2000; Moon et al., 2004; Staal
et al., 2008; Anastas and Moon, 2013; Nusse and Clevers, 2017;
Figure 1). In particular, Wnt/β-catenin signaling is known to be
essential for the development and function of the mammalian
CNS where it participates in diverse biological processes,
including neurogenesis and survival of neuronal hippocampal
stem/progenitor cells (Lie et al., 2005; Kuwabara et al., 2009;
Mardones et al., 2016), gliogenesis (White et al., 2010), formation
and maintenance of pre and post-synaptic terminals (Ciani and
Salinas, 2005; Speese and Budnik, 2007), axonal remodeling of
cerebellar granule cells and branching of sensory axons in the
spinal cord (Lucas and Salinas, 1997; Hall et al., 2000; Hollis and
Zou, 2012) and excitatory and inhibitory synaptic transmission
in the cerebellum, as well as in the hippocampal formation (Ciani
and Salinas, 2005; Ahmad-Annuar et al., 2006; Chen et al., 2006;
Beaumont et al., 2007; Avila et al., 2010; Cuitino et al., 2010).

Wnt/β-catenin signaling starts with the binding of the Wnt
ligand to a 7-transmembrane helix Frizzled (FZD) receptor
and members of the single pass transmembrane low-density
lipoprotein (LDL) receptor related proteins (LRP5/6), which
acts as co-receptors (MacDonald and He, 2012; Figure 1).
Wnt binding triggers the dissociation of β-catenin from the
destruction complex composed of Axin, adenomatous polyposis
coli (APC) proteins and casein kinase 1 (CK1) and glycogen
synthase kinase 3β (GSK3β) enzymes (Hart et al., 1998), resulting
in cytosolic stabilization of β-catenin and its translocation to the
nucleus where it interacts with transcription factors belonging
to the T-cell factor/Lymphoid enhancing factor (TCF/LEF)
family of proteins to activate transcription of Wnt/β-catenin
target genes (Moon et al., 2004; Nusse and Clevers, 2017).
Conversely, in the absence of Wnt ligands, Axin and APC
proteins facilitate the sequential phosphorylation of β-catenin
by CK1 and GSK3β tagging this protein for ubiquitination and
proteasomal degradation (Stamos and Weis, 2013). Notably,
several core components of Wnt/β-catenin signaling have been
either genetically or functionally associated with ASD (De Ferrari
and Moon, 2006; Martin et al., 2013; Caracci et al., 2016). For
example, a rare missense variant of WNT1 (S88R) was found
in lymphoblastoid cell lines from individuals with ASD and
functional analysis of this variant using Wnt/β-catenin reporters
in human embryonic kidney (HEK293T) tissue culture cells
showed higher activation than wild-type WNT1 (Martin et al.,
2013). LRP6 co-receptor deficiency in mice leads to decreased
number of neurons in the deeper layers of the developing
neocortex and develop a dramatically thinner cortical plate,
cortical hypoplasia and neuroanatomical defects resembling
those found in human epilepsy and intellectual disability (Zhou
et al., 2004, 2006). Likewise, defects in the function of destruction
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FIGURE 1 | Canonical and non-canonical Wnt signaling pathways. From left to right Canonical Wnt/β-catenin. In the absence of canonical Wnt ligands (inactive
state), the β-catenin destruction complex (AXIN, APC, DVL, CK1, and GSK3) allows the phosphorylation of β-catenin, which promotes its ubiquitination and
proteasomal degradation, leading to repressed expression of Wnt/β-catenin target genes. Conversely, in presence of Wnt ligands (active state), the receptor complex
composed of Frizzled and LRP5/6 recruits the destruction complex of β-catenin, which accumulates in the cytoplasm and translocate into the nucleus to promote
Wnt/β-catenin target genes transcription. Non-canonical Wnt pathways. In the Wnt/PCP pathway, non-canonical Wnt ligands bind Ryk/Ror-Frizzled receptors and
recruit Dvl leading to the activation of RhoA/ROCK and RAC/JNK. In the Wnt/Ca2+ pathway, the interaction of non-canonical Wnt ligands with Ryk/Ror-Frizzled
increases the concentration of intracellular Ca2+ and activate downstream kinases and components of the signaling cascade.

complex components in forebrain pyramidal neurons such as
APC (Mohn et al., 2014) and GSK3β (Mines et al., 2010; Latapy
et al., 2012) or Axin in intermediate progenitors in the developing
cerebral cortex (Fang et al., 2013, 2014), recapitulate ASD-like
behaviors in model mice.

WNT/β-CATENIN SIGNALING IN BRAIN
DEVELOPMENT AND SYNAPTIC
FUNCTION IN AUTISM SPECTRUM
DISORDERS

A common neuroanatomical feature observed in ASD children is
a premature brain overgrowth occurring during the first 3 years of
life, which affects the cerebral cortex, limbic system, hippocampal
formation, amygdala, and cerebellum (Fombonne et al., 1999;
Sparks et al., 2002; Courchesne et al., 2003; Figure 2). While
the cortex is normally a laminar structure containing six layers
with distinct molecular characteristics, an abnormal number and
width of minicolumns has been associated with ASD (Amaral
et al., 2008), including supernumerary neurons in layers I and
the subplate and reduced neuron density in layers III, V, and
VI (Hutsler and Casanova, 2016). Since a number of children
with autism had more cortical neurons compared with control
children, it has been proposed that the abnormally enlarged

young ASD brains could be explained by excess number of
neurons (Courchesne et al., 2011) and enhanced proliferation
rates of neuronal progenitor cells (NPCs; Marchetto et al., 2017).
Although the excess number of neurons is thought to underlie
the excitatory/inhibitory balance of synaptic transmission that is
critically affected in ASD (Yizhar et al., 2011; Nelson and Valakh,
2015), however, an excess cortical dendritic spines density has
also been consistently observed in autistic patients and mice
models (Zoghbi and Bear, 2012).

Early studies of Wnt ligands and their downstream signaling
components in the mouse developing brain demonstrated that
this cascade has an essential function in patterning the midbrain-
hindbrain boundary, which later on gives rise to the brainstem
and the cerebellum (McMahon and Bradley, 1990; Thomas and
Capecchi, 1990; Hall et al., 2000), and forebrain derivatives
such as the cerebral cortex, hippocampal formation and the
amygdala (Grove et al., 1998; Lako et al., 1998; Houart et al.,
2002; Maretto et al., 2003; Abu-Khalil et al., 2004; Zhou et al.,
2004). Various Wnt/β-catenin ligands including Wnt1, Wnt3,
Wnt3a, Wnt7a, and Wnt8a are involved in mammalian brain
development and synaptogenesis (Braun et al., 2003; Caricasole
et al., 2003; Ettenberg et al., 2010; Sharma et al., 2013; Wurst
and Prakash, 2014). For instance, Wnt7a and Wnt8a have
been shown to regulate excitatory synaptic formation and the
LRP6 co-receptor is critical for the development of functional
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FIGURE 2 | Dysregulation of Wnt/β-catenin-dependent transcription associated with phenotypic changes observed in autism spectrum disorders (ASD). In the
Wnt/β-catenin-gain of function models (left panel), expression of transcription factors or chromatin remodeling proteins enhance Wnt/β-catenin signaling, either
through direct binding with β-catenin that induces its cytosolic stabilization (i.e., ADNP) and/or its binding to target promoter region (i.e., MED12, TBL1X, BRG1, and
TBL1XR1) leading to the appearance of some cellular and phenotypic traits observed in ASD. In the Wnt/β-catenin-loss of function models (right panel), inhibitory
proteins interfere with the normal transcriptional activity of β-catenin through downregulating the expression of target genes (i.e., CHD8) or reducing the expression
of functional components of the cascade, such as Fzd1, Fzd2, Dvl2, Dvl3, Wnt7b, and CTNNB1 (i.e., CHD8 and/or TRB1 cKo) thus promoting the appearance of
other well studied cellular and phenotypic traits observed in ASD.

synapses in vivo (Ciani et al., 2011; Sharma et al., 2013).
Moreover, a Wnt7a KO mouse shows reduced number of cortical
progenitors due to increase differentiation of cells ultimately
leading to microcephaly (Miao et al., 2018), and similarly, during
cortical development the LRP6 KO mice display a smaller and
thinner cortical plate with layer VI and layers II–IV showing a
marked decreased in the number of neurons (Zhou et al., 2006),
adding support that the Wnt/β-catenin complex receptor at the
membrane has an essential role in cortical growth and lamination
(Figure 2). Interestingly, mutations in proteins that promote the
secretion of Wnt ligands such as PORCN (Castilla-Vallmanya
et al., 2021) and Wntless (Chai et al., 2021) have also been recently
described to regulate cortical development.

Downstream of the LRP6 co-receptor, the scaffold Disheveled
(Dvl), which plays a central role in both canonical and non-
canonical Wnt signaling (Gao and Chen, 2010; Gentzel and
Schambony, 2017; Figure 1), was one of the first components

of the signaling cascade to be functionally associated with
various human psychiatric conditions, including ASD. Indeed,
the Dvl1 KO mice exhibits sensorimotor abnormalities and
abnormal social behavior, although their overall neuroanatomy
seems intact compared to wild-type mice (Lijam et al., 1997).
Next, Dvl1 was found to be important for synaptic vesicle
clustering at pre-synaptic terminals and a novel Wnt7a/Dvl1
double mutant presented deficits in spine morphogenesis and
excitatory neurotransmission (Ahmad-Annuar et al., 2006; Ciani
et al., 2011), thus providing a molecular basis for the behavioral
abnormalities observed in this model. Mammals share three Dvl
family members with expression patterns and developmental
functions partially redundant (Gentzel and Schambony, 2017).
Interestingly, a compound KO of Dvl1−/−Dvl3+/− in mice
displayed autistic behaviors, without gross morphological brain
abnormalities as described with the Dvl1 single KO, but with a
transient increase in neuronal numbers in the deep layers of the
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neocortex at E14.5, which was later normalized at E18.5 days
of development (Belinson et al., 2016). Surprisingly, abnormal
development and post-natal autistic behaviors could be rescued
by treatment with GSK3 inhibitors administered between E9.5
and E14.5, thus proving that Wnt signaling has differential
roles during distinct developmental time points which ultimately
shape neocortical development.

While Dvl deficiency may point out to a loss of function
in Wnt/β-catenin signaling in ASD, an APC conditional KO
(cKO) mouse in excitatory pyramidal neurons showed increased
β-catenin levels and target Wnt/β-catenin gene transcription,
accompanied at the cellular level, with an increase in dendritic
spine density in the cortex/hippocampus and spines with a
stubby phenotype indicative of immature synapses; and at the
behavioral level, by learning impairments, reduced social interest
and repetitive behaviors (Mohn et al., 2014). Conversely, it
was found that a cKO of APC in dorsal cortical progenitors
at E13.5 reduced the number of radial progenitors, leading to
abnormal migration and differentiation of cortical precursors in
a β-catenin/TCF4 dependent manner (Nakagawa et al., 2017).

Further involvement of the β-catenin destruction complex
comes from studies of Axin, which is the main cytosolic
scaffold for core Wnt/β-catenin signaling components, such as
Dvl, APC, CK1, GSK3, and β-catenin (Behrens et al., 1998;
Hart et al., 1998; Ikeda et al., 1998; Kishida et al., 1999;
Figure 1). Axin is a critical regulator that determines the
intermediate progenitors population size and the number of
neurons during neurogenesis in the developing mouse cerebral
cortex, an effect that is mediated by the interaction between Axin
and GSK3 in the cytoplasmic compartments of the progenitors
(Fang et al., 2013). Axin can be pharmacologically modulated
by the tankyrase inhibitor XAV939, which inhibits β-catenin-
mediated transcription and stimulates β-catenin degradation
(Huang et al., 2009) and in utero injection of XAV939 in the
lateral ventricle at E14.5 leads to a transient increase in the
number of intermediate progenitors, ultimately increasing the
number of pyramidal neurons in the neocortex within layer 2/3,
which was enough to trigger an enlarged neocortex and autistic
behaviors in mice (Fang et al., 2014; Fang and Yuste, 2017).
Importantly, as development proceeds, Axin becomes enriched
in the nucleus to trigger neuronal differentiation via β-catenin
activation (Fang et al., 2013).

More recently, increased expression of β-catenin exclusively
in mouse forebrain excitatory neurons lead to decreased social
interest and repetitive behaviors, effectively mimicking ASD
symptoms (Alexander et al., 2020). Conversely, de novo loss-
of-function mutations in the CTNNB1 gene in ASD probands
relates with microcephaly and severe intellectual disability (de
Ligt et al., 2012). Interestingly, a cKO mice of β-catenin in
parvalbumin interneurons, a major contributor of inhibitory
outputs in the brain that are decreased in the prefrontal
cortex of ASD individuals (Hashemi et al., 2017), leads to an
increase in autistic behaviors while enhancing spatial memory
(Dong et al., 2016). At the synapse, β-catenin is found in
pre- and post-synaptic compartments of cultured hippocampal
pyramidal neurons, where its deficiency reduces synaptic vesicle
clustering and dendritic spine maturation (Bamji et al., 2003;

Okuda et al., 2007). Accordingly, KO of APC that leads to
increased cytosolic levels of β-catenin in pyramidal neurons
increased dendritic spine density and ASD-like behavior (Mohn
et al., 2014). Notably, double cKO of APC and β-catenin
rescued ASD behaviors in mice (Alexander et al., 2020),
suggesting that increased β-catenin activity is directly responsible
for the phenotype.

Finally, fine-tuning of β-catenin levels throughout
development is determinant for proliferation and differentiation
of NPCs giving rise to the layered cerebral cortex, hippocampus
and other brain areas (Figure 2). Indeed, β-catenin and
other members of the catenin family are directly involved
with adherent junctions and synaptic adhesion contacts,
which makes them important scaffold proteins during
mammalian CNS development (Yu and Malenka, 2003; Valenta
et al., 2012). Notably, gain of function studies in mice over
expressing constitutively active β-catenin displayed significant
macrocephaly, with enlarged hippocampi and expansion of the
cerebral cortex (Chenn and Walsh, 2003; Woodhead et al., 2006;
Harrison-Uy and Pleasure, 2012). Enhanced proliferation rates
of NPCs directed by Wnt/β-catenin signaling is supported by
the finding that expression of inhibitors of β-catenin signaling
in cortical precursors in vivo such as dominant-negative TCF4
(Korinek et al., 1997) or ICAT (Tago et al., 2000) results
in premature cell cycle exit and neuronal differentiation
(Woodhead et al., 2006). In this regard, the direct regulation of
NPCs proliferation by Wnt/β-catenin signaling activation could
underlie the occurrence of de novo somatic mutations in this
cells. For instance, human NPCs derived from ASD patients with
macrocephaly show increased proliferation and enhanced DNA
damage (Wang M. et al., 2020). Interestingly, double strand
breaks have been found enriched in actively transcribed regions
where several genes associated with ASD are localized. Altogether
this data shows that core upstream regulatory proteins strictly
control β-catenin stability and that deficiency in any of this
elements leads to synaptic and developmental defects commonly
associated with ASD.

