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Preface to “The Identification of the Genetic 
Components of Autism Spectrum Disorders 2017” 

The textbook entitled Identification of the Genetic Components of Autism Spectrum Disorders 
includes themes associated with ASD and is divided into three sections (clinical, genetics, other). These 
sections include information on clinical description, diagnosis, treatment and characterization of ASD 
with current reviews on supported topics including other ASD related syndromes; the genetics of 
autism based on laboratory research and testing; and other factors contributing to our understanding 
and causation of ASD including metabolism, environmental risks, epidemiology, neurophysiology and 
parental attitudes. This textbook includes 28 chapters written by experts in the field of autism in 
research, discovery, treatment and diagnosis with 11 chapters dedicated to clinical description, 
characterization and related reviews of ASD; 11 chapters dedicated to laboratory genetics research and 
reviews with other genetic and cytogenetic syndromes; and six chapters involving other risk factors 
contributing to our understanding of ASD and should be a useful resource for physicians, basic 
scientists and clinical researchers with translation to the clinic setting and other professionals, students 
and healthcare providers interested in this important neurodevelopmental disorder that is on the rise 
in our society. Those interested in the current understanding of the scientific causes and contributing 
factors of ASD as well as those caring for individuals affected with this disorder should find this book 
useful. These should include basic laboratory researchers involved with identification of genetic factors 
in the causation of ASD as reported studies have indicated as many as 90% of individuals with autism 
have a genetic cause contributing to their clinical findings. In addition, healthcare professionals 
including psychiatrists, psychologists, clinical geneticists and genetic counselor, neurologists, special 
educators and child-life experts, developmental specialists, social workers, nurses, occupational/ 
physical therapists, speech therapists and pathologists, public health experts and community activists 
would find this resource of value in their practice. This book would also serve as a resource for parents 
and other family members and agencies involved with providing services and care of those with this 
common neurodevelopmental disorder. 

Merlin G. Butler 
Special Issue Editor 
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Abstract: Early presumptions opined that autism spectrum disorder (ASD) was related to the
rearing of these children by emotionally-distant mothers. Advances in the 1960s and 1970s
clearly demonstrated the biologic basis of autism with a high heritability. Recent advances have
demonstrated that specific etiologic factors in autism spectrum disorders can be identified in 30%–40%
of cases. Based on early reports newer, emerging genomic technologies are likely to increase this
diagnostic yield to over 50%. To date these investigations have focused on etiologic factors that are
largely mono-factorial. The currently undiagnosed causes of ASDs will likely be found to have causes
that are more complex. Epigenetic, multiple interacting loci, and four dimensional causes (with timing
as a variable) are likely to be associated with the currently unidentifiable cases. Today, the “Why” is
more important than ever. Understanding the causes of ASDs help inform families of important issues
such as recurrence risk, prognosis, natural history, and predicting associated co-morbid medical
conditions. In the current era of emerging efforts in “personalized medicine”, identifying an etiology
will be critical in identifying endo-phenotypic groups and individual variations that will allow for
tailored treatment for persons with ASD.

Keywords: multifactorial inheritance; genetic testing; diagnostic yield; copy number variants; gene
sequencing; genomics

1. Introduction

1.1. Autism as a Neuro-Genetic Disorder

Not long after autism was identified in the 1940s as a distinct developmental disorder, the question
of causation was discussed. Most of the early theories as to the etiology of autism were framed in the
context of the prevailing psychiatric models of the time. Thus many theorized that autism was an
acquired condition associated with children raised by cold, emotionally-distant mothers. Given our
current understanding of the etiology of autism spectrum disorders (which will be a large focus of this
review) it is hard to imagine how these theories gained popular acceptance. One has to also appreciate
the extreme guilt that this must have evoked on the parents, and this compounded by the stress of
having a special needs child.

From the 1940s to the present, the understanding of the etiology of autism has mirrored the eras
of scientific advancement in the field of developmental biology and genetics. Population studies in
the 1960s and 1970s provided clear proof of the biologic and genetic basis of autism. Progress in
genetic testing in the 1980s and 1990s began to identify specific genetic markers in some patients with
autism. The progression from linkage studies to cytogenetic, molecular cytogenetic, molecular and
now genomic testing have all been very congruent in identifying genomic “hot spots” associated
with autism.

Current understanding recognizes autism as having a strong genetic basis with a complex
inheritance pattern. Strong genetic factors are involved. As with all human medical conditions,
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there is environmental modulation. There is clear etiologic and genetic heterogeneity. Literally
hundreds of “autism genes” have been identified. Thus, from an etiologic standpoint, it would be
better stated “the autisms” rather than “autism”. This understanding will be critical as the science of
autism therapies moves forward. Using targeted therapies for specific identified causes of autism holds
the promise of improved outcomes and reduced adverse events. For the purposes of this review I will
discuss autism spectrum disorders (ASDs) unless otherwise stated. In general, from a clinical genetic
standpoint, the evaluation is not different for persons on different parts of the spectrum. The focus of
this review is to highlight the genetic factors in autism especially in the light of clinical applications.

1.1.1. Indisputable Evidence of the Genetic Basis of Autism Spectrum Disorders (ASDs)

As noted above, population studies have provided strong evidence of the genetic basis of ASDs [1].
In fact, when compared to other neurodevelopmental disabilities (NDD), autism is one of most—if not
the most—heritable NDDs known.

From 2006 to 2008 we reviewed a large portion of the existing published information on the
population genetic characteristics of autism spectrum disorders [2,3]. This information provided a
very strong indication of the genetic basis of ASDs. Classic parameters of population genetics that
supported this included data on twin concordance, heritability, relative risk ratio and sibling risk ratio.

In this review, I will provide a brief summary of this collected body of information. Twin
concordance studies showed an estimated 70% concordance among monozygotic twins (reported
ranges 36%–95%). In contrast, concordance among dizygotic twins was around 3% (range 0%–31%) or
30% if a broader phenotypic definition was used. Heritability estimates were noted to be 0.8 to 0.9.
The estimated relative (sibling) risk ratio is reported to be about 150 for monozygotic twins and 8–10
for dizygotic twins and full siblings [4]. In the realm of the discipline of population genetics this is
overwhelming support of a genetic basis to ASDs. These data have been replicated and validated in
more recent and larger studies [4–6]. With a broader design and larger sample size, these more recent
studies have also added another population parameter not previously noted. A 2–3-fold increased
recurrence risk of ASD has been documented in half-siblings (both maternal and paternal) of probands
with an ASD [4–7]. The increased occurrence in even less closely related individuals lends very strong
support for the genetic basis of autism.

1.1.2. Why Then Is the Genetic Basis of ASDs Still Debated?

Even with such a strong body of evidence as to the genetic basis of ASDs, not everyone is
convinced. Significant opposition to this notion exists. There exist multiple factions of people who do
not recognize the validity of the commonly accepted medical literature. Common objections voiced
include the concern over some link between ASDs and childhood immunizations. Some question
how could a “genetic disorder” be increasing in frequency? This is cited in light of the continued
increase in the reported incidence of ASD. Over the past 20 years the reported occurrence of ASD has
almost quadrupled [8]. Current estimates put the prevalence of ASD at about 1/68 children [9]. The
logical question is “How could a condition could be increasing at such a rapid rate and yet have a
primary genetic origin?” As one of my partners expressed to me “It is interesting that the incidence of
conditions like diabetes and asthma are similarly increasing and yet no one is questioning the genetic
basis of these conditions [10].

1.2. Multifactorial Inheritance

Strictly speaking, all human medical conditions could be classified as having a “multi-factorial
etiology”. This implies that these conditions have both genetic and environmental factors which contribute
to the overall phenotype. All conditions have genetic and environmental contributions—depending
on the condition, the relative proportion of each varies considerably. Mendelian inheritance is the
term applied to those conditions in which a single gene mutation has a major phenotypic effect with
significantly less environmental influences on the phenotype and in which the inheritance follows a
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monogenic pattern. For more complex traits, the relative contribution of environmental and genetic
factors is more balanced. Conditions are designated as having multifactorial inheritance if several
characteristics are noted:

1. Clear genetic variability exists yet no uni-factorial mode of inheritance can be identified
2. Family studies indicate an increased risk for near relatives to be affected
3. Complicated pathophysiology or morphogenetic processes are involved
4. Biologic influences of environmental factors

Genetic susceptibility refers to a condition that is predominantly determined by environmental
factors with expression and phenotypic variability affected by genetic changes that alter the
susceptibility to the environmental factor [11].

Considering the above definitions, ASDs clearly fall into the category of multi-factorial inheritance.
The recurrence risk pattern of multi-factorial traits typically demonstrates:

1. An increased recurrence risk in close relatives as compared to the general population frequency
2. A non-linear decrease in frequency with increasing distance of relationship—typically no

increased recurrence rates are seen beyond 3rd degree relatives
3. The recurrence risk increases with the number of affected individuals
4. There is an increased risk with increased severity of the condition
5. There is an increased risk if person(s) affected are of the “rarer” gender. (In ASD a distinct gender

bias of a 3- to 4-fold rate of affected males has been noted)

Recurrence risk data that had accumulated up until about 2008 matched well with this model. The
overall recurrence risk for a sibling of a single proband with ASD was reported as 3%–10%. Further
refinement of these risks noted that the estimated recurrence risk for a sibling of an affected person
with an ASD was established as 4% if the affected individual was male and 7% if female. If there
were more than one affected sibling with an ASD, the recurrence risk for future sibs increased to a
remarkable 30%–50%. These numbers have been verified in multiple studies [12].

As already stated, multifactorial inheritance implies both genetic and environmental factors are at
work. The established heritability rates of around 0.8 or more implies that the majority of the ASD
phenotype is determined by genetic factors. Still, environmental influences need to be acknowledged.
The issue of environmental contributors to autism is one of the most highly debated topics in all of the
body of medical literature. A discussion of this is beyond the focus of this review.

2. Discussion

A thorough discussion of the genetic aspects of ASDs crosses the gamut of genetic principles
to be considered in human diseases and disorders. In this section we will discuss each of these
parameters individually. We will also review changes in the reported data in light of changes in
reported information before and after about 2008. Table 1 provides a summary of the information below.

2.1. Epidemiology/Population Genetics

Epidemiologic data is extremely helpful in population genetics. Knowing the specifics about
occurrence, incidence, prevalence and biases of a condition is important in defining genetic factors
and the magnitude of their influence on the trait. The reported overall incidence of ASDs has steadily
increased over the past 3 decades. The curve has risen sharply since the year 2000. At that point, the
reported incidence of ASDs was 1/150 school-aged children. In 2014 it had risen to 1/68 (a 120%
increase). Boys are estimated to be affected 4–5 times as often as girls; with the reported incidence now
being 1/42 in boys and 1/189 in girls. With this notable increase in reported cases, recent studies have
re-evaluated the population genetics of ASDs. Some have reinforced what has already been known.
Others have challenged long-standing assumptions. We will look at each of these individually.
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2.1.1. Recurrence Risk

Recent studies [6,13,14] have suggested that the recurrence for siblings in the situation of a single
affected proband may be higher than the previously noted 3%–10%. These more recent studies reported
risks of 10%–19%. While there has not been a formal weighted analysis yet of these changing numbers,
these studies provide sufficient support of using an increased recurrence risk of 10%–20%. In the event
of more than one affected sibling with an ASD recent studies have confirmed the estimated 30%–50%
recurrence risk for subsequent sibs [14–16]. The newer studies have also reported relative risk ratios
(RRR) for full siblings as 6.9–10.3 and significant concordance calculations with RRR estimates of 150
for monozygotic twins as compared to 8.2 for dizygotic twins [4,5].

2.1.2. Heritability

Heritability is defined as the proportion of the observed phenotype that is attributable to genetic
factors. Heritability estimates over the past 20 years for ASD have been in the range of 0.7 to 0.9. One
recent study [4] has given a much lower estimate of 0.4–0.6. For now these data must be cautiously
interpreted in light of most other reports.

2.1.3. Sex Bias (Occurrence Gender)

Historically a reproducible and significant gender bias has been noted in the incidence of most
neurodevelopmental disabilities. In general males have been found to have a 4–5-fold increased
occurrence of these conditions [17]. This is true for ASDs. This difference is noted more so in those
persons with ASD who have milder degrees of cognitive impairment. If individuals with mild cognitive
impairment are considered, the gender bias is about 2 times increased in males. In individuals with
more severe impairments the bias is 4–7 times increased [18]. The first assumption that would be
made in this setting would be that X-linked genes might be associated with this observed increased
occurrence in males. Interestingly it has been suggested that only about 10% of the reported male
excess can be attributed to X-linked genes. A previously cited study [13] did not identify a gender bias.
However, others have confirmed this finding [14,19]. For now it appears safe to assume that there is
indeed a 4–5-fold increased incidence of ASDs in males.

2.1.4. Proband Gender Effect (Recurrence)

As previously mentioned, most multi-factorial conditions show a gender bias in their occurrence.
Recurrence rates can then also be shown to have a gender specific recurrence rate with the rate being
higher if the affected individual is of the less frequent gender. In ASDs the recurrence rate in siblings
of an affected male has been stated as 4% as compared to 7% if the affected individual is a female [3].
In more recent studies, this “proband gender effect” on recurrence in siblings has been questioned.
Three studies [5,14,19] found no proband gender differences. Two other recent studies [15,20] did
observe this phenomenon. From a practical standpoint, if the proband gender effect is indeed real, the
small difference that would be present would not be sufficiently large enough to be predicted to be of
sufficient magnitude as to affect familial decision making. Thus, while this is an interesting question
and worthy of additional investigations, clinical counseling could probably be best given as 10%–20%
recurrence risk for either gender.

2.1.5. Reproductive Stoppage and Birth Order

Earlier observations have noted that despite a per pregnancy prediction of a 3%–10% recurrence
rate of ASDs, the actual number of observed recurrences was less (2%–3%). This raised the question
of reproductive “stoppage” (aka curtailment of reproduction). That is the presumption that once a
couple has had a child with an ASD, they are less likely to have other children—regardless. These
correlated observations suggested that stoppage might be at work, but without investigative support.
Three recent reports [16,21,22] have all objectively confirmed the suspicion of stoppage in families with
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children with an ASD. Finally, some studies have investigated the association with birth order and
ASD. Birth order is an interesting parameter to consider. In actuality birth order effects are predicted to
be more of an environmental influence. Two studies have noted no birth order effect in one report [14]
versus a decrease in ASDs in later siblings. Reported birth order effects, if real, are likely to be related
in some degree to the same factors in reproductive curtailment (psycho-social environmental factors).

2.1.6. Parental Age Effects

An association with an advanced paternal age (which is felt to be associated with an increased
occurrence of de novo mutations) has previously been reported in ASDs [23]. One recent report [14]
actually reported the opposite—an association with younger fathers.

Table 1. Summarizes the current parameters of the population aspects of ASDs.

Parameter Value Comments

Recurrence risk 10%–20% Value increased based on newer
studies

Relative recurrence ratio

Monozygotic twins 150

Dizygotic twins 8

Full siblings 7–10

Heritability 0.7–0.9 One recent study estimate of 0.5

Occurrence gender 4–5ˆ higher in males Few studies have not seen this

Proband gender effect 2ˆ increase if female Recent studies differ on this effect

Paternal age Increased One recent study saw a higher
occurrence in younger fathers

Reproductive curtailment
(stoppage)

Appears to be real
phenomenon

Birth order Decreased in later sibs To be confirmed

2.2. Genetic Loci and ASDs

Given the information in the preceding section, a genetic basis for ASDs is unquestionable.
As such, the next question is “Can these genetic factors be identified?” In this context a couple of
terms should be defined. “Etiology” is a specific diagnosis that can be translated into useful clinical
information for the family, including providing information about prognosis, recurrence risks, and
preferred modes of available therapy [24]. This definition was further refined to include the stipulation
that there is “sufficient literature evidence to make a causal relationship of the disorder . . . and if it
meets the Schaefer-Bodensteiner definition” [25]. “Diagnostic yield” is the proportion of cases in which
the etiology can be determined after a complete evaluation. Essentially it is the batting average in
finding the etiology of a given condition.

Genetic testing technologies have dramatically improved over the past 3 decades. Each significant
advancement in genetic testing technology has produced an increased understanding of the genetic
factors that cause ASDs. A rise in the diagnostic yield in defining an etiology for ASD parallels the
introduction of these new technologies. A discussion of the causes of ASDs can be framed in the
context of the ontogeny of the development of each new modality.
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2.2.1. Linkage

Linkage technology was developed and refined, with a further expansion into genome wide
association studies. Multiple studies using this technology were reported in cohorts of patients with
ASD. A summary of these results is that linkage was identified with most autosomes. A careful review
of the cumulative results identified consistent reports of linkage to chromosomal regions 2q, 7q22-31
(with a parent of origin effect), 13q, 15q11-13, 16p and 17q11 (a male specific locus). Better lod scores
were obtained if a broader phenotypic definition was used. Repeat studies with larger sample sizes
did not change these results/conclusions.

Since ASDs shows a clear male predominance, a logical assumption might be that X-linked genes
could be playing a major role. However, linkage studies specifically targeting the X chromosome did
not identify X-linked genes as accounting for a large portion of the male predominance. Only four
minor linkages to the X chromosome were noted. Stated another way, a much smaller proportion of
the male preponderance is explained by X-linked genes than initially suspected [26]. This raises an
interesting corollary question. If X-linked genes do not explain the male excess in cases, what does?
Other possible explanations that have been proposed include (1) Mosaicism/tissue specific expression
of X-linked genes; (2) Dysregulation of methylation of brain expressed genes on the X chromosome
and (3) Hormonally mediated changes (i.e., differential expression on the “male brain”).

2.2.2. Cytogenetics

Microscopically detected chromosome abnormalities have consistently been reported in association
with ASD. Refinements of chromosome analysis (prometaphase and later interphase studies) enhance
detection rates. Estimated positive findings in ASDs have a reported range of 3%–12% with the
best overall estimates being 3%–5% [27–29]. The most commonly seen abnormalities reported are
deletions or duplications of the proximal 15q region. Other commonly reported aneuploidies include
deletions of 2q37, 7q, 18q, and Xp and duplication of 22q13. An association with whole chromosome
aneuploidies such as 47 XXY and 45X/46XY has also been seen.

2.2.3. Fluorescent-in Situ-Hybridization (FISH)

Fluorescent-in situ-hybridization (FISH) technology became generally available for clinical use
in the 1990s. With the introduction of FISH studies, clinical geneticists had another tool beyond just
karyotype analysis for identifying mutations in patients. When applied to patients with ASDs the
most common single loci FISH findings were found in association with the chromosomal regions 2q,
15q, 17p, 22q11, and 22q13.

2.2.4. Chromosomal Microarray (CMA)

Around the year 2000, molecular cytogenetic techniques were introduced to clinical medicine.
Chromosomal microarray (CMA) quickly became a powerful tool for identifying copy number
variants (CNVs) in the human genome. When microarray studies are performed in patients with
neurodevelopmental disabilities, a significant number of patients will have either small deletions or
duplications identified. Currently microarray studies are still one of the highest yield diagnostic tests
in these patients. In the process of the study of CNVs in ASDs, a handful of “ASD syndromes” has
been identified. These syndromes are recognizable phenotypes that are associated with specific CNVs.
These conditions have notable clinical features besides having ASD. Table 2 list a few of the most
well-known ASD syndromes associated with small chromosomal deletions or duplications.
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Table 2. “Autism Syndromes” Identified by Chromosomal Microarray.

Copy Number
Variant

Incidence in
Cohorts with ASDs

Eponym
Other Key Features (besides

ASD)

1q21.1 del 1% None Congenital heart disease (30%)

2q22.3 del dup <1% Mowat-Wilson Hirschprung disease, epilepsy,
facial dysmorphisms

16p11.2 del/dup 1% None

17p11.2 dup <1% Potocki-Lupski Hypotonia, slow growth,
epilepsy

22q11.2 del <1% DiGeorge/Shprintzen Multiple congenital anomalies
22q13.3 del 1% Phelan-McDermid Hypotonia, accelerated growth

Over the past 15 years, many studies have been published that have reported on the incidence
of CNVs identified by microarrays in patients with ASDs. Cumulatively over 100 different clinically
significant changes have been reported in patients with ASDs. Estimates of the prevalence of pathogenic
CNVs in ASD range from 8% to 21%. Overall it has been concluded that CMA will identify a known
pathogenic CNV in about 10% of all cases of ASD [12]. Prior to the introduction of microarray
technology, the overall diagnostic yield for a complete evaluation of a person with ASD was accepted
as being around 6%–12%. Thus the introduction of this one test modality greatly enhances the overall
diagnostic yield. As will be discussed below, this high yield warrants making CMA a “first-tier” test in
the etiologic evaluation of persons with ASD.

2.2.5. Key ASD Loci

One of the fascinating observations that can be made from the data presented in the above
section is the consistency of the findings across studies regardless of the testing modality utilized.
A review of this information readily identifies several “ASD hot spots”. Specifically, certain loci jump
out as consistently being identified by linkage, chromosomal studies, FISH and microarray studies.
This aggregate information serves as a strong indicator for investigators that key genes that paly a
strong role in the occurrence of ASD lie in these regions. Some of the strongest evidence points to
strong genetic factors in the pathogenesis of ASD lie in chromosomal regions 2q, 7q, 15q11-13, 16p, 17q,
22q, Xp, and Xq. A more detailed listing of these areas of interest can be found in the ACMG practice
guidelines reported in 2013 [12].

2.3. Clinical Genetic Evaluation of ASD

Not surprisingly, the number of requests for consultations by clinical geneticists with the referral
indication of ASD has tremendously increased over the past 15 years. Of course this is in part due to
the greatly increased reported incidence. In addition, there is an increased awareness among both the
lay and medical communities of the recent rapid advances in genetics and genomics. As such, a large
number of children with the diagnosis of ASD are being seen for an etiologic evaluation. However,
many question the rationale for such evaluations. The question raised is simply “You can’t cure the
condition, so what good is it in figuring out what caused it?” This is an age old question that geneticists
have answered almost since the inception of the discipline. It is critically important to note that an
etiologic answer can be helpful to patients and their families in many different ways [30]. Examples of
these would include:

(1) Genetic counseling—including providing recurrence risk information
(2) Counseling regarding the natural history of the condition
(3) Anticipation of a later associated co-morbid condition
(4) Prevention of secondary disorders
(5) Availability of prenatal diagnosis
(6) Access to public support systems
(7) Access to syndrome-specific support groups
(8) The reassurance of knowing “Why” in reliving the stress of the unknown
(9) The possibility of a specific treatment strategy—should one be available or developed in the future
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2.3.1. Role of Dysmorphology/Clinical Genetics

When a patient is referred for a clinical genetic evaluation for ASD, many families want to know
“Why” (discussed above) and “What will happen?” as clinical genetics is not a discipline familiar
to many people [31]. A major skill set of a trained clinical geneticist is that of a “dysmorphology
assessment”. The geneticist has the ability to identify differences in morphology of patients and
often to assemble the list of noted findings into a recognizable pattern [32]. The identification of such
patterns can then aid in directing the rest of the diagnostic workup.

When a cohort of persons with ASD is evaluated, two sub-groups are easily identified [33]. An
estimated 10%–20% of persons with ASD fit into the category of “complex” or syndromic’ ASD. These
are patients who, besides having ASD, are noted to have recognizable abnormalities of morphogenesis
manifest as dysmorphic features, microcephaly, or cerebral dysgenesis [34]. As a whole, this group has
a more guarded outcome with a higher degree of cognitive impairment and epilepsy and a greater
occurrence of co-morbid medical problems. The second group (those with just ASD) has been referred
to by several terms including “simple”, “essential”, “idiopathic” or “non-syndromic”. As a whole this
group has a higher heritability, more affected family members, and a higher male: female ratio than
the complex group [33].

