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Abstract

Autism Spectrum Disorders (ASDs) are a highly variable spectrum of behaviorally defined neuro-developmental
conditions. The involvement of cell signaling pathways such as MAPK (mitogen-activated protein kinases, also known as
ERK, extracellular signal-regulated kinases) signaling, PI3K (phosphatidylinositol 3-kinase) -Akt signaling, mTOR
(mammalian target of rapamycin) signaling, Ras signaling and calcium signaling pathways have been observed in ASDs
using methodologies from several disciplines, including genetics, bioinformatics and biological studies. These pathways
interact with each other and profoundly influence a number of cellular activities including cell differentiation,
proliferation, metabolism, and response to environmental signals. To understand how these signaling pathways may
contribute to the mechanisms that may underlie ASDs, it is important to look at their interactions and function networks.
This article discussed the involvement of these signaling pathways in ASDs and proposed a pathway network analysis for

further studies.
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Introduction

ASDs are characterized by social impairments,
communication difficulties, and restricted, repetitive, and
stereotyped patterns of behavior. While people with the
diagnosis meet the same defining behavioral criteria, the
spectrum involves great heterogeneity between
individuals and across multiple levels - genes, brain
characteristics, and comorbidities. A growing number of
published studies have identified many conditions that
comorbid to ASDs such as anxiety, sleep disorders,
gastrointestinal symptoms, epilepsy, diabetes, etc. [1-3].
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Although the discovery of these comorbid multisystem
conditions adds further complexity to ASDs, it greatly
extends the Pathophysiology of ASDs and begin to render
it a systemic rather than strictly neurological phenotype.
The mechanisms underlie the spectrum conditions
possibly include a functional cellular network which
would trigger multisystem dysfunction when disturbed.
From reviewing existing findings in published literatures,
it is worth noting that cell signaling pathways such as
MAPK, PI3K-Akt, mTOR, Ras and calcium signaling
pathways are all reported to be linked to ASDs and many
other conditions that comorbid to ASDs. These pathways
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response to extracellular and intracellular cues and
regulate a variety of cellular activities. To understand how
they function in concert with regard to ASDs may shed
lights to understand the pathophysiology.

Involvement of Cell Signaling Pathways to ASDs

Studies have uncovered many potential ASD candidate
genes. As of December 2016, the SFARI (Simons
Foundation Autism Research Initiative) Gene-Human
Gene Module recorded 859 human genes implicated as

relevant to ASDs. The signaling transduction pathways,
Calcium, Ras, MAPK, PI3K-Akt, and mTor signaling
pathways, have some of these ASD associated genes as
components (Table 1). This suggests that these pathways
may be influence by the genetic defects that associated
with ASDs and their function may be disturbed in ASDs.

Published studies from various disciplines and
perspectives have identified links between these
pathways and ASDs.

Pathway ASD Associated Genes in the Pathway
Calcium ATP2B2, CHRM3, ADORAZ2A, ADRB2,DRD1, HTR7, GNAS, PLN, CACNA1C, CACNA1D, CACNA1F,
Sienalin CACNA1A, CACNA1B, CACNA1E, CACNA1G, CACNA1H, CACNA1I, CHRNA7, P2RX4, P2RX5, GRIN1,
P;gthwag GRIN2A, GRM1, GRM5, GRPR, HTR2A, OXTR, AVPR1A, PTGER3, ERBB4, GNA14, PLCD1, PLCB1, CD38,
y CAMK4, NOS1, PDE1C, PRKCB