DYSREGULATION OF WNT/β-CATENIN
DEPENDENT TRANSCRIPTION IN
AUTISM SPECTRUM DISORDERS

Initial genome-wide transcriptional microarray analyses of
human fetal neural progenitor cells incubated in the presence of
human recombinant Wnt1 showed increased expression of Wnt
effectors and several neuronal developmental pathways directly
associated to neurodegenerative and neurodevelopmental
disorders including ASD (Wexler et al., 2011). Wnt/β-catenin
dependent transcription has been shown to enhance the
expression of genes associated with synaptic transmission and
neuronal excitability in cultured thalamic neurons (Wisniewska
et al., 2012). Similarly, we have found in cultured rat hippocampal
neurons treated with purified mouse recombinant Wnt3a that
the transcriptional activity of β-catenin increases the expression
of genes associated with forebrain development and neural
precursor cell function (Perez-Palma et al., 2016). Moreover,
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we later found in these hippocampal cells that the autism-
associated Neuroligin 3 gene (NLGN3; Jamain et al., 2003) is a
direct target of β-catenin/TCF mediated transcription (Medina
et al., 2018). More recently, recombinant Wnt3a and lithium
treatment in cultured hippocampal neurons resulted in increased
expression of several genes associated with pre and post-synaptic
function, including Rim1, piccolo and Erc2 in the presynaptic
compartment, as well as postsynaptic scaffolding markers such
as postsynaptic density protein-95 (PSD-95/Dlg4), Homer1 and
Shank1 (Martinez et al., 2020). Thus, Wnt/β-catenin dependent
transcription has an essential activity on neuronal function and
synaptic plasticity mechanism in neurons, which seems to be
severely affected in ASD and related conditions (Zoghbi and
Bear, 2012; Guang et al., 2018).

Considering the low availability of ASD brain samples to
examine differentially expressed genes during brain development,
initial transcriptomic studies focused on ASD-derived peripheral
tissues such as blood and lymphoblastoid cell lines (Hu et al.,
2006, 2009; Nishimura et al., 2007; Gregg et al., 2008; Lintas
et al., 2012; Ansel et al., 2016). These studies revealed that there
were significant alterations in the expression of genes involved in
nervous system development, cell communication and immune
response. More recently, analysis of leukocytes from 1- to 4-year-
old male toddlers with ASD compared with typical development
from the general population showed an increased transcription
of ASD risk genes, which converged in gene networks associated
to RAS-ERK, PI3K-AKT, and Wnt/β-catenin signaling pathways
(Gazestani et al., 2019).

Consistent differences between ASD and normal brain
samples have suggested that a large proportion of the ASD
transcriptome exhibits transcriptional and splicing dysregulation
in genes involved in neuronal and glial dysfunction (Voineagu
et al., 2011; Gupta et al., 2014; Gandal et al., 2018; Li X. et al.,
2019). While the assessment of transcriptomic organization in
ASD brains is still limited, great efforts have recently been made
to develop high-throughput platforms to study transcriptomics
in induced pluripotent stem cells (iPSC) or in NPCs (Lin
et al., 2016; DeRosa et al., 2018; Griesi-Oliveira et al., 2020).
In this regard, initial studies in ASD-derived NPCs showed a
decreased β-catenin-dependent transcriptional activity, increased
proliferation and decreased synaptogenesis (Marchetto et al.,
2017). More recently, a high throughput screening of isogenic
iPSC lines, modified through CRISPR-Cas9 to generate loss of
function mutations in 28 high confidence ASD genes, showed
that they could be grouped in low Wnt/β-catenin signaling
activity and decreased neurogenesis (enhanced proliferation) or
high Wnt/β-catenin signaling and enhanced neurogenesis of
hPSC differentiated into Pre frontal cortex neurons (Cederquist
et al., 2020). More strikingly, iPSC lines showing decreased Wnt
signaling activity (e.g., CTNNB1) correlate with normal language
development while iPSC lines associated with a higher Wnt
response (e.g., GSK3B) showed language delay, indicating that
the level of activation of Wnt/β-catenin signaling could directly
impact the severity of ASD phenotypes.

Wnt/β-catenin transcriptional dysregulation has also been
consistently documented in patient-derived iPSCs and animal
models for syndromic ASD. Syndromic ASD are neurological

conditions which feature the basic symptomatology of ASD and
are associated with chromosomal abnormalities or mutations
affecting a single gene (Sztainberg and Zoghbi, 2016). For
instance, mutations in SHANK3, a postsynaptic scaffold in
glutamatergic synapses, leads to Phelan-McDermid Syndrome
(Bonaglia et al., 2006) and in patient-derived iPSC it was
found a reduced expression of genes associated with embryonic
development, protein translation and Wnt signaling (Breen et al.,
2020). SHANK3 directly interacts with β-catenin and mutant
mice shows increased nuclear β-catenin and reduced localization
in synapses (Qin et al., 2018), suggesting that the postsynaptic
scaffold recruits β-catenin toward adherent junctions at the
synapse. Similarly, mutations in the E3 ubiquitin ligase UBE3A
gene are responsible for the Angelman Syndrome (Khatri and
Man, 2019) and de novo ASD linked missense variant T485A was
shown to enhance Wnt/β-catenin signaling activation through
stabilization of β-catenin in HEK293T cells (Yi et al., 2017).
More recently, RNA-seq of cortex and hypothalamus from
Ube3a deficient mice showed dysregulation of Wnt target genes
(Lopez et al., 2019).

Other syndromic ASD conditions including Tuberous
Sclerosis (TSC1/2; Wiznitzer, 2004; Mills et al., 2017), Fragile
X syndrome (FMR1; Luo et al., 2010) and Rett Syndrome
(MECP2; Hsu et al., 2020) have also shown abnormal activation
of Wnt signaling mediated transcription. For instance: (i) TSC1
and TSC2 form a functional complex with components of the
β-catenin degradation complex, including GSK3β and Axin,
which negatively regulate β-catenin stability and its activation
of Wnt target genes (Mak et al., 2003, 2005); (ii) the fragile X
mental retardation 1 (FMR1) gene product (FMRP) negatively
regulates Wnt/β-catenin co-receptors controlling trans-synaptic
signaling during synaptogenesis (Friedman et al., 2013); and
(iii) Wnt/β-catenin signaling increases MeCP2 protein stability
(Kweon et al., 2016), which in turn enhances Wnt/β-catenin
pathway activation (Miao et al., 2013). Taken together, these data
highlights the importance of Wnt/β-catenin signaling activity in
both idiopathic and syndromic ASD.

HIGH CONFIDENCE AUTISM SPECTRUM
DISORDER GENES CODING FOR
CHROMATIN REMODELING FACTORS
MODULATE β-CATENIN DEPENDENT
TRANSCRIPTIONAL ACTIVITY

The main downstream effectors of Wnt/β-catenin signaling in
the nucleus are β-catenin and TCF/LEF transcription factors
from the High Mobility Group (HMG) box family, which
activate gene expression by recruiting other DNA-binding factors
and chromatin remodeling proteins to promoter sequences of
target genes (Cadigan and Waterman, 2012; Hrckulak et al.,
2016; Table 1). Notably, the genes encoding for β-catenin
(CTNNB1) and the TCF4/TCF7L2 transcription factor have
been consistently associated with ASD and intellectual disability
in several large-scale sequencing studies (de Ligt et al., 2012;
O’Roak et al., 2012a,b; De Rubeis et al., 2014; Iossifov et al., 2014;
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TABLE 1 | Wnt/β-catenin transcriptional regulators in autism spectrum disorders (ASD).

Gene Model Tissue/Cell type In vitro/vivo Wnt signaling Evidence References

CTNNB1 Mouse Neuronal progenitor
cells

In vivo Expression of stabilized
β-catenin. 1N90β-catenin

Enlarged brain, increased neural precursor
population

Chenn and Walsh, 2003

Human – Patients De novo loss of function
mutation

Microcephaly and intellectual disability de Ligt et al., 2012

Mouse PV+ interneurons In vivo cKO of Ctnnb1 Autistic behavior and enhanced spatial
memory

Dong et al., 2016

Mouse APC/β-catenin cKO in
forebrain excitatory

neurons

In vivo APC/β-catenin cKO Single APC cKO leads to excess β-catenin
and reduces social interaction. Double cKO
of APC and β-catenin rescues social
interaction defect

Alexander et al., 2020

TCF7L2 Human – Patients – De novo loss of function mutations. ASD,
ADHD and intellectual disability

Dias et al., 2021

Mouse Brain, cortical
progenitors

electroporation at
E13.5

In vivo Expression of DN-TCF4 Cell cycle exit of cortical progenitors Woodhead et al., 2006

Mouse Forebrain E11.5 In vivo cKO of Tcf7l2 Hypoplastic forebrain, reduced proliferation
of radial glia and intermediate progenitors

Chodelkova et al., 2018

Mouse Oligodendroglial linage
cKO P7

In vivo cKO of Tcf7l2 Tcf7l2 is required for oligodendrocyte
differentiation independent of Wnt/β-catenin
signaling

Hammond et al., 2015

CHD8 Human – Patients – ID, ASD, enlarged brain, neonatal
hypotonia, and seizures

O’Roak et al., 2012b; De
Rubeis et al., 2014; Iossifov
et al., 2014

Mouse shRNA Chd8 in utero
electroportation at E13

cortical progenitors

In vivo Downregulation of Wnt
pathway genes in neuronal
linage cells

Reduced neural progenitor proliferation Durak et al., 2016

Human Cell lines. HeLa,
HCT116

In vitro Direct binding to β-catenin and
recruitment to β-catenin
responsive promoters

Increased Wnt pathway gene expression in
non-neuronal cells

Thompson et al., 2008

Human CHD8+/ – cerebral
organoids

In vitro Increased expression of Wnt
signaling genes and TCF4

Transcriptomic analysis found significant
overlap with idiopathic ASD brain organoids
and iPSC neurons from BD patients

Wang et al., 2015

Mouse Chd8 +/ – in
Olygodendrocyte
precursor cells

In vivo – Decrease myelination and ASD behaviors Kawamura et al., 2020

ARID1B Human – Patients – ASD, ID, corpus callosum Agenesis Halgren et al., 2012; Hoyer
et al., 2012

Mouse Pyramidal neurons. In
utero electroporation of
shRNA against ARID1B

in E14.5 embryos

In vivo – Decreased dendrite development. Aberrant
dendritic spines and synaptic transmission

Ka et al., 2016

Mouse Arid1b +/ – In vivo – Decreased number of GABAergic
interneurons. Excitatory-inhibitory
imbalance. Abnormal Social behaviors

Jung et al., 2017

Human Peripheral Lymphoblast
of ARIDB1 loss of

function mutations.

Patients Upregulation of Wnt Pathway
genes

RNA-seq Vasileiou et al., 2015

Human HEK293T In vitro Defective binding of ID mutant
ARID1B with β-catenin reduces
Wnt target gene expression

Co-immnoprecipitation, Luciferace reporter
essay

Vasileiou et al., 2015

Zebrafish arid1b knockdown In vivo Wnt target gene reduced
expresión.

Growth delay as previously described for
patients

Liu et al., 2020

ADNP Human – Patients – De novo heterozygous mutations. Facial
dysmorphism, speech impairment, motor
dysfunction, intellectual disability

Helsmoortel et al., 2014

Mouse Adnp+/ − In vivo — Developmental delay, decreased
vocalization, motor dysfunction, social
impairment, dendritic spine defects

Hacohen-Kleiman et al.,
2018

(Continued)
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TABLE 1 | (Continued)

Gene Model Tissue/Cell type In vitro/vivo Wnt signaling Evidence References

Human HEK293T Binds to β-catenin and prevents
association with Axin and APC

Co-immnoprecipitation Sun et al., 2020

Mouse Embrionic Stem Cells
Adnp −/−

In vitro Decreased Wnt-target gene expression Decreased
neuroectodermal genes
expression

Sun et al., 2020

Zebrafish adnp –/– In vivo Decreased Wnt-target gene
expression. Decreased β-catenin levels

Defective neuronal
development

Sun et al., 2020

TBL1XR1 Human HEK293T cell line
transfected with

TBL1XR1 Phe10Leu

In vitro Increased TOP-Flash reporter and
increased binding to β-catenin

Non-synonymus mutation
found in Japanese ASD
family trios.

Nishi et al., 2017

Human Cancer cell lines In vitro Direct binding of TBL1X and TBL1XR1
to β-catenin and recruitment to Wnt
target promoters

Depletion of both proteins
reduced Wnt signaling
activation and oncogenic
growth in vitro and in vivo.

Li and Wang, 2008

TBR1 Human – Patients De novo loss of function mutations ASD Sanders et al., 2015

Mouse Tbr1+/−, Tbr1layer5

cKO, Tbr1Layer6 cKO
In vivo Decreased Wnt7b expression, rescue

of dendritic spine and social interaction
defects using GSK3 inhibitors.

Decreased axonal thalamic
arborization, dendritic spine
development and social
interaction defects

Fazel Darbandi et al., 2018

Deciphering Developmental Disorders Study, 2015; Lelieveld
et al., 2016; Marchetto et al., 2017; Satterstrom et al., 2020;
Wang T. et al., 2020). Currently, CTNNB1 and TCF7L2
genes are considered high confidence genes for ASD in the
SFARI Gene database,2 where there are 54 rare de novo
variants reported in the CTNNB1 gene and 23 in the
TCF7L2 gene (Figure 3), including missense, frameshift, stop
gained and splice-site variants, clustered around functionally
relevant protein-protein or protein-DNA interaction domains
that remains to be characterized. In this regard, a recent
characterization of 11 patients carrying de novo loss of function
mutations in TCF7L2, within or near its HMG box domain,
concluded that patients often show mild intellectual disability and
neuropsychiatric conditions including ASD and ADHD (Dias
et al., 2021). TCF7L2 is involved in neorcortical development
and conditional inactivation of TCF7L2 in the forebrain leads to
cortical hypoplasia, from reduced proliferation of intermediate
progenitors and radial glial cells (Woodhead et al., 2006;
Chodelkova et al., 2018; Bem et al., 2019). TCF7L2 deficient
mice shows altered elongation of thalamocortical axons and
decreased commitment to habenular and thalamic fates (Lee
et al., 2017), resembling a previously documented phenotype
in the LRP6 KO mice (Zhou et al., 2004). Finally, TCF7L2
has also been shown to regulate oligodendroglial development,
oligodendrocyte differentiation (Hammond et al., 2015) and
cholesterol biosynthesis during CNS myelinogenesis (Zhao et al.,
2016), which may relate to abnormal myelination in the
corpus callosum and decreased inter-hemispheric functional
connectivity observed in individuals with ASD or other
neurodevelopmental disorders (Anderson et al., 2011; Ameis and
Catani, 2015; Li Q. et al., 2019).