The initial part of the etiologic evaluation of ASD then is to determine whether or not the patient
fits into the syndromic or non-syndromic category. If it is the former the next step is to see if a specific
syndromic etiology can be identified. Sometimes this can be accomplished simply as part of the initial
history and physical examination. Table 3 lists some of the most important syndromes associated with
ASD that should be considered. A related question in this regards is when to do an etiologic evaluation
for ASD in a patient who already has a known syndromic diagnosis. For some syndromes the known
association with ASD is so strong that one can safely assume that the condition is indeed the cause
of the ASD. In these cases no further evaluation is indicated. For other dysmorphic syndromes the
reported association is not as convincing and a full evaluation should be considered. For a listing of
these two groups the reader is referred to a recent review [12].

Table 3. Important Dysmorphic Syndromes to Consider in the Etiologic Evaluation of ASD.

22q11.2 Deletions (Including DiGeorge and Shprintzen Syndromes)

CHARGE syndrome
Fragile X syndrome
Opitz FG syndrome

Prader Willi/Angelman syndrome
PTEN associated disorders

Rett syndrome
Smith-Magenis syndrome

Sotos syndrome

In the discipline of dysmorphology, there is a well-known relationship between certain types
of pigmentary abnormalities and neurodevelopmental disorders [35]. This association is felt to be
due to the embryonic neuro-ectodermal cells that both populate the glial elements of the brain and
give rise to the melanocytes in the skin. As such part of the dysmorphologic evaluation includes a
careful cutaneous examination aided by the use of a Woods lamp to identify even subtle changes in
skin pigmentation. In some cases abnormal pigmentation in association with ASD is indicative of a
neuro-cutaneous syndrome. The strongest link here is tuberous sclerosis as a clearly identified cause of
ASD [36]. Similar to the assumptions with certain dysmorphic syndromes, the co-existent diagnosis of
ASD in a person with tuberous sclerosis does not warrant further investigation. Other patients may
have pigmentary abnormalities noted in non-random patterns suggestive of somatic mosaicism [37].
In patients with ASD with these types of skin changes, a skin biopsy for cultured fibroblasts may be
needed to identify the etiology (Figure 1).
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Figure 1. Pigmentary Changes in a Patient with Somatic Mosaicism. Note the linear pattern of the
pigmentary changes.

Another important concept to consider is that of “expanded phenotypes”. An expanded
phenotype refers to the full range of phenotypes seen with mutations (variants) at a specific locus
(gene). What is typically seen in the progress of clinical genetics is that mutations in a gene are initially
reported in association with a known clinical disorder. Soon after this relationship is defined, the
same or similar mutations at the same locus are identified with different phenotypes. Over time
a broad range of phenotypes associated with changes in the same gene is defined. For example,
mutations in the gene MeCP2 were initially described as the cause of Rett syndrome. As the range
of the expanded phenotype was defined, mutations in MeCP2 have also been seen in patients with
non-syndromic cognitive impairment and cerebral palsy [38]. Salient to these discussions, 4% of
females with idiopathic ASD will have pathogenic mutations in MeCP2 [12]. This highlights a couple
of very important concepts. First, it must be recognized that expanded phenotypes exist and need to
be appreciated in a diagnostic workup. It is not readily intuitive that MeCP2 testing should be part of
an ASD evaluation. The second point is critically important: genotype does not change phenotype.
If the patient with ASD is found to have a MeCP2 mutation, the diagnosis does not change to Rett
syndrome, simply the cause of the ASD has been identified.

As noted in an earlier section ASD exhibits a familial pattern of multifactorial inheritance. Thus
multiple members of the same kindred may be found to have ASD. Even within families, a large
degree of variable expression is typically seen. Family members with ASD may differ in their degree
of social and cognitive impairment. They may also differ in co-morbid medical conditions. Along the
lines of the discussions of expanded phenotypes the same causative mutation may produce different
phenotypes. Thus as one investigates the kindred of a person with ASD, other neurodevelopmental
and neurobehavioral phenotypes need to be considered. It is not uncommon for a family with a person
with ASD to also have persons affected with other conditions. The incidence of other conditions such
as depression, schizophrenia, anxiety and even Attention Deficit Hyperactivity Disorder (ADHD)
are higher in relatives of persons with ASD [39]. Recent discoveries of other etiologies of ASD have
identified some of these links. For example, a copy number variant—deletion 17q12—has been reported
with both ASD and schizophrenia in the same family [40].

An interesting question has been raised in regard to the craniofacial appearance of patients with
non-syndromic ASD. Specifically, is there an “ASD face”? In a non-published series of studies, myself
and one other clinical geneticist reviewed the photographs of 33 children with ASD [41]. We then
cataloged any dysmorphic features noted. These findings were tabulated for recurrent features. Those
features are listed in Table 4. These photographs plus another 31 photographs of age and gender
matched normal children without ASD were presented to three other clinical geneticists in a blinded
fashion. They were asked to identify any of the features in the established list in the 64 photographs.
Five of the nine features (shortened columella, thick scalp hair, lateral extension of the eyebrows,
thickened ala nasae, and prominent nasal root) occurred more often (p value range 0.006–0.02) in the
group of children with ASDs. While this is a very interesting observation, it is not clear what, if any,
clinical significance it might have.
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Table 4. Common Facial Features Noted in Non-syndromic ASD [41].

Thick scalp hair
Lateral extension of the eyebrows

Sloped forehead with prominent brow
Infraorbital hypoplasia
Prominent pre-maxilla

Short columella
Prominent (broad) nasal root

Thickened ala nasae
Prominent philtral ridges

Small ears

Bolded features were noted to occur statistically more often in children with ASD in a blinded study.

2.3.2. Guidelines for the Clinical Genetic Evaluation of ASD

With ever changing advancements in genetic testing technology comes the question of which
test to use when. To answer this question the American College of Medical Genetics’ Professional
Practice and Guidelines Committee developed a framework to aid the geneticists in these evaluations.
The initial guidelines were published in 2008 [42] and subsequently revised [12] to reflect further
changes in testing technologies and emerging findings in the literature. This report proposes a “tiered”
approach to the diagnostic evaluation. The earlier tiers use testing modalities that have a higher
diagnostic yield and are less invasive/easier to accomplish than others. In brief, the most recent report
notes an expected diagnostic yield of 30%–40%. That is to say that a specific mono-factorial etiology
can be identified in patients with ASD in 30%–40% of the cases. For details of these evaluations the
reader is referred to the reference provided [12]. While these numbers may seem low to many, they
represent a significant increase from the 6%–12% yield reported prior to the year 2000. As such it is
recommended that every person with the diagnosis of ASD be offered a clinical genetic consultation.
That is not to say that every person with ASD will receive such a work up. Many details factor into
the ultimate decision of whether to proceed with testing or not. It is crucial that these families receive
detailed pre-evaluation informed consent. They need to understand what the tiered process entails,
what the projected costs may be (especially in light of 3rd party payer policies), any potential risks of
the testing and, of course, the diagnostic yield. Once the family understands what is involved that can
decide whether such an evaluation is appropriate for them.

At the time of this writing, the 2013 guidelines are only a couple of years old. However, the
ever advancing science of genetic testing is soon going to necessitate another revision of these
recommendations. The advent of relatively inexpensive and rapid genomic testing methods has
already been applied to cohorts of patients with ASD [43–46]. Currently a handful of publications have
found that whole exome sequencing (WES) and whole genome sequencing (WGS) are expected to
significantly increase the diagnostic yield when applied to patients with ASD. A summary of se current
reports suggests that WES/WGS may identify an additional 10%–15% of causes of ASD. It is important
to note that current sequencing techniques are not very good at detecting the larger copy number
variants. Thus these techniques do not obviate the use of chromosomal microarray (CMA). Microarray
testing itself is a high yield test identifying an etiology of ASD in about 10% of cases. Together WES
and CMA alone may identify the cause of ASD in 20% of cases [45]. Finally, it is also important to note
that the diagnostic yields are different for the 2 ASD sub-groups. Not surprisingly, the yield is higher
(about double) in the complex/syndromic group.

2.3.3. What about Unknowns?

The recent advances in genetics and genomics have been extremely exciting and gratifying for
clinical geneticists. Cases that have defied answers for literally decades are now being understood.
As noted above, the increase in diagnostic yield for ASD from around 10% to almost 40% is indeed
exciting. However, that still means that 60% of cases will have no answer despite a thorough evaluation.
So the questions remain; “What about the unknown cases?” “What could possibly be the cause of
the other cases?” We have already alluded to the fact that the application of WES/WGS testing to
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the diagnostic algorithm will undoubtedly increase the diagnostic yield. It is a little too early yet to
definitively say by how much. However, consideration of the several early reports suggests that the
application of these modalities in testing may increase the yield to 50%, maybe 60%. At that point
it appears that the straight-forward, mono-factorial etiologies will mostly have been identified. The
remainder of cases is likely due to more complicated mechanisms. Many such mechanisms have been
suggested. Some of these would include:

(1) Mutations in non-coding DNA
(2) Epigenetic disorders including those fitting a MEGDI model—mixed genetics/epigenetics
(3) Multiple contributing loci
(4) Complex gene x gene interactions
(5) Snippets

It is highly likely that further insights into the etiology of ASD will come from investigations into
these (and other) mechanisms.

2.4. Metabolic and Mitochondrial Disorders

Among the many genetic causes of ASD, metabolic and mitochondrial disorders deserve a
separate discussion. These conditions have been the subject of vigorous debate among genetic and
metabolic specialists over the past many years. The importance in sorting out the answers in these
conditions lies in the commonly stated point that these conditions are “low yield, but high impact” [12].
Specifically, these conditions have the greatest potential for treatment among the myriad of causes of
ASD. They may also present special situations of genetic susceptibility to environmental factors as
well as project for a more progressive/deteriorative course.

Many metabolic (i.e., inborn errors of metabolism) and mitochondrial conditions have been
reported in association with ASD [47–49]. While some have been reported with the non-syndromic
phenotype, many exhibit a variety of other features that stand as clues to the possible cause. Signs and
symptoms that suggest such a possible etiology include poor linear growth, laboratory changes
(anemia, acid-base abnormalities, lactic acidosis), cyclical vomiting, rashes, tone abnormalities,
gastrointestinal problems, refractory epilepsy, changes in sensorium, neuro-regression outside of
the typical speech loss of 18–24 months and microcephaly. An especially important situation to
consider is developmental regression associated with fever or illness. This type of regression especially
with recurrent episodes and multiple organ dysfunctions are clues to a possible mitochondrial disorder.
These patients have been noted to have loss of speech after a febrile illness or immunizations with
a subsequent encephalopathy. (It is particularly important to note that despite this association,
immunizations do not cause ASD. There simply are no reputable studies which show any such
plausible link.) In the evaluation of the etiology of a person with ASD, the presence of any of these
clues should prompt an extended evaluation to include metabolic and mitochondrial causes.

3. Conclusions

A large body of solid and consistent studies identifies a clear genetic etiology of ASD. Like
most complex phenotypes, ASD has a “multi-factorial etiology”. This means that both genetic and
environmental factors contribute to the overall phenotype. Heritability estimates suggest that genetic
factors by far play the largest role. Clinical genetic evaluations currently can identify the cause of
ASD in 30%–40% of cases. Early evidence suggests that the addition of genomic techniques to the
standardly recommended testing protocol is likely to increase this yield to over 50%. Such evaluations
should be offered to families after clear and careful informed consent. Knowledge of the cause of ASD
can be very empowering for families. Simply knowing “Why” can be very reassuring and directive
for many families. In addition, this provides genetic information for familial risks, prognosis, and
awareness of possible associated conditions.

Most importantly, the identification of a genetic etiology of ASD is the first step in establishing
“personalized medicine” for these patients. What is currently quite clear is that ASD is not a single
condition. It is a collective of conditions with a common, strictly defined neuro-behavioral phenotype.
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In reality it is “the ASDs” with literally hundreds of genetic causes identified. The delineation of
specific subtypes (endo-phenotypes) of ASD will facilitate the investigation of differential responses to
therapies. This coupled with a growing understanding of ASD as a disorder of the synapses should
allow for the development of targeted therapies based upon a specific genetic diagnosis. While it is
impossible to dogmatically state when this might happen, it is anticipated that this type of focused
intervention is just on the horizon.

Conflicts of Interest: The author declare no conflict of interest.
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Abstract: Progress in epidemiological, molecular and clinical genetics with the development of
new techniques has improved knowledge on genetic syndromes associated with autism spectrum
disorder (ASD). The objective of this article is to show the diversity of genetic disorders associated
with ASD (based on an extensive review of single-gene disorders, copy number variants, and other
chromosomal disorders), and consequently to propose a hierarchical diagnostic strategy with a
stepwise evaluation, helping general practitioners/pediatricians and child psychiatrists to collaborate
with geneticists and neuropediatricians, in order to search for genetic disorders associated with ASD.
The first step is a clinical investigation involving: (i) a child psychiatric and psychological evaluation
confirming autism diagnosis from different observational sources and assessing autism severity;
(ii) a neuropediatric evaluation examining neurological symptoms and developmental milestones;
and (iii) a genetic evaluation searching for dysmorphic features and malformations. The second
step involves laboratory and if necessary neuroimaging and EEG studies oriented by clinical results
based on clinical genetic and neuropediatric examinations. The identification of genetic disorders
associated with ASD has practical implications for diagnostic strategies, early detection or prevention
of co-morbidity, specific treatment and follow up, and genetic counseling.

Keywords: autism; genetic disorders; hierarchical diagnostic strategy; child psychiatric and
psychological assessment; clinical genetics; neuropediatric evaluation

1. Introduction

Autism Spectrum Disorder (ASD) is considered as a neurodevelopmental disorder defined
in the DSM-5 (the Diagnostic and Statistical Manual of Mental Disorders 5th ed.) [1], the most
recent diagnostic classification of mental disorders, by social communication deficits associated with
repetitive/stereotyped behaviors or interests with early onset (referenced in the DSM-5 as symptoms
present at early developmental period and evident in early childhood). According to the historian
Normand J. Carrey, the first description of autism can be traced to Itard in his 1828 report on “mutism
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produced by a lesion of intellectual functions” [2]. In 1943, Leo Kanner [3], American psychiatrist
with Austrian origins, borrowed the term autism from the Swiss psychiatrist Eugen Bleuler to define a
specific syndrome observed in 11 children (the term “autism”, derived from the Greek autos which
means “oneself”, was used for the first time by Eugen Bleuler in 1911 [4] to describe social withdrawal
in adult patients with schizophrenia). The Kanner syndrome was characterized by its early onset
(from the first year of life) and symptomatology (social withdrawal, sameness, language impairment,
stereotyped motor behaviors, and intellectual disability). It is noteworthy that Kanner did not describe
autism in individuals with severe intellectual disability and known brain disorders. The same year,
the Austrian psychiatrist Hans Asperger [5] distinguished “personalities with autistic tendencies”
which differed from the children that Kanner had described, due to the expression of exceptional
isolated talents and conserved linguistic abilities. Currently, autism is viewed as an epistatic and
multifactorial disorder involving genetic factors and environmental factors (prenatal, neonatal and/or
postnatal environmental factors such as gestational diabetes, neonatal hypoxia conditions, exposure
to air pollution, parental immigration or sensory/social deficits; for a review, see Tordjman et al.,
2014 [6]).

Several literature reviews underline the important role of genetics in the etiology of autism [7–9].
The data come from family and twin studies. Indeed, the concordance rate among monozygotic
twins is high (60%–90%) compared to the concordance rate among dizygotic twins (0%–30%) [10,11].
Technological advances in epidemiological and molecular genetics have led recently to new findings
in the field of the genetics of neuropsychiatric disorders. These new findings concern also the domain
of the genetics of autism and have increased the state of current knowledge on the genetic disorders
associated with ASD. Identified genetic causes of ASD can be classified as the cytogenetically visible
chromosomal abnormalities, copy number variants (CNVs) (i.e., variations in the number of copies of
one segment of DNA, including deletions and duplications), and single-gene disorders [12]. CNVs
can have different sizes (small to large deletions or duplications) and therefore concern a variable
number of genes according to their size. The number of known genetic disorders associated with
ASD has increased with the use of array Comparative Genomic Hybridization (aCGH), also called
chromosomal microarrays (CMAs) or high-resolution molecular karyotype, which is one of the most
molecular cytogenetic methods used by geneticists. The accuracy of aCGH is 10 to 100 times higher
than low-resolution karyotype accuracy and allows detection of small CNVs. Unfortunately, this
method does not detect certain genetic anomalies such as balanced chromosome rearrangements
(which are rarely involved in developmental disorders) or CNVs present in less than 10% to 20% of
cells (somatic mosaicism). CNVs are usually considered to be rare variants but recent techniques have
shown that they may be in fact more frequent than expected [13]. In practice, after CNV detection, the
geneticist needs to determine the contribution of this variation to the patient’s disorder. Most of the
time, parental CNVs are also analyzed for family segregation. Among genetic causes of ASD, besides
single specific genetic factors, cumulative effects of Single Nucleotide Variants (SNVs: common small
variations in the DNA sequence occurring within a population) also have to be taken into consideration.
Single-nucleotide polymorphism (SNP) is the term usually used for SNVs occurring in more than 1% of
the general population. In the next few years, it will be probably possible to improve the identification
and interpretation of SNPs in ASD using new techniques of High Throughput Sequencing, such as
targeted sequencing on known genes (gene panel) or Whole Exome/Genome Sequencing. Finally, it
should be highlighted that a genetic model of ASD (including cumulative genetic variance) does not
exclude the role of environment (including cumulative environmental variance). It is noteworthy that
heritability (h2) is defined as h2 = GV/(GV + EV) where GV is the cumulative genetic variance and EV,
the environmental variance [14].
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Many susceptibility genes and cytogenetic abnormalities have been reported in ASD and
concern almost every chromosome (for a review, see Miles, 2011; available online: http://projects.
tcag.ca/autism/) [15]. How can we explain such genetic diversity associated with similar autism
cognitive-behavioral phenotypes? Given the current state of knowledge, we can state the hypothesis
that the majority of ASD-related genes are involved in brain development and functioning (such as
synapse formation and functioning, brain metabolism, chromatin remodeling) [16].

Several studies have reported associations between genetic contribution (such as unbalanced
chromosome abnormalities, in particular large chromosomal abnormalities), dysmorphic features
and low cognitive functioning [17–19]. Indeed, large chromosomal abnormalities are more often
found in children with dysmorphic features, whereas small CNVs and de novo SNPs are more often
found in individuals without dysmorphic features. The concept of “syndromic autism” or “complex
autism” (autism associated with genetic disorders/genetic syndromes) which qualifies individuals
with at least one dysmorphic feature/malformation or severe intellectual disability, is opposed to the
concept of “non-syndromic autism” or “simplex”/“pure”/idiopatic autism (isolated autism) which
qualifies individuals with moderate intellectual disability to normal cognitive functioning and no other
associated signs or symptoms (except the presence of seizures) [19,20]. The prevalence of epilepsy in
ASD varies from 5% to 40% (compared to 0.5% to 1% in the general population) according to different
variables, including syndromic vs. non-syndromic autism (higher rates of epilepsy are observed in
syndromic autism compared to non-syndromic autism) [21–24] and the age of the population (the rate
of seizures varies with age and increases especially during the prepubertal period). It is noteworthy that
genome-wide association and genetic analyses such as aCGH have revealed hundreds of previously
unknown rare mutations and CNVs linked to non-syndromic autism. Some authors [12,19] suggest
that syndromic autism (SA), compared to non-syndromic autism (NSA), is associated with a poorer
prognosis, a lower male-to-female sex ratio (SA: 3/1; NSA: 6/1), and a lower sibling recurrence risk (SA:
4%–6%; NSA: up to 35%) as well as a lower risk for family history of autism (SA: up to 9%; NSA: up to
20%) given that SA would be more related to accidental mutations than NSA. Similarly, the concept of
syndromic intellectual disability (intellectual disability associated with dysmorphism and medical or
behavioral signs and symptoms) is widely used as opposed to non-syndromic intellectual disability
(intellectual disability without other abnormalities). Intellectual disability and autism spectrum
disorder share other similarities given that they are both genetically heterogeneous, and a significant
number of genes have been associated with both conditions. It is noteworthy that the concept of
non-syndromic autism or non-syndromic intellectual disability depends on technological progress and
current state of knowledge. We can foresee, as underlined by Tordjman et al. [25], that individuals
with currently and apparently “non-syndromic autism” could become a few years later individuals
with “syndromic autism”, if new genetic disorders are identified, allowing a better understanding and
more efficient identification of discrete clinical symptoms as minor physical anomalies, malformations
and associated biological anomalies. For example, individuals with Smith–Magenis syndrome can
show in early childhood ASD associated with subtle minor facial dysmorphic features (these discrete
dysmorphic features become more evident later), mild or moderate intellectual disability, disrupted
sleep patterns and repetitive self-hugging characteristic of this syndrome. The molecular discovery
of Smith–Magenis syndrome is relatively recent (1982) and allowed to better know the characteristic
behavioral phenotype combined with physical anomalies of Smith–Magenis syndrome (including
short stature and scoliosis, not enough specific to help alone to identify the genetic syndrome),
orienting towards the search for certain dysmorphic features and the possible identification of this
genetic disorder. Thus, some children with Smith–Magenis syndrome could be considered in early
childhood, especially before the discovery of Smith–Magenis syndrome in 1982, as individuals with
apparently “non-syndromic autism” (they are more viewed as individuals with syndromic autism
over their developmental trajectory). Therefore, taking into account this bias, it would be better to
consider autism as a behavioral syndrome related either to known genetic disorders or to currently
unknown causes.
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The objective of this article is to show the diversity of the genetic disorders associated with ASD
(including single-gene disorders, CNVs and other chromosomal disorders), and consequently to propose
a hierarchical diagnostic strategy with a stepwise evaluation, helping general practitioners/pediatricians
and child psychiatrists to collaborate with geneticists and neuropediatricians, in order to search for
genetic disorders associated with ASD.

2. Known Genetic Syndromes Associated with Autism Spectrum Disorder

We chose to limit the review of literature to genetic disorders presented in Table 1. Table 1
includes one part on chromosomal disorders and another part on single-gene disorders. The present
descriptions focus on autistic traits encountered in each genetic disorder and other symptoms that
may be helpful for the diagnosis. Table 1 summarizes these clinical data and indicates the estimated
frequency of each genetic disorder in autism and the frequency of autistic traits in each genetic disorder
(when available). This table does not present an exhaustive list of genetic disorders associated with
ASD. Furthermore, Table 1 includes only genetic syndromes involving a single-gene disorder or a
chromosomal rearrangement, and therefore does not include polygenic causes and possible genetic
disorders only related to epigenetic mechanisms. It is noteworthy that some studies suggest that
the genetic background might play an important role in many ASD individuals, with in particular
cumulative genetic effects related to the load of common risk variants [16].
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Interestingly, as underlined by Abrahams and Geschwind [7], the descriptive analysis of Table 1
indicates that each of the many known genes or genomic regions associated with ASD, taken separately,
accounts usually and on average for less than 2% of autism cases, suggesting high genetic heterogeneity
(the maximum average rate is 5% and concerns the Fragile X syndrome). However, taken all together,
these single genetic impairments account at least for 10%–25% of ASD individuals [244] and even
35%–40% in more recent studies [245].

3. Recommended Investigations for the Identification of Genetic Disorders Associated with ASD

Facing such a diversity of genetic disorders associated with ASD (see Table 1), it seems important
to clarify, as best as possible with regard to the current state of knowledge, the diagnostic steps towards
identification of these genetic disorders. A hierarchical diagnostic strategy with a stepwise evaluation
towards identification of genetic disorders associated with autism is proposed and developed in Figure 1.