Ras Signaling KIT, FLT1, MET, PTPN11, HTR7, GRIN1, GRIN2A, GRIN2B, HRAS, NF1, SYNGAP1, RASSF5, PIK3R2,

Pathway MAPK1, MAPK3, PRKCB
MAPK CACNA1A, CACNA1B, CACNA1C, CACNA1D, CACNA1E, CACNA1F, CACNA1G, CACNA1H, CACNA1I,

Signaling CACNA2D3, CACNB2, PRKCB, NF1, BDNF, NTRK1, HRAS, BRAF, MAPK1, MAPK3, RPS6KA3, RPS6KA?2,
Pathway IL1R2, GADD45B, MAPK8IP2, MAPK12, MEF2C
PI3K-Akt KIT, FLT1, MET, HRAS, MAPK1, MAPK3, IL6, LAMA1, LAMB1, LAMC3, RELN, THBS1, TNN, ITGA4,
Signaling ITGB3,ITGB7, PIK3R2, PIK3CG, TSC1, TSC2, MTOR, EIF4E, PTEN, PPP2R1B, PPP2R5D, GSK3B,
Pathway CDKN1B, YWHAE, BCL2
SimrTaolil:l MTOR, EIF4E, DEPDC5, TSC1, TSC2, TBC1D7, WNT1, WNT2, DVL3, DVL1, GSK3B, HRAS, BRAF,
Pfthwa§ MAPK1, MAPK3, RPS6KA3, RPS6KA2, PIK3R2, PTEN, PRKCB

Table 1: ASD associated genes participate in the cell signaling pathways.

Calcium Signaling Pathway

Calcium ions are essential for signal transduction, and
impact all kinds of cellular activities. Calcium signaling
dysregulation has been studied in ASDs for many years.
Mutation of the calcium channel gene CACNA1C was found
to be associated with a syndromic autism, Timothy
syndrome [4]. Later, more calcium channel genes were
reported to be associated with ASDs by studying genome-
wide association study (GWAS) data [5]. It has been
suggested that disturbances in calcium signaling pathway
may contribute greatly to the underlying molecular
mechanism of autism [6,7].
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MAPK Signaling Pathway

MAPK signaling pathway is a chain of proteins that
response to extracellular signals and transduce the
signals to cell nucleus. It is involved in variety of
fundamental cellular processes such as differentiation,
proliferation, gene expression, mitosis, cell survival and
apoptosis [8]. Recently several studies have suggested or
supported a link between MAPK signaling and ASDs [7-
9,11].
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PI3K-Akt Signaling Pathway

PI3K-Akt signaling pathway regulates cellular functions
such as transcription, translation, proliferation, growth,
and survivalPI3K catalyzes the production of
phosphatidylinositol-3,4,5-triphosphate (PIP3) which in
turn serves as a second messenger that helps to activate
Akt. Once active, Akt controls key cellular processes by
phosphorylating substrates involved in apoptosis, protein
synthesis, metabolism, and cell cycle. Dysregulated PI3K-
Akt signaling has been shown to be associated with ASDsb
[12]. Mutations in genes TSC1, TSC2, NF1 and PTEN that
participate in the PI3K-Akt signaling pathway have also
been found to be associated to ASDs [13-15].

mTOR Signaling Pathway

mTOR is a serine/threonine protein kinase, which
exists in two complexes termed mTOR complex 1
(mTORC1) and 2 (mTORCZ). mTOR signaling response to
both intracellular and extracellular signals and regulate
several biological processes, including protein synthesis,
cell metabolism, proliferation and survival [16]. Over
activated mTOR signaling was found to be linked to ASDs
[17], and mTOR was proposed to be a potential target for
treating ASDs [18].

Ras Signaling Pathway

The Ras signaling pathway also regulates cell
proliferation,  survival, growth, migration, and
differentiation. Ras proteins transducer signals from
extracellular growth factors. It regulates multiple cellular
functions through effectors including Raf, MAPK and PI3K.
HRAS gene that encodes small GTPase H-Ras in the Ras
family, is associated with ASDs [19,20]. Higher prevalence
and severity of autism traits were found in RAS opathies
(a group of genetic conditions caused by mutations in
genes of the Ras-MAPK pathway) compared to unaffected
siblings [21]. This suggests a link between dysregulation
of Ras/MAPK signaling and ASDs.

Multisystem Involvement of Cell Signaling Pathways

All these signaling pathways are involved in multiple
systems and impact many aspects of cellular life. For
example, calcium ion (Ca?*) is likely the most common
intracellular massager in neurons, and calcium signaling
is critical for neuronal development [22]. Calcium
signaling also plays an important role in immune cells
[23], regulates metabolism [24], and is involved in the
digestive system (gastrointestinal tract, pancreas, and
liver)[25]. Ras, MAPK, PI3K-Akt and mTOR signaling
pathways are best known for their central roles in cell
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differentiation, proliferation, metabolism, mitosis,
survival and apoptosis, etc. However, they also play roles
in neural systems such as regulating dendritic
morphogenesis [26]. MAPK and Ras pathways response to
neurotransmitters which are the chemicals that allow the
transmission of signals from one neuron to the next
across synapse9 [27]. MAPK signaling regulates synaptic
plasticity [28], PI3K/Akt/mTOR signaling pathways are
involved in mental illnesses such as depression in regard
to their functions in neuronal cells [29].