Recurrent mutations in the chromodomain helicase DNA
binding protein 8 (CHD8) gene have been consistently identified

2https://gene.sfari.org/database/human-gene/

in multiple individuals with ASD (O’Roak et al., 2012b; De
Rubeis et al., 2014; Iossifov et al., 2014). Today, more than
200 of these rare variants are clustered throughout the gene, in
coding regions for the helicase domain and other protein-protein
interaction domains (Figure 3). CHD8 plays an important
role in the transcription of genes related with the cell cycle
and chromatin dynamics (Barnard et al., 2015) and knock
down of this protein in NPCs disrupts expression of genes
related to neuronal development and differentially alters the
expression of multiple ASD-associated risk genes (Wilkinson
et al., 2015; Durak et al., 2016). Notably, CHD8 binds β-catenin
in the promoter regions of several β-catenin-responsive genes
and negatively regulates β-catenin-dependent transcription in
developing cortical neurons in mouse (Thompson et al., 2008;
Durak et al., 2016). Moreover, knockout of one copy of CHD8
in human iPSCs revealed that CHD8 hemizygosity (CHD8
+/-) affects the expression of thousands of genes in neural
progenitors and early differentiating neurons (Wang et al.,
2015), which are enriched for functions of neural development,
Wnt/β-catenin signaling, extracellular matrix, and skeletal system
development. Finally, as mentioned earlier for TCF7L2, CHD8
has an essential role in the proliferation-differentiation balance
of oligodendrocyte precursor cells (Marie et al., 2018) and
regulates the expression of several myelination-associated genes
in these cells (Kawamura et al., 2020). Altogether these results
implicate the activity of transcription and chromatin-remodeling
factors in oligodendrocyte development and myelination, as an
important piece of ASD neurological defects, and a new venue
for Wnt/β-catenin signaling research (Bem et al., 2019).

The AT-rich interactive domain-containing protein 1B
(ARID1B) gene has also been consistently associated with ASD
and syndromic and non-syndromic ID, and corpus callosum
agenesis (Nord et al., 2011; Halgren et al., 2012; Hoyer et al.,
2012; O’Roak et al., 2012a; Stessman et al., 2017) and is similarly
considered a high confidence gene for ASD with over 100 rare
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FIGURE 3 | ASD de novo mutations in SFARI gene database associated with transcriptional components and chromatin remodeling factors modulating
Wnt/β-catenin signaling. From top to bottom each figure shows: the reference gene used to identify mutations (RefSeqGene) with exons colored in green, the mRNA
associated with the gene decorated with de novo mutations with the start and end of the coding sequence (CDS), and structural domains of each protein colored in
yellow, as a reference to the importance of each mutation regarding structure and operation in general. Variants are highlighted and colored according to the Variant
Type table.

single gene variants (Figure 3). ARID1B codes for a member of
the BRG1-associated chromatin-remodeling complex that uses
the energy derived from ATP-hydrolysis to disrupt the chromatin
architecture of target promoters (Collins et al., 1999; Wang et al.,
2004; Trotter and Archer, 2008). It has been reported that knock

down of ARID1B in the developing mouse brain leads to reduced
dendritic arborization in cortical pyramidal and hippocampal
neurons, accompanied by a decrease in dendritic spines density
(Ka et al., 2016) and that ARID1B haploinsufficiency in mice leads
to ASD-like behaviors and decreased GABAergic interneurons
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proliferation (Jung et al., 2017). In line with this evidence,
patients with mutations in this protein often have epileptic
seizures (van der Sluijs et al., 2019) and significant growth
delay (Liu et al., 2020). As it was previously discussed for
CHD8 factor, ARID1B associates and repress β-catenin-mediated
transcription. Indeed, loss of function mutations in ARID1B
results in transcriptional up regulation of Wnt/β-catenin target
genes that leads to neurite outgrowth through β-catenin
function (Vasileiou et al., 2015). More recently, ARID1B KO in
chondrocytes reduced proliferation and inhibited differentiation
by decreasing the expression of several genes associated to
hypertrophy, alongside reducing expression of Wnt/β-catenin
target genes (Liu et al., 2020). Hence, the role of ARID1B in
multiple developmental processes from terminal development
of pyramidal neurons and interneurons, to the regulation
of chondrocyte development and the convergence of these
phenotypes with Wnt/β-catenin functional activity make this
protein an interesting ASD candidate gene and adds further
support for the involvement of Wnt signaling in ASD and related
developmental disorders.

Several other products that modulate Wnt/β-catenin-
dependent transcription have been genetically or functionally
associated with ASD, including the activity dependent
neuroprotective protein (ADNP; Helsmoortel et al., 2014),
members of the transducin β-like family TBL1X and TBL1XR1
(Choi et al., 2011; O’Roak et al., 2012a), the mediator complex
subunits 12 (MED12; Kim et al., 2006; Lahbib et al., 2019) and
13L (MED13L; Utami et al., 2014), and the T-Box transcription
Factor 1 (TBR1; Sanders et al., 2015; Figure 3). For instance,
heterozygous de novo variants in ADNP deficiency often
show intellectual disability, facial dysmorphism, speech
impediments, and motor dysfunctions (Helsmoortel et al.,
2014; Vandeweyer et al., 2014; Arnett et al., 2018). Interestingly,
ADNP haploinsufficiency in mice recapitulates several of these
characteristics and features reduced dendritic spine density
and altered synaptic gene expression (Hacohen-Kleiman et al.,
2018). Although ADNP is a presumed transcription factor
that interacts with chromatin regulators of the SWI/SNF
remodeling complex (Vandeweyer et al., 2014), little is known
about its function as a transcriptional regulator. In this context,
a recent study has found that ADNP stabilizes β-catenin
through binding to its armadillo domain, which prevents its
association with key components of the degradation complex and
enhances Wnt/β-catenin transcriptional activation (Sun et al.,
2020). Similarly, TBL1X and TBL1XR1 activate Wnt/β-catenin
dependent transcription through direct association with
β-catenin in the promoter regions of target genes in cancer cell
lines (Li and Wang, 2008). Likewise, de novo non synonymous
TBL1XR1 mutation associated with ASD (Phe10Leu) increased
both binding with β-catenin and transcriptional activation of
Wnt signaling in HEK293T cells, supporting the notion that that
TBL1XR1 potentiation of Wnt signaling could be involved in
ASD (Nishi et al., 2017). Interestingly, deletion Xp22.3, where
TBL1X and NGLN4 genes are positioned, has been associated
with several neurodevelopmental phenotypes and is highly
penetrant in females (Chocholska et al., 2006). In the same X
chromosome, MED12, which is involved in hindbrain patterning

(Wang et al., 2006; Hong and Dawid, 2011) physically and
functionally interacts with β-catenin in vitro and in vivo and is
recruited to Wnt/β-catenin target genes in a β-catenin dependent
manner (Kim et al., 2006). MED13L has also been associated
with ASD and ID and downregulation of this protein in neural
progenitor cells increases transcription of Wnt/β-catenin target
genes (Utami et al., 2014). Finally, the transcription factor TBR1,
which is highly expressed in the developing frontal cortex and
affects the terminal differentiation of post mitotic neurons within
the deep layers of the cortex (Bedogni et al., 2010) is involved
in the expression of either Wnt7b (Fazel Darbandi et al., 2018),
a known activator of Wnt/β-catenin pathway (Arensman et al.,
2014) and potential ASD candidate gene (Sanders et al., 2015)
or GSK3β, a negative regulator β-catenin transcriptional activity
(Fazel Darbandi et al., 2020). Altogether, post-natal ablation of
TBR1 in both layer 5 and 6 are sufficient to induce ASD-like
behaviors in mice and ectopic activation of Wnt signaling
with Wnt7b or GSK3β inhibitors rescues synaptic defects
directly impacting social behaviors. Thus, regulation of GSK3β

function to rescue synaptic defects in ASD offers an interesting
pharmacological target and has received considerable attention
recently (Liu et al., 2011; Caracci et al., 2016; Martin et al., 2018;
Medina et al., 2018; Tatavarty et al., 2020).

In summary, deficiency in chromatin remodeling proteins
and transcription factors associated with ASD widely
recapitulate phenotypes resembled by β-catenin gain and
loss of function experiments and highlights the importance of
Wnt/β-catenin dependent transcription in ASD and related
neurodevelopmental disorders.

CONCLUDING REMARKS

The role and regulatory mechanisms controlling the activation
and inhibition of Wnt/β-catenin signaling have been extensively
studied in human disease (Moon et al., 2004; Clevers and
Nusse, 2012). While it is widely accepted that gain of function
mutations in Wnt/β-catenin signaling components underlies the
onset or development of several cancers (Logan and Nusse, 2004;
Reya and Clevers, 2005; Klaus and Birchmeier, 2008; Anastas
and Moon, 2013; Ugarte et al., 2015), it is also recognized
that Wnt/β-catenin loss of function mediates the development
of neurodegenerative diseases including Alzheimer’s disease,
cerebral ischemia, Parkinson’s disease, Huntington’s disease,
multiple sclerosis, and amyotrophic lateral sclerosis (De Ferrari
and Inestrosa, 2000; De Ferrari et al., 2003, 2007; De Ferrari and
Moon, 2006; Purro et al., 2014; Libro et al., 2016). Interestingly,
expression of genes associated with Wnt signaling regulation in
ASD brains are also are also disrupted in AD brains (Zeidan-
Chulia et al., 2014), and similarly, there is an extensive overlap in
candidate genes associated with both cancer and ASD (Crawley
et al., 2016). Such convergence of gain and loss of function of
Wnt/β-catenin signaling in ASD is further supported by the
essential function of β-catenin in brain development/growth or
the differentiation/proliferation path for neuronal progenitors,
suggesting the broadest of spectrums of Wnt signaling activation
may underlie ASD development. Finally, different levels of
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activation of Wnt/β-catenin are correlated with language delay
severity giving for the first time a glimpse in the phenotypic
impact of Wnt signaling/β-catenin activation in ASD.

In the present work we reviewed the activity of
Wnt/β-catenin signaling components in brain development
and synaptic function in ASD that unequivocally points
toward a dysregulation of Wnt/β-catenin associated targets.
We further explore this observation by confirming that several
transcriptional factors and chromatin remodeling proteins
deemed ASD high confidence genes are also direct modulators
of β-catenin mediated transcription. While we are reluctant to
deem the levels of Wnt/β-catenin activation a “gray area,” we
do think that both gain and loss of function of this pathway
could explain the high heterogeneity of ASD. Furthermore,
studies considering both temporal and spatial resolution of gene
expression will be instrumental to fully comprehend this new
“Wnt spectrum.”

The data presented in this article also highlights the growing
potential of different cell types in the neurobiology of ASD, in
these contexts, cell type specific loss of function in interneurons
and oligodendrocytes leads to ASD, giving a rising importance

the Wnt pathway beyond the traditional excitatory pyramidal
neuron and the development of the cerebral cortex.

AUTHOR CONTRIBUTIONS

MC wrote the first draft and contributed to the overall structure
of the manuscripts. MA revised the first draft, gave early
contributions regarding content and designed and figures. FE-C
and HL designed the figures and revised the final version. GU
edited and contributed to the final manuscript version. GD wrote
the manuscript, supervised overall writing and edited the final
version. All authors contributed to the article and approved the
submitted version.

FUNDING

This study was supported by FONDECYT 1180848 grant to
GD and CONICYT-PCHA/National Graduate Program/2016-
21160410 to MC.

REFERENCES
Abrahams, B. S., and Geschwind, D. H. (2008). Advances in autism genetics: on

the threshold of a new neurobiology. Nat. Rev. Genet. 9, 341–355. doi: 10.1038/
nrg2346

Abu-Khalil, A., Fu, L., Grove, E. A., Zecevic, N., and Geschwind, D. H. (2004). Wnt
genes define distinct boundaries in the developing human brain: implications
for human forebrain patterning. J. Comp. Neurol. 474, 276–288. doi: 10.1002/
cne.20112

Ahmad-Annuar, A., Ciani, L., Simeonidis, I., Herreros, J., Fredj, N. B., Rosso, S. B.,
et al. (2006). Signaling across the synapse: a role for Wnt and Dishevelled in
presynaptic assembly and neurotransmitter release. J. Cell Biol. 174, 127–139.
doi: 10.1083/jcb.200511054

Alexander, J. M., Pirone, A., and Jacob, M. H. (2020). Excessive beta-catenin in
excitatory neurons results in reduced social and increased repetitive behaviors
and altered expression of multiple genes linked to human autism. Front.
Synaptic Neurosci. 12:14. doi: 10.3389/fnsyn.2020.00014

Amaral, D. G., Schumann, C. M., and Nordahl, C. W. (2008). Neuroanatomy of
autism. Trends Neurosci. 31, 137–145. doi: 10.1016/j.tins.2007.12.005

Ameis, S. H., and Catani, M. (2015). Altered white matter connectivity as a
neural substrate for social impairment in Autism Spectrum Disorder. Cortex
62, 158–181. doi: 10.1016/j.cortex.2014.10.014

Anastas, J. N., and Moon, R. T. (2013). WNT signalling pathways as therapeutic
targets in cancer. Nat. Rev. Cancer 13, 11–26. doi: 10.1038/nrc3419

Anderson, J. S., Druzgal, T. J., Froehlich, A., DuBray, M. B., Lange, N., Alexander,
A. L., et al. (2011). Decreased interhemispheric functional connectivity in
autism. Cereb. Cortex 21, 1134–1146. doi: 10.1093/cercor/bhq190

Anney, R., Klei, L., Pinto, D., Almeida, J., Bacchelli, E., Baird, G., et al.
(2012). Individual common variants exert weak effects on the risk for autism
spectrum disorders. Hum. Mol. Genet. 21, 4781–4792. doi: 10.1093/hmg/d
ds301

Ansel, A., Rosenzweig, J. P., Zisman, P. D., Melamed, M., and Gesundheit, B.
(2016). Variation in gene expression in autism spectrum disorders: an extensive
review of transcriptomic studies. Front. Neurosci. 10:601. doi: 10.3389/fnins.
2016.00601