As it appears in Table 1, the severity of the autistic syndrome is an important variable to take
into consideration in the search for genetic disorders associated with ASD. Therefore, the preliminary
step in the hierarchical diagnostic strategy is to confirm autism diagnosis and assess autism severity.
Furthermore, based on the genetic syndromes listed in Table 1, certain variables are of particular interest
such as dysmorphic features, malformations, epilepsy and intellectual disability. It indicates clearly
that clinical investigation of behavioral phenotype of autism for identification of genetic disorders
associated with ASD requires clinical genetic examination, neuropediatric examination and psychological
assessment. In this section, we propose a hierarchal diagnostic strategy with focused investigations for the
identification of genetic disorders associated with ASD, based on the history of the individual (including
family history and developmental trajectory) and the clinical neurologic and genetic evaluation, but also
on up-to-date knowledge and new technology. The first step of the hierarchal diagnostic strategy is a
clinical investigation involving: (i) a child psychiatrist’s and psychologist’s evaluation to confirm autism
diagnosis using different observational sources (including an extensive parental interview facilitating the
study of family history) and assess autism severity (including behavioral and cognitive assessments); (ii) a
neuropediatrician’s evaluation to examine neurological symptoms/signs and developmental milestones;
and (iii) a geneticist’s evaluation to search for dysmorphic features and malformations based on a clinical
physical examination. This clinical step is followed by a second step involving laboratory and if necessary
neuroimaging or EEG studies oriented by clinical results based on clinical genetic and neuropediatric
examinations. These two steps are described below.

3.1. First Step: Clinical Investigation

3.1.1. Autism Diagnosis Using Different Observational Sources and Autism Severity Assessment
(Child Psychiatric and Psychological Evaluation)

The preliminary step requires confirming the diagnosis of autism and assessing the severity of autistic
behavioral impairments with validated tools used by trained professionals in different observational
situations, such as the Autism Diagnostic Interview-Revised [246] (the ADI-R scale is a parental interview)
and the Autism Diagnostic Observation Schedule [247] (the ADOS scale allows a direct observation of the
individual through a standardized play situation). The psychiatric appreciation of ICD-10 (International
Classification of Diseases, World Health Organization, Geneve, Switzerland, 1993) and DSM-5 (American
Psychiatric Association, Washington, DC, USA, 2013) diagnostic criteria of autism is also necessary and
provides a clinical psychiatric judgment. This approach, combining information from multiple sources
based on the clinical psychiatric judgment and the administration of the ADI-R completed by the ADOS
improves the confidence in the diagnosis of ASD [248]. Interestingly, the ADI-R scale is validated to assess
current behavior but also behavior during the 4–5 years old period (the ADI-R algorithm is based on
the 4–5 years old period of life which is supposed to correspond to the most severe period of autistic
impairments), allowing to see the evolution between these two periods of life. It happens more frequently
than expected that children who fulfill the diagnostic criteria for ASD based on the ADI-R algorithm
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(parental interview for the 4–5 years old period) do not meet the full diagnostic criteria for ASD based
on the ADOS algorithm (direct observation of the child for the current period).

The ADI-R scale is the most common assessment used to conduct an extensive semi-structured
parental interview searching for medical and psychiatric family history. This clinical interview should
be conducted with empathy and allow a three-generation family tree to be constructed, showing,
in particular, family psychiatric history (such as, for example, schizophrenia, depression or bipolar
disorder) and ASD behaviors (including delayed language development) within the family (mother’s
and father’s sides). The construction of the pedigree can be very helpful to get specific hypotheses of
genetic disorders associated with autism. More generally, higher rates of CNVs are observed in ASD
individuals with a family history of psychiatric disorders or developmental disabilities, highlighting
the importance to study family history [249]. It is noteworthy that family history is also investigated
and analyzed by the neuropediatrician and the geneticist during their evaluation.

Furthermore, the clinician should indicate in the family tree the existence of consanguineous mating,
family malformations, deceased infants and spontaneous abortions occurring in the mother but also
in relatives (repeated spontaneous abortions are in favor of chromosomal rearrangement [20,250,251]).
It is necessary to specify the trimester of pregnancy when spontaneous abortions occurred given that
repeated miscarriages at the first trimester of pregnancy are more specifically in favor of genetic anomalies.
Reproductive stoppage is rarely evoked but should be investigated because reproductive curtailment
following the birth of a child with ASD has been reported [252]. In addition, the birth order of the child
with autism has to be noted in the family tree given that a decrease of ASD in later siblings has been
observed [253]. The maternal and paternal ages at the time of procreation should be also systematically
noted. Indeed, several studies suggest that advanced parental age, in particular for the father, is a risk
factor for ASD [254], but there are some discrepancies in the results [253]. Although advanced parental
age may be a risk factor, it orients towards genetic testing but does not lead to definitive conclusions.

Finally, a psychological evaluation is necessary in this hierarchical diagnostic strategy to assess
the level of cognitive functioning given that intellectual disability and its severity are associated,
as indicated previously, with a risk for several genetic disorders in ASD individuals (see Table 1).
In addition, the level of cognitive functioning should be taken into consideration and therefore assessed
given that severe intellectual disability can introduce an important bias leading to a misdiagnosis of
autism. Indeed, ASD is often misdiagnosed in individuals with severe intellectual disability. It should
be noted that the diagnosis of autism might be not valid or relevant for genetic disorders associated with
severe intellectual disability due to first, the behavioral overlap between severe intellectual disability
and autistic behavioral impairments (social communication deficit as well as repeated behaviors or
interests), and second, the absence of validity and reliability of autism diagnostic instruments in the
context of very low IQ or mental age of less than 24 months [255]. It is noteworthy that the most
currently international instruments used for autism diagnosis, such as the ADI-R and the ADOS scales,
were not normed in individuals with severe intellectual disability [255]. Cognitive functioning can be
assessed, whenever possible with the child, by a psychologist or a neuropsychologist if available, using
the age-appropriate Wechsler intelligence scales (Wechsler Preschool and Primary Scale of Intelligence:
WPPSI-IV for children between 2 and 7 years old, Wechsler Intelligence Scale for Children: WISC-5
for children between 6 and 16 years old, Wechsler Adult Intelligence Scale: WAIS-IV for individuals
above 16 years old) or the Kaufman Assessment Battery for Children (K-ABC ) [256]. The Kaufman
K-ABC is supposed to be more adapted for nonverbal children but cognitive assessment appears in
fact easier to perform using the Wechsler intelligence scales with nonverbal subtests for nonverbal
ASD children. Some instruments are of particular interest for intellectual disabled children with ASD
such as the Raven’s Color Progressive Matrices (CPM) which is a short (20 min) nonverbal intelligence
test validated for young children and individuals with intellectual disability [257].

The child psychiatric evaluation and psychological evaluation confirming autism diagnosis from
different observational sources and assessing autism severity and intellectual disability are followed
by a neuropediatrician’s evaluation and a geneticist’s evaluation (see Figure 1).
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3.1.2. Developmental Milestones (Neuropediatric Evaluation)

A neuropediatric examination should be systematically conducted searching for neurological
symptoms associated with ASD such as hypotonia, ataxia, abnormal movements or epilepsy. In case
of clinical symptoms of epilepsy, the electroencephalogram (EEG) can be a useful tool to detect
epileptic brain activity. In complement to this neuropediatric examination, it is necessary to rule out a
sensory deficit, such as an auditory or visual deficit, based on ophtamological and ears-nose-throat
examination (an audiogram is recommended). In addition, the neuropediatric examination investigates
extensively developmental milestones for the following periods (some developmental milestones
are often explored also during the child psychiatric evaluation): (i) prenatal period: course of
pregnancy, fetal movements, results of ultrasound exams, treatments (in particular, in-utero exposure
to thalidomide or valproate, known as teratogenic medications and risk factors for ASD), and other
possible prenatal risk factors for ASD (such as gestational diabetes, gestational bleeding or multiple
birth [6]); (ii) perinatal period: birth presentation (abnormal presentation in general and breech
presentation in particular, have been associated with the development of ASD [258], mode of delivery,
clinical status at birth (APGAR, score, weight, body length, and head circumference), premature birth
(the risk for autism increased with the severity of preterm birth [259]), conditions related to hypoxia at
birth reported as risk factors for ASD (such as umbilical cord complications, meconium aspiration,
neonatal anaemia, ABO or Rh incompatibility, hyperbilirubinemia, or birth injury and trauma; for a
review, see Gardener et al. [260]), feeding pattern and difficulties, screening tests (hypothyroidism,
phenylketonuria), physical examination (apparent dysmorphism and malformations) and neurological
examination (neonatal hypotonia); and (iii) postnatal period: psychomotor development, feeding
pattern and possible gastrointestinal problems, sleep pattern, epilepsy, sensory dysfunction, language
development, early behavioral signs of autism and other atypical behaviors. This clinical evaluation
investigates developmental and learning disorders. The study of the height-weight-head circumference
growth curve can show a break, decline with regression, or decrease with stagnation. For example,
a decrease between 6 and 18 months of head circumference growth should orient the clinician towards
the search for Rett syndrome in its first stage (stagnation stage) which occurs before the stage of fast
decline of the communication skills (regression stage between 12 and 18 months of age). In addition,
a developmental regression should orient the clinician towards the search for metabolic diseases.
More generally, neuroimaging is recommended in individuals with ASD and microcephaly [249]. It is
noteworthy that parental measures of height-weight-head circumference have also to be considered
in order to determine whether the child’s height-weight-head circumference measures are really
abnormal compared to the parents’ ones or whether a parent may be mildly affected, orienting towards
a congenital or acquired abnormality.

3.1.3. Physical Examination (Genetic Evaluation)

A clinical genetics evaluation is systematically required and involves an extensive physical
examination of the whole body. This physical examination should be conducted by a clinical geneticist
trained in dysmorphology searching for dysmorphic features or malformations, and includes photos
of the head (face and profile) with a good visibility of the ears, hands (palm and dorsal view) and
feet. When clinical geneticists are not easily available, alternative options are to send, as a preliminary
step, patients’ pictures (face and hands pictures) to a geneticist for a specialized opinion (our group is
testing the feasibility and efficiency of such a procedure and is comparing the results obtained based
on the analyses of pictures by a group of geneticists to the ones obtained based on the analyses of
the same pictures using the genetic search and reference mobile application Face2Gene developed by
FDNA: Facial Dysmorphology Novel Analysis). In addition, the skin should be examined with a Wood
lamp, in particular when tuberous sclerosis is suspected [251]. Finally, clinical genetics evaluation
can greatly benefit, in this strategy of identification of genetic disorders associated with ASD, from
examining repeatedly over time the child to follow his/her developmental trajectory and examining at
the same time the patient, his/her parents and siblings to compare the findings.
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3.2. Second Step: Complementary Investigations (Laboratory Studies)

This secondary investigation includes cytogenetic, molecular analyses, biochemical analyses.
Other exams such as neuroimaging and EEG are requested based on the results of the clinical genetic
and neuropediatric examinations.

The following hierarchical diagnostic strategy, in line with recent American guidelines [249], can
be proposed (see Figure 1).

3.2.1. Non-Syndromic Autism (Isolated ASD)

It should be remembered that non-syndromic autism includes ASD individuals with moderate
intellectual disability to normal cognitive functioning (high functioning ASD) and no other associated
signs or symptoms (except the possible presence of seizures). To our knowledge, the probability
to detect a mutation (CNV or point mutation) is very low in high functioning non-syndromic ASD
individuals, and, in this case, we do not recommend molecular analysis. However, in the case of
family history of psychiatric disorders or developmental disabilities, it could be of interest to perform
aCGH and to collect samples for a research program. In addition, in the case of consanguinity or
selective food aversion, it could be useful to perform targeted metabolic testing. In addition, in the
case of individuals with intellectual disability or males with no intellectual disability, the search for
Fragile X mutation is recommended. If there is no hypothesis, a repeated clinical genetic evaluation
over time is proposed given the possible later appearance of dysmorphic features along with the
developmental trajectory.

3.2.2. Syndromic Autism (ASD Associated with Dysmorphic Features and/or Malformations and/or
Symptomatic or Cryptogenic Epilepsy, and/or Severe Intellectual Disability)

If a specific chromosomal or point mutation is suspected: perform aCGH or specific gene sequencing.
If a metabolic disorder is suspected based on developmental regression (regression observed on

the growth curves, including macrocephaly and in particular microcephaly, but also developmental
psychomotor regression or neuroregression/neurodegeneration with neurological symptoms), seizures
and especially epilepsy (recurrent and refractory seizures), consanguinity and specific dysmorphy
or other symptoms described below: perform targeted metabolic testing including measurements
of ammonemia and lactatemia, urinary organic acids chromatography, plasmatic amino-acids
chromatography, creatine metabolism, iron, vitamin D, glutathione, oxidative stress, and cerebral
magnetic resonance spectroscopy combined with standard neuroimaging. A metabolic disease could
also be suspected based on certain clinical symptoms, such as digestion-related symptoms (cyclic
vomiting, selective eating or gastrointestinal problems), dermatologic and hair changes (rashes,
pigmented skin eruptions, hypertrichosis or alopecia), lethargy with hypotonia/extrapyramidal signs
(dystonia, abnormal movements), or multiple organ dysfunction (in particular, heart, liver, kidney). In
addition, the search for metabolic disorders can be indicated by abnormal biological measures such
as anemia or lactic acidosis, and more generally acid/base or electrolyte disturbances. Searching for
metabolic disorders is important given the potential availability of treatments such as enzymotherapy
for certain metabolic diseases, diet low in phenylalanine for phenylketonuria due to the enzyme
phenylalanine hydroxylase deficiency, or supplementation with folinic acid for cerebral folate deficiency.
Several metabolic disorders associated with ASD are listed in Table 1 using the superscript #.

If a mitochondrial disorder is suspected based on repeated regressions after three years old,
neurological abnormalities (including hypotonia) and multiple organ dysfunction: perform targeted
mitochondrial testing including measurement of lactatemia. Abnormal neurologic examination and/
or elevated plasma lactate concentration have been indeed found in mitochonfrial diseases [260].
A mitochondrial disorder could be also suspected in case of ASD associated with loss of speech after a
febrile illness or immunization with encephalopathy [261]. Finally, it is noteworthy that mitochondrial
disease (rare in ASD) has to be differentiated from mitochondrial dysfunction (common in ASD) [262].
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If there is no hypothesis of specific syndrome: perform aCGH and molecular diagnosis of Fragile-X
syndrome. Without any identified pathogenic variant, we recommend targeted New Generation
Sequencing (NGS) on known genes (for example, panels of genes related to intellectual disability or
epilepsy based on the clinical examination) or Whole Exome Sequencing (WES) if available.

4. Conclusions

The finality of the hierarchal diagnostic strategy proposed in this article is to identify genetic
disorders associated with ASD based on a stepwise evaluation characterized by low invasiveness
and cost but high accessibility, feasibility and adaptability of current knowledge and technology to
the individual and his/her family. These clinical and laboratory investigations can lead to identify
genetic disorders associated with ASD in 35%–40% of individuals [225,262]. The identification of a
specific genetic syndrome associated with ASD has practical clinical implications, in terms of diagnostic
strategies including early detection and prevention of co-morbidity related to the known medical risks
of the genetic disorder, follow up adapted to the genetic disorder with a more precise prognosis, and
therapeutic strategies with access to needed services, help provided by specific family associations or
specific individualized treatment in some cases. In many cases, identification of genetic disorders does
not lead to therapeutic implications but there are a few cases where enzymotherapy, food depletion or
supplementation in certain metabolic diseases as well as administration of melatonin associated with
acebutolol in Smith–Magenis syndrome have improved considerably the quality of life of patients and
their families. It should be noted that sleep problems are frequent in ASD (prevalence of insomnia:
50%–80% [263]) and decreased nocturnal and/or diurnal levels of melatonin (a sleep neurohormone)
have been reported in many ASD studies; trial studies support therapeutic benefits of melatonin use in
ASD (for a review, see Tordjman et al. [116,264]. Furthermore, the identification of genetic disorders
associated with ASD allows unique personalized genetic counseling adapted to each family with regard
to the transmission risk to the descendants and the possibility of a prenatal or preimplant diagnosis in
the perspective of a future pregnancy. According to the 2013 American guidelines [249], the genetic
counselor should note the type of array technology used (e.g., oligonucleotide vs. single-nucleotide
polymorphism arrays) and access major databases relevant to this technology in order to provide the
best possible and adapted information for the family. Many parents of children with ASD worry about
the autism risk for a future pregnancy and knowing that their impaired child has a de novo mutation
can be very helpful concerning the decision to have another child. It can be noted that the majority
of the found mutations or rearrangements occurs de novo and are therefore not inherited from the
parents or relatives [262]. In the same vein, siblings of children with ASD are very often preoccupied
by the possible genetic transmission of autism to their future children. This preoccupation is legitimate
considering, for instance, that the sisters of a boy with Fragile X Syndrome, even if they express very
few or no symptoms, have a risk of 50% to carry the mutation or premutation and therefore a risk of
50% to have a child with Fragile X Syndrome (more severely impaired if it is a male). It is noteworthy
that genetic counseling is also offered to families of ASD individuals without identified etiology, using
in this case epidemiologic studies, and in particular sibling recurrence-risk updated data [249]. In any
case, genetic counseling provides helpful family guidance, and parents of children with ASD are
often relieved that biological factors involved in the development of ASD are considered and possibly
found when some of them might feel guilty with regard to the role of family environment in ASD.
Interestingly, based on our experience and the experience of geneticists or neuropediatricians working
with psychoanalysts [265], knowing the underlying genetic cause of a relative’s or patient’s disorder,
far from fixing the family or caregiver representations with regard to genetic determinism, rather
creates and stimulates new dynamics within the family as well as the caregiver team centered on the
ASD individual and probably related to a better known developmental trajectory with therapeutic
perspectives and a parental relief. Finally, given all these implications, it is essential that all individuals
(children but also adolescents and adults) with ASD can benefit from a clinical genetic examination
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and neuropediatric examination searching for associated signs or symptoms helping to identify known
genetic disorders.
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Abstract: Although less pronounced, social, cognitive, and personality characteristics associated
with autism spectrum disorders (ASD) may be present in people who do not meet ASD diagnostic
criteria, especially in first-degree relatives of individuals with ASD. Research on these characteristics,
referred to as broader autism phenotype (BAP), provides valuable data on potential expressions of
autism-specific deficits in the context of family relations. This paper offers a review of research on
BAP in siblings of individuals with ASD, focusing on reports regarding social, communication, and
cognitive deficits, published from 1993 to 2014. The studies are divided into two groups based on
participants’ age: papers on preschool and older siblings of individuals with ASD; and publications
on infants at risk for ASD. On the basis of this review, suggestions are offered for further research
and its significance for our understanding of the genetic determinants of autism.

Keywords: broad autism phenotype; siblings; review; at-risk infants

1. Introduction

Autism spectrum disorders (ASD) are neurodevelopmental disorders characterized by deficits in
social communication and the presence of repetitive patterns of behavior, activity, and interests [1,2].
An important contributing factor in ASD etiology could be genetic liability, since the occurrence rate
for ASD in siblings is on average 20- or 25-fold higher than in the general population [3–5].

The genetic mechanisms involved in the development of ASD are complex and heterogeneous [4,6,7].
This complexity is reflected by the variety of clinical characteristics of ASD, involving differences
in the combination and expression of symptoms and severity of disorders in affected individuals.
The heterogeneous, multifaceted nature of ASD is what drives research into the many possible
expressions of autism that incorporate its typical deficits. The data obtained in that research may help
us understand the genetic mechanisms that contribute to the development of autism-specific functional
traits and atypical developmental trajectories. Moreover, this data may be useful in identifying genetic
factors specific for various autism phenotypes, both in subjects with ASD and individuals from the
general population.

A clear diagnostic conceptualization of autism still has yet to be established. It has been
proposed that behavioral and cognitive characteristics of ASD, which include social, communication,
and cognitive processes, rigid and persistent interests, and rigid and aloof personality traits, are
continuously distributed throughout the general population [8]. These characteristics are likely to be
more prevalent in first-degree relatives of individuals with ASD than in other groups [6,9–15]. Frazier
and colleagues [16] studied how caregivers reported autism symptoms among children in their charge
diagnosed with ASD and their unaffected siblings. They obtained data supporting the view that ASD
is best characterized as a category. However, they note that “these data do not discount the possibility
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of endophenotypes or subthreshold ASD symptoms in unaffected family members” [16]. Wheelwright
and colleagues [17] point out that studying ASD in nonclinical samples may be valuable in the context
of the variety of genetic factors that seem to be connected to ASD. The genetic research on autism
may benefit from a more inclusive concept of genetic expression that comprises cognitive, social, and
communication deficits, as well as personality traits [18,19]. Characteristics similar to autism but
less severe are referred to as broader autism phenotype (BAP) [20]. The notion of BAP facilitated
involvement in studies on ASD and related phenomena of a large number of individuals without
a clinical diagnosis of ASD. Consequently, it became possible to apply methods of the quantitative
genetics typically used in the studies of normally distributed characteristics [21]. Research on BAP
may help identify more functionally homogeneous subgroups of affected individuals and pinpoint the
genetic factors that contribute to the development of ASD symptoms or traits [22]. The identification
of phenotype may, therefore, open up the possibility of hypothetically assigning responsibility to a
candidate gene or chromosome region. It therefore seems that data obtained in studies on BAP may
provide promising cues for more detailed hypotheses on the genetic background of ASD. These studies
may also contribute to a better understanding of the lesser variants of autism [23]. Since the data
collected to date are not uniform, their applicability to genetic studies remains limited, and indicating
the phenotypes with a clear genetic connection is still a difficult question. This may be due to the fact
that the BAP concept covers a range of cognitive and social abilities and personality traits. Precisely
establishing which characteristics should be included in BAP is a somewhat controversial undertaking.
The lack of standardized criteria for BAP complicates attempts to engage in a comparative review
of research on the topic. The features generally recognized as the most typical are deficits in social
functioning, pragmatic language difficulties, restricted, repetitive behaviors and interests, as well
as cognitive deficits (with respect to theory of mind in particular and social cognition in general,
executive function, weak central coherence) and rigid personality [23]. Therefore, this paper focuses
on the phenotypic characteristics of the individuals, observed from the perspective of clinical and
experimental psychology. It seems that the concise summary of studies on BAP proposed here may
provide some assistance in designing more advanced future studies aimed at identifying specific
genetic mechanisms. Moreover, this paper will also demonstrate the methodological diversity in
this field of study, which might help us in understanding the inconsistency of results across papers
being published.

Gottesman and Gould [24] pointed out that phenotypes, understood as measurable characteristics,
are heritable traits that are located in the path of pathogenesis from genetic predisposition to
psychopathology. These traits are found at a higher rate in unaffected relatives of diagnosed family
members than in the general population. The search for phenotypes may be conducted in specific
populations that carry risk genes, but remain unaffected. Therefore unaffected relatives of individuals
with the diagnosis, like healthy siblings, fulfill both criteria: they are enriched in risk genes and are
healthy [25].