Overall, Calcium/Ras/MAPK/PI3K/Akt/mTOR signaling
pathways are involved in multiple systems and influence
a wide range of cellular activities. Together they form a
complicated function network which would lead to
variety of consequences when disturbed. The complexity
of the signaling pathway network could fit into the great
heterogeneity and diverse comorbidities of ASDs.
However, how may these pathways specifically contribute
to the underlying mechanism of ASDs is unclear. Further
studies that emphasize on exploring the links between
these signaling pathways and the common features of the
spectrum conditions (e.g. social impairments and
stereotyped patterns of behavior) may help develop
biomarkers and treatment strategies for ASDs.

Signaling Pathway Network

The signaling pathways regulate each other and co-
regulate downstream functions. To gain better
understanding of how this pathway works together, it is
important to put them together and look at them in a
framework. (Figure 1) illustrates these pathways in a
cellular model. On the cell surface, the calcium channel
mediates the influx of calcium ions (Ca?*). Intracellular
changes in Ca?* concentration modulate protein kinase C
(PKC) and Ras, which activate proteins including MAPK,
PI3K, Akt and Mtor [30]. The receptor tyrosine kinases
(RTKs) on the cell membrane activates
Ras/MAPK/PI3K/Akt/mTOR signaling too, by binding to
extracellular growth factors, and intracellular signal
molecules Grb2 (growth factor receptor-bound protein 2),
Sos (son of sevenless) and IRS-1 (insulin receptor
substrate 1). Activated Ras triggers a phosphorylation
cascade Raf-MEK-MAPK. PI3K activation can be
accomplished by three different ways: by binding to the
phosphorylated intracellular domain of RTK, or by
binding to IRS-1 which binds to RTK, or by binding to
activated Ras. PI3K activation triggers activation of Akt by
phosphorylating PIP3. Akt activates TOR, and eventually
leads to series reactions such as protein synthesis [27].
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Figure 1: Calcium/Ras/MAPK/PI3K/Akt/mTOR signaling pathways in a cellular model.

There are ASD associated genes involved in the
processes (Table 1). For example, HRAS encodes protein
H-Ras which belongs to Rasfamily; PRKCB encodes PKC;
BRAF encodes protein B-Raf which is activated by Ras and
which then activate MAPK; MAPK1/3 encode MAP Kkinases
(also known as ERKs) which belong to MAP Kinase family;
PTEN encodes phosphatase and tensin homolog
(PTEN)which inhibits Akt activity by dephosphorylating
PIP3; MTOR encodes mechanistic target of rapamycin
(mTOR) which belongs to a family of phosphatidylinositol
kinase-related kinases regulates phosphorylation. TSC1/2
encodes the tuberous sclerosis hetero dimer TSC1/2,
which negatively regulates mTORC1 through Rheb (Ras
homologue enriched in brain), and which are inhibited by
Akt inhibits [27].

Based upon the discussion above, it is clear that these
signaling pathways are linked to ASDs. But the
mechanism regarding how they may be involved is far
from clear. A systematic biological analysis that includes
the signaling pathways and ASD associated genes should
help push the research further.

Conclusion

In summary, the signaling transduction pathways:
Calcium, Ras, MAPK, PI3K-Akt, and mTOR signaling
pathways, are all involved in a wide range of biological
activities, and are all linked to ASDs. These pathways
share a common feature which 1is response to
environmental signals, and process the information. They
interact with each other and impact all kinds of cellular
activities. Together they form a complex network. There
are a number of ASD associated genes involved in the
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signal transduction pathway network. Alterations in their
function or imbalance in the pathway network may lead
to a variety of consequences in multiple systems. Further
pathway network studies that put these pathways and
ASD associated genes into one picture and focusing on
their function in neurodevelopment should help
illuminate their contribution to ASD pathophysiology, and
even help develop more targeted treatment plans.
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