Arensman, M. D., Kovochich, A. N., Kulikauskas, R. M., Lay, A. R., Yang, P. T.,
Li, X., et al. (2014). WNT7B mediates autocrine Wnt/beta-catenin signaling
and anchorage-independent growth in pancreatic adenocarcinoma. Oncogene
33, 899–908. doi: 10.1038/onc.2013.23

Arnett, A. B., Rhoads, C. L., Hoekzema, K., Turner, T. N., Gerdts, J., Wallace, A. S.,
et al. (2018). The autism spectrum phenotype in ADNP syndrome. Autism Res.
11, 1300–1310. doi: 10.1002/aur.1980

Avila, M. E., Sepulveda, F. J., Burgos, C. F., Moraga-Cid, G., Parodi, J., Moon,
R. T., et al. (2010). Canonical Wnt3a modulates intracellular calcium and
enhances excitatory neurotransmission in hippocampal neurons. J. Biol. Chem.
285, 18939–18947. doi: 10.1074/jbc.M110.103028

Bamji, S. X., Shimazu, K., Kimes, N., Huelsken, J., Birchmeier, W., Lu, B., et al.
(2003). Role of beta-catenin in synaptic vesicle localization and presynaptic
assembly. Neuron 40, 719–731. doi: 10.1016/s0896-6273(03)00718-9

Barnard, R. A., Pomaville, M. B., and O’Roak, B. J. (2015). Mutations and modeling
of the chromatin remodeler CHD8 define an emerging autism etiology. Front.
Neurosci. 9:477. doi: 10.3389/fnins.2015.00477

Beaumont, V., Thompson, S. A., Choudhry, F., Nuthall, H., Glantschnig, H.,
Lipfert, L., et al. (2007). Evidence for an enhancement of excitatory transmission
in adult CNS by Wnt signaling pathway modulation. Mol. Cell Neurosci. 35,
513–524. doi: 10.1016/j.mcn.2007.03.004

Bedogni, F., Hodge, R. D., Elsen, G. E., Nelson, B. R., Daza, R. A., Beyer, R. P., et al.
(2010). Tbr1 regulates regional and laminar identity of postmitotic neurons
in developing neocortex. Proc. Natl. Acad. Sci. U.S.A. 107, 13129–13134. doi:
10.1073/pnas.1002285107

Behrens, J., Jerchow, B. A., Wurtele, M., Grimm, J., Asbrand, C., Wirtz, R.,
et al. (1998). Functional interaction of an axin homolog, conductin, with beta-
catenin, APC, and GSK3beta. Science 280, 596–599. doi: 10.1126/science.280.
5363.596

Belinson, H., Nakatani, J., Babineau, B. A., Birnbaum, R. Y., Ellegood, J., Bershteyn,
M., et al. (2016). Prenatal beta-catenin/Brn2/Tbr2 transcriptional cascade
regulates adult social and stereotypic behaviors. Mol. Psychiatry 21, 1417–1433.
doi: 10.1038/mp.2015.207

Bem, J., Brozko, N., Chakraborty, C., Lipiec, M. A., Kozinski, K., Nagalski, A., et al.
(2019). Wnt/beta-catenin signaling in brain development and mental disorders:
keeping TCF7L2 in mind. FEBS Lett. 593, 1654–1674. doi: 10.1002/1873-3468.
13502

Bonaglia, M. C., Giorda, R., Mani, E., Aceti, G., Anderlid, B. M., Baroncini, A., et al.
(2006). Identification of a recurrent breakpoint within the SHANK3 gene in the
22q13.3 deletion syndrome. J. Med. Genet. 43, 822–828. doi: 10.1136/jmg.2005.
038604

Braun, M. M., Etheridge, A., Bernard, A., Robertson, C. P., and Roelink, H. (2003).
Wnt signaling is required at distinct stages of development for the induction of
the posterior forebrain. Development 130, 5579–5587. doi: 10.1242/dev.00685

Breen, M. S., Browne, A., Hoffman, G. E., Stathopoulos, S., Brennand, K., Buxbaum,
J. D., et al. (2020). Transcriptional signatures of participant-derived neural
progenitor cells and neurons implicate altered Wnt signaling in Phelan-
McDermid syndrome and autism. Mol. Autism 11:53. doi: 10.1186/s13229-020-
00355-0

Frontiers in Molecular Neuroscience | www.frontiersin.org 11 November 2021 | Volume 14 | Article 764756

https://doi.org/10.1038/nrg2346
https://doi.org/10.1038/nrg2346
https://doi.org/10.1002/cne.20112
https://doi.org/10.1002/cne.20112
https://doi.org/10.1083/jcb.200511054
https://doi.org/10.3389/fnsyn.2020.00014
https://doi.org/10.1016/j.tins.2007.12.005
https://doi.org/10.1016/j.cortex.2014.10.014
https://doi.org/10.1038/nrc3419
https://doi.org/10.1093/cercor/bhq190
https://doi.org/10.1093/hmg/dds301
https://doi.org/10.1093/hmg/dds301
https://doi.org/10.3389/fnins.2016.00601
https://doi.org/10.3389/fnins.2016.00601
https://doi.org/10.1038/onc.2013.23
https://doi.org/10.1002/aur.1980
https://doi.org/10.1074/jbc.M110.103028
https://doi.org/10.1016/s0896-6273(03)00718-9
https://doi.org/10.3389/fnins.2015.00477
https://doi.org/10.1016/j.mcn.2007.03.004
https://doi.org/10.1073/pnas.1002285107
https://doi.org/10.1073/pnas.1002285107
https://doi.org/10.1126/science.280.5363.596
https://doi.org/10.1126/science.280.5363.596
https://doi.org/10.1038/mp.2015.207
https://doi.org/10.1002/1873-3468.13502
https://doi.org/10.1002/1873-3468.13502
https://doi.org/10.1136/jmg.2005.038604
https://doi.org/10.1136/jmg.2005.038604
https://doi.org/10.1242/dev.00685
https://doi.org/10.1186/s13229-020-00355-0
https://doi.org/10.1186/s13229-020-00355-0
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-764756 November 6, 2021 Time: 12:27 # 12

Caracci et al. Wnt/β-Catenin-Dependent Transcription in ASD

Cadigan, K. M., and Waterman, M. L. (2012). TCF/LEFs and Wnt signaling in the
nucleus. Cold Spring Harb. Perspect. Biol. 4:a007906. doi: 10.1101/cshperspect.
a007906

Caracci, M. O., Avila, M. E., and De Ferrari, G. V. (2016). Synaptic Wnt/GSK3beta
signaling hub in autism. Neural Plast 2016:9603751. doi: 10.1155/2016/9603751

Caricasole, A., Ferraro, T., Iacovelli, L., Barletta, E., Caruso, A., Melchiorri, D.,
et al. (2003). Functional characterization of WNT7A signaling in PC12 cells:
interaction with A FZD5 x LRP6 receptor complex and modulation by Dickkopf
proteins. J. Biol. Chem. 278, 37024–37031. doi: 10.1074/jbc.M300191200

Castilla-Vallmanya, L., Gursoy, S., Giray-Bozkaya, O., Prat-Planas, A., Bullich, G.,
Matalonga, L., et al. (2021). De Novo PORCN and ZIC2 mutations in a highly
consanguineous family. Int. J. Mol. Sci. 22:1549. doi: 10.3390/ijm‘1549

Cederquist, G. Y., Tchieu, J., Callahan, S. J., Ramnarine, K., Ryan, S., Zhang, C., et al.
(2020). A multiplex human pluripotent stem cell platform defines molecular
and functional subclasses of autism-related genes. Cell Stem Cell 27, 35–49 e36.
doi: 10.1016/j.stem.2020.06.004

Chai, G., Szenker-Ravi, E., Chung, C., Li, Z., Wang, L., Khatoo, M., et al. (2021).
A human pleiotropic multiorgan condition caused by deficient wnt secretion.
N. Engl. J. Med. 385, 1292–1301. doi: 10.1056/NEJMoa2033911

Chen, J., Park, C. S., and Tang, S. J. (2006). Activity-dependent synaptic Wnt release
regulates hippocampal long term potentiation. J. Biol. Chem. 281, 11910–11916.
doi: 10.1074/jbc.M511920200

Chenn, A., and Walsh, C. A. (2003). Increased neuronal production, enlarged
forebrains and cytoarchitectural distortions in beta-catenin overexpressing
transgenic mice. Cereb. Cortex 13, 599–606. doi: 10.1093/cercor/13.6.599

Chocholska, S., Rossier, E., Barbi, G., and Kehrer-Sawatzki, H. (2006). Molecular
cytogenetic analysis of a familial interstitial deletion Xp22.2-22.3 with a highly
variable phenotype in female carriers. Am. J. Med. Genet. A 140, 604–610.
doi: 10.1002/ajmg.a.31145

Chodelkova, O., Masek, J., Korinek, V., Kozmik, Z., and Machon, O. (2018). Tcf7L2
is essential for neurogenesis in the developing mouse neocortex. Neural Dev.
13:8. doi: 10.1186/s13064-018-0107-8

Choi, H. K., Choi, K. C., Yoo, J. Y., Song, M., Ko, S. J., Kim, C. H., et al. (2011).
Reversible SUMOylation of TBL1-TBLR1 regulates beta-catenin-mediated Wnt
signaling. Mol. Cell 43, 203–216. doi: 10.1016/j.molcel.2011.05.027

Ciani, L., and Salinas, P. C. (2005). WNTs in the vertebrate nervous system: from
patterning to neuronal connectivity. Nat. Rev. Neurosci. 6, 351–362. doi: 10.
1038/nrn1665

Ciani, L., Boyle, K. A., Dickins, E., Sahores, M., Anane, D., Lopes, D. M., et al.
(2011). Wnt7a signaling promotes dendritic spine growth and synaptic strength
through Ca(2)(+)/Calmodulin-dependent protein kinase II. Proc. Natl. Acad.
Sci. U.S.A. 108, 10732–10737. doi: 10.1073/pnas.1018132108

Clevers, H., and Nusse, R. (2012). Wnt/beta-catenin signaling and disease. Cell 149,
1192–1205. doi: 10.1016/j.cell.2012.05.012

Collins, R. T., Furukawa, T., Tanese, N., and Treisman, J. E. (1999). Osa associates
with the Brahma chromatin remodeling complex and promotes the activation
of some target genes. EMBO J. 18, 7029–7040. doi: 10.1093/emboj/18.24.7029

Courchesne, E., Carper, R., and Akshoomoff, N. (2003). Evidence of brain
overgrowth in the first year of life in autism. JAMA 290, 337–344. doi: 10.1001/
jama.290.3.337

Courchesne, E., Mouton, P. R., Calhoun, M. E., Semendeferi, K., Ahrens-Barbeau,
C., Hallet, M. J., et al. (2011). Neuron number and size in prefrontal cortex of
children with autism. JAMA 306, 2001–2010. doi: 10.1001/jama.2011.1638

Crawley, J. N., Heyer, W. D., and LaSalle, J. M. (2016). Autism and cancer share
risk genes, pathways, and drug targets. Trends Genet. 32, 139–146. doi: 10.1016/
j.tig.2016.01.001

Cuitino, L., Godoy, J. A., Farias, G. G., Couve, A., Bonansco, C., Fuenzalida, M.,
et al. (2010). Wnt-5a modulates recycling of functional GABAA receptors on
hippocampal neurons. J. Neurosci. 30, 8411–8420. doi: 10.1523/JNEUROSCI.
5736-09.2010

De Ferrari, G. V., and Inestrosa, N. C. (2000). Wnt signaling function in
Alzheimer’s disease. Brain Res. Brain Res. Rev. 33, 1–12. doi: 10.1016/s0165-
0173(00)00021-7

De Ferrari, G. V., and Moon, R. T. (2006). The ups and downs of Wnt signaling in
prevalent neurological disorders. Oncogene 25, 7545–7553. doi: 10.1038/sj.onc.
1210064

De Ferrari, G. V., Chacon, M. A., Barria, M. I., Garrido, J. L., Godoy, J. A., Olivares,
G., et al. (2003). Activation of Wnt signaling rescues neurodegeneration and

behavioral impairments induced by beta-amyloid fibrils. Mol. Psychiatry 8,
195–208. doi: 10.1038/sj.mp.4001208

De Ferrari, G. V., Papassotiropoulos, A., Biechele, T., Wavrant De-Vrieze, F.,
Avila, M. E., Major, M. B., et al. (2007). Common genetic variation within the
low-density lipoprotein receptor-related protein 6 and late-onset Alzheimer’s
disease. Proc. Natl. Acad. Sci. U.S.A. 104, 9434–9439. doi: 10.1073/pnas.
0603523104

de Ligt, J., Willemsen, M. H., van Bon, B. W., Kleefstra, T., Yntema, H. G., Kroes,
T., et al. (2012). Diagnostic exome sequencing in persons with severe intellectual
disability. N. Engl. J. Med. 367, 1921–1929. doi: 10.1056/NEJMoa1206524

De Rubeis, S., He, X., Goldberg, A. P., Poultney, C. S., Samocha, K., Cicek, A. E.,
et al. (2014). Synaptic, transcriptional and chromatin genes disrupted in autism.
Nature 515, 209–215. doi: 10.1038/nature13772

Deciphering Developmental Disorders Study (2015). Large-scale discovery of novel
genetic causes of developmental disorders. Nature 519, 223–228. doi: 10.1038/
nature14135

DeRosa, B. A., El Hokayem, J., Artimovich, E., Garcia-Serje, C., Phillips, A. W., Van
Booven, D., et al. (2018). Convergent pathways in idiopathic autism revealed by
time course transcriptomic analysis of patient-derived neurons. Sci. Rep. 8:8423.
doi: 10.1038/s41598-018-26495-1

Dias, C., Pfundt, R., Kleefstra, T., Shuurs-Hoeijmakers, J., Boon, E. M. J., van
Hagen, J. M., et al. (2021). De novo variants in TCF7L2 are associated with a
syndromic neurodevelopmental disorder. Am. J. Med. Genet. A 185, 2384–2390.
doi: 10.1002/ajmg.a.62254

Dong, F., Jiang, J., McSweeney, C., Zou, D., Liu, L., and Mao, Y. (2016). Deletion
of CTNNB1 in inhibitory circuitry contributes to autism-associated behavioral
defects. Hum. Mol. Genet. 25, 2738–2751. doi: 10.1093/hmg/ddw131

Durak, O., Gao, F., Kaeser-Woo, Y. J., Rueda, R., Martorell, A. J., Nott, A., et al.
(2016). Chd8 mediates cortical neurogenesis via transcriptional regulation of
cell cycle and Wnt signaling. Nat. Neurosci. 19, 1477–1488. doi: 10.1038/nn.
4400