Therefore, a number of studies on BAP have been conducted on siblings of individuals with
ASD. Initial findings have already indicated a significantly higher risk of autism in siblings than in
the general population. Autism was initially reported to occur in approximately 2%–3% of siblings
of affected children [26,27]. Folstein and Rutter [19], studying 21 pairs of same-sex siblings of whom
one of the pairs was diagnosed with autism, found a concordance for autism in 4 of 11 sets of
monozygotic twins, while in 10 dizygotic twin pairs they found no coexistence of autism in both
children. Bolton and colleagues [28] analyzed family histories of autism in 137 individuals whose
siblings had been diagnosed with the disorder, and found that 5.8% of siblings were diagnosed with
autism, atypical autism, or Asperger syndrome, while no ASD diagnoses were reported among the
siblings of individuals with Down syndrome. In a study by Ghaziuddin [29], 4.3% of siblings of
114 children with Asperger syndrome or autism were also diagnosed with Asperger syndrome or
autism disorder.
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Rates of BAP among siblings of individuals with ASD are much higher. August, Stewart, and
Tsai [18] found cognitive disabilities in 15.5% of 71 siblings of probands with autism (compared to
less than 3% in the control group). Folstein and Rutter [19] put forward a hypothesis that it is not
autism as such that is inherited, but rather a pervasive cognitive deficit present both in individuals
with autism and their immediate family. Currently, it is estimated that characteristics typical for ASD
are present in at least 10%–20% of siblings of children diagnosed with ASD [28,30]. Ozonoff and
colleagues [31], whose study involved a sample of 600 children in the USA and Canada, reported that
autism-characteristic symptoms developed in nearly 19% of children whose older siblings had ASD.
Boys are particularly at risk, with the correlation three times higher than in girls. At least one BAP
trait is found in approximately 50% of family members of individuals with ASD when parents are
included [32]. Biological siblings are attracting the attention of researchers studying BAP due to the
large percentage of shared genes and environmental factors affecting their development.

Over the past few decades the corpus of data on BAP in siblings of individuals with ASD has
expanded significantly. However, the studies in this area are highly diverse in terms of aspects such
as design, instruments used, participant groups, as well as number of participants, their ages, and
functions of interest, which lead to their findings being particularly difficult to integrate. Some help in
overcoming that difficulty is offered by review papers that pool information on various aspects of studies
and their results [23,33–37]. These reviews, especially those on preschool or older siblings, rarely provide
information on participants’ age. Due to the neurodevelopmental nature of ASD and the specifics of the
processes involved, the inclusion of that information would seem reasonable. In the light of increasing
interest in studying infant siblings of children with ASD among researchers seeking early predictors
of ASD, summarizing the data collected from siblings could provide valuable information. Moreover,
the methods for collecting data from children, adolescents, and adults are different, which provides
even greater encouragement to have a closer look at the studies on BAP in different groups of siblings
of individuals with ASD. The present paper provides a review of research on BAP traits in siblings of
individuals with ASD, wherein the body of research will be divided into two groups: preschool or older
siblings, and at-risk infants. The two will be treated as distinct due to the different nature of studies on
infant siblings of children with ASD compared to research on older siblings. The studies on infants and
toddlers are quite often prospective, enrolling both healthy children and children later diagnosed with
ASD. With repeated measures it is possible to follow the siblings’ developmental trajectories, unlike in
most available studies on children over three or four years of age. Studies on at-risk infants have only
emerged in the last decade; earlier research focused on older children, and as such these studies will
be discussed first. For the reasons mentioned above, we have not attempted to propose a systematic
review as defined in the PRISMA statement [38]. The present paper rather involves the subjective
perspective of the authors reflected by the choice of the reviewed papers.

2. Research on Preschool-Age or Older Siblings

Table 1 presents a list of studies on broader autism phenotype in preschool or older siblings
of individuals with ASD, published in the years 1993–2014. The list includes mainly studies that
enrolled healthy siblings not affected by autism, although in a handful of them some participants were
diagnosed with ASD or another disorder (i.e., delayed language development) during the course of
the study [28,39,40]. We have rejected studies in which the results of siblings were pooled in statistical
analysis with the results of parents or other relatives i.e., [41,42], which was sometimes a consequence of
very small sibling subgroup size (like in [43]—only four siblings). Furthermore, publications included
in the list meet the following criteria: (a) Peer-reviewed articles published in English; (b) Original
studies; (c) Containing a control group; and (d) The social communication, language, and cognitive
characteristics of autism in siblings of individuals with autism were the objects of study.

As shown in Table 1, studies that involve healthy siblings of individuals with ASD vary in design.
They differ in terms of compared groups, sibling ages, sample sizes, analyzed aspects of functioning,
as well as instruments and methods.
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2.1. Comparison Groups

All papers listed in Table 1 included one or more comparison groups. One exception is the paper
by Gerdts et al. [65], which is listed despite the fact that only ASD families were included in that study.
However, the inclusion of multiplex and simplex ASD families provides valuable insight into the
severity of BAP traits in families with more than one child with autism.

Analysis of the groups used in comparisons with siblings of individuals with ASD reveals several
strategies adopted by researchers. The most commonly-used comparison group consists of healthy
siblings of typically developing individuals, or simply typically developing individuals themselves
with no family history of autism [48,54,60,63,64,70]. This strategy allows for a comparison of the
development of ASD siblings with their typically developing peers from families with no autism.

In many studies, one of the comparison groups was composed of individuals diagnosed with
ASD, usually high-functioning autism or Asperger syndrome [22,44,54,55,58,59,62,68,72]. This way,
the results of siblings could be compared with those obtained from individuals with ASD, and it was
possible to determine whether the instruments used actually identified these deficits. In some of these
studies, the results achieved by siblings of individuals with ASD landed in the middle, between the
scores of individuals with ASD and those achieved by typically developing controls i.e., [62,71]. This
could indicate qualitatively similar traits or behavioral profiles of siblings and individuals with ASD,
although the results of siblings are closer to the developmental norm. Some studies evaluated affected
and unaffected siblings from the same family, i.e., [71]. This empirical approach has particular merit in
light of the fact that siblings share on average 50% of genes with their affected brother or sister [68].
Verifying similarities between siblings in terms of autistic traits may offer new insights into genetic
susceptibility to autism.

In several studies, typically older ones, the comparison group for siblings of individuals with
ASD was composed of siblings of individuals with Down syndrome, i.e., [14,45–47,69]. This was to
control for the effects of a family member with a hereditary disability not associated with ASD on the
development and functioning of siblings. Recently, however, the focus has been on the comorbidity of
Autism Spectrum Disorders and Down syndrome. Lowenthal et al. [73] showed that the frequency of
Pervasive Developmental Disorders in individuals with Down syndrome was 15.6%, including 5.58%
for autism. These findings must be taken into account in the selection of siblings of individuals with
Down syndrome for the group compared with the siblings of ASD individuals. The presence and
severity of autistic traits and symptoms in probands with Down syndrome must also be controlled for.
With the high incidence of ASD (see [74]), this should be a universally-observed principle applied in
the selection of comparison groups in studies on BAP, not limited to Down syndrome participants.

In some research projects, comparison groups consisted of siblings of individuals with developmental
delay [48], mental retardation of unknown etiology [40,51], or psychopathology unrelated to autism, such
as ADHD, affective disorders, and anxiety disorders [6]. There is also an interesting group of studies that
included siblings of children with such developmental problems as dyslexia [49,50] and specific language
impairment [69]. Extensive research has recently been done on potential associations between these
complex developmental disorders and autism as, similarly to autism, their incidence is greater in males,
they involve a number of neurophysiological and neuroanatomical abnormalities, they are likely to
have strong genetic components, and they encompass language and communication deficits [75,76].

There is no question that the type of comparison groups should be taken into consideration when
interpreting results and forming generalizations regarding the presence or absence of specificity in
the functioning of siblings of individuals with ASD. In the case of heritable conditions that share
features with ASD (e.g., SLI), it is possible that the first-degree relatives of probands will present some
characteristics that overlap with the BAP [23]. This may cause additional difficulties in comparisons
and the isolation of the autism phenotype.
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2.2. Participants’ Age and Sample Size

In the majority of studies listed in Table 1, the participants’ functioning was measured only once.
The exceptions are two longitudinal studies by Gamliel and colleagues [56,57] that include children
aged 4 months to 4.6 and 7 years, and studies by Warren et al. [64] and Malesa et al. [66], which were
a continuation of a study by Yoder et al. [67]. As these studies provide information about preschool
and school-age children, we decided to include them in Table 1. There is only one other study [39]
in which participants were under 4 years of age. In all other works the siblings of individuals with
ASD were aged 4 or older, and in a number of them the age range was quite large. In some papers it
exceeded 10 years, i.e., [44,49,55], and could be as high as 40 years, i.e., [47,69].

The age of siblings at the time of the study is not always crucial; in designs where caregivers
were asked to provide information on the child’s development history, that variable is less significant
i.e., [46,69]. However, in those studies that measure developmental levels across various domains
or mastery of specific functions, a wide age range of participants may compromise the precision of
inferences. It also cannot capture any developmental delays or irregularities that may be present
during a certain period. However, knowledge of the specifics of that aspect of development could
help in planning support for children in ASD families. A wide sibling age range makes it difficult to
determine the level of that group’s functioning, especially when coupled with a small sample size,
which precludes statistical analysis on subgroups more homogenous in terms of age. In some studies
the ASD siblings group counted under 20 participants i.e., [14,44,49,50,55,59,62,63]. There is, however,
a clear trend towards increased sample size in more recent studies, i.e., [68,69]. In turn, small groups
tend to be more homogenous, including in respect of participants’ age. One illustration is the study by
Warren et al. [64], which enrolled 40 siblings aged 4 to 7; another comes from research on preschool
and early school children aged 2 to 9 years i.e., [39,61]. Ben-Yizhak et al. [60] assessed older children in
a narrow age range from 9 to 12 years, while Koh et al. [59] and Holt et al. [22] evaluated adolescents
aged 12–18. Nevertheless, the majority of studies are conducted on children and adolescents with
wider age ranges: from 6–8 to 16–18 years, i.e., [6,40,54,71].

As we have previously mentioned, research on siblings who are of preschool age, or on older
children and adolescents, suffers from a lack of longitudinal studies. In one of a handful of reports that
provide such information, Gamliel et al. [56] stated that cognitive deficits originally present in siblings
of children with ASD disappeared during the preschool period (age: 54 months), but—compared
to controls—some differences in terms of receptive and expressive language abilities remained. The
results indicating differences in language development were confirmed in the next phase of the
study, conducted when the children reached 7 years of age. Data of that sort is particularly relevant
for understanding the specifics of developmental processes in children from ASD-affected families.
While not meeting the diagnostic criteria for the disorder, these children may experience difficulties
due to atypical development. Some of these difficulties are resolved, but there are some that may
compromise their adjustment at a given moment in life. Thus, longitudinal studies that enable us to
follow developmental processes, as well as to identify their determinants and effective methods of
developmental support, are particularly valuable.

2.3. Functioning Characteristics of Interest

The studies listed in Table 1 cover a wide variety of characteristics. In some, non-affected siblings
were assessed for autism symptomatology with instruments used in diagnosis (Autism Diagnostic
Observation Schedule, ADOS [77] or Autism Diagnostic Interview-Revised, ADI-R [78]) or based on
developmental history established from medical history or interviews other than ADI-R i.e., [14,28,69].
The results of these studies suggest a greater incidence of deficits in at least one domain typical for
ASD. However, their results are not fully consistent in terms of the domains affected by the deficits
and the depth of the deficits in question.
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Greater severity of autistic traits in the siblings of individuals with ASD compared to controls
was shown in those studies that measured such traits using the Social Communication Questionnaire
(SCQ [79]), Childhood Autism Rating Scale (CARS [80]), Autism Spectrum Quotient (AQ [8]) and
Broader Phenotype Autism Symptom Scale (BPASS [32]) [6,62,65,79]. Another finding was that autistic
traits, including less social interest, poorer conversational skills, higher rigidity, and intense interests,
as well as less expressiveness in the use of nonverbal communication, are more pronounced in siblings
from multiplex ASD families than in children from simplex ASD families [65]. Based on similar results
obtained for social and communication domains of BAP in parents, Bernier et al. [81] concluded that
different genetic transfer mechanisms may operate in families with one and families with several
children with autism displaying many of these characteristics. It has been suggested that de novo
mutations and non-inherited copy number variants may be particularly important risk factors in
simplex ASD families, while in multiplex ASD families they are present to a much lesser degree [82].
However, this finding was not confirmed in all studies [83]. As noted by Spiker and colleagues [84],
the variability of autistic phenotype expressed in multiplex families is relatively low. In their study
on families with two or more children with autism, in 37 out of 44 participating families at least two
children met the ADI diagnostic criteria. Out of all the children in these families, 71% met all of
the criteria for autism diagnosis in ADI, 22% failed to meet any of the criteria, and 7% met one or
more criteria without reaching all of the ADI cutpoints. The number of items classified as “uncertain”
was small, and there was a clear-cut distinction between children affected and unaffected by autism.
It should also be noted that studies involving siblings from simplex ASD families, siblings from
multiplex ASD families, and controls are scarce. This reduces the possibility of identifying the scope of
the differences between the three groups with respect to the BAP.

A substantial body of research into the functioning of ASD siblings concerns language and
communication as part of the phenotype(s) of ASD. Findings vary, as do methods and instruments. In
their grammatical analysis of spontaneous speech samples, Levy and Bar-Yuda [61] found no significant
differences between ASD siblings and preschool controls. In some studies ASD siblings were found
to be more likely to have language delays relative to their comparison groups [39,56,57], while in
other papers such differences were not stated, i.e., [45]. A frequently encountered pattern of results
is one in which the group of ASD siblings as a whole does not differ from controls, but a subgroup
may be distinguished that demonstrates more pronounced BAP traits, including inferior language
development, i.e., [39,60]. Interesting data comes from comparisons of ASD siblings with siblings of
individuals with language disorders. Some researchers found less severe difficulties in language and
communication in siblings of individuals with ASD than siblings of people with language disorders,
i.e., [51], while others demonstrated that ASD siblings, similar to specific language impairment siblings,
demonstrate higher levels of communication deficits in relation to siblings of individuals with Down
syndrome [69].

A number of studies analyzed siblings’ intellectual abilities [44,46,47,51,71]. This is an important
issue since intellectual disability (ID) and autism are highly co-morbid [85]. It is estimated that ID is
present in 50%–70% of all ASD cases [85]. Precise estimation of the co-morbidity of ASD and ID is
complicated due to changing criteria, diagnostic procedures, and educational policy (e.g., providing
more support to certain groups of pupils) as well as the methodological problems (screening tools
properties) [86]. Nevertheless, it has been shown that the number of high-functioning individuals
with ASD diagnosis has increased in recent years (see [74]). It is also noteworthy that IQ may be
underestimated in people with high levels of autistic traits [87]. However, the interrelationships among
the level of autistic traits and intellectual abilities are still far from being fully recognized, and the results
of studies on IQ in siblings of individuals with ASD are equally difficult to generalize. In some of them,
no differences were found between ASD siblings and controls in terms of IQ levels (e.g., [40,44,47]), while
Fombonne et al. [46] and Pilowsky et al. [51] reported even higher verbal IQ in ASD siblings. Gizzonio et
al. [71] found no differences between ASD siblings and controls in terms of Verbal IQ and Performance
IQ, but reported a slight (non-significant) predominance of performance over verbal abilities. As the
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authors have suggested, this could indicate the presence of a certain cognitive profile common for
individuals with ASD and their siblings, but statistically non-significant differences make this a very
tentative conclusion. Fombonne et al. [46] identified a subgroup of participants who demonstrated BAP
traits (referred to as BAP+) and had significantly lower IQ scores than the group of siblings non-affected
with BAP. Similar results were reported by Chuthapisith et al. [39].

There have been numerous studies on autism-specific cognitive deficits: in theory of mind, central
coherence, and executive function. Research on theory of mind, recognition of facial emotions, and
face processing indicate that they are less developed in siblings of individuals with ASD compared
to controls, i.e., [55,63,68,72]. By contrast, the results of a study using the “Reading the Mind in the
Eyes” task were inconclusive. Dorris et al. [52] showed that siblings scored lower than controls, but
Holt et al. [22] found no differences between adolescent ASD siblings and typically developing control
adolescents. Similarly, no differences in theory of mind between siblings and controls were reported
by Ozonoff [44]. The key in studies of this type is to take into account the age of participating siblings,
which is often overlooked. It is also noteworthy that this area of study is still strongly affected by a lack
of precise conceptual definitions and methodological scrutiny, which makes the discussion even more
complex. It must be noted that the results of studies on deficits discussed above in individuals with
ASD are mixed, and are far from conclusive. A detailed discussion of the definitional controversies
relating to particular aspects of cognitive deficits typical for ASD, as well as a presentation of current
opinion concerning theory of mind, emotion recognition, central coherence, and executive function in
people with ASD, remain outside the scope of this paper.

A complex picture also emerges from research on executive function. Siblings of individuals
with ASD were found to be no different from controls in terms of inhibitory control and processing
speed [54], but performed worse in planning tasks [44,48]. Ozonoff and colleagues [44] found no
differences in working memory and set-shifting, while Hughes et al. [48] concluded that a larger than
expected proportion of siblings of individuals with autism demonstrated difficulties in set-shifting. In
the study conducted by Pilowsky et al. [40], differences in executive function between ASD siblings and
controls disappeared once two participants diagnosed with Pervasive Developmental Disorders were
removed from the former group. It should be also mentioned that Happe, Briskman, and Frith [50]
reported no differences in terms of weak central coherence. In recent years the field of research on
siblings of individuals diagnosed with ASD has been dominated by studies focused on infants at
high familial risk for ASD (see [35]). It is estimated that about 10%–20% of high-risk infants can be
affected with subclinical ASD traits or other developmental problems [88]. It should be emphasized
that the analyses in some of the studies on infants also included children who later received an ASD
diagnosis, which is why these results should be approached with caution. Nevertheless, research on
infant siblings of children with ASD can not only provide us with valuable information on early signs
of autism, but also pave the way for investigation of BAP traits [35].

3. Research on High-Risk Infants

Most studies focus on infant siblings of older children diagnosed with ASD, aged from 4 to 24
or 36 months. Diagnosis of the ASD proband is usually confirmed with ADOS and ADI-R outcomes,
and the age of the proband is not relevant. Infant siblings are usually participants in long-lasting
longitudinal studies in which different aspects of infants’ functioning are assessed, i.e., [56,77,89].
The control groups mainly consist of typically developing infants without familial risk for ASD.
Some research projects perform comparison analyses between high-risk infants (HR, siblings of older
children diagnosed with ASD) and low-risk infants (LR, infants without familial risk for ASD) [90–94],
while others strive for interpretation of infants’ functioning and test performance in the context of
later ASD diagnoses or BAP characteristics [30,95–98]. Many studies differ in the sizes of HR and LR
infant samples involved in analysis (i.e., nine HR infants in [99] to 507 HR infants in [88]), making
interpretation and comparison of results problematic.
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A number of research projects on infant siblings are focused on early characteristics of ASD core
symptoms, as well as overall risk for developing ASD, i.e., [88,94,100–102]. Macari et al. [101] suggest
that two thirds of infants at high risk for ASD experience some kind of developmental difficulties in the
second year of life. A large study conducted by Messinger et al. [88] indicated elevated levels of autistic
traits (higher mean ADOS severity scores) in HR infants compared to LR infants. Georgiades et al. [100]
suggested that significantly more HR infants had exhibited higher levels of autistic-like traits than LR
children, and at the age of three years these children had more social communication impairments,
lower cognitive abilities, and more internalizing problems than typically developing children.

As shown in Table 2, many authors report early communication and language deficits [56,89,90,94,
96,102–104], social interaction impairments [91,94,97,98,105–107], and increased levels of stereotyped
behaviors [108–110] in HR infant siblings.

It should be noted that the emergence of some of the highlighted differences are probably caused
by inclusion in analyses of high-risk infant siblings who later developed ASD. For instance, Rozga
et al. [97] ascertained that high-risk infant siblings who later developed ASD exhibited lower rates
of joint attention and requesting behavior than typically developing children. However, HR infant
siblings without ASD outcomes did not differ in these characteristics from the control infants. Similarly,
Bedford et al. [111] indicated that only the high-risk infants with later emerging socio-communication
difficulties (ASD and atypical development) differed significantly from the control group in the gaze
following task. What is more, high-risk infants without ASD outcome performed similarly to typically
developing infants. Hutman et al. [95] also suggest social impairments only in the high-risk infants
with later ASD diagnosis. Hudry et al. [104] observed reduced receptive vocabulary advantage in all
HR infants by 14 months, but this difference was maintained through 24 months only in children with
ASD outcome, while typically developing HR infants regained a more normative profile.

Some empirical data suggest the presence of deficits in quality of mother–infant interaction
and differences in responses to separation events in high-risk infant siblings. For instance,
Esposito et al. [112] found differences in cry sample patterns in HR toddlers compared to LR toddlers
in expression of distress during the separation phase. However, Haltigan et al. [113] concluded that
HR infants are not less likely to form secure affectional bonds with their caregivers than LR infants,
but also mentioned that infant siblings of children with ASD are less distressed during separation and
more reserved after reunion with a caregiver compared to typically developing children. Finally, a
study conducted by Wan et al. [114] indicated that infant attentiveness to parent and positive affect
were lower in the high-risk group later diagnosed with ASD. These characteristics, as well as dyadic
mutuality, predicted a three-year ASD outcome.

A number of studies analyzed face processing and social visual fixation patterns as predictors
of autistic traits in infants. Some HR siblings demonstrated diminished gaze to the mother’s eyes
relative to her mouth in the Still Face episode [93]. During the face processing task, LR infants
demonstrated a preference for looking at the left side of the face (characteristic left visual field bias)
that emerged by 11 months of age and was absent in HR infants at any age [115]. Hutman et al. [95]
observed no difference in the proportion of attention to social stimuli or attention shifting during the
play condition between HR and LR infants. However, children later diagnosed with ASD tended
to continue looking at a toy during the distress condition despite the salience of social information.
Overall, no group differences between HR and LR infants in gaze following behavior at either age
was observed in the study by Bedford et al. [111]. Nevertheless, it should be noted that HR infants
with later emerging socio-communication difficulties (ASD and atypical development) allocated less
attention to a congruent object compared to typically developing HR siblings and LR controls.
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Some authors have posited alternative temperament development trajectories in HR infants,
characteristic for early ASD symptoms or broader autism phenotype condition. HR children who
were diagnosed with ASD at 36 months had a temperament profile marked by lower positive affect,
higher negative affect, and difficulty controlling attention and behavior. This temperamental profile
also distinguished HR children without ASD diagnosis at 36 months from LR children [116]. Rosario
et al. [121] compared HR infants who were or were not later diagnosed with ASD and discovered
that the temperament trajectories of children with ASD reflected increases over time in activity
levels and decreasing adaptability and approach behaviors relative to high-risk typically developing
(TD) children.

It is also predicted that HR infants will exhibit problems with executive functions, especially
attention and inhibition deficits, which are considered to be associated with frontal cortex functioning
impairments [109]. HR infants had difficulty disengaging attention and showed less selective inhibition
than controls (less difference between interesting and boring trials); however, they demonstrated a
larger decrease in looks to the distractors in the interesting trials than in the boring trials, whereas
controls showed a similar decrease in the two trial types.

Studies investigating vocalization patterns in HR infants suggest that infants later diagnosed
with ASD produce low rates of canonical babbling and low volubility in comparison with typically
developing infants [123]. Iverson et al. [92] also found impaired vocal-motor developmental behaviors
in HR infants. Infant siblings demonstrated attenuated patterns of change in rhythmic arm activity
around the time of reduplicated babble onset, and were highly likely to exhibit delayed language
development at 18 months.