Ettenberg, S. A., Charlat, O., Daley, M. P., Liu, S., Vincent, K. J., Stuart, D. D., et al.
(2010). Inhibition of tumorigenesis driven by different Wnt proteins requires
blockade of distinct ligand-binding regions by LRP6 antibodies. Proc. Natl.
Acad. Sci. U.S.A. 107, 15473–15478. doi: 10.1073/pnas.1007428107

Fang, W. Q., and Yuste, R. (2017). Overproduction of neurons is correlated with
enhanced cortical ensembles and increased perceptual discrimination. Cell Rep.
21, 381–392. doi: 10.1016/j.celrep.2017.09.040

Fang, W. Q., Chen, W. W., Fu, A. K., and Ip, N. Y. (2013). Axin directs the
amplification and differentiation of intermediate progenitors in the developing
cerebral cortex. Neuron 79, 665–679. doi: 10.1016/j.neuron.2013.06.017

Fang, W. Q., Chen, W. W., Jiang, L., Liu, K., Yung, W. H., Fu, A. K. Y., et al. (2014).
Overproduction of upper-layer neurons in the neocortex leads to autism-like
features in mice. Cell Rep. 9, 1635–1643. doi: 10.1016/j.celrep.2014.11.003

Fazel Darbandi, S., Robinson Schwartz, S. E., Pai, E. L., Everitt, A., Turner, M. L.,
Cheyette, B. N. R., et al. (2020). Enhancing WNT signaling restores cortical
neuronal spine maturation and synaptogenesis in TBR1 mutants. Cell Rep.
31:107495. doi: 10.1016/j.celrep.2020.03.059

Fazel Darbandi, S., Robinson Schwartz, S. E., Qi, Q., Catta-Preta, R., Pai, E. L.,
Mandell, J. D., et al. (2018). Neonatal Tbr1 dosage controls cortical layer 6
connectivity. Neuron 100, 831–845 e837. doi: 10.1016/j.neuron.2018.09.027

Fombonne, E., Roge, B., Claverie, J., Courty, S., and Fremolle, J. (1999).
Microcephaly and macrocephaly in autism. J. Autism Dev. Disord. 29, 113–119.
doi: 10.1023/a:1023036509476

Friedman, S. H., Dani, N., Rushton, E., and Broadie, K. (2013). Fragile X mental
retardation protein regulates trans-synaptic signaling in Drosophila. Dis. Model.
Mech. 6, 1400–1413. doi: 10.1242/dmm.012229

Gandal, M. J., Zhang, P., Hadjimichael, E., Walker, R. L., Chen, C., Liu,
S., et al. (2018). Transcriptome-wide isoform-level dysregulation in ASD,
schizophrenia, and bipolar disorder. Science 362:eaat8127. doi: 10.1126/science.
aat8127

Gao, C., and Chen, Y. G. (2010). Dishevelled: the hub of Wnt signaling. Cell Signal.
22, 717–727. doi: 10.1016/j.cellsig.2009.11.021

Gazestani, V. H., Pramparo, T., Nalabolu, S., Kellman, B. P., Murray, S., Lopez,
L., et al. (2019). A perturbed gene network containing PI3K-AKT, RAS-ERK
and WNT-beta-catenin pathways in leukocytes is linked to ASD genetics and
symptom severity. Nat. Neurosci. 22, 1624–1634. doi: 10.1038/s41593-019-
0489-x

Frontiers in Molecular Neuroscience | www.frontiersin.org 12 November 2021 | Volume 14 | Article 764756

https://doi.org/10.1101/cshperspect.a007906
https://doi.org/10.1101/cshperspect.a007906
https://doi.org/10.1155/2016/9603751
https://doi.org/10.1074/jbc.M300191200
https://doi.org/10.3390/ijm`1549
https://doi.org/10.1016/j.stem.2020.06.004
https://doi.org/10.1056/NEJMoa2033911
https://doi.org/10.1074/jbc.M511920200
https://doi.org/10.1093/cercor/13.6.599
https://doi.org/10.1002/ajmg.a.31145
https://doi.org/10.1186/s13064-018-0107-8
https://doi.org/10.1016/j.molcel.2011.05.027
https://doi.org/10.1038/nrn1665
https://doi.org/10.1038/nrn1665
https://doi.org/10.1073/pnas.1018132108
https://doi.org/10.1016/j.cell.2012.05.012
https://doi.org/10.1093/emboj/18.24.7029
https://doi.org/10.1001/jama.290.3.337
https://doi.org/10.1001/jama.290.3.337
https://doi.org/10.1001/jama.2011.1638
https://doi.org/10.1016/j.tig.2016.01.001
https://doi.org/10.1016/j.tig.2016.01.001
https://doi.org/10.1523/JNEUROSCI.5736-09.2010
https://doi.org/10.1523/JNEUROSCI.5736-09.2010
https://doi.org/10.1016/s0165-0173(00)00021-7
https://doi.org/10.1016/s0165-0173(00)00021-7
https://doi.org/10.1038/sj.onc.1210064
https://doi.org/10.1038/sj.onc.1210064
https://doi.org/10.1038/sj.mp.4001208
https://doi.org/10.1073/pnas.0603523104
https://doi.org/10.1073/pnas.0603523104
https://doi.org/10.1056/NEJMoa1206524
https://doi.org/10.1038/nature13772
https://doi.org/10.1038/nature14135
https://doi.org/10.1038/nature14135
https://doi.org/10.1038/s41598-018-26495-1
https://doi.org/10.1002/ajmg.a.62254
https://doi.org/10.1093/hmg/ddw131
https://doi.org/10.1038/nn.4400
https://doi.org/10.1038/nn.4400
https://doi.org/10.1073/pnas.1007428107
https://doi.org/10.1016/j.celrep.2017.09.040
https://doi.org/10.1016/j.neuron.2013.06.017
https://doi.org/10.1016/j.celrep.2014.11.003
https://doi.org/10.1016/j.celrep.2020.03.059
https://doi.org/10.1016/j.neuron.2018.09.027
https://doi.org/10.1023/a:1023036509476
https://doi.org/10.1242/dmm.012229
https://doi.org/10.1126/science.aat8127
https://doi.org/10.1126/science.aat8127
https://doi.org/10.1016/j.cellsig.2009.11.021
https://doi.org/10.1038/s41593-019-0489-x
https://doi.org/10.1038/s41593-019-0489-x
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-764756 November 6, 2021 Time: 12:27 # 13

Caracci et al. Wnt/β-Catenin-Dependent Transcription in ASD

Gentzel, M., and Schambony, A. (2017). Dishevelled paralogs in vertebrate
development: redundant or distinct? Front. Cell Dev. Biol. 5:59. doi: 10.3389/
fcell.2017.00059

Graf, W. D., Miller, G., Epstein, L. G., and Rapin, I. (2017). The autism “epidemic”:
ethical, legal, and social issues in a developmental spectrum disorder. Neurology
88, 1371–1380. doi: 10.1212/WNL.0000000000003791

Gregg, J. P., Lit, L., Baron, C. A., Hertz-Picciotto, I., Walker, W., Davis, R. A., et al.
(2008). Gene expression changes in children with autism. Genomics 91, 22–29.
doi: 10.1016/j.ygeno.2007.09.003

Griesi-Oliveira, K., Fogo, M. S., Pinto, B. G. G., Alves, A. Y., Suzuki, A. M.,
Morales, A. G., et al. (2020). Transcriptome of iPSC-derived neuronal cells
reveals a module of co-expressed genes consistently associated with autism
spectrum disorder. Mol. Psychiatry 26, 1589–1605. doi: 10.1038/s41380-020-0
669-9

Grove, E. A., Tole, S., Limon, J., Yip, L., and Ragsdale, C. W. (1998). The hem of the
embryonic cerebral cortex is defined by the expression of multiple Wnt genes
and is compromised in Gli3-deficient mice. Development 125, 2315–2325.

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

Gupta, S., Ellis, S. E., Ashar, F. N., Moes, A., Bader, J. S., Zhan, J., et al. (2014).
Transcriptome analysis reveals dysregulation of innate immune response genes
and neuronal activity-dependent genes in autism. Nat. Commun. 5:5748. doi:
10.1038/ncomms6748

Hacohen-Kleiman, G., Sragovich, S., Karmon, G., Gao, A. Y. L., Grigg, I.,
Pasmanik-Chor, M., et al. (2018). Activity-dependent neuroprotective protein
deficiency models synaptic and developmental phenotypes of autism-like
syndrome. J. Clin. Invest. 128, 4956–4969. doi: 10.1172/JCI98199

Halgren, C., Kjaergaard, S., Bak, M., Hansen, C., El-Schich, Z., Anderson, C. M.,
et al. (2012). Corpus callosum abnormalities, intellectual disability, speech
impairment, and autism in patients with haploinsufficiency of ARID1B. Clin.
Genet. 82, 248–255. doi: 10.1111/j.1399-0004.2011.01755.x

Hall, A. C., Lucas, F. R., and Salinas, P. C. (2000). Axonal remodeling and synaptic
differentiation in the cerebellum is regulated by WNT-7a signaling. Cell 100,
525–535. doi: 10.1016/s0092-8674(00)80689-3

Hammond, E., Lang, J., Maeda, Y., Pleasure, D., Angus-Hill, M., Xu, J., et al.
(2015). The Wnt effector transcription factor 7-like 2 positively regulates
oligodendrocyte differentiation in a manner independent of Wnt/beta-catenin
signaling. J. Neurosci. 35, 5007–5022. doi: 10.1523/JNEUROSCI.4787-14.2015

Harrison-Uy, S. J., and Pleasure, S. J. (2012). Wnt signaling and forebrain
development. Cold Spring Harb. Perspect. Biol. 4:a008094. doi: 10.1101/
cshperspect.a008094

Hart, M. J., de los Santos, R., Albert, I. N., Rubinfeld, B., and Polakis, P. (1998).
Downregulation of beta-catenin by human Axin and its association with the
APC tumor suppressor, beta-catenin and GSK3 beta. Curr. Biol. 8, 573–581.
doi: 10.1016/s0960-9822(98)70226-x

Hashemi, E., Ariza, J., Rogers, H., Noctor, S. C., and Martinez-Cerdeno, V.
(2017). The number of parvalbumin-expressing interneurons is decreased in
the prefrontal cortex in autism. Cereb. Cortex 27, 1931–1943. doi: 10.1093/
cercor/bhw021

Helsmoortel, C., Vulto-van Silfhout, A. T., Coe, B. P., Vandeweyer, G., Rooms, L.,
van den Ende, J., et al. (2014). A SWI/SNF-related autism syndrome caused by
de novo mutations in ADNP. Nat. Genet. 46, 380–384. doi: 10.1038/ng.2899

Hollis, E. R. II, and Zou, Y. (2012). Reinduced Wnt signaling limits regenerative
potential of sensory axons in the spinal cord following conditioning lesion. Proc.
Natl. Acad. Sci. U.S.A. 109, 14663–14668. doi: 10.1073/pnas.1206218109

Hong, S. K., and Dawid, I. B. (2011). The transcriptional mediator component
Med12 is required for hindbrain boundary formation. PLoS One 6:e19076.
doi: 10.1371/journal.pone.0019076

Houart, C., Caneparo, L., Heisenberg, C., Barth, K., Take-Uchi, M., and Wilson,
S. (2002). Establishment of the telencephalon during gastrulation by local
antagonism of Wnt signaling. Neuron 35, 255–265. doi: 10.1016/s0896-
6273(02)00751-1

Hoyer, J., Ekici, A. B., Endele, S., Popp, B., Zweier, C., Wiesener, A., et al.
(2012). Haploinsufficiency of ARID1B, a member of the SWI/SNF-a chromatin-
remodeling complex, is a frequent cause of intellectual disability. Am. J. Hum.
Genet. 90, 565–572. doi: 10.1016/j.ajhg.2012.02.007

Hrckulak, D., Kolar, M., Strnad, H., and Korinek, V. (2016). TCF/LEF transcription
factors: an update from the internet resources. Cancers (Basel) 8:70. doi: 10.
3390/cancers8070070

Hsu, W. L., Ma, Y. L., Liu, Y. C., Tai, D. J. C., and Lee, E. H. Y. (2020). Restoring
Wnt6 signaling ameliorates behavioral deficits in MeCP2 T158A mouse model
of Rett syndrome. Sci. Rep. 10:1074. doi: 10.1038/s41598-020-57745-w

Hu, V. W., Frank, B. C., Heine, S., Lee, N. H., and Quackenbush, J. (2006).
Gene expression profiling of lymphoblastoid cell lines from monozygotic twins
discordant in severity of autism reveals differential regulation of neurologically
relevant genes. BMC Genomics 7:118. doi: 10.1186/1471-2164-7-118

Hu, V. W., Nguyen, A., Kim, K. S., Steinberg, M. E., Sarachana, T., Scully, M. A.,
et al. (2009). Gene expression profiling of lymphoblasts from autistic and
nonaffected sib pairs: altered pathways in neuronal development and steroid
biosynthesis. PLoS One 4:e5775. doi: 10.1371/journal.pone.0005775

Huang, S. M., Mishina, Y. M., Liu, S., Cheung, A., Stegmeier, F., Michaud,
G. A., et al. (2009). Tankyrase inhibition stabilizes axin and antagonizes Wnt
signalling. Nature 461, 614–620. doi: 10.1038/nature08356

Hutsler, J. J., and Casanova, M. F. (2016). Review: Cortical construction in autism
spectrum disorder: columns, connectivity and the subplate. Neuropathol. Appl.
Neurobiol. 42, 115–134. doi: 10.1111/nan.12227

Ikeda, S., Kishida, S., Yamamoto, H., Murai, H., Koyama, S., and Kikuchi,
A. (1998). Axin, a negative regulator of the Wnt signaling pathway, forms
a complex with GSK-3beta and beta-catenin and promotes GSK-3beta-
dependent phosphorylation of beta-catenin. EMBO J. 17, 1371–1384. doi: 10.
1093/emboj/17.5.1371

Iossifov, I., O’Roak, B. J., Sanders, S. J., Ronemus, M., Krumm, N., Levy, D., et al.
(2014). The contribution of de novo coding mutations to autism spectrum
disorder. Nature 515, 216–221. doi: 10.1038/nature13908

Jamain, S., Quach, H., Betancur, C., Rastam, M., Colineaux, C., Gillberg, I. C.,
et al. (2003). Mutations of the X-linked genes encoding neuroligins NLGN3 and
NLGN4 are associated with autism. Nat. Genet. 34, 27–29. doi: 10.1038/ng1136

Jung, E. M., Moffat, J. J., Liu, J., Dravid, S. M., Gurumurthy, C. B., and Kim, W. Y.
(2017). Arid1b haploinsufficiency disrupts cortical interneuron development
and mouse behavior. Nat. Neurosci. 20, 1694–1707. doi: 10.1038/s41593-017-
0013-0

Ka, M., Chopra, D. A., Dravid, S. M., and Kim, W. Y. (2016). Essential roles
for ARID1B in dendritic arborization and spine morphology of developing
pyramidal neurons. J. Neurosci. 36, 2723–2742. doi: 10.1523/JNEUROSCI.
2321-15.2016

Kanner, L. (1943). Autistic disturbances of affective contact. Nerv. Child 2, 217–
250.

Kawamura, A., Katayama, Y., Nishiyama, M., Shoji, H., Tokuoka, K., Ueta, Y.,
et al. (2020). Oligodendrocyte dysfunction due to Chd8 mutation gives rise to
behavioral deficits in mice. Hum. Mol. Genet. 29, 1274–1291. doi: 10.1093/hmg/
ddaa036

Khatri, N., and Man, H. Y. (2019). The autism and angelman syndrome protein
Ube3A/E6AP: the gene, E3 ligase ubiquitination targets and neurobiological
functions. Front. Mol. Neurosci. 12:109. doi: 10.3389/fnmol.2019.00109

Kim, S., Xu, X., Hecht, A., and Boyer, T. G. (2006). Mediator is a transducer of
Wnt/beta-catenin signaling. J. Biol. Chem. 281, 14066–14075. doi: 10.1074/jbc.
M602696200

Kim, Y. S., Leventhal, B. L., Koh, Y. J., Fombonne, E., Laska, E., Lim, E. C., et al.
(2011). Prevalence of autism spectrum disorders in a total population sample.
Am. J. Psychiatry 168, 904–912. doi: 10.1176/appi.ajp.2011.10101532

Kishida, S., Yamamoto, H., Hino, S., Ikeda, S., Kishida, M., and Kikuchi, A. (1999).
DIX domains of Dvl and axin are necessary for protein interactions and their
ability to regulate beta-catenin stability. Mol. Cell Biol. 19, 4414–4422. doi:
10.1128/MCB.19.6.4414

Klaus, A., and Birchmeier, W. (2008). Wnt signalling and its impact on
development and cancer. Nat. Rev. Cancer 8, 387–398. doi: 10.1038/nrc2389

Korinek, V., Barker, N., Morin, P. J., van Wichen, D., de Weger, R., Kinzler,
K. W., et al. (1997). Constitutive transcriptional activation by a beta-catenin-
Tcf complex in APC-/- colon carcinoma. Science 275, 1784–1787. doi: 10.1126/
science.275.5307.1784

Krumm, N., O’Roak, B. J., Shendure, J., and Eichler, E. E. (2014). A de novo
convergence of autism genetics and molecular neuroscience. Trends Neurosci.
37, 95–105. doi: 10.1016/j.tins.2013.11.005

Frontiers in Molecular Neuroscience | www.frontiersin.org 13 November 2021 | Volume 14 | Article 764756

https://doi.org/10.3389/fcell.2017.00059
https://doi.org/10.3389/fcell.2017.00059
https://doi.org/10.1212/WNL.0000000000003791
https://doi.org/10.1016/j.ygeno.2007.09.003
https://doi.org/10.1038/s41380-020-0669-9
https://doi.org/10.1038/s41380-020-0669-9
https://doi.org/10.3389/fncel.2018.00470
https://doi.org/10.1038/ncomms6748
https://doi.org/10.1038/ncomms6748
https://doi.org/10.1172/JCI98199
https://doi.org/10.1111/j.1399-0004.2011.01755.x
https://doi.org/10.1016/s0092-8674(00)80689-3
https://doi.org/10.1523/JNEUROSCI.4787-14.2015
https://doi.org/10.1101/cshperspect.a008094
https://doi.org/10.1101/cshperspect.a008094
https://doi.org/10.1016/s0960-9822(98)70226-x
https://doi.org/10.1093/cercor/bhw021
https://doi.org/10.1093/cercor/bhw021
https://doi.org/10.1038/ng.2899
https://doi.org/10.1073/pnas.1206218109
https://doi.org/10.1371/journal.pone.0019076
https://doi.org/10.1016/s0896-6273(02)00751-1
https://doi.org/10.1016/s0896-6273(02)00751-1
https://doi.org/10.1016/j.ajhg.2012.02.007
https://doi.org/10.3390/cancers8070070
https://doi.org/10.3390/cancers8070070
https://doi.org/10.1038/s41598-020-57745-w
https://doi.org/10.1186/1471-2164-7-118
https://doi.org/10.1371/journal.pone.0005775
https://doi.org/10.1038/nature08356
https://doi.org/10.1111/nan.12227
https://doi.org/10.1093/emboj/17.5.1371
https://doi.org/10.1093/emboj/17.5.1371
https://doi.org/10.1038/nature13908
https://doi.org/10.1038/ng1136
https://doi.org/10.1038/s41593-017-0013-0
https://doi.org/10.1038/s41593-017-0013-0
https://doi.org/10.1523/JNEUROSCI.2321-15.2016
https://doi.org/10.1523/JNEUROSCI.2321-15.2016
https://doi.org/10.1093/hmg/ddaa036
https://doi.org/10.1093/hmg/ddaa036
https://doi.org/10.3389/fnmol.2019.00109
https://doi.org/10.1074/jbc.M602696200
https://doi.org/10.1074/jbc.M602696200
https://doi.org/10.1176/appi.ajp.2011.10101532
https://doi.org/10.1128/MCB.19.6.4414
https://doi.org/10.1128/MCB.19.6.4414
https://doi.org/10.1038/nrc2389
https://doi.org/10.1126/science.275.5307.1784
https://doi.org/10.1126/science.275.5307.1784
https://doi.org/10.1016/j.tins.2013.11.005
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-764756 November 6, 2021 Time: 12:27 # 14

Caracci et al. Wnt/β-Catenin-Dependent Transcription in ASD

Kuwabara, T., Hsieh, J., Muotri, A., Yeo, G., Warashina, M., Lie, D. C., et al.
(2009). Wnt-mediated activation of NeuroD1 and retro-elements during adult
neurogenesis. Nat. Neurosci. 12, 1097–1105. doi: 10.1038/nn.2360

Kweon, S. M., Chi, F., Higashiyama, R., Lai, K., and Tsukamoto, H. (2016). Wnt
pathway stabilizes MeCP2 protein to repress PPAR-gamma in activation of
hepatic stellate cells. PLoS One 11:e0156111. doi: 10.1371/journal.pone.015
6111

Lahbib, S., Trabelsi, M., Dallali, H., Sakka, R., Bourourou, R., Kefi, R., et al. (2019).
Novel MED12 variant in a multiplex Fragile X syndrome family: dual molecular
etiology of two X-linked intellectual disabilities with autism in the same family.
Mol. Biol. Rep. 46, 4185–4193. doi: 10.1007/s11033-019-04869-6

Lai, M. C., Lombardo, M. V., and Baron-Cohen, S. (2014). Autism. Lancet 383,
896–910. doi: 10.1016/S0140-6736(13)61539-1

Lako, M., Lindsay, S., Bullen, P., Wilson, D. I., Robson, S. C., and Strachan,
T. (1998). A novel mammalian wnt gene, WNT8B, shows brain-restricted
expression in early development, with sharply delimited expression boundaries
in the developing forebrain. Hum. Mol. Genet. 7, 813–822. doi: 10.1093/hmg/7.
5.813

Latapy, C., Rioux, V., Guitton, M. J., and Beaulieu, J. M. (2012). Selective deletion
of forebrain glycogen synthase kinase 3beta reveals a central role in serotonin-
sensitive anxiety and social behaviour. Philos. Trans. R. Soc. Lond. B Biol. Sci.
367, 2460–2474. doi: 10.1098/rstb.2012.0094

Lee, M., Yoon, J., Song, H., Lee, B., Lam, D. T., Yoon, J., et al. (2017). Tcf7l2
plays crucial roles in forebrain development through regulation of thalamic
and habenular neuron identity and connectivity. Dev. Biol. 424, 62–76. doi:
10.1016/j.ydbio.2017.02.010

Lelieveld, S. H., Reijnders, M. R., Pfundt, R., Yntema, H. G., Kamsteeg, E. J., de
Vries, P., et al. (2016). Meta-analysis of 2,104 trios provides support for 10 new
genes for intellectual disability. Nat. Neurosci. 19, 1194–1196. doi: 10.1038/nn.
4352

Levy, D., Ronemus, M., Yamrom, B., Lee, Y. H., Leotta, A., Kendall, J., et al. (2011).
Rare de novo and transmitted copy-number variation in autistic spectrum
disorders. Neuron 70, 886–897. doi: 10.1016/j.neuron.2011.05.015

Li, J., and Wang, C. Y. (2008). TBL1-TBLR1 and beta-catenin recruit each other
to Wnt target-gene promoter for transcription activation and oncogenesis. Nat
Cell Biol 10, 160–169. doi: 10.1038/ncb1684

Li, Q., Becker, B., Jiang, X., Zhao, Z., Zhang, Q., Yao, S., et al. (2019). Decreased
interhemispheric functional connectivity rather than corpus callosum volume
as a potential biomarker for autism spectrum disorder. Cortex 119, 258–266.
doi: 10.1016/j.cortex.2019.05.003

Li, X., Zhang, Y., Wang, L., Lin, Y., Gao, Z., Zhan, X., et al. (2019). Integrated
analysis of brain transcriptome reveals convergent molecular pathways in
autism spectrum disorder. Front. Psychiatry 10:706. doi: 10.3389/fpsyt.2019.
00706

Libro, R., Bramanti, P., and Mazzon, E. (2016). The role of the Wnt canonical
signaling in neurodegenerative diseases. Life Sci. 158, 78–88. doi: 10.1016/j.lfs.
2016.06.024

Lie, D. C., Colamarino, S. A., Song, H. J., Desire, L., Mira, H., Consiglio, A., et al.
(2005). Wnt signalling regulates adult hippocampal neurogenesis. Nature 437,
1370–1375. doi: 10.1038/nature04108

Lijam, N., Paylor, R., McDonald, M. P., Crawley, J. N., Deng, C. X., Herrup, K.,
et al. (1997). Social interaction and sensorimotor gating abnormalities in mice
lacking Dvl1. Cell 90, 895–905. doi: 10.1016/s0092-8674(00)80354-2

Lin, M., Lachman, H. M., and Zheng, D. (2016). Transcriptomics analysis of
iPSC-derived neurons and modeling of neuropsychiatric disorders. Mol. Cell
Neurosci. 73, 32–42. doi: 10.1016/j.mcn.2015.11.009

Lintas, C., Sacco, R., and Persico, A. M. (2012). Genome-wide expression studies in
autism spectrum disorder, rett syndrome, and down syndrome. Neurobiol. Dis.
45, 57–68. doi: 10.1016/j.nbd.2010.11.010

Liu, X., Hu, G., Ye, J., Ye, B., Shen, N., Tao, Y., et al. (2020). De Novo ARID1B
mutations cause growth delay associated with aberrant Wnt/beta-catenin
signaling. Hum. Mutat. 41, 1012–1024. doi: 10.1002/humu.23990

Liu, Z. H., Chuang, D. M., and Smith, C. B. (2011). Lithium ameliorates phenotypic
deficits in a mouse model of fragile X syndrome. Int. J. Neuropsychopharmacol.
14, 618–630. doi: 10.1017/S1461145710000520

Logan, C. Y., and Nusse, R. (2004). The Wnt signaling pathway in development and
disease. Annu. Rev. Cell Dev. Biol. 20, 781–810. doi: 10.1146/annurev.cellbio.20.
010403.113126

Lopez, S. J., Laufer, B. I., Beitnere, U., Berg, E. L., Silverman, J. L., O’Geen, H.,
et al. (2019). Imprinting effects of UBE3A loss on synaptic gene networks and
Wnt signaling pathways. Hum. Mol. Genet. 28, 3842–3852. doi: 10.1093/hmg/
ddz221

Lucas, F. R., and Salinas, P. C. (1997). WNT-7a induces axonal remodeling and
increases synapsin I levels in cerebellar neurons. Dev. Biol. 192, 31–44. doi:
10.1006/dbio.1997.8734

Luo, Y., Shan, G., Guo, W., Smrt, R. D., Johnson, E. B., Li, X., et al. (2010).
Fragile x mental retardation protein regulates proliferation and differentiation
of adult neural stem/progenitor cells. PLoS Genet. 6:e1000898. doi: 10.1371/
journal.pgen.1000898

MacDonald, B. T., and He, X. (2012). Frizzled and LRP5/6 receptors for Wnt/beta-
catenin signaling. Cold Spring Harb. Perspect. Biol. 4:a007880. doi: 10.1101/
cshperspect.a007880

Maenner, M. J., Shaw, K. A., Baio, J., Washington, A., Patrick, M., DiRienzo, M.,
et al. (2020). Prevalence of autism spectrum disorder among children aged 8
years - autism and developmental disabilities monitoring network, 11 sites,
United States, 2016. MMWR Surveill. Summ. 69, 1–12. doi: 10.15585/mmwr.
ss6904a1

Mak, B. C., Kenerson, H. L., Aicher, L. D., Barnes, E. A., and Yeung, R. S.
(2005). Aberrant beta-catenin signaling in tuberous sclerosis. Am. J. Pathol. 167,
107–116. doi: 10.1016/s0002-9440(10)62958-6

Mak, B. C., Takemaru, K., Kenerson, H. L., Moon, R. T., and Yeung, R. S. (2003).
The tuberin-hamartin complex negatively regulates beta-catenin signaling
activity. J. Biol. Chem. 278, 5947–5951. doi: 10.1074/jbc.C200473200

Marchetto, M. C., Belinson, H., Tian, Y., Freitas, B. C., Fu, C., Vadodaria, K.,
et al. (2017). Altered proliferation and networks in neural cells derived from
idiopathic autistic individuals. Mol. Psychiatry 22, 820–835. doi: 10.1038/mp.
2016.95

Mardones, M. D., Andaur, G. A., Varas-Godoy, M., Henriquez, J. F., Salech, F.,
Behrens, M. I., et al. (2016). Frizzled-1 receptor regulates adult hippocampal
neurogenesis. Mol. Brain 9:29. doi: 10.1186/s13041-016-0209-3

Maretto, S., Cordenonsi, M., Dupont, S., Braghetta, P., Broccoli, V., Hassan, A. B.,
et al. (2003). Mapping Wnt/beta-catenin signaling during mouse development
and in colorectal tumors. Proc. Natl. Acad. Sci. U.S.A. 100, 3299–3304. doi:
10.1073/pnas.0434590100