It should be stressed that the analyzed studies have many limitations. As previously mentioned,
some authors include in the analysis high-risk infant siblings who later developed ASD, which can
lead to overestimation of the differences between high-risk and low-risk children, i.e., [95,97,111].
Furthermore, some studies do not report any clear matching criteria of the control group participants
during the recruitment procedure—there is only a description provided of recruited participants in
terms of different parameters (such as gender, age, ethnicity, etc.), i.e., [110,115,119]. It should be noted
that these features often vary across studies, which can raise questions about the comparability and
recurrence of obtained results with other research projects. There are also studies that do not have any
control group at all, because of the aim of the study, i.e., comparing HR siblings who later developed
ASD or did not [107,121]. These research projects provide information about differences within the HR
group, but lack data from comparisons of these HR infants with typically developing children that
do not have an ASD family background. There are also discrepancies between infants’ age ranges
in different studies. Some papers focus on describing the features of children at exactly the same
age (i.e., 6, 12, or 24 months [102], or other time points [30,90,96]), while others collect data covering
a fixed age range (18–27 months [94], below 3 years old [105], 12–23 months [103]). These distinct
approaches produce different types of data and therefore variable quality of comparisons, which
should be considered during an analysis of studies.

In summary, there are many studies suggesting the existence of a broad range of impairments
in infant siblings of children with ASD. Some of the differences are probably characteristic for later
ASD diagnosis, but it should be noted that infant siblings are also at a high risk of developing broader
autism phenotype-like traits.

4. Summary and Conclusions

The review of studies on BAP traits in siblings of individuals with ASD shows that the issue
has been extensively explored. This goes hand in hand with investigation of hereditary mechanisms
involved in the etiology of autism spectrum disorders. Research on BAP provides important information
about the varied expressions of autism-specific traits. Integration of the results of these studies presents
a challenge due to differences in methods, control groups, age of participants, and other aspects of
research protocols. Since the relationships between autistic traits and other individual characteristics
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in a general population, including first-degree relatives of individuals with ASD, have not yet been
fully elaborated, this paper focuses on the phenotypic characteristics of individuals observed mainly in
psychological studies.

A number of investigators reported cognitive deficits in siblings of children with ASD, which
can be a part of ASD phenotype(s). These include emotion recognition tasks [52], lower levels of
efficiency in planning, attention shifting, and verbal fluency [44,48]. Some studies indicated differences
in social skills development [6,14,28,69]. Difficulties for siblings of children with ASD were also found
with respect to communication and language. There are reports of histories of language delay and
pragmatic language deficits in this group compared with the siblings of children with Down syndrome
and typically developing children, i.e., [28,60,61,94,102].

Researchers have posited various BAP traits in siblings of individuals with autism as important
components of the neurocognitive endophenotype for autism. For instance, Dalton et al. [55] suggested
that social and emotional processing along with underlying neural circuitry constitute an important
element of the endophenotype. Fiorentini and colleagues [63] point to face-coding mechanisms,
emphasizing their role in the impairment of adaptive mechanisms, while Holt and colleagues [22]
highlight the role of mentalizing deficits and atypical social cognition. The inclusion of language
deficits in BAP remains controversial. Based on their findings from research on children aged 4–9
years, Levy and Bar-Yuda [61] question whether these deficits should indeed be included in BAP,
while Gamliel et al. [56,57] consider them to be the key component in the difficulties encountered by
preschool and early school individuals with ASD.

It should also be noted that some researchers found no differences between siblings of people
with ASD and comparison groups with respect to BAP characteristics [40,45]. Importantly, in a number
of studies subgroups demonstrating developmental deficits were distinguished from the group of
healthy siblings of people with autism [39,65]. The clear distinction between ASD symptoms and BAP
traits is difficult in studies involving siblings of individuals with ASD. This is especially true in studies
on infant siblings, in which the risk of ASD rather than the BAP characteristics is the main concern.
Prospective studies in this group of children should be continued, in order to track the developmental
trajectories in these children at subsequent stages of their development.

It should be stressed that in the light of BAP research, the majority of brothers and sisters of
individuals with ASD develop typically, without displaying autistic traits to a greater extent than the
relevant control groups. However, traits in the siblings group are often widely dispersed, suggesting
that there is much variation among these children in the course of developmental processes and
their outcomes.

Some data suggest that genetic susceptibility to autism may differ among families. It is likely to
be higher in families with two or more children diagnosed with ASD. Other siblings in these families
demonstrate more pronounced BAP traits [65,124]. Research on these families could provide valuable
insights on genetic involvement in the development of autistic traits.

Longitudinal studies are especially useful, as they enable researchers to trace developmental
dynamics of ASD siblings. Despite achieving the status of the gold standard in research on infants,
more longitudinal studies on children over 36 months of age are needed.

The information available at present is insufficient to formulate final conclusions regarding BAP
characteristics in siblings of people with ASD. There is no doubt, however, that current research is
bringing us closer to an understanding of the genetic factors involved in the etiology of this group of
disorders. The studies are also of fundamental importance due to the rising numbers of ASD diagnoses
and the presence of autistic characteristics in the general population.
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Abstract: In mammals, the circadian clocks network (central and peripheral oscillators) controls
circadian rhythms and orchestrates the expression of a range of downstream genes, allowing
the organism to anticipate and adapt to environmental changes. Beyond their role in circadian
rhythms, several studies have highlighted that circadian clock genes may have a more widespread
physiological effect on cognition, mood, and reward-related behaviors. Furthermore, single nucleotide
polymorphisms in core circadian clock genes have been associated with psychiatric disorders (such
as autism spectrum disorder, schizophrenia, anxiety disorders, major depressive disorder, bipolar
disorder, and attention deficit hyperactivity disorder). However, the underlying mechanisms of these
associations remain to be ascertained and the cause–effect relationships are not clearly established.
The objective of this article is to clarify the role of clock genes and altered sleep–wake rhythms
in the development of psychiatric disorders (sleep problems are often observed at early onset of
psychiatric disorders). First, the molecular mechanisms of circadian rhythms are described. Then, the
relationships between disrupted circadian rhythms, including sleep–wake rhythms, and psychiatric
disorders are discussed. Further research may open interesting perspectives with promising avenues
for early detection and therapeutic intervention in psychiatric disorders.

Keywords: clock genes; circadian rhythm; circadian clocks network; synchronization of oscillators;
sleep-wake rhythm; psychiatric disorders; schizophrenia; autism spectrum disorder; mood disorders;
attention deficit hyperactivity disorder

1. Introduction: Circadian Rhythms and Their Molecular Mechanisms

The function of the body is subject to different biological rhythms, the circadian one being keyed
to a cycle of a 24-h day corresponding approximately to the 24-h light/dark cycle of the Earth’s
rotation. In fact, the range of the internal clock period for healthy adults is 24 h and 11 ± 16 min
but it is set back to a 24-h cycle each day by exposure to morning light and to external clocks [1].
This rhythm regulates most of our biological and behavioral functions. Its dysregulation leads to sleep
disorders and major physiological disturbances. In psychiatric disorders, sleep problems (especially
reduced total sleep with insomnia, longer sleep latency, nocturnal and early morning awakenings)
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are highly prevalent symptoms. Insomnia is the most frequent sleep problem reported in psychiatric
disorders [2]. In autism, a prevalence of insomnia from 50% to 80% has been reported [3–6] compared
to 9–50% in age-matched typically developing children [7–11]. However, the interpretation of these
results has to take into consideration the high prevalence of insomnia (30%) in typically developing
individuals [12–14]. It is noteworthy that sleep disorders are not specific to autism spectrum disorder
(ASD) given that they are observed in ASD individuals with intellectual disability (ID), ID individuals
without ASD, and individuals with brain injury as well as ID, suggesting a possible overlap between
ASD and ID. Concerning schizophrenia, a genome-wide association study (GWAS) shows genetic
correlations between sleep disorders and schizophrenia and between the late evening chronotype
and risk of schizophrenia [15]. No rigorous study of prevalence of sleep disorders was conducted in
bipolar spectrum disorder and depression-related disorders but altered patterns of clock genes were
reported in these disorders [16,17]. Conversely, high rates of sleep problems and mental disorders
have been reported in shift workers, including insomnia, fatigue, anxiety and depression [18–24]. It is
noteworthy that altered patterns of clock genes were also reported in shift workers [25–27].

The objective of this article is an attempt to clarify the relationships between psychiatric disorders,
altered expression of clock genes and endogenous circadian rhythm disturbances (especially altered
sleep–wake rhythms). Is the disruption of circadian rhythms, and therefore of sleep–wake rhythms,
a prerequisite for the genesis of psychiatric disorders? What roles do the clock genes play in the
disruption of endogenous circadian rhythms? After describing the molecular mechanisms of circadian
rhythms, their relationships with psychiatric disorders are discussed, focusing in particular on bipolar
disorder, anxiety, depression, attention deficit disorder, schizophrenia and autism spectrum disorder
(a rich literature review on this topic was available for these psychiatric disorders, which was not the
case for other disorders such as addictions or dementia).

1.1. Daily and Circadian Rhythms

There are different categories of physiological rhythms with different time scales, such as
ultradian, tidal, circadian, lunar, and seasonal rhythms. A daily rhythm is a regular and predictable
phenomenon which is defined as a series of significant physiological changes over 24 h. The biological
rhythm consists of two components: the first is exogenous and modulated by environmental factors
such as light–dark alternations, sleep–wake, hot–cold, and seasonal change [28–31]; the second is
endogenous and linked to genetic factors (studies in identical twins showed that they had identical
biological rhythms [32]). Homologous genes involved in the animal’s activity–rest cycle have been
described in humans. It has been observed that the individual tendency to get up and go to bed
more or less early was associated with a polymorphism of the circadian locomotor output cycles kaput
(Clock) gene. Socio-ecological exogenous factors modulate rhythms and are called synchronizers.
Endogenous factors, genetic by nature, underpin the internal biological clock which is responsible for
an internal time synchronization coordinating the circadian variations of biochemical, physiological
and behavioral parameters.

Circadian rhythms are the best known biological rhythms at the molecular level. The alternation
of activity and rest over a period of 24 h (or rest-activity cycle) was observed in drosophila, fish and
mammals including rodents (rats, mice, hamsters) and humans. In mammals, this circadian rhythm is
generated by a master central clock, mainly reset by ambient light, and is located in the suprachiasmatic
nuclei (SCN) of the hypothalamus [33,34]. Circadian regulation of all biological functions is processed
through direct or indirect signals (cyclic hormone production) between the suprachiasmatic nuclei and
different body structures (brain regions, organs). The body has peripheral clocks located in each organ
(heart, lung, liver, muscles, kidneys, retina, etc.) that optimize the function of each organ according to
the environmental context allowing therefore adaptation of the organism to environmental changes.
Thus, the circadian clocks network has an adaptive function [35]. Both central and peripheral clocks
are detectable though both cyclic gene expression and rhythmic physiological processes. These
peripheral clocks work independently but must be re-synchronized continuously through the brain’s
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master clock acting as a real conductor. Furthermore, the neurohormone melatonin is involved in the
synchronization (i.e., adjustment of the timing of existing oscillations) of peripheral oscillators; the
nocturnal synthesis and release of melatonin by the pineal gland are controlled by the SCN master
clock and inhibited by light exposure [36].

1.2. Clock Genes

The first gene known as being responsible for the circadian rhythm was found in drosophila; it is
the period (Per) gene [37]. Subsequent research has highlighted another gene involved in the circadian
rhythm: the timeless (Tim) gene [38–41].

Chemical mutagenesis performed in mammals such as mice allowed identification of the first
clock genes: the Clock gene [42] (or Npas2 in neuronal tissue), whose mutation was responsible for a
lengthened rest–activity cycle. Other clock genes were then identified in the circadian regulation of the
mouse: the brain and muscle ARNT-like protein 1 (Bmal1) gene as a Clock partner, Per1 and Per2 genes,
and cryptochrome-1 (Cry1) and Cry2 genes (genes encoding proteins involved in blue light reception in
non-mammalian species).

The role of melatonin on the circadian oscillatory rhythms, and in particular as a neuroendocrine
synchronizer of molecular oscillatory systems has been documented [36,43–46]. Studies in animal
models showed that melatonin is involved in the regulation of circadian expression of several clock
genes, such as Per1, Per2, Bmal1, reverse erythroblastosis virus (REV-ERBα), Clock and Cry1, in both
central and peripheral melatonin target tissues. For example, in rat and mouse models, it has been
shown that melatonin induces rhythmic expression of Per1, Bmal1, Clock and Cry1 in the pituitary
(pars tuberalis) [47,48]. It is noteworthy that Per1 expression is undetectable in melatonin-deficient
mice [49,50] and pinealectomy abolishes rhythmic expression of Per1 in the Pars tuberalis (PT) and
desynchronizes Per1 and Per2 expression in the SCN [51,52]. Moreover, melatonin synchronizes
circadian oscillations in the cardiovascular system by influencing circadian rhythmic expression
of both Per1 and Bmal1 in the rat heart [53]. In the pituitary of sheep, melatonin stimulates Cry1
expression and suppresses other clock genes expression [54]. These effects are probably mediated by
melatonin (MT) receptors, such as the MT1 receptors. Indeed, in the pars tuberalis of MT1 knockout
mice, expression of Per1, Bmal1, Clock and Cry1 was dramatically reduced but not changed in MT2
knockout mice [54]. Furthermore, in the hypothalamic SCN of rats, melatonin treatment induces phase
advance of the nuclear receptor REV-ERBα expression [55]. In adipose tissue, melatonin synchronizes
metabolic and hormonal function [56] by regulating Per2, Clock and REV-ERBα [57] (REV-ERBα is
required for the daily balance of carbohydrate and lipid metabolism [58]). Finally, melatonin regulates
oscillation of Clock genes in healthy and cancerous human breast epithelial cells [59] and induces a
shift in the 24-h oscillatory expression of Per2 and Bmal1 in cultured fetal adrenal gland [60]. Taken
together, these studies underline the major role of melatonin in the regulation of clock genes expression
allowing the synchronization of central and peripheral oscillators.

In humans, homologues of Clock, Bmal1, Per and Cry were identified. The Clock gene, the only cloned
circadian rhythm gene, is located on chromosome 4 [61]. There are other clock genes involved in circadian
regulation, such as retinoic acid receptor-related orphan receptor (ROR)-A and ROR-B, REV-ERB, and casein
kinase-1 (Ck1)ε and Ck1δ, which control transcription of Bmal1 gene. Additionally, the albumin-D-site-binding
protein (Dbp) is also a circadian clock-controlled gene, involved in the circadian transcriptional regulation of
several metabolic enzymes and some transcription factors. Some studies [25–27] report altered expression
of certain clock genes in cases of shift workers (Per1 and Per2), and free-running/constant conditions (Per1).
However, most of the clock genes are affected in case of sleep-deprivation studies [62,63], highlighting
the interaction between clock genes and sleep reported by Franken et al. [64,65]. Indeed, clock genes
contribute to the homeostatic aspect of sleep regulation and mutations in some clock genes modify the
markers of sleep homeostasis and an increase in homeostatic sleep drive alters clock genes expression
in the forebrain [64]. It is noteworthy that the expression of clock genes is ubiquitous in humans
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(central nervous system, spleen, thymus, intestine, heart, lung, etc.), but also in animals (clock genes
are found in most cell types among vertebrates).

1.3. Molecular Working of the Cellular Circadian Clock

The discoveries of the different clock genes led to the proposal of a molecular clock model based on
a feedback loop running over 24 h [66]. The molecular mechanisms underlying the circadian rhythms
are rather similar regardless of the species. They include enhancer elements, repressor elements and
control loops involving phosphorylation-dephosphorylation, methylation, acetylation reactions and
the specific protein dimerization [67,68]. In mammals, this molecular circadian system is present in the
hypothalamic central clock, the suprachiasmatic nuclei, and in secondary clocks within the brain and
peripheral organs. Light perceived by the retina leads to changes in transcription of certain genes of
the circadian rhythm in the master clock and shows the ability of the body to adjust to a change in the
cycle of the photoperiodic environment. This master clock synchronizes multiple peripheral circadian
oscillators via mechanisms that remain to be better ascertained.

The molecular loop of the circadian clock seems to imply in a general way two types of
mechanisms: transcriptional (transcriptional regulation of genes at the DNA level, i.e., their copy in the
form of RNA messenger) and post-transcriptional (regulating steps downstream of the transcription)
(see Figure 1 [69]).

Transcriptional mechanisms: these mechanisms can be summarized by autoregulatory feedback
loops. The first is a primary negative feedback loop: they rely on a pair of positive elements and a
pair of negative elements. In mammals, the positive elements are two proteins, CLOCK and BMAL1
transcription factors which heterodimerize each other. The two negative elements are also two proteins,
PERIOD (PER) and CRYPTOCHROME (CRY). In a neuron of the suprachiasmatic nucleus, there is little
PER and CRY in the morning. The CLOCK–BMAL1 complex activates maximally the transcription of
Per and Cry genes. However, the PER and CRY proteins do not accumulate immediately due to their
instability, which allows the cycle not to be interrupted prematurely. Following interactions with other
proteins they are gradually stabilized during the day, then they heterodimerize and finally migrate into
the nucleus [70], where they inhibit the transcriptional activity of the CLOCK–BMAL1 heterodimer
and thus their own transcription [71,72]. The Per and Cry genes being less and less active, the PER and
CRY proteins are less and less produced. Their amount reaches a maximum at the beginning of night,
and then decreases. At the same time, the CLOCK–BMAL1 heterodimer gradually regains its activity
during the night. Thus, the molecular mechanism of the clock consists principally in a feedback loop
comprising a positive component (with the CLOCK–BMAL1 heterodimer) and a negative component
(with the PER–CRY heterodimer). A complete cycle of this loop lasts about 24 h. CLOCK and BMAL1
heterodimers are also involved in a daily transcription of many clock-controlled genes (CCGs) in
different peripheral tissues [73–75]. In addition to the primary feedback loop, another regulatory
feedback loop is formed by the orphan nuclear receptors REV-ERBα and RORα. In the nucleus,
REV-ERBα competes with RORα for binding to the ROR-responsive element (RORE) in the Bmal1
promoter. Whereas RORα activates transcription of Bmal1, REV-ERBα represses it. Consequently, the
cyclic expression of Bmal1 is achieved by both positive and negative regulation of RORs and REV-ERBs,
respectively. This secondary feedback loop is called the “stabilizing loop”.

Post-transcriptional mechanisms: the proper functioning of the circadian loop requires that
PER and CRY proteins disappear in due course, once they have served their purpose. As long as
they inhibit the activity of positive elements (CLOCK and BMAL1), a new cycle cannot start. Several
post-transcriptional processes thus affect the ability of PER and CRY to act on CLOCK and BMAL1. The
most studied aspect is the modification of these proteins by phosphorylation and dephosphorylation.
Several kinase proteins include PER and/or CRY among their targets, and each one of the two proteins
can be phosphorylated on many distinct sites. They accelerate or slow down their transfer to the
proteasome. Proteins to be degraded are “marked” by ubiquitin. Post-transcriptional regulations
of the clock proteins of the main molecular loop make it possible to ensure intracellular traffic,
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functionality and degradation of clock proteins which are crucial for the functioning of the molecular
loop over 24 h [76].

Figure 1. Model of the mammalian cell-autonomous oscillator (based on Lowrey and Takahashi,
2011) [69]. The transcriptional activators circadian locomotor output cycles kaput (CLOCK) and brain
and muscle ARNT-like protein 1 (BMAL1) stimulate the expression of cryptochrome-1 (Cry) and period
(Per) genes. The protein products of these genes are associated in the cytoplasm to form dimers that
go into the core. There, they serve two functions: first, the repression of their own transcription, via
the inhibition of CLOCK–BMAL1; and second, the activation of Bmal1 gene, by a mechanism that
remains to be discovered. These proteins are thus two regulating loops, one negative and the other
positive. CLOCK and BMAL1 activate also the so-called clock-controlled genes (CCG) whose products
transmit the rhythm information to the rest of the body via the output channels of the clock. Some
proteins modulate the progression of control loops. Thus, casein kinase Iε (CKIε) can phosphorylate
PER proteins, which destabilizes them and prevents their translocation into the nucleus.

2. Relationships between Circadian Rhythms and Psychiatric Disorders

Several hypotheses can be raised regarding the relationships between the development of
psychiatric disorders and problems of circadian rhythms, including altered sleep–wake rhythms:

(1) First, sleep problems may lead to cognitive impairments due to the effects of sleep deprivation
and fatigue on learning and attention capacities, long-term memory, language development and
emotions [77–82];

(2) Recent studies in cognitive and developmental psychology have highlighted the importance of
rhythmicity and synchrony of motor, emotional, and inter-personal rhythms in early development
of social communication; the synchronization of rhythms allows tuning and adaptation to the
external environment [83]. Impaired circadian rhythms with an absence of synchronization of
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the circadian clocks network might alter the functioning of motor, emotional and interpersonal
rhythms, leading to social communication impairments and vulnerability to psychiatric disorders
with social communication deficit such as ASD or schizophrenia (for a review of literature on
the importance of rhythmicity and synchrony of motor, emotional, and inter-personal rhythms
in early development of social communication, see [83,84]). In addition, circadian rhythms
involve sequences of continuities/discontinuities that might be important for typical fetal and
child development in order to provide a secure environment (through stable and predictable
regularities) but also variations allowing the individual to adapt to changes. Impaired circadian
rhythms with no, little or irregular variability might lead to anxiety and difficulties in adapting to
changes associated with restricted and repetitive interests observed in some psychiatric disorders
described in this article such as ASD, schizophrenia and anxiety disorder;

(3) Clock genes control critical periods of brain development [85] and therefore, abnormal expression
of clock genes might participate to neurodevelopmental disorders such as psychiatric disorders.
It is noteworthy that only a few days of circadian rhythm impairments may impact the maturation
and specialization of some brain structures at specific developmental periods; these abnormalities
can alter the temporal organization of brain maturation and development [86];

(4) Circadian rhythm impairments may alter transcriptional and splicing regulation of Parvalbumin
(PV) neurons, knowing that PV knockout mice (PV−/−) or heterozygous (PV+/−) mice showed
autism behavioral phenotype [87]. More generally, circadian rhythm impairments may affect
gene expression involved in synapse formation and brain maturation;

(5) Also, clock-controlled genes (CCGs) may have pleiotropic effects outside the molecular clock and
have therefore more widespread impact on cognition, mood, and reward-related behaviors [88];

(6) Finally, circadian rhythm impairments (provoked or not by sleep problems) may also alter the
adaptation of the individual to his/her environment and therefore his/her state of homeostasis.
In this perspective, psychiatric disorders might reflect a loss of synchronization between the
external environment’s rhythms and the individual’s internal rhythms, leading to major problems
of adaptation for the individual and the appearance of psychiatric disorders. Single-nucleotide
polymorphisms (SNPs) in core circadian clock genes have been associated with autism spectrum
disorder [89], attention deficit hyperactivity disorder [90,91], anxiety disorder [92], major
depressive disorder [93–95], bipolar disorder [95–97] and schizophrenia [98–101]. However,
the causal relationship for these associations remains to be better ascertained. Circadian clock
genes may affect specific aspects of psychiatric disorders through circadian control or through
distinct regulation of downstream effectors.

The suprachiasmatic nuclei (SCN) coordinate the rhythms of other brain regions and peripheral
organs like a pacemaker [102]. The sleep–wake cycle is the most documented example of the activity
of the SCN, but endocrine, metabolic and immunological activities are also conducted by the SCN.
For example, the glucocorticoids are regulated by the circadian cycle and affect the circadian rhythms
of the amygdala [103,104]. Also, they regulate directly the clock genes [105,106].

We will explore the current state of research on this subject through five psychiatric disorders:
bipolar disorder, anxiety and depression, attention deficit disorder, schizophrenia, and autism
spectrum disorders.