Marie, C., Clavairoly, A., Frah, M., Hmidan, H., Yan, J., Zhao, C., et al. (2018).
Oligodendrocyte precursor survival and differentiation requires chromatin
remodeling by Chd7 and Chd8. Proc. Natl. Acad. Sci. U.S.A. 115, E8246–E8255.
doi: 10.1073/pnas.1802620115

Martin, P. M., Stanley, R. E., Ross, A. P., Freitas, A. E., Moyer, C. E., Brumback,
A. C., et al. (2018). DIXDC1 contributes to psychiatric susceptibility by
regulating dendritic spine and glutamatergic synapse density via GSK3 and
Wnt/beta-catenin signaling.Mol. Psychiatry 23, 467–475. doi: 10.1038/mp.2016.
184

Martin, P. M., Yang, X., Robin, N., Lam, E., Rabinowitz, J. S., Erdman, C. A.,
et al. (2013). A rare WNT1 missense variant overrepresented in ASD leads
to increased Wnt signal pathway activation. Transl. Psychiatry 3:e301. doi:
10.1038/tp.2013.75

Martinez, M., Torres, V. I., Vio, C. P., and Inestrosa, N. C. (2020). Canonical
Wnt signaling modulates the expression of pre- and postsynaptic components
in different temporal patterns. Mol. Neurobiol. 57, 1389–1404. doi: 10.1007/
s12035-019-01785-5

McMahon, A. P., and Bradley, A. (1990). The Wnt-1 (int-1) proto-oncogene
is required for development of a large region of the mouse brain. Cell 62,
1073–1085. doi: 10.1016/0092-8674(90)90385-r

Medina, M. A., Andrade, V. M., Caracci, M. O., Avila, M. E., Verdugo,
D. A., Vargas, M. F., et al. (2018). Wnt/beta-catenin signaling stimulates the
expression and synaptic clustering of the autism-associated Neuroligin 3 gene.
Transl. Psychiatry 8:45. doi: 10.1038/s41398-018-0093-y

Miao, C. G., Huang, C., Huang, Y., Yang, Y. Y., He, X., Zhang, L., et al. (2013).
MeCP2 modulates the canonical Wnt pathway activation by targeting SFRP4 in
rheumatoid arthritis fibroblast-like synoviocytes in rats. Cell Signal 25, 598–608.
doi: 10.1016/j.cellsig.2012.11.023

Miao, N., Bian, S., Lee, T., Mubarak, T., Huang, S., Wen, Z., et al. (2018).
Opposite roles of Wnt7a and Sfrp1 in modulating proper development of
neural progenitors in the mouse cerebral cortex. Front. Mol. Neurosci. 11:247.
doi: 10.3389/fnmol.2018.00247

Frontiers in Molecular Neuroscience | www.frontiersin.org 14 November 2021 | Volume 14 | Article 764756

https://doi.org/10.1038/nn.2360
https://doi.org/10.1371/journal.pone.0156111
https://doi.org/10.1371/journal.pone.0156111
https://doi.org/10.1007/s11033-019-04869-6
https://doi.org/10.1016/S0140-6736(13)61539-1
https://doi.org/10.1093/hmg/7.5.813
https://doi.org/10.1093/hmg/7.5.813
https://doi.org/10.1098/rstb.2012.0094
https://doi.org/10.1016/j.ydbio.2017.02.010
https://doi.org/10.1016/j.ydbio.2017.02.010
https://doi.org/10.1038/nn.4352
https://doi.org/10.1038/nn.4352
https://doi.org/10.1016/j.neuron.2011.05.015
https://doi.org/10.1038/ncb1684
https://doi.org/10.1016/j.cortex.2019.05.003
https://doi.org/10.3389/fpsyt.2019.00706
https://doi.org/10.3389/fpsyt.2019.00706
https://doi.org/10.1016/j.lfs.2016.06.024
https://doi.org/10.1016/j.lfs.2016.06.024
https://doi.org/10.1038/nature04108
https://doi.org/10.1016/s0092-8674(00)80354-2
https://doi.org/10.1016/j.mcn.2015.11.009
https://doi.org/10.1016/j.nbd.2010.11.010
https://doi.org/10.1002/humu.23990
https://doi.org/10.1017/S1461145710000520
https://doi.org/10.1146/annurev.cellbio.20.010403.113126
https://doi.org/10.1146/annurev.cellbio.20.010403.113126
https://doi.org/10.1093/hmg/ddz221
https://doi.org/10.1093/hmg/ddz221
https://doi.org/10.1006/dbio.1997.8734
https://doi.org/10.1006/dbio.1997.8734
https://doi.org/10.1371/journal.pgen.1000898
https://doi.org/10.1371/journal.pgen.1000898
https://doi.org/10.1101/cshperspect.a007880
https://doi.org/10.1101/cshperspect.a007880
https://doi.org/10.15585/mmwr.ss6904a1
https://doi.org/10.15585/mmwr.ss6904a1
https://doi.org/10.1016/s0002-9440(10)62958-6
https://doi.org/10.1074/jbc.C200473200
https://doi.org/10.1038/mp.2016.95
https://doi.org/10.1038/mp.2016.95
https://doi.org/10.1186/s13041-016-0209-3
https://doi.org/10.1073/pnas.0434590100
https://doi.org/10.1073/pnas.0434590100
https://doi.org/10.1073/pnas.1802620115
https://doi.org/10.1038/mp.2016.184
https://doi.org/10.1038/mp.2016.184
https://doi.org/10.1038/tp.2013.75
https://doi.org/10.1038/tp.2013.75
https://doi.org/10.1007/s12035-019-01785-5
https://doi.org/10.1007/s12035-019-01785-5
https://doi.org/10.1016/0092-8674(90)90385-r
https://doi.org/10.1038/s41398-018-0093-y
https://doi.org/10.1016/j.cellsig.2012.11.023
https://doi.org/10.3389/fnmol.2018.00247
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-764756 November 6, 2021 Time: 12:27 # 15

Caracci et al. Wnt/β-Catenin-Dependent Transcription in ASD

Mills, J. D., Iyer, A. M., van Scheppingen, J., Bongaarts, A., Anink, J. J., Janssen,
B., et al. (2017). Coding and small non-coding transcriptional landscape of
tuberous sclerosis complex cortical tubers: implications for pathophysiology
and treatment. Sci. Rep. 7:8089. doi: 10.1038/s41598-017-06145-8

Mines, M. A., Yuskaitis, C. J., King, M. K., Beurel, E., and Jope, R. S. (2010).
GSK3 influences social preference and anxiety-related behaviors during social
interaction in a mouse model of fragile X syndrome and autism. PLoS One
5:e9706. doi: 10.1371/journal.pone.0009706

Mohn, J. L., Alexander, J., Pirone, A., Palka, C. D., Lee, S. Y., Mebane, L., et al.
(2014). Adenomatous polyposis coli protein deletion leads to cognitive and
autism-like disabilities. Mol. Psychiatry 19, 1133–1142. doi: 10.1038/mp.2014.
61

Moon, R. T., Kohn, A. D., De Ferrari, G. V., and Kaykas, A. (2004). WNT and
beta-catenin signalling: diseases and therapies. Nat. Rev. Genet. 5, 691–701.
doi: 10.1038/nrg1427

Nakagawa, N., Li, J., Yabuno-Nakagawa, K., Eom, T. Y., Cowles, M., Mapp, T.,
et al. (2017). APC sets the Wnt tone necessary for cerebral cortical progenitor
development. Genes Dev. 31, 1679–1692. doi: 10.1101/gad.302679.117

Nelson, S. B., and Valakh, V. (2015). Excitatory/inhibitory balance and circuit
homeostasis in autism spectrum disorders. Neuron 87, 684–698. doi: 10.1016/j.
neuron.2015.07.033

Nishi, A., Numata, S., Tajima, A., Zhu, X., Ito, K., Saito, A., et al. (2017). De novo
non-synonymous TBL1XR1 mutation alters Wnt signaling activity. Sci. Rep.
7:2887. doi: 10.1038/s41598-017-02792-z

Nishimura, Y., Martin, C. L., Vazquez-Lopez, A., Spence, S. J., Alvarez-Retuerto,
A. I., Sigman, M., et al. (2007). Genome-wide expression profiling of
lymphoblastoid cell lines distinguishes different forms of autism and reveals
shared pathways. Hum. Mol. Genet. 16, 1682–1698. doi: 10.1093/hmg/ddm116

Nord, A. S., Roeb, W., Dickel, D. E., Walsh, T., Kusenda, M., O’Connor, K. L.,
et al. (2011). Reduced transcript expression of genes affected by inherited and
de novo CNVs in autism. Eur. J. Hum. Genet. 19, 727–731. doi: 10.1038/ejhg.
2011.24

Nusse, R., and Clevers, H. (2017). Wnt/beta-catenin signaling, disease, and
emerging therapeutic modalities. Cell 169, 985–999. doi: 10.1016/j.cell.2017.05.
016

Okuda, T., Yu, L. M., Cingolani, L. A., Kemler, R., and Goda, Y. (2007). beta-
Catenin regulates excitatory postsynaptic strength at hippocampal synapses.
Proc. Natl. Acad. Sci. U.S.A. 104, 13479–13484. doi: 10.1073/pnas.0702334104

O’Roak, B. J., Vives, L., Girirajan, S., Karakoc, E., Krumm, N., Coe, B. P.,
et al. (2012b). Sporadic autism exomes reveal a highly interconnected protein
network of de novo mutations. Nature 485, 246–250. doi: 10.1038/nature10989

O’Roak, B. J., Vives, L., Fu, W., Egertson, J. D., Stanaway, I. B., Phelps, I. G., et al.
(2012a). Multiplex targeted sequencing identifies recurrently mutated genes
in autism spectrum disorders. Science 338, 1619–1622. doi: 10.1126/science.
1227764

Ozonoff, S. (2012). Editorial perspective: autism spectrum disorders in DSM-5–an
historical perspective and the need for change. J. Child Psychol. Psychiatry 53,
1092–1094. doi: 10.1111/j.1469-7610.2012.02614.x

Perez-Palma, E., Andrade, V., Caracci, M. O., Bustos, B. I., Villaman, C., Medina,
M. A., et al. (2016). Early transcriptional changes induced by Wnt/beta-catenin
signaling in hippocampal neurons. Neural Plast. 2016:4672841. doi: 10.1155/
2016/4672841

Purro, S. A., Galli, S., and Salinas, P. C. (2014). Dysfunction of Wnt signaling and
synaptic disassembly in neurodegenerative diseases. J. Mol. Cell Biol. 6, 75–80.
doi: 10.1093/jmcb/mjt049

Qin, L., Ma, K., Wang, Z. J., Hu, Z., Matas, E., Wei, J., et al. (2018). Social deficits in
Shank3-deficient mouse models of autism are rescued by histone deacetylase
(HDAC) inhibition. Nat. Neurosci. 21, 564–575. doi: 10.1038/s41593-018-0
110-8

Reya, T., and Clevers, H. (2005). Wnt signalling in stem cells and cancer. Nature
434, 843–850. doi: 10.1038/nature03319

Rice, C. E., Rosanoff, M., Dawson, G., Durkin, M. S., Croen, L. A., Singer, A., et al.
(2012). Evaluating changes in the prevalence of the autism spectrum disorders
(ASDs). Public Health Rev. 34, 1–22. doi: 10.1007/BF03391685

Rosenberg, R. E., Law, J. K., Yenokyan, G., McGready, J., Kaufmann, W. E.,
and Law, P. A. (2009). Characteristics and concordance of autism spectrum
disorders among 277 twin pairs. Arch. Pediatr. Adolesc. Med. 163, 907–914.
doi: 10.1001/archpediatrics.2009.98

Sanders, S. J., He, X., Willsey, A. J., Ercan-Sencicek, A. G., Samocha, K. E., Cicek,
A. E., et al. (2015). Insights into autism spectrum disorder genomic architecture
and biology from 71 risk Loci. Neuron 87, 1215–1233. doi: 10.1016/j.neuron.
2015.09.016

Sanders, S. J., Murtha, M. T., Gupta, A. R., Murdoch, J. D., Raubeson, M. J.,
Willsey, A. J., et al. (2012). De novo mutations revealed by whole-exome
sequencing are strongly associated with autism. Nature 485, 237–241. doi: 10.
1038/nature10945

Satterstrom, F. K., Kosmicki, J. A., Wang, J., Breen, M. S., De Rubeis, S.,
An, J. Y., et al. (2020). Large-scale exome sequencing study implicates both
developmental and functional changes in the neurobiology of autism. Cell 180,
568–584 e523. doi: 10.1016/j.cell.2019.12.036

Sharma, K., Choi, S. Y., Zhang, Y., Nieland, T. J., Long, S., Li, M., et al. (2013).
High-throughput genetic screen for synaptogenic factors: identification of LRP6
as critical for excitatory synapse development. Cell Rep. 5, 1330–1341. doi:
10.1016/j.celrep.2013.11.008

Sparks, B. F., Friedman, S. D., Shaw, D. W., Aylward, E. H., Echelard, D., Artru,
A. A., et al. (2002). Brain structural abnormalities in young children with autism
spectrum disorder. Neurology 59, 184–192. doi: 10.1212/wnl.59.2.184

Speese, S. D., and Budnik, V. (2007). Wnts: up-and-coming at the synapse. Trends
Neurosci. 30, 268–275. doi: 10.1016/j.tins.2007.04.003

Staal, F. J., Luis, T. C., and Tiemessen, M. M. (2008). WNT signalling in the
immune system: WNT is spreading its wings. Nat. Rev. Immunol. 8, 581–593.
doi: 10.1038/nri2360

Stamos, J. L., and Weis, W. I. (2013). The beta-catenin destruction complex. Cold
Spring Harb. Perspect. Biol. 5:a007898. doi: 10.1101/cshperspect.a007898

Stessman, H. A., Xiong, B., Coe, B. P., Wang, T., Hoekzema, K., Fenckova, M.,
et al. (2017). Targeted sequencing identifies 91 neurodevelopmental-disorder
risk genes with autism and developmental-disability biases. Nat. Genet. 49,
515–526. doi: 10.1038/ng.3792

Sun, X., Peng, X., Cao, Y., Zhou, Y., and Sun, Y. (2020). ADNP promotes neural
differentiation by modulating Wnt/beta-catenin signaling. Nat. Commun.
11:2984. doi: 10.1038/s41467-020-16799-0

Sztainberg, Y., and Zoghbi, H. Y. (2016). Lessons learned from studying syndromic
autism spectrum disorders. Nat. Neurosci. 19, 1408–1417. doi: 10.1038/nn.4420

Tago, K., Nakamura, T., Nishita, M., Hyodo, J., Nagai, S., Murata, Y., et al. (2000).
Inhibition of Wnt signaling by ICAT, a novel beta-catenin-interacting protein.
Genes Dev. 14, 1741–1749.