2.1. Bipolar Spectrum Disorder

The mechanisms underlying the association between alterations in circadian rhythms and mood
disorders are still unclear. However, current scientific studies provide food for thought. According
to Jackson et al. [107], sleep disorder is the most common prodrome of mania and one of the six
most common prodromes of depression in bipolar disorder (bipolar type I disorder is defined as an
isolated manic episode, and bipolar type II disorder is defined as manic and depressive episodes) [108].
Between mood episodes, the sleep–wake cycle remains disrupted in patients with bipolar disorder
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who have some difficulty falling asleep and frequent night awakenings [109]. These patients have a
significantly more eventide sleep pattern than control subjects, in other words, they go to bed later and
have more difficulty getting up early compared to healthy controls [110].

McClung [111] studied the involvement of the Clock gene in manic episodes in mice. She compared
Clock mutant mice to mice with a normal Clock gene. Mice in which the gene had been modified had
mania-like behavior. Those mice were hyperactive, less anxious and less depressed. They slept less
and showed greater brain activity in response to sugar water, cocaine and a mild electrical stimulation
of the brain. When researchers added lithium in their water, these mice did not show their manic
behavior anymore and started to act like the mice with a normal Clock gene. A lithium salt treatment
could affect circadian rhythms by modulating the expression of clock genes [112–115]. Indeed, lithium
salts might inhibit the expression of glycogen synthase kinase 3β (GSK-3β) gene [116], a gene involved in
the brain’s biological clock [117]. Kaladchibachi demonstrated that both genetic and pharmacological
reduction of GSK-3 activity in mice have a specific effect on the circadian transcriptional oscillation
consisting of mPer2 period lengthening, indicating a delay in phase [116]. Moreover, it has been shown
that GSK-3β is rhythmically expressed in the SCN and liver of mice, and that it undergoes a daily
cycle in phosphorylation in vivo. Lithium chloride treatment inhibits the GSK-3β expression and
results in a phase delay of Clock gene expression in fibroblasts [118]. Bipolar spectrum disorder has
been associated with variations in the Clock gene. A single-nucleotide polymorphism (SNP) in the
3-flanking region of the Clock gene (3111 T to C) is associated with a higher recurrence rate of bipolar
episodes [16]. This SNP was also associated in bipolar disorder and/or antidepressant treatment with
sleep problems (insomnia and decreased need for sleep) [17,119]. Some studies reported other clock
genes associated with bipolar disorder (such as Bmal1 and Per3) [96]. Furthermore, a SNP in Bmal1 and
a SNP in Tim have also been identified as having a link with bipolar disorder [99]. One South Indian
study showed that the occurrence of the five repeat alleles of Per3 may be a risk factor for bipolar
disorder onset in this ethnic group [120]. The coding region of Per3 gene contains a variable number
tandem-repeat (VNTR) polymorphisms which has been associated with diurnal preference, sleep
structure and sleep homeostasis in healthy individuals. In a homogeneous sample of patients with
bipolar type I disorder (occurrence of one or more manic episodes or mixed episodes), they observed
that Per3 VNTR influenced age of onset: earlier onset in homozygote carriers of Per35 variant, later
onset in homozygotes for Per34, and intermediate onset in heterozygotes. Sjöholm et al. [121] studied
four single-nucleotide polymorphisms (SNPs) of Cry2 gene in a cohort of bipolar patients, some with
fast cycles. They observed that Cry2 is associated with rapid cycling in bipolar disorder patients.
Rapid cycling in bipolar disorder is defined according to the 5th version of Diagnostic and Statistical
Manual of Mental Disorders (DSM-5) as four or more mood episodes in any combination or order
within any year in the course of the illness. The A allele of rs10838524 (Cry2 SNP) was significantly
overrepresented among bipolar disorder cases with rapid cycling compared to controls. There was a
significant trend in the association between the A allele of rs10838524 and rapid cycling (p = 0.0076)
and this allele increased the risk for rapid cycling both in a homozygote and a heterozygote form (that
is dominant model) compared to controls. Two closely related clock genes, retinoid-related orphan
receptors α (RORA) and β (RORB) are involved in a number of pathways including neurogenesis,
stress response, and modulation of circadian rhythms. A study reports that four intronic RORB SNPs
showed positive associations with the pediatric bipolar phenotype and suggests that clock genes in
general and RORB in particular may be important candidates for further investigation in the search for
the molecular basis of bipolar disorder [122]. Further studies are necessary to better assess the role of
RORB in bipolar spectrum disorder and explore if this gene is particularly relevant for this disorder
compared to other clock genes.

Several genetic studies suggest that certain polymorphisms of clock genes are more common in
bipolar disorder than in the general population [123,124]. The clock genes might therefore be viewed
as genetic vulnerability factors to bipolar disorder [125]. These results need to be examined further.

The litterature review on clock genes and bipolar spectrum disorder is presented in Table 1.
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Table 1. Clock genes and bipolar spectrum disorder. RORα: retinoid-related orphan receptors α; RORβ:
retinoid-related orphan receptors β.

Studies Measure
Individuals with

Psychiatric Disorder and/or
Organisms Models (n)

Controls (n) Results

Kaladchibachi
et al. [116]

Cyclical expression of
clock genes (Per2)

Mouse embryonic
fibroblasts (MEFs) -

Genetic depletion of
glycogen synthase kinase 3
(GSK3) activity results in a

significant delay in the
cycling period of Per2.

McGrath
et al. [122]

Genotyping and analysis
of 312 single-nucleotide
polymorphisms (SNPs)

in RORA and 43 SNPs in
RORB

Bipolar disorder (BD)
children (n = 305)

Healthy parents
(n = 306)
Healthy

individuals
(n = 140)

Four intronic RORB SNPs
showed positive associations

with the pediatric
bipolar phenotype.

Lavebratt
et al. [94]

Assessment of Cry2 gene
expression before and after

one night of
sleep deprivation

BD individuals (n = 13)
Healthy

individuals
(n = 8)

Cry2 mRNA levels are
reduced and unresponsive

to sleep deprivation in
depressed patients with

bipolar disorder.

Sjöholm
et al. [121]

Analysis of four Cry2
single-nucleotide
polymorphisms

BD individuals in Sweden
(n = 577);

BD type I (n = 497);
BD type II (n = 60);

BD with rapid cycling
(n = 155)

Healthy
individuals
(n = 1044)

Association between the
circadian gene Cry2 and

rapid cycling in
bipolar disorder.

Karthikeyan
et al. [120]

Genotyping and analysis
of Per3 in blood samples

Bipolar type I disorder
individuals in South India

(n = 311)

Healthy
individuals

(n = 346)

The occurrence of the five
repeat allele of Per3 may be a
risk factor for bipolar type I

disorder onset in this
ethnic group.

2.2. Anxiety and Depression-Related Disorders

2.2.1. Anxiety Disorder

A team of French researchers has evaluated a range of behaviors associated with psychiatric
illnesses in mice in which two genes of the circadian clock, Cry1 and Cry2, were investigated [126]. Their
work highlighted the causal relationship between the disruption of encoding genes for cryptochrome
proteins 1 and 2 (Cry1 and Cry2) and behaviors associated with anxiety. Mice deficient for CRY 1 and 2
proteins show behavioral alterations characterized among other things by an abnormally high level of
anxiety. These results indicate clearly that in addition to their critical roles in regulating the molecular
clock; these proteins are directly involved in the control of emotional states.

2.2.2. Major Depressive Disorder (MDD)

Sleep problems, in particular insomnia or hyperinsomnia, are parts of depression criteria and
have been hypothesized to be under genetic control. Major depressive disorder, as well as seasonal
affective disorder (winter depression and summer depression) and bipolar type I disorder provide
excellent models for studying the molecular mechanisms of mood disorder. An important study
published in 2013 first demonstrated dysfunctioning clock genes in brains from depressed humans
compared to healthy controls [127]. Involvement of the clock genes in depression is also evident from
several genetic studies. It has been reported that polymorphisms of clock genes appear in depressed
patients [93,128–132].

Several SNPs in the Clock gene (T3111C, 3117 G to T, 3125 A to G) has been reported [127,128,133]
to be associated with major depression and sleep disturbances (but some studies did not found
any association between T3111C and sleep problems; [134,135]). More precisely, the two rare SNPs
(3117 G to T and 3125 A to G) were associated with alternating phases of good sleep and insomnia
over the course of a few days [133].
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A Swedish team, Lavebratt et al. [94] reported in healthy controls a marked diurnal variation in
Cry2 mRNA levels; total sleep deprivation induced a 2.0-fold increase in Cry2 mRNA levels. In patients
with depressive state of bipolar disorder, sleep deprivation induced significantly decreased Cry2
mRNA expression compared with healthy controls. In addition, Cry2 mRNA levels were found to
be lowered in blood mononuclear cells from depressed patients with bipolar disorder after total
sleep deprivation in comparison to healthy controls, and Cry2 gene variation was associated with
winter depression in both Swedish and Finnish patients [94]. Deletion of Cry2 gene lengthened the
circadian period by approximately 48 min. This study [94] suggests that a Cry2 locus is associated with
vulnerability for depression, and that mechanisms of action involve dysregulation of Cry2 expression.
Associations between the gene Cry2 and winter depression, but also dysthymia and bipolar type I
disorder as seen previously, support the view that the Cry2 gene has a role in mood disorders.

Shi et al. [132] found genetic polymorphisms in circadian genes, especially Clock and Per3, in
major depressive disorder individuals. Authors propose that the impact of the Clock and Per3 SNPs on
transcription and/or expression may not be on the core circadian oscillator in humans, but on global
output transcriptional pathways, that are mediated sex-dependently by the circadian system.

The litterature review on clock genes and depression related disorders is presented in Table 2.

2.2.3. Familial Advanced Sleep Phase Syndrome (FASPS)

A good example of an abnormal circadian system in humans is the familial advanced sleep phase
syndrome (FASPS), described in three families by Jones et al. [136]. FASPS is often associated with
depression and anxiety. Affected individuals have a lead of a few hours of their sleep patterns and
rhythms of temperature and melatonin, and a shorter period than healthy individuals in constant
conditions. The joint efforts of several laboratories of the University of Utah in Salt Lake City have
recently led to the description of Per2 mutation in one of those families affected by FASPS. The mutation
caused a substitution of serine by glycine in the Per2 gene at position 662 [137]; this serine that can
normally be phosphorylated by casein kinase Iε (CKIε). Inhibiting the action of CKIε accelerates the
clock, which is indeed what is observed in FASPS patients. FASPS are also to be caused by a T44A
missense mutation in human CK1δ, which causes hypophosphorylation of Per2 [138,139]. Transgenic
mice over-expressing the hPer2 mutation exhibit shorter free-running periods, mimicking FASPS [140],
and their phenotype is sensitive to CK1δ: increased dosage of CK1δ shortens their period further.

Recently, a team has identified a new mutation in the hCry2 gene associated with FASPS. The
mutation leads to replacement of an alanine residue at position 260 with a threonine. In mice, the
Cry2 mutation causes a shortened circadian period and reduced phase-shift to early–night light pulse
associated with phase-advanced behavioral rhythms in the light-dark cycle [141].

2.2.4. Seasonal Affective Disorder (SAD) and Delayed Sleep Phase Syndrome (DSPS)

Environmental changes like the seasons can be associated with depressive episodes in the inability
of the circadian clock to adjust appropriately. Seasonal affective disorder (SAD) is defined as recurrent
depressive disorder characterized by a seasonal pattern with, generally, an appearance in the fall
or winter, apart from triggering external factor, and spontaneous disappearance in the spring or
summer, even in the absence of treatment. SAD affects about 5% of the general population [142]. Lewy
evokes the idea of a “phase delay of the endogenous circadian oscillator in relation to sleep-wake
rhythm” [143], the equivalent of a delayed sleep phase syndrome (DSPS), as the cause of SAD. Genetic
variants in Npas2, Per2, and Bmal1 have been found to combine with the development of SAD [93,144].

Iwase et al. [145] reported that the SNP T3111C in the Clock gene was associated with morning or
evening preference for activity and its frequency was decreased in DSPS. Futures studies are required
to investigate the possible contribution of T3111C to DSPS susceptibility.
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Table 2. Clock genes and depression related disorders.

Studies Measure
Individuals with

Psychiatric Disorder (n)
Controls (n) Results

Takimoto
et al. [146]

Daily variation of
melatonin and cortisol,
and daily expression of
clock genes (Per, Bmal1
and Clock) in whole
blood cells

Individuals with circadian
rhythm sleep disorder

(n = 1)

Healthy male
individuals

(n = 12)

The peak phase of Per1, Per2,
and Per3 appeared in the
early morning, whereas that
of Bmal1 and Clock appeared
in the midnight hours in
healthy male individuals.

Partonen
et al. [93]

Analysis of sequence
variations
(single-nucleotide
polymorphisms) in three
core clock genes: Per2,
Bmal, and Npas2

Depressed individuals
(n = 189)

Healthy
individuals

(n = 189)

Variations in the three
circadian clock genes Per2,
Bmal, and Npas2 are
associated with
winter depression.

Utge
et al. [147]

Analysis of 113
single-nucleotide
polymorphisms of 18
genes of the
circadian system

Depressed individuals
(n = 384)

Healthy
individuals
(n = 1270)

Significant association
between Tim variants and
depression with fatigue in
females, and association to
depression with early
morning awakening
in males.

Lavebratt
et al. [94]

Genotyping of single
nucleotide polymorphism
of the Cry2 gene

Depressed individuals with
bipolar disorder (n = 204)

Healthy
individuals
(n = 2017)

The Cry2 gene was
significantly associated with
winter depression in
both samples.

Kovanen
et al. [130]

Genotyping of 48
single-nucleotide
polymorphisms in Cry1
and Cry2 gene

Individuals with dysthymia
(n = 136)

Healthy
individuals
(n = 3871)

Four Cry2 genetic variants
(rs10838524, rs7121611,
rs7945565, rs1401419) are
significantly associated
with dysthymia.

Hua
et al. [131]

Genotyping of single
nucleotide polymorphisms
(SNPs) of Cry1 rs2287161,
Cry2 rs10838524 and Tef
(thyrotroph embryonic factor)
rs738499

Chinese individuals with
major depressive disorder

(MDD) (n = 105)

Chinese healthy
individuals

(n = 485)

The polymorphisms of Cry1
rs2287161and Tef rs738499
are associated to major
depressive disorder.

Shi et al. [132]
Genotyping of 32 genetic
variants from eight
clock genes

Major depressive disorder
individuals (n = 592)

Healthy
individuals

(n = 776)

Genetic polymorphisms in
circadian genes, especially
Clock and Per3, influence risk
of developing depression in
a sex- and
stress-dependent manner.

2.3. Attention Deficit Hyperactivity Disorder (ADHD)

Many sleep disorders are associated with attention deficit hyperactivity disorder (ADHD), both
in adults and children. In particular, the following sleep problems occurring at sleep–wake transition
were observed: bed-time refusal, delayed sleep-onset, and early awakenings [148]. Differences in sleep
problems were found as a function of ADHD subtype: children with ADHD inattentive type (ADHD-I)
had the fewest sleep problems and did not differ from controls, children with ADHD combined type
(ADHD-C) had more sleep problems than controls and children with ADHD-I. Daytime sleepiness
was greatest in ADHD-I and was associated with sleeping more (not less) than normal [149].

Several studies reported genetic associations between polymorphism (rs1801260) at the
3′-untranslated region (3′-UTR) of the Clock gene and psychiatric disorders [17,90] (see Table 3).
Concerning the association between the rs1801260 polymorphism and ADHD, Kissling et al. [90]
found at least one T-mutation being the risk allele in Caucasians of western European origin and
German background.

Xu et al. [91] conducted a study which investigated a previously reported discovery of an
association between a single nucleotide polymorphism in the 3′-UTR region of the Clock gene
(rs1801260) in two independent samples of ADHD probands from UK and Taiwan (aged 5 to 15).
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They found a significant over-transmission of the T allele of rs1801260 SNP, which is associated as a
risk allele for delayed sleep phase syndrome [145] in ADHD cases in the Taiwanese population. No
association was observed between this polymorphism and ADHD in the UK sample. However, they
did find evidence for increased transmission of the T allele of rs1801260 in the Taiwanese samples.
Their findings support the hypothesis that genetic variation in the 3′-UTR region of Clock gene might
be a risk factor for the development of ADHD, particularly in the Taiwanese sample studied. Therefore,
more functional polymorphisms of this region should be investigated in other independent studies
using larger samples.

Table 3. Clock genes and attention deficit hyperactivity disorder (ADHD).

Studies Measure
Individuals with

Psychiatric Disorder (n)
Controls (n) Results

Kissling
et al. [90]

Analysis of polymorphism
(rs1801260) at the
3’-untranslated region of
the Clock gene

ADHD individuals (n = 143)
Healthy
individuals
(n = 143)

Significant association
(p < 0.001) between
genotype and ADHD-scores
of the adult ADHD
assessments, and the
rs1801260 polymorphism
with at least one T-mutation
is the risk allele.

Xu et al. [91]

Analysis of polymorphism
(rs1801260) at the
3’-untranslated region of
the Clock gene in ADHD
using within-family
transmission
disequilibrium test

Two clinical ADHD samples:
United Kingdom (UK)

sample: (n = 180);
Taiwan sample: (n = 212)

Both parents or
mother alone or
father alone
UK sample:
(n = 296);
Taiwan sample:
(n = 326)

Increased transmission of
the T allele of the rs1801260
polymorphism in Tawainese
samples.

2.4. Schizophrenia

Schizophrenia is often associated with sleep alterations [88,150], observed also in untreated
patients [151]. Patients with schizophrenia have a desynchronization between the sleep–wake rhythms
and melatonin profiles [88,152,153], the rhythms of body temperature [154], and serum levels of
tryptophan and prolactin [155]. These anomalies suggest strongly disturbed circadian rhythms in
these patients [156]. Studies of polymorphisms of clock genes or alterations in the regulation of these
genes in schizophrenia are rare. The litterature review on clock genes and schizophrenia is presented
in Table 4.

The expression of Per1 mRNA in the temporal lobe in individuals with schizophrenia decreases
significantly compared with age-matched healthy controls [98]. Another study suggested that Per3
but not Per2 abnormalities were associated with schizophrenia [99]. In a sample of 145 Japanese
individuals with schizophrenia compared with healthy controls, it was reported that the T3111C
polymorphism of the Clock gene presented a transmission bias. The T3111C polymorphism of the Clock
gene might be associated with aberrant dopaminergic transmission in the suprachiasmatic nucleus,
which is presumably involved in the pathophysiology of schizophrenia [157]. More recently, two
studies focused on white blood cells and fibroblast from smaller samples: Sun et al. [100] reported
altered expressions of Per1, Per2, Per3 and Npas2 in white blood cells in individuals with schizophrenia.
Indeed, compared with healthy controls, schizophrenia patients presented disruptions in diurnal
rhythms of the expression of Per1, Per3, and Npas2, accompanied by a delayed phase in the expression
of Per2 and by a decreasing in Per3 and Npas2 expression. Johansson et al. [101] reported a loss of
rhythmic expression of Cry1 and Per2 in fibroblasts from individuals with schizophrenia compared to
cells from healthy controls.
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Table 4. Clock genes and schizophrenia. REV-ERBα: reverse erythroblastosis virus; Dbp:
albumin-D-site-binding protein.

Studies Measure
Individuals with

Psychiatric Disorder (n)
Controls (n) Results

Takao
et al. [157]

Analysis of 3111C single
nucleotide polymorphism

of the Clock gene

Individuals with
schizophrenia (n = 145)

Healthy
individuals

(n = 128)

Individuals with
schizophrenia had a
significantly higher
frequency of the C allele
compared to controls.

Sun
et al. [100]

Relative expression of
clock gene mRNA: Per1,

Per2 and Per3 in
blood samples

Individuals with
schizophrenia (n = 13)

Healthy controls
(n = 15)

Individuals with
schizophrenia presented
disruptions in diurnal
rhythms of the expression of
Per1, Per3, and Npas2
compared with healthy
controls, accompanied by a
delayed phase in the
expression of Per2 and by a
decrease in Per3 and
Npas2 expression.

Johansson
et al. [101]

Analysis of Clock, Bmal1,
Per1, Per2, Cry1, Cry2,
REV-ERBα and Dbp in

fibroblasts from
skin samples

Individuals with chronic
schizophrenia under

neuroleptic medication
(n = 11)

Healthy
individuals

(n = 11)

Loss of rhythmic expression
of Cry1 and Per2 in
fibroblasts from individuals
with schizophrenia
compared to cells from
healthy controls.

To date, the associations between clock genes and schizophrenia are not clear.

2.5. Autism Spectrum Disorder (ASD)

Surveys of parents show that the prevalence of sleep problems in ASD is 50%–80% compared
to 9%–50% in age-matched typically developing children [7–14]. Recent results showing abnormal
melatonin secretion in ASD children may change the initial disregard of these disorders and suggest a
possible key role of the clock and circadian regulations in ASD. Several independent groups detected
abnormal melatonin levels in ASD [158–163]. These studies conducted on independent autism samples
and using different methodologies indicate that abnormally low melatonin level is a frequent trait in
ASD. More precisely decreased nocturnal as well as diurnal levels have been reported in individuals
with ASD; trial studies support therapeutic benefits of melatonin use in ASD [83,84,161]. Nevertheless,
both the underlying cause of this anomaly and its relationship with ASD (cause or consequence?)
remain still unexplained.

Many studies have advocated a genetic etiology for autism [164] involving in particular synaptic
genes related to synaptic cell adhesion molecules NLGN3, NLGN4, and NRXN1 and a postsynaptic
scaffolding protein SHANK3. This protein complex is crucial for the maintenance of functional synapses
as well as the adequate balance between neuronal excitation and inhibition. Among the factors that
could modulate this pathway there are genes controlling circadian rhythms. However, no direct
association has been reported between clock genes and NLGN3, NLGN4, NRXN1 and SHANK3
in humans, but epistasis mechanisms cannot be ruled out. SHANK3 expression is modulated
by melatonin concentration and the modulation is brain structure-dependent [165]. Concerning
relationships between sleep disorders and NLGN3, NLGN4, NRXN1 and SHANK3 could be a
pleiotropic effect on sleep of genes associated with brain disorganization. It is noteworthy that possible
interplay of synaptic and clock genes may increase the risk of ASD [166]. The involvement of clock
genes in ASD was first suggested by Wimpory et al. [167] who stated the hypothesis that anomalies
in clock genes operating as timing genes in high frequency oscillator systems may underline timing
deficits that could be important in the development of autism spectrum disorder, notably in autistic
communication impairment. To test this hypothesis, Nicholas et al. [89] screened single-nucleotide
polymorphisms in 11 clock/clock-related genes in 110 individuals with ASD and their parents.
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A significant allelic association was detected for Per1 and Npas2. It should be noted that it was
a small population and results were not significant after correction for multiple testing. However,
the association between clock genes and ASD was confirmed by a more recent study [168] reporting
also mutations in other circadian clock genes (Per2, Per3, Clock, Bmal1, Tim, Cry1, Cry2, Dbp and
Ck1ε) in ASD patients. Taken together, these findings suggest that the circadian rhythm abnormalities
observed in ASD may be linked to abnormalities of the circadian clock genes. Finally, it is noteworthy
that clock genes are related to the protein association network described in ASD by Roubertoux and
Tordjman [169] either through direct gene × gene interactions or protein × protein interactions.

The litterature review on clock genes and autism spectrum disorder is presented in Table 5.

Table 5. Clock genes and autism spectrum disorder (ASD).

Studies Measure
Individuals with

Psychiatric Disorder (n)
Controls (n) Results

Nicholas
et al. [89]

Screening of eleven
clock/clock-related genes

High-functioning ASD
individuals (n = 110)

Healthy parents
(n = 220)

Significant association for
two single-nucleotide
polymorphisms in Per1 and
in Npas2.

Yang
et al. [168]

Direct sequencing analysis
of the coding regions of 18
canonical clock genes and

clock-controlled genes

ASD individuals with sleep
disorders (n = 14);

ASD individuals without
sleep disorders (n = 14)

Healthy
individuals

(n = 23)

Mutations in
circadian-relevant genes
(specifically Per1, Per2, Per3,
Clock, Npas2, Bmal1, Tim,
Cry1, Cry2, Dbp and Ck1ε)
affecting gene function are
more frequent in individuals
with ASD than in controls.

3. Conclusions

Circadian clocks enable organisms to anticipate temporal organization of biological functions in
relation to periodic changes of the environment, and to adapt consequently their behavior. The genes
Clock, Per, Cry and Bmal1 are currently the major clock genes identified in humans as being involved
in the rhythmicity and timing of biological rhythms at the molecular level. Their alteration involves
changes to the 24-h rhythm through poor synchronization between the endogenous circadian rhythms
and the sleep-wake cycle, and act especially on sleep disorders. These are often early symptoms
of altered sleep–wake rhythms at the onset of psychiatric disorders, especially for mood disorders.
Furthermore, impairments in the four major clock genes (Clock, Per, Cry and Bmal1) were found for
bipolar disorder, depression-related disorders, autism spectrum disorder, and impairments in some of
these major clock genes were also reported for schizophrenia (Clock, Per and Cry), anxiety disorder
(Cry) and attention deficit hyperactivity disorder (Clock). In addition, other clock genes were associated
with these psychiatric disorders, such as Npas2 (winter depression, autism spectrum disorder and
schizophrenia), RORA and RORB (bipolar disorder) or Tim, Dbp and Ck1ε (autism spectrum disorder).
The associations of identical clock genes with these different psychiatric disorders suggest that they
may share similar pathways and etiopathogenic mechanisms. It highlights the interest and need to
study these mental disorders through a transnosographic and multidimensional approach focusing on
depression, anxiety and stress responses.

The cascading effects resulting from altered clock genes, poorly understood so far, could
participate in sleep problems and the emergence of symptoms present in certain psychiatric disorders
through, as discussed in the article, impaired regulation of circadian rhythms and emotional states
with neurodevelopmental effects (including impaired control of the temporal organization of brain
maturation, neurogenesis, synapses formation/functioning and brain specialization at specific
developmental periods). Inversely, sleep problems can alter the expression of clock genes and
contribute, as seen in this article, to the development of psychiatric disorders through cognitive
effects of sleep deprivation and fatigue. More generally, alteration of clock genes (directly or indirectly
through sleep problems) might lead to desynchronized and abnormal circadian rhythms (including
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sleep/wake rhythm but also other circadian rhythms such as neuroendocrine or body temperature
rhythms) impairing in turn the synchronization between external and internal rhythms and therefore
the adaptation of the individual to his/her internal and external environment with the development of
psychiatric disorders. Future studies are required to better ascertain the underlying mechanisms of the
relationships between clock genes, sleep disturbances and psychiatric disorders. Further research may
open interesting perspectives with promising avenues for early detection and therapeutic intervention
in psychiatric disorders.
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Abstract: Whereas autism spectrum disorder (ASD) exhibits striking heterogeneity in genetics and
clinical presentation, dysfunction of mechanistic target of rapamycin complex 1 (mTORC1) signaling
pathway has been identified as a molecular feature common to several well-characterized syndromes
with high prevalence of ASD. Additionally, recent findings have also implicated mTORC1 signaling
abnormalities in a subset of nonsyndromic ASD, suggesting that defective mTORC1 pathway may
be a potential converging mechanism in ASD pathology across different etiologies. However, the
mechanistic evidence for a causal link between aberrant mTORC1 pathway activity and ASD
neurobehavioral features varies depending on the ASD form involved. In this review, we first discuss
six monogenic ASD-related syndromes, including both classical and potentially novel mTORopathies,
highlighting their contribution to our understanding of the neurobiological mechanisms underlying
ASD, and then we discuss existing evidence suggesting that aberrant mTORC1 signaling may also
play a role in nonsyndromic ASD.

Keywords: mTORC1 signaling pathway; ASD-related syndromes and nonsyndromic/idiopathic
ASD; neuronal cell growth; axonal and dendritic morphogenesis; dendritic spine density and
maturation; synaptic plasticity; mTORC1-targeted therapies

1. Introduction

Autism Spectrum Disorder (ASD) is among the most common developmental neuropsychiatric
disorders and affects about 1 in 68 individuals [1]. It is characterized by impairments in two core
domains: deficits in social communication and restricted, repetitive pattern of behavior or interests [2].
The presentation of symptoms is variable, ranging from mild to severe, and usually coexists with other
psychiatric and medical conditions. There is a strong male bias in ASD, especially among individuals
less severely affected (~4 males/1 female affected) [3,4].

ASD may be part of the clinical presentation of well-characterized genetic syndromes, hereinafter
referred to as ASD-related syndromes, such as tuberous sclerosis complex (TSC) [5], fragile X syndrome
(FXS) [6], Rett syndrome (RTT) [7,8], Angelman syndrome (AS) [9,10], phosphatase and tensin homolog
(PTEN)-related syndromes [11], neurofibromatosis type 1 (NF1) [12], Timothy syndrome [13], 22q13.3
deletion syndrome [14], among others. These ASD-related syndromes, although representing only
5%–10% of all ASD cases, have contributed greatly to our understanding of ASD pathogenesis [15–17].
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On the other hand, for most ASD cases, hereinafter called nonsyndromic ASD (NS-ASD)—even
if additional phenotypic traits are present—to distinguish it from the well-defined ASD-related
syndromes, the underlying causes remain unknown. Several twin and family studies have provided
indisputable evidence for a genetic component underlying NS-ASD with heritability estimates ranging
from 38% to 90% depending on the study parameters [18–20]. Recent high-throughput genomic
techniques accompanied by large well-characterized cohorts of patients have identified a large number
of rare and common variants for further characterization in relation to ASD [20–23], but several rare
de novo and highly penetrant protein coding mutations appear to be sufficiently pathogenic to cause
NS-ASD by themselves [24–33]. To date, a list of >200 ASD-risk genes categorized as “high confidence”,
“strong candidate” and “suggestive evidence” can be found at the Simons Foundation Autism Research
Initiative [34]. However, none of these genes accounts individually for more than 1%–2% of all
cases of NS-ASD and, collectively, these forms of NS-ASD caused by highly penetrant mutations
represent approximately 10%–20% of all cases, highlighting the enormous genetic heterogeneity of the
disorder [35].

However, in spite of the high clinical and genetic heterogeneity of ASD, shared mechanisms
between ASD-related syndromes and NS-ASD are being discovered and several mutated genes seem
to converge on key biological pathways to give rise to ASD relevant symptoms [32,33,36–38]. One such
pathway is the mechanistic target of rapamycin complex 1 (mTORC1) signaling cascade (Box 1, see
below), which is a vital regulator of translation that impacts numerous cellular processes in the
developing and mature brain [39,40]. Dysfunctional mTORC1 signaling has been described in several
monogenic ASD-related syndromes, such as TSC, PTEN-associated ASD (PTEN-ASD), NF1, FXS [41,42],
RTT [43] and AS [44,45]. Patient-derived cells and brain tissues as well as rodent models for these
syndromes have been used to dissect the consequences of aberrant mTORC1 signaling in brain structure
and function, as well as in particular aspects of cognition and behavior. In addition, recent findings
suggest that methyl-CpG binding protein 2 (MECP2) duplication syndrome [46] and cyclin-dependent
kinase-like 5 (CDKL5)-related syndrome [47] may also be associated with defective mTORC1 cascade
activity; however, this needs further mechanistic exploration. Finally, more recently, dysregulation of
mTORC1-dependent signaling, both upstream and downstream of its kinase activity, has also been
observed in patients and animal models of NS-ASD of both known and unknown etiologies [42,48–55].
Nonetheless, our understanding of the mechanisms by which unbalanced mTORC1 signaling leads
to NS-ASD is far less explored and many questions require further clarification, such as: (1) Is there
enough evidence in the literature to support altered mTORC1 signaling in NS-ASD pathogenesis?
(2) How large is the proportion of NS-ASD cases that show altered mTORC1 signaling? (3) Can
the mechanistic insights gained from studying ASD-related syndromes be extrapolated to NS-ASD?
(4) Will the putative mTORC1-targeted therapies that have been found to be effective for treating some
ASD-related syndromes benefit at least a subgroup of NS-ASD patients?

Herein, we review the main mechanistic and therapeutic insights gained from studying six
ASD-related syndromes with evidence for aberrant activation of mTORC1 pathway, and then discuss
recent findings potentially linking mTORC1 signaling dysfunction to NS-ASD. A comparison of the
main neuropathological features found in patients and rodent models of these ASD forms can be
found in Table 1. Importantly, those phenotypes that were rescued by targeting mTORC1 pathway at
different levels are also depicted in Table 1. All animal models described herein display ASD-relevant
behaviors, except the cytoplasmic FMR1 interacting protein 1 (Cyfip1) transgenic mice, in which ASD
traits were not analyzed [52].
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2. mTORC1 Signaling Pathway in Monogenic Autism Spectrum Disorder-Related Syndromes

2.1. Tuberous Sclerosis Complex (TSC)

TSC (MIM#191100, #613254), a classical mTORopathy, is caused by loss-of-function mutations in
the genes encoding TSC1 or TSC2 [56,57], which, together with TBC1D7 [58], form a complex that acts
as a guanosine triphosphate (GTP)ase-activating protein for Ras homolog enriched in brain (RHEB)
and negatively regulates mTORC1 [59,60] (Box 1, Figure 1). Therefore, constitutively active mTORC1
signaling constitutes the molecular basis of TSC [61,62]. The prevalence of ASD in TSC has been
estimated to be ~36% [63]. Brain pathological features in patients include, in addition to epilepsy [64],
benign proliferative lesions and focal malformation of cortical architecture termed cortical tubers,
characterized by dysregulated mTORC1 activity, disruption of lamination, hyperexcitable synaptic
network, giant cells, astrogliosis, reduced myelination, as well as dysplastic neurons with multiple
and longer axons [65–67]. Several animal models with TSC downregulation, including constitutive
heterozygous mutant mice and conditional knockout (KO) mice with Tsc1/2-deficiency in different cell
types, have been used to shed light on the mechanisms by which TSC loss of function leads to brain
alterations that, ultimately, converge on the neurocognitive impairments observed in TSC. Consistent
brain functional and morphological abnormalities observed in these animals include seizures [68–71],
larger brains [69,70,72], deficits in neuronal migration and cortical lamination [68–70,72–74], enlarged
and dysplastic neurons [73,75–77] astrogliosis [68–70,73], reduced myelination [72,76], multiple and
ectopic axons [78,79], enhanced excitatory network [65,80,81], and disrupted synaptic plasticity in the
form of impaired hippocampal long-term potentiation (LTP) [82,83] and metabotropic glutamate
receptor-mediated long-term depression (mGluR-LTD) [80,84] (Table 1). Notwithstanding, some
conflicting results exist regarding normal/increased neurite length [78,79], reduced/normal/increased
dendritic spine density and length [51,75,76,80,85,86] and increased spine head width/immature
shape [75,85] (Table 1), possibly due to the use of different animal models or experimental conditions.
Importantly, while it is still unknown whether increased neurite length and reduced LTP are
dependent exclusively on mTORC1 overactivation, the majority of the other brain alterations
in rodent models were partially or completely rescued or prevented by the mTORC1 inhibitor
rapamycin [51,69,70,72,75,76,78,81,84,86] (Table 1), including astrogliosis, reduced myelination
and ASD-relevant behaviors (not described in Table 1), even when treatment is begun in
adulthood [77,87,88], demonstrating that they are dependent on mTORC1 overactivation. Notably,
it was shown that cell-autonomous and non-cell autonomous mechanisms still not understood
drive astrogliosis in Tsc1-deficient mice [68–70,73], and that neuron-specific deletion of Tsc1
impairs oligodentrocyte maturation and myelination through a non-cell autonomously manner [89].
Interestingly, it was suggested that TSC2 deficiency affects neuronal migration through an abnormal
crosstalk between mTORC1 and Reelin-Disabled 1 (Dab1) signaling pathways [74], and leads to
increased spine density due to diminished postnatal mTORC1-mediated autophagy and spine
pruning [51]. Paralleling these findings, it was shown that Tsc1/2-deficient neurons present
mTORC1-dependent deficits in mitophagy, leading to mitochondria accumulation in cell soma and
depletion from axon and pre-synaptic sites [79], which might also contribute to synaptic transmission
dysfunction due to lack of adenosine triphosphate (ATP) [90,91]. On the other hand, an in vitro study
has shown that Tsc2-deficient neurons have increased autophagy through 5’ adenosine monophosphate
(AMP)-activated protein kinase (AMPK) stimulation [92], which could potentially explain the
controversial results regarding dendritic spine density observed in different studies. In addition,
recent reports revealed mTORC1-dependent alterations in hippocampal protein synthesis in TSC
mouse models, including decreased expression of synaptic proteins, such as the plasticity-related Arc
protein required for mGluR-LTD [84], which could contribute to the impaired synaptic plasticity, but
increased expression of stress-responsive proteins and anti-inflammatory cytokines [86], which may
suggest an attempt to deal with the oxidative stress and inflammation that are frequently observed in
the brain of individuals with ASD [93].
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Figure 1. The mechanistic target of rapamycin complex 1 (mTORC1) signaling pathway. mTORC1
signaling components and proteins encoded by genes that inhibit (in red) or enhance (in green)
mTORC1 pathway and cause autism spectrum disorder (ASD)-related syndromes and nonsyndromic
ASD. Please see Box 1 for further details on mTORC1 signaling pathway. 4E-BP = eIF4E-binding
protein; CYFIP1 = cytoplasmic FMR1 interacting protein 1; Deptor = DEP domain-containing
mTOR-interacting protein; eIF = eukaryotic initiation factor; FMRP = fragile X mental retardation
protein; MECP2 = methyl-CpG binding protein 2; mLST8 = mammalian lethal with SEC13 protein 8;
mSIN1 = mammalian stress-activated protein kinase interacting protein 1; NF1 = neurofibromatosis 1;
PDK1 = 3-phosphoinositide-dependent protein kinase 1; PI3K = phosphoinositide 3-kinase;
PIKE = phosphoinositide 3-kinase enhancer; PIP = phosphatidylinositol; PRAS40 = proline-rich AKT
substrate of 40 kDa; Protor-1 = protein observed with Rictor-1; PTEN = phosphatase and tensin
homolog; Raptor = regulatory-associated protein of mTOR; RHEB = Ras homolog enriched in brain;
Rictor = rapamycin-insensitive companion of mTOR; S6K = S6 kinase; TSC = tuberous sclerosis complex;
UBE3A = ubiquitin-protein ligase E3A.
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2.2. Phosphatase and Tensin Homolog-Associated ASD (PTEN-ASD)

Germline loss-of-function mutations in PTEN have been identified in patients with hamartoma
tumor syndromes (PHTS) and in patients with ASD who also display macrocephaly with and without
additional developmental features of PHTS (MIM#605309) [11,94,95]. Due to this reason and to the
fact that higher lifetime risks for multiple cancers exist in patients with PTEN mutations, PTEN-ASD
was included herein in the category of monogenic ASD-related syndromes. It has been estimated
that the prevalence of PTEN mutations in patients with ASD and macrocephaly range from 7% to
27% [95–97]. PTEN encodes a lipid and protein phosphatase critical for modulating cellular growth,
proliferation and survival [98]. PTEN counteracts the function of phosphoinositide 3-kinase (PI3K)
and, similarly to TSC1/2, negatively regulates the mTORC1 pathway [99] (Figure 1). Therefore, PTEN
deficiency is associated with constitutive activation of downstream AKT/mTORC1 pathways [41,100].
Except for macrocephaly, reports of brain pathological findings in patients are scarce and describe some
structural abnormalities [101,102] and seizures in a few patients [103,104]. On the other hand, several
heterozygous mice with constitutive Pten haploinsufficiency and conditional KO or knockdown mice
with Pten-deficiency in different subsets of neuronal and glial cells have provided critical insights into the
role of PTEN in the central nervous system (CNS), suggesting that it functions largely cell autonomously.
Brain pathological features in these animals include seizures, macrocephaly, hypertrophy of both
neurons and astrocytes throughout the brain [100,105–110]; enhanced glial cell number [105]; altered
neuronal and glial migration [105,111,112]; severe abnormalities in myelination [107]; increased calibers,
length and arborization of dendritic and axonal projections; increased dendritic spines density and
length [100,106–110] (Table 1); and enhanced excitatory connectivity [108,109]. Importantly, treatment
of Pten-deficient mice with rapamycin or pharmacological inhibition of S6 kinase 1 (S6K1) during early
postnatal life prevented seizures, macrocephaly, aberrant neuronal migration, somatic, dendritic and
axonal hypertrophy, increased neurite arborization and spine density (Table 1), enhanced excitatory
connectivity, as well as reversed ASD-relevant symptoms [100,110,112], providing a causal link
between elevated mTORC1 signaling and these neurobehavioral abnormalities in mouse models
of Pten deficiency in the CNS (Table 1). Although alterations in glial cell growth, proliferation and
migration, as well as in myelin production might be related to disease pathogenesis, further studies
are needed to determine whether these abnormalities are linked to mTORC1 overactivation and affect
ASD-relevant behaviors. Whereas increased/decreased number of immature-shaped spines [107,109]
and reduced/increased LTP [107,113], decreased hippocampal mGluR-LTD [113] and cortical protein
synthesis [110] are all neuropathological features also found in PTEN-ASD mouse models (Table 1),
which might be in part linked to enhanced mTORC1 signaling activity as observed in TSC, a clear
mechanistic link is still lacking and deserves deeper studies.

2.3. Neurofibromatosis Type I (NF1)

NF1 (MIM#162200) is a tumor predisposition syndrome which may also exhibit cognitive
impairments and ASD-like symptoms [114]. The prevalence of ASD in NF1 patients has been estimated
to be ~18% [63]. NF1 is caused by loss-of-function mutations in the NF1 gene, which encodes the RAS
GTPase-activating protein termed neurofibromin. Consequently, NF1 defect triggers RAS signaling
activation [115,116], a key driver of cancer. The first studies suggesting mTORC1 involvement in NF1
showed that RAS can induce PI3K activation and subsequent TSC2 inhibition by AKT, increasing
mTORC1 activity in Nf1-null mouse embryonic fibroblasts and astrocytes, as well as in cells derived
from NF1 patient tumors [117,118]. Thereafter, however, it was shown that NF1 regulates glial
cell proliferation and tumor growth in an AKT/mTORC1 dependent but TSC/RHEB independent
manner [119] (Figure 1). Although only less than 10% of NF1 patients report seizures [120–122], several
brain pathological features were frequently described in patients, such as macrocephaly [123,124] and
reduced myelination [125,126], as well as in mouse models of the disorder, including larger brains [127],
structural malformations [128–130], abnormal cerebellar neuronal migration [131,132], increased
proliferation and protein synthesis in astrocytes [118,119,133], decreased neurite length [134,135],
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reduced dendritic spine density [136,137] and impaired LTP [138,139] (Table 1). Among those
phenotypic alterations, it has been shown that rapamycin inhibited proliferation and protein
synthesis in astrocytes [118,119] (Table 1), indicating that mTORC1 overactivation regulates astrocyte
function in NF1 and is probably linked to glioma formation, such that pharmacological inhibition of
mTORC1 suppresses tumor growth both in NF1 patients [140,141] and in mouse models [142,143].
Interestingly, not only Nf1 loss of function in astrocytes may promote astrogliosis [118,119,133], but
also neuron-specific Nf1 deletion induces an increase in astrocyte number via a non-cell autonomous
mechanism [144]. Nevertheless, further studies are required to unravel whether a defective glial
proliferation affects social and other ASD-associated behaviors. Most of the other neuropathological
features found in NF1 has not yet been associated with disrupted mTORC1 activity, and might also be
due to mTORC1-independent functions of NF1. In fact, impaired cerebellar neuronal migration and
LTP were shown to be dependent on extracellular signal-regulated kinase (ERK) signaling [131,132,139],
whereas reduced neurite length is caused by defective cyclic AMP (cAMP) generation independently
of RAS signaling [134,135].

2.4. Fragile X Syndrome (FXS)

FXS (MIM#300624) is considered the most commonly inherited cause of intellectual disability and
a large percentage of individuals with FXS (~30%) are codiagnosed with ASD [63,145]. FXS is caused
by transcriptional silence of the X-linked gene FMR1 and loss of the protein product, fragile X mental
retardation protein (FMRP) [146,147]. FMRP is an RNA-binding protein that negatively regulates the
translation, stability and transport of several mRNAs, many of which encode proteins that are essential
to synapse maturation, stabilization and elimination and that are well-studied ASD risk genes, such as
SH3 and multiple ankyrin repeat domains 3 (SHANK3), PTEN, TSC2, NF1, CYFIP1, Neuroligin 3 (NLGN3)
and Neurexin 1 (NRXN1) [147–149]. In addition to high incidence of epilepsy [150,151] and increased
head circumference that may be present in FXS patients [152,153], consistent neuronal pathology includes
increased dendritic spine density and overabundance of immature-shaped spines on neurons in various
brain regions [154,155], which are thought to affect synaptic plasticity and network function (Table 1).
In addition, it was shown that in vitro neurons derived from human FXS pluripotent stem cell
lines show reduced cell size and neurite length [156–158] (Table 1). Accordingly, Fmr1KO mice,
a model for human FXS, also exhibit a seizure phenotype [159,160], neurons with shorter neurite
length [161] and with the atypical immature feature of FXS spines [160,162–166]. Additionally, it was
shown that Fmr1KO mice exhibit altered neuronal migration and cortical circuitry [167], cerebellar
astrogliosis [168], reduced cerebellar myelination [169], exaggerated hippocampal mGluR-LTD and
protein synthesis [160,166,170–172], as well as overall brain hyperexcitability [173,174] (Table 1).
Among these latter brain abnormalities, increased mGluR-LTD and protein synthesis were proved
to play an important role in the neurological manifestations of FXS. In addition, less consistent
results exist regarding decreased/normal neurite arborization in neurons derived from human
FXS pluripotent stem cell lines [157,158], as well as normal/increased neuron size [175,176],
increased/decreased/normal dendritic spine density [160,162–164,175,177] or length [165,175,178]
and decreased/increased LTP [179–181] in Fmr1KO mice (Table 1). These discrepancies have been
suggested to be due to differences in experimental conditions, brain regions examined, age and genetic
background of the animals. It has been well documented that Fmr1KO mice exhibit upregulated
mTORC1 signaling and elevated translation initiation complex formation in the brain [160,166,172],
due at least in part to increased translation of the mRNAs encoding the p110β subunit of PI3K and
its upstream activator PI3K enhancer (PIKE)-S, positive regulators of the mTORC1 pathway [172]
(Figure 1). These findings suggest that in addition to its RNA-binding activity, FMRP also plays a role in
the regulation of PI3K/mTORC1-mediated translation initiation. It is also noteworthy that although it
has been suggested that mTORC1 signaling phosphorylates FMRP and inhibits its translation repressor
activity [182], this finding was not confirmed in another study [183]. Importantly, pharmacological
inhibition of either PI3K or mTORC1 rescues excessive synaptic protein synthesis in neurons from
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Fmr1KO mice [177]. In addition, genetic deletion of S6K1 and pharmacological or genetic ablation
of eukaryotic translation initiation factor (eIF) 4E phosphorylation, downstream targets of both ERK
and mTORC1 pathways (Box 1; Figure 1), in Fmr1KO mice prevented dendritic spine morphology
defects, synaptic plasticity alterations, exaggerated protein synthesis (Table 1) and ASD-associated
behavioral phenotypes [160,166], providing a direct evidence that upregulated mTORC1 signaling and
cap-dependent translation play a role in FXS pathophysiology.