Tatavarty, V., Torrado Pacheco, A., Groves Kuhnle, C., Lin, H., Koundinya, P.,
Miska, N. J., et al. (2020). Autism-associated shank3 is essential for homeostatic
compensation in rodent V1. Neuron 106, 769–777e764. doi: 10.1016/j.neuron.
2020.02.033

Thomas, K. R., and Capecchi, M. R. (1990). Targeted disruption of the murine int-
1 proto-oncogene resulting in severe abnormalities in midbrain and cerebellar
development. Nature 346, 847–850. doi: 10.1038/346847a0

Thompson, B. A., Tremblay, V., Lin, G., and Bochar, D. A. (2008). CHD8 is an
ATP-dependent chromatin remodeling factor that regulates beta-catenin target
genes. Mol. Cell Biol. 28, 3894–3904. doi: 10.1128/MCB.00322-08

Trotter, K. W., and Archer, T. K. (2008). The BRG1 transcriptional coregulator.
Nucl. Recept. Signal. 6:e004. doi: 10.1621/nrs.06004

Turner, T. N., Coe, B. P., Dickel, D. E., Hoekzema, K., Nelson, B. J., Zody, M. C.,
et al. (2017). Genomic patterns of de novo mutation in simplex autism. Cell 171,
710–722 e712. doi: 10.1016/j.cell.2017.08.047

Ugarte, G. D., Vargas, M. F., Medina, M. A., Leon, P., Necunir, D., Elorza,
A. A., et al. (2015). Wnt signaling induces transcription, spatial proximity, and
translocation of fusion gene partners in human hematopoietic cells. Blood 126,
1785–1789. doi: 10.1182/blood-2015-04-638494

Utami, K. H., Winata, C. L., Hillmer, A. M., Aksoy, I., Long, H. T., Liany, H.,
et al. (2014). Impaired development of neural-crest cell-derived organs and
intellectual disability caused by MED13L haploinsufficiency. Hum. Mutat. 35,
1311–1320. doi: 10.1002/humu.22636

Valenta, T., Hausmann, G., and Basler, K. (2012). The many faces and
functions of beta-catenin. EMBO J. 31, 2714–2736. doi: 10.1038/emboj.20
12.150

van der Sluijs, P. J., Jansen, S., Vergano, S. A., Adachi-Fukuda, M., Alanay,
Y., AlKindy, A., et al. (2019). The ARID1B spectrum in 143 patients: from
nonsyndromic intellectual disability to Coffin-Siris syndrome. Genet. Med. 21,
1295–1307. doi: 10.1038/s41436-018-0330-z

Frontiers in Molecular Neuroscience | www.frontiersin.org 15 November 2021 | Volume 14 | Article 764756

https://doi.org/10.1038/s41598-017-06145-8
https://doi.org/10.1371/journal.pone.0009706
https://doi.org/10.1038/mp.2014.61
https://doi.org/10.1038/mp.2014.61
https://doi.org/10.1038/nrg1427
https://doi.org/10.1101/gad.302679.117
https://doi.org/10.1016/j.neuron.2015.07.033
https://doi.org/10.1016/j.neuron.2015.07.033
https://doi.org/10.1038/s41598-017-02792-z
https://doi.org/10.1093/hmg/ddm116
https://doi.org/10.1038/ejhg.2011.24
https://doi.org/10.1038/ejhg.2011.24
https://doi.org/10.1016/j.cell.2017.05.016
https://doi.org/10.1016/j.cell.2017.05.016
https://doi.org/10.1073/pnas.0702334104
https://doi.org/10.1038/nature10989
https://doi.org/10.1126/science.1227764
https://doi.org/10.1126/science.1227764
https://doi.org/10.1111/j.1469-7610.2012.02614.x
https://doi.org/10.1155/2016/4672841
https://doi.org/10.1155/2016/4672841
https://doi.org/10.1093/jmcb/mjt049
https://doi.org/10.1038/s41593-018-0110-8
https://doi.org/10.1038/s41593-018-0110-8
https://doi.org/10.1038/nature03319
https://doi.org/10.1007/BF03391685
https://doi.org/10.1001/archpediatrics.2009.98
https://doi.org/10.1016/j.neuron.2015.09.016
https://doi.org/10.1016/j.neuron.2015.09.016
https://doi.org/10.1038/nature10945
https://doi.org/10.1038/nature10945
https://doi.org/10.1016/j.cell.2019.12.036
https://doi.org/10.1016/j.celrep.2013.11.008
https://doi.org/10.1016/j.celrep.2013.11.008
https://doi.org/10.1212/wnl.59.2.184
https://doi.org/10.1016/j.tins.2007.04.003
https://doi.org/10.1038/nri2360
https://doi.org/10.1101/cshperspect.a007898
https://doi.org/10.1038/ng.3792
https://doi.org/10.1038/s41467-020-16799-0
https://doi.org/10.1038/nn.4420
https://doi.org/10.1016/j.neuron.2020.02.033
https://doi.org/10.1016/j.neuron.2020.02.033
https://doi.org/10.1038/346847a0
https://doi.org/10.1128/MCB.00322-08
https://doi.org/10.1621/nrs.06004
https://doi.org/10.1016/j.cell.2017.08.047
https://doi.org/10.1182/blood-2015-04-638494
https://doi.org/10.1002/humu.22636
https://doi.org/10.1038/emboj.2012.150
https://doi.org/10.1038/emboj.2012.150
https://doi.org/10.1038/s41436-018-0330-z
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-764756 November 6, 2021 Time: 12:27 # 16

Caracci et al. Wnt/β-Catenin-Dependent Transcription in ASD

Vandeweyer, G., Helsmoortel, C., Van Dijck, A., Vulto-van Silfhout, A. T., Coe,
B. P., Bernier, R., et al. (2014). The transcriptional regulator ADNP links the
BAF (SWI/SNF) complexes with autism. Am. J. Med. Genet. C Semin. Med.
Genet. 166C, 315–326. doi: 10.1002/ajmg.c.31413

Vasileiou, G., Ekici, A. B., Uebe, S., Zweier, C., Hoyer, J., Engels, H., et al. (2015).
Chromatin-remodeling-factor ARID1B represses Wnt/beta-catenin signaling.
Am. J. Hum. Genet. 97, 445–456. doi: 10.1016/j.ajhg.2015.08.002

Voineagu, I., Wang, X., Johnston, P., Lowe, J. K., Tian, Y., Horvath, S., et al.
(2011). Transcriptomic analysis of autistic brain reveals convergent molecular
pathology. Nature 474, 380–384. doi: 10.1038/nature10110

Wang, M., Wei, P. C., Lim, C. K., Gallina, I. S., Marshall, S., Marchetto, M. C.,
et al. (2020). Increased neural progenitor proliferation in a hiPSC model of
autism induces replication stress-associated genome instability. Cell Stem Cell
26, 221–233 e226. doi: 10.1016/j.stem.2019.12.013

Wang, P., Lin, M., Pedrosa, E., Hrabovsky, A., Zhang, Z., Guo, W., et al. (2015).
CRISPR/Cas9-mediated heterozygous knockout of the autism gene CHD8 and
characterization of its transcriptional networks in neurodevelopment. Mol.
Autism 6:55. doi: 10.1186/s13229-015-0048-6

Wang, T., Hoekzema, K., Vecchio, D., Wu, H., Sulovari, A., Coe, B. P., et al. (2020).
Large-scale targeted sequencing identifies risk genes for neurodevelopmental
disorders. Nat. Commun. 11:4932. doi: 10.1038/s41467-020-18723-y

Wang, X., Nagl, N. G., Wilsker, D., Van Scoy, M., Pacchione, S., Yaciuk, P., et al.
(2004). Two related ARID family proteins are alternative subunits of human
SWI/SNF complexes. Biochem. J. 383(Pt 2), 319–325. doi: 10.1042/BJ20040524

Wang, X., Yang, N., Uno, E., Roeder, R. G., and Guo, S. (2006). A subunit of the
mediator complex regulates vertebrate neuronal development. Proc. Natl. Acad.
Sci. U.S.A. 103, 17284–17289. doi: 10.1073/pnas.0605414103

Wexler, E. M., Rosen, E., Lu, D., Osborn, G. E., Martin, E., Raybould, H.,
et al. (2011). Genome-wide analysis of a Wnt1-regulated transcriptional
network implicates neurodegenerative pathways. Sci. Signal. 4:ra65. doi: 10.
1126/scisignal.2002282

White, B. D., Nathe, R. J., Maris, D. O., Nguyen, N. K., Goodson, J. M., Moon, R. T.,
et al. (2010). Beta-catenin signaling increases in proliferating NG2+ progenitors
and astrocytes during post-traumatic gliogenesis in the adult brain. Stem Cells
28, 297–307. doi: 10.1002/stem.268

Wilkinson, B., Grepo, N., Thompson, B. L., Kim, J., Wang, K., Evgrafov, O. V.,
et al. (2015). The autism-associated gene chromodomain helicase DNA-binding
protein 8 (CHD8) regulates noncoding RNAs and autism-related genes. Transl
Psychiatry 5:e568. doi: 10.1038/tp.2015.62

Wisniewska, M. B., Nagalski, A., Dabrowski, M., Misztal, K., and Kuznicki, J.
(2012). Novel beta-catenin target genes identified in thalamic neurons encode
modulators of neuronal excitability. BMC Genomics 13:635. doi: 10.1186/1471-
2164-13-635

Wiznitzer, M. (2004). Autism and tuberous sclerosis. J. Child. Neurol. 19, 675–679.
doi: 10.1177/08830738040190090701

Woodhead, G. J., Mutch, C. A., Olson, E. C., and Chenn, A. (2006). Cell-
autonomous beta-catenin signaling regulates cortical precursor proliferation.
J. Neurosci. 26, 12620–12630. doi: 10.1523/JNEUROSCI.3180-06.2006

Wurst, W., and Prakash, N. (2014). Wnt1-regulated genetic networks in midbrain
dopaminergic neuron development. J. Mol. Cell Biol. 6, 34–41. doi: 10.1093/
jmcb/mjt046

Yi, J. J., Paranjape, S. R., Walker, M. P., Choudhury, R., Wolter, J. M., Fragola,
G., et al. (2017). The autism-linked UBE3A T485A mutant E3 ubiquitin ligase
activates the Wnt/beta-catenin pathway by inhibiting the proteasome. J. Biol.
Chem. 292, 12503–12515. doi: 10.1074/jbc.M117.788448

Yizhar, O., Fenno, L. E., Prigge, M., Schneider, F., Davidson, T. J., O’Shea, D. J., et al.
(2011). Neocortical excitation/inhibition balance in information processing and
social dysfunction. Nature 477, 171–178. doi: 10.1038/nature10360

Yu, X., and Malenka, R. C. (2003). Beta-catenin is critical for dendritic
morphogenesis. Nat. Neurosci. 6, 1169–1177. doi: 10.1038/nn1132

Zeidan-Chulia, F., de Oliveira, B. H., Salmina, A. B., Casanova, M. F., Gelain, D. P.,
Noda, M., et al. (2014). Altered expression of Alzheimer’s disease-related genes
in the cerebellum of autistic patients: a model for disrupted brain connectome
and therapy. Cell Death Dis. 5:e1250. doi: 10.1038/cddis.2014.227

Zhao, C., Deng, Y., Liu, L., Yu, K., Zhang, L., Wang, H., et al. (2016).
Dual regulatory switch through interactions of Tcf7l2/Tcf4 with stage-specific
partners propels oligodendroglial maturation. Nat. Commun. 7:10883. doi: 10.
1038/ncomms10883

Zhou, C. J., Borello, U., Rubenstein, J. L., and Pleasure, S. J. (2006). Neuronal
production and precursor proliferation defects in the neocortex of mice with
loss of function in the canonical Wnt signaling pathway. Neuroscience 142,
1119–1131. doi: 10.1016/j.neuroscience.2006.07.007

Zhou, C. J., Pinson, K. I., and Pleasure, S. J. (2004). Severe defects in dorsal thalamic
development in low-density lipoprotein receptor-related protein-6 mutants.
J. Neurosci. 24, 7632–7639. doi: 10.1523/JNEUROSCI.2123-04.2004

Zoghbi, H. Y., and Bear, M. F. (2012). Synaptic dysfunction in neurodevelopmental
disorders associated with autism and intellectual disabilities. Cold Spring Harb.
Perspect. Biol. 4:a009886. doi: 10.1101/cshperspect.a009886

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Caracci, Avila, Espinoza-Cavieres, López, Ugarte and De Ferrari.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 16 November 2021 | Volume 14 | Article 764756

https://doi.org/10.1002/ajmg.c.31413
https://doi.org/10.1016/j.ajhg.2015.08.002
https://doi.org/10.1038/nature10110
https://doi.org/10.1016/j.stem.2019.12.013
https://doi.org/10.1186/s13229-015-0048-6
https://doi.org/10.1038/s41467-020-18723-y
https://doi.org/10.1042/BJ20040524
https://doi.org/10.1073/pnas.0605414103
https://doi.org/10.1126/scisignal.2002282
https://doi.org/10.1126/scisignal.2002282
https://doi.org/10.1002/stem.268
https://doi.org/10.1038/tp.2015.62
https://doi.org/10.1186/1471-2164-13-635
https://doi.org/10.1186/1471-2164-13-635
https://doi.org/10.1177/08830738040190090701
https://doi.org/10.1523/JNEUROSCI.3180-06.2006
https://doi.org/10.1093/jmcb/mjt046
https://doi.org/10.1093/jmcb/mjt046
https://doi.org/10.1074/jbc.M117.788448
https://doi.org/10.1038/nature10360
https://doi.org/10.1038/nn1132
https://doi.org/10.1038/cddis.2014.227
https://doi.org/10.1038/ncomms10883
https://doi.org/10.1038/ncomms10883
https://doi.org/10.1016/j.neuroscience.2006.07.007
https://doi.org/10.1523/JNEUROSCI.2123-04.2004
https://doi.org/10.1101/cshperspect.a009886
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Wnt/-Catenin-Dependent Transcription in Autism Spectrum Disorders
	Introduction
	Wnt/-Catenin Signaling in Brain Development and Synaptic Function in Autism Spectrum Disorders
	Dysregulation of Wnt/-Catenin Dependent Transcription in Autism Spectrum Disorders
	High Confidence Autism Spectrum Disorder Genes Coding for Chromatin Remodeling Factors Modulate -Catenin Dependent Transcriptional Activity
	Concluding Remarks
	Author Contributions
	Funding
	References