2.5. Angelman Syndrome (AS)

Most cases of AS (MIM#105830) are caused by loss of function of the maternally-inherited ubiquitin
protein ligase E3A (UBE3A) allele in neuronal cells [184,185], which encodes a protein that targets other
proteins for degradation. This gene is localized on a cluster of imprinted genes on chromosomal
region 15q11-13 such that UBE3A is paternally imprinted and silenced by a non-coding antisense
transcript [186]. A substantial portion of AS patients meets criteria for ASD [187], and the prevalence
of ASD in AS has been estimated to be ~34% [63]. Brain pathological features already described
in AS patients include epilepsy [188,189], microcephaly [190] and reduced myelination [191,192].
These abnormalities have been also observed in mice with a maternal null mutation in Ube3a (AS
mice) [193–195], which additionally exhibit abnormal spine morphology, reduced dendritic spine
density and length [44,45,196], suggesting that deficient synaptic development may underlie the
neurological aspects of AS. Moreover, an overall excitatory network, due to a more severe decrease
in inhibitory than excitatory inputs [197], possibly contributes to the increased seizure susceptibility
observed in AS patients. In vitro studies using Ube3a knockdown or Ube3aKO neurons from mice have
also shown that Ube3a loss of function decreased dendrite arborization, disrupted dendrite polarity
and reduced apical dendrite length [198,199]. In addition, disrupted synaptic plasticity in the form of
impaired LTP in different brain areas [45,193,200] and enhanced hippocampal mGluR-LTD [201] were
also observed in AS mice (Table 1). This is believed to be mainly caused by increased levels of Arc due
to its reduced ubiquitination by the UBE3A proteins and, consequently, reduced degradation [202].
Importantly, recent studies have also observed that the increased levels of Arc may also be the result
of increased mTORC1 signaling and its downstream target S6K1 activation in the cerebellum and
hippocampus of AS mice, triggered by increased inhibitory phosphorylation of TSC2 in the absence
of UBE3A [44,45], although the precise mechanism is unknown. In addition to increasing Arc levels
and improving LTP deficits, rapamycin or an S6K1 inhibitor also ameliorated dendritic spine density
and morphology in Purkinje and pyramidal cells (Table 1), and consequently, motor dysfunction and
learning deficits in AS mice [44,45], suggesting that mTORC1 activity may also be affecting synaptic
plasticity and function in AS patients. Given the fact that the association between mTORC1 and UBE3A
deficiency has been only recently demonstrated, further studies are necessary to test whether the other
brain abnormalities found in AS are dependent on mTORC1 overactivation and would benefit from
mTORC1-targeted therapies.

2.6. Rett Syndrome (RTT)

RTT (MIM#312750) is a severe progressive neurodevelopmental disorder that manifests mostly
in girls during early childhood after a typical perinatal development. Although RTT is no longer
considered an ASD in Diagnostic and Statistical Manual of Mental Disorders, fifth edition (DMS-5) [2],
children afflicted with RTT often exhibit ASD-like behaviors, and the prevalence of ASD symptoms in
RTT has been estimated to be ~61% in female patients [63]. RTT is mainly caused by loss-of-function
mutations in the X-linked gene MECP2 [203,204], which encodes a methyl-CpG binding protein
that controls gene expression and chromatin remodeling [205]. In addition to epilepsy [206,207]
and reduced brain size [208,209], brain pathology in human patients that are thought to contribute
to the neurocognitive deficits in RTT includes reduced neuronal size but increased neuronal cell
density in several brain regions [210,211], evidence of cortical astrogliosis [212], decreased dendritic
arborization and length [213,214], as well as decreased spine density and maturation in the cortex and
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hippocampus [215–217] (Table 1). These neuronal abnormalities have been consistently reproduced by
several studies using genetically distinct rodent models of RTT [218–225], which additionally exhibit
abnormal activity-dependent synaptic plasticity in the form of attenuated LTP and LTD [226,227],
and reduced number of excitatory synapses in hippocampal neurons [228] (Table 1). Notably, studies
in RTT mouse models have suggested that cell autonomous and non-cell autonomous mechanisms
drive neuronal morphology and function [229–231]. In addition, recent in vitro models of RTT using
MECP2-deficient neurons derived from human pluripotent stem cells have recapitulated many
neurological features of RTT [232–236], and have also shown neuronal migration defects [236] (Table 1).
Interestingly, in contrast to the majority of the ASD-associated mTORopathies, neurons from Mecp2−/−

and Mecp2+/− mice [43], as well as from MECP2-deficient human pluripotent stem cells [233], show
decreased mTORC1 signaling activity, transcription and protein synthesis rate. These findings suggest
that mTORC1 signaling deviations in either direction can adversely affect neuronal connectivity,
cognition and social behavior. Although the mechanism by which MECP2 enhances mTORC1 signaling
is still unknown (Figure 1), the levels of brain-derived neurotrophic factor (BDNF) are lower in RTT
mouse models, possibly resulting in lower activation of PI3K/mTORC1 pathways [43]. Treatment
of neurons derived from MECP2-deficient human pluripotent stem cells with exogenous growth
factors (insulin-like growth factor 1 [IGF-1] or BNDF) or genetically ablation of PTEN, promoted
protein synthesis via enhancing PI3K/mTORC1 signaling activity and rescued the soma size and
neurite complexity deficits [233] (Table 1). These findings suggest that defects in the global control of
transcription and PI3K/mTORC1-mediated translation might be the underlying pathomechanisms by
which MECP2 dysfunction leads to RTT, although additional mechanistic exploration are needed.

3. mTORC1 Signaling Pathway in Nonsyndromic/Idiopathic Autism Spectrum Disorder

3.1. 15q11-13 Duplication (Dup15q)

Maternally inherited duplications at 15q11-13 (#MIN608636) is one of the most frequent and
penetrant copy number variation in ASD, found in ~1%–2% of patients [237,238], suggesting that
one or several genes from this region, when duplicated, can lead to ASD. Deletions at this same
region give rise to Prader–Willi syndrome (PWS) or AS depending on whether the deletions are
paternally or maternally inherited, respectively [239] and, as discussed above, ASD symptoms are
usually reported in AS patients. Instability of this region is mediated by the presence of five low copy
repeats, termed breakpoint (BP)1 through BP5. The PWS/AS critical region lies on the imprinted
region between BP2 and BP3, and evidence from mouse models suggests that increased dosage of
the Ube3a gene located in this region impairs excitatory synapse transmission and might underlie
ASD-relevant behaviors [240]. It is noteworthy that, although duplications of paternal origin show low
penetrance, a mouse model with a paternally inherited duplication of the BP2–BP3 interval (patDp/+
mice) displays behaviors associated with ASD [241], increased spine turnover [242] and impairment
in cerebellar LTP [243] (Table 1). In addition, there is evidence suggesting that the more proximal
non-imprinted region between BP1 and BP2 (15q11.2) is also a hot spot for ASD and that genes
located in this region impact neurological and behavioral functions [244–246]. Among the four genes
located between BP1 and BP2, CYFIP1 became a prime candidate for a causal role in ASD [52,245]:
it directly interacts with FMRP and with eIF4E and mediates the translational repression activity
of FMRP in the brain [247], and also regulates actin polymerization and cytoskeleton remodeling
through its interaction with the small GTPase Rac1 [248,249]. It was shown that CYFIP1 levels are
increased in lymphoblastoid cells [52,250] and postmortem brain tissues (temporal cortex) [52] from
ASD subjects with Dup15q, and its overexpression in cultured human and mouse neuronal cells
leads to increased neuronal cell size, neurite arborization, as well as increased/decreased neurite
length [52,251]. Similar abnormalities in neuronal cell size, neurite outgrowth and branching were
also observed in transgenic mice overexpressing Cyfip1, which additionally exhibit increased spine
density and number of mature spines in cortical neurons [52] (Table 1), defects previously shown
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to contribute to synaptopathology that drives ASD-related symptoms. However, further research
should evaluate whether Cyfip1 transgenic mice exhibits autistic traits. Importantly, evidence for
increased mTORC1 signaling was observed in postmortem brains of ASD-Dup15q carriers (n = 3), as
well as in embryonic Cyfip1 transgenic mice and cultured mouse neuronal cells overexpressing Cyfip1.
Pharmacological treatment of these cultured cells with rapamycin rescued the observed abnormalities
in cell size, neurite length and branching [52]. Finally, evidence for hyperfunctional mTORC1 signaling
was also observed in cultured stem cells from human exfoliated deciduous teeth (SHED) derived
from one ASD patient with Dup15q [53]. Taken together these findings suggest that CYFIP1-mediated
mTORC1 signaling overactivation may contribute to disease pathogenesis in ASD-Dup15 patients.

3.2. eIF4E-Associated NS-ASD (eIF4E-NS-ASD)

mTORC1 signaling phosphorylates eIF4E-binding proteins (4E-BPs) and releases them from
eIF4E, allowing eIF4E to interact with eIF4G and eIF4A to form the eIF4F complex, a critical step in
cap-dependent translation (Box 1; Figure 1). Interestingly, rare mutations in the promoter region of the
eIF4E gene, which were suspected to enhance promoter activity, were found in few unrelated NS-ASD
patients [48]. Later on, it was shown that transgenic mice overexpressing eif4e and mice lacking
4e-bp2 display increased dendritic spine density, altered synaptic plasticity, including augmented
excitation, enhanced late-phase LTP and mGluR-LTD in the prefrontal cortex and hippocampus, as
well as exaggerated brain cap-dependent translation [49,50] (Table 1). Treatment of eif4e-transgenic
and 4e-bp2KO mice with 4EGI-1, an inhibitor of eIF4E-eIF4G interaction, rescued protein synthesis
and synaptic plasticity abnormalities (Table 1), as well as ASD-relevant behaviors [49,50]. These
findings provided a causal link between NS-ASD and excessive cap-dependent translation, and
suggest that this is one of the targets by which mTORC1 inhibitors reverse synaptic plasticity deficits
and ASD symptoms.

3.3. Idiopathic Autism Spectrum Disorder

Paralleling neuropathological observations from ASD-related syndromes, children with ASD
of unknown etiology also frequently display increased risk for developing epilepsy [252,253],
macrocephaly in early childhood [254,255], increased neuronal density in several brain regions
but reduced number of Purkinje cells [255,256], normal/decreased neuronal size [255,257], altered
neuronal migration [258,259], astrogliosis and microglial activation [260], altered myelination [261,262],
increased dendritic spine densities on cortical neurons [51,263] and impaired LTP [264]. In addition,
increased number of inhibitory synaptic connections was described in cultured neurons derived from
patient-induced pluripotent stem cells (iPSCs) [265], and increased spine turnover was found in the
BTBR inbred mouse strain that displays the core behavioral deficits of ASD [242]. Although these
abnormalities are most probably caused by different etiological origins, recent studies have shown that
there is a subgroup of idiopathic ASD with defects in mTORC1 signaling activity. Hyperactivation of
mTORC1 pathway was observed in postmortem brains from adolescent patients with idiopathic ASD
(n = 5) and was shown to impair autophagy and spine pruning during childhood and adolescence,
leading to increased basal dendritic spine density and, therefore, enhanced excitatory connectivity [51]
(Table 1). As discussed above, similar findings were also observed in TSC mouse models in the
same study, suggesting that downregulation of mTORC1 signaling is required for postnatal spine
pruning [51]. In addition, mTORC1 pathway upregulation was also observed in non-neuronal cells
derived from idiopathic ASD patients, such as in cultured stem cells from SHED derived from 2 out of
12 patients [53], and in lymphoblastoid cell lines (LCLs) derived from 4 out of 58 patients (7% of the
patient sample) [55]. Interestingly, in LCLs from one of these patients with elevated mTORC1 pathway
activity, it was also observed increased expression of the p110δ subunit of PI3K and enhanced protein
synthesis rates, which were corrected by a p110δ-specific inhibitor [55] (Table 1). Curiously, contrary
to these findings, a study reported evidence for decreased mTORC1 signaling in postmortem brains
from patients with idiopathic ASD (n = 11; aged 5–56 years, mean 20.1 years) [54] (Table 1). The high
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etiological heterogeneity in this group of patients may account for these observed discrepancies in the
direction of mTORC1 signaling activation, and additional investigations are needed to provide further
mechanistic understanding of the causal link between mTORC1 pathway dysfunction and ASD in
this group.

4. Discussion

Research on both ASD-related syndromes and NS-ASD and their corresponding mouse models
has shown that abnormalities in brain size and structure, neuronal size, migration and myelination,
astrocyte proliferation, neurite and dendritic spine morphology, synapse plasticity, imbalanced synaptic
excitation/inhibition, as well as dysregulated brain protein synthesis are all common features of ASD
across different etiologies. Although aberrant mTORC1 pathway activation has been suggested as a
convergent molecular mechanism in ASD etiopathology, the evidence supporting a causal relationship
between abnormal mTORC1 signaling and these brain anatomical and physiological deficits, as
well as behavioral alterations found in patients and/or animal models, varies greatly depending on
the ASD form involved. Herein, we will discuss only the neurobehavioral abnormalities that were
experimentally linked to mTORC1, which include those phenotypes that were rescued or prevented
by modulating mTORC1 cascade activity at different levels.

Seizures, enlarged brain and neuron size, neuronal migration abnormalities and increased
neurite arborization were mechanistically linked to enhanced mTORC1 signaling in mouse models
of ASD-related syndromes caused by mutations in upstream negative regulators of the pathway,
such as TSC [69,70,72,75,76,78] and PTEN-ASD [100,112]. Interestingly, overactivation of mTORC1
was also associated with increased neuronal size and neurite arborization in cultured neuronal cells
overexpressing Cyfip1, located in the 15q11.2 ASD risk locus [52]. On the other hand, diminished
mTORC1 pathway seems to be associated with decreased neuronal size and neurite arborization in
RTT models [233]. These results suggest that an optimal level of mTORC1 signaling activation is
required to maintain proper brain and neuron size, as well as neurite branching patterns, such that
abnormalities in these morphological features of neurons may contribute to ASD pathogenesis.

Atypical number and/or length and/or morphology of dendritic spines were mechanistically
linked to disinhibited mTORC1 signaling in different mouse models of ASD-related syndromes,
including TSC [75,76,86], PTEN-ASD [100], FXS [160,166] and AS [44,45], as well as in NS-ASD models,
such as Cyfip1 transgenic mice [52], eIF4E-NS-ASD mice [49,50] and idiopathic ASD patients [51].
Importantly, a recent study reported that disruption of mTORC1-dependent macroautophagy reduces
spine pruning and consequently increases spine density in neurons of individuals with TSC or
idiopathic ASD [51]. It would be important to address whether defects in mTORC1-mediated
autophagy also play a role in impaired developmental pruning of neuronal connections in other
ASD models. Together these findings suggest that mTORC1-mediated abnormalities in dendritic spine
number and structure are central in ASD pathogenesis across multiple underlying causes.

Abnormal mTORC1-mediated brain protein synthesis was shown to play a role in the synaptic
pathophysiology of TSC [84,86], FXS [160,166,177] and eIF4E-NS-ASD [49,50] mouse models. In addition,
different responses for overactivated mTORC1 signaling in synaptic plasticity was observed depending on
the ASD mouse model, i.e., mTORC1 may reduce mGluR-LTD in TSC [84] but enhance it in FXS [160,166]
and eIF4E-NS-ASD [49,50], as well as decrease LTP in AS [44,45] and increase it in eIF4E-NS-ASD [49,50].
Interestingly, there is a tendency for those ASD forms with heightened mTORC1-dependent translation of
synaptic proteins, such as FXS and eIF4E-NS-ASD, to display enhanced mGluR-LTD, whereas TSC, which
show decreased mTORC1-dependent translation of synaptic proteins, exhibit impaired mGluR-LTD,
suggesting that altered (either enhanced or reduced) mTORC1-mediated protein abundance of
synaptic proteins, such as Arc, may influence mGluR-LTD and may be implicated in the synaptic
defects and cognitive impairments associated with ASD pathogenesis across different genetic causes.
Although PI3K/mTORC1-associated protein synthesis defects have also been observed in Nf1-deficient
astrocytes [118], in MECP2-deficient human pluripotent stem cells (model of RTT) [233] and in

107



Int. J. Mol. Sci. 2017, 18, 659

lymphoblastoid cell lines from an idiopathic ASD patient [55], further investigation is required in order
to unravel a potential link with synaptic plasticity abnormalities and ASD-like symptoms in these
different ASD models.

Finally, and perhaps most importantly, a direct role for overactivated mTORC1 signaling
in ASD core symptoms is supported by multiple evidence in mouse models of TSC [77,87,88],
PTEN-ASD [100], FXS [160,166] and eIF4E-NS-ASD [49,50], showing that pharmacological or genetic
inhibition of mTORC1 cascade both upstream and downstream of its kinase activity rescues or
attenuates ASD-relevant behaviors, highlighting the potential therapeutic value of drugs targeting this
pathway for patients. Indeed, based on evidence for the benefit of rapamycin and similar drugs on
neurobehavioral deficits in TSC mouse models, clinical trials aimed to evaluate the effect of mTORC1
inhibitors on neurocognition in TSC patients are currently underway [266].

Therapeutic approaches based on mTORC1 inhibition might benefit NS-ASD patients as well.
There are evidences that individuals with Dup15q, which accounts for 1%–2% of all ASD cases,
display aberrant mTORC1 pathway activation [52] and, thus, it would be interesting to develop
preclinical and clinical studies to evaluate the ability of drugs acting on mTORC1 cascade to ameliorate
neurobehavioral function in Dup15q. Lastly, some studies have described mTORC1 signaling defects
in a sub-cohort of patients with idiopathic ASD [51,53–55], although further functional studies are
required to provide additional and mechanistic proof of a causal link between mTORC1 abnormalities
and ASD development in this group of patients. While it is currently difficult to estimate the proportion
of patients with ASD of unknown etiology that show aberrant mTORC1 pathway, pilot studies using
patient-derived non-neuronal cells [53,55] have opened up the exciting possibility of large-scale screens
for mTORC1 signaling defects using more easily accessible patient biological material, which might be
used to select those patients who could possibly benefit from treatments targeting mTORC1 pathway.
It is noteworthy that mTORC1 signaling abnormalities may be caused by a variety of factors in this
group, including genetic, epigenetic and environmental risk factors, which may further complicate
clinical studies; however, in spite of these challenges, identifying a subgroup of patients that will
benefit from mTORC1-targeted therapies will be of paramount importance.

5. Conclusions and Future Directions

A causal relationship has been established between disturbed activation of mTORC1 signaling
pathway and several neurological abnormalities observed in different well-characterized monogenic
syndromes with high prevalence of ASD (TSC, PTEN-ASD, FXS, AS and RTT), and preclinical studies
have shown that modulation of mTORC1 signaling may provide promising avenues for the treatment
of ASD-relevant symptoms. The emerging evidence for aberrant mTORC1 signaling activation in
a subgroup of patients with nonsyndromic/idiopathic ASD also provides an exciting possibility
for the treatment of behavioral and cognitive deficits in these patients as well. The findings that
defective mTORC1 activity can also be detected in non-neuronal more easily accessible cells suggest
that mTORC1 cascade components may potentially be used as biomarkers to identify those patients
most likely to benefit from mTORC1-targeted therapies. However, given the etiological complexity
of ASD in this group, additional studies are required to further explore the mechanistic relevance of
mTORC1 pathway alterations to the disease.

108



Int. J. Mol. Sci. 2017, 18, 659

Box 1. mTOR signaling biology.

mTOR is a large (predicted molecular weight 280 kD) serine/threonine kinase that can combine with
protein binding partners to form one of two functionally distinct mTOR complexes: mTORC1 and mTORC2.
In addition to mTOR, mTORC1 consists of regulatory-associated protein of mTOR (Raptor) and mammalian
lethal with SEC13 protein 8 (mLST8), which are essential for mTORC1 function, as well as proline-rich AKT
substrate of 40 kDa (PRAS40) and DEP domain-containing mTOR-interacting protein (Deptor), inhibitors of
mTORC1 activity (Figure 1). Although most of mTORC1 actions are sensitive to rapamycin, mTORC2 is mostly
insensitive to rapamycin and contains the core components mTOR, mLST8, Deptor, mammalian stress-activated
protein kinase interacting protein 1 (mSIN1), rapamycin-insensitive companion of mTOR (Rictor) and protein
observed with Rictor-1 (Protor-1) (Figure 1). Although much less is known about mTORC2 than is known
for mTORC1, a growing amount of literature demonstrates a role for mTORC2 in cytoskeletal integrity and
neuronal morphology [267,268]. To date, the majority of neurological disorders associated with mTOR signaling
have been linked to mTORC1 [39,269]. In the presence of growth factors, such as insulin, the PI3K is activated
and stimulates phosphatidylinositol (3,4,5)-trisphosphate (PIP3) production. PIP3 accumulation in the plasma
membrane promotes AKT recruitment, phosphorylation and activation by 3-phosphoinositide-dependent protein
kinase 1 (PDK1) and mTORC2. When active, AKT phosphorylates and inhibits TSC2 that, together with TSC1
and TBC1D7 [58], is part of the tuberous sclerosis complex (TSC) [270]. TSC functions as a GTPase-activating
protein (GAP) toward RAS homolog enriched in brain (RHEB), stimulating the conversion of RHEB-GTP to
RHEB-GDP and inactivating this protein. Therefore, the inhibition of TSC by AKT promotes RHEB activation,
which then activates mTORC1 in the presence of amino acids [271,272]. Among several processes, mTORC1
inhibits autophagy and stimulates mRNA translation, which is dependent on the phosphorylation and activation
of S6 kinase (S6K) and inhibition of eukaryotic translation initiation factor 4E (eIF4E)-binding proteins (4E-BPs),
releasing it from eIF4E and enabling interaction with eIF4G and eIF4A to form the eIF4F translation initiation
complex, a critical step in cap-dependent translation (Figure 1). In addition to insulin and amino acids, other
signals modulate mTORC1 activity, such as levels of ATP, glucose and oxygen. Therefore, mTORC1 is considered
a sensor of internal and external cues that maintains cellular homeostasis through modulation of anabolic and
catabolic processes [273].
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Abstract: Autism spectrum disorder (ASD) with intellectual disability (ID) is a life-long debilitating
condition, which is characterized by cognitive function impairment and other neurological signs.
Children with ASD-ID typically attain motor skills with a significant delay. A sub-group of ASD-IDs
has been linked to hyperlactacidemia and alterations in mitochondrial respiratory chain activity. The
objective of this report is to describe the clinical features of patients with these comorbidities in order
to shed light on difficult diagnostic and therapeutic approaches in such patients. We reported the
different clinical features of children with ID associated with hyperlactacidemia and deficiencies in
mitochondrial respiratory chain complex II–IV activity whose clinical presentations are commonly
associated with the classic spectrum of mitochondrial diseases. We concluded that patients with
ASD and ID presenting with persistent hyperlactacidemia should be evaluated for mitochondrial
disorders. Administration of carnitine, coenzyme Q10, and folic acid is partially beneficial, although
more studies are needed to assess the efficacy of this vitamin/cofactor treatment combination.

Keywords: autism; possible mitochondrial disease; vitamins; intellectual disability; muscular tone

1. Introduction

Intellectual disability (ID) represents a significant social and economic burden; About 3% of the
Western population is diagnosed with ID, and these patients require lifelong care [1–3]. An individual is
considered to have an ID based on the following three criteria: (1) An intellectual functioning level (IQ)
below 70; (2) Significant limitations exist in two or more adaptive skill areas (communication, self-care,
home living, social skills, leisure, health and safety, self-direction, functional academics, community
use, and work); and (3) the condition manifests itself before the age of 18 [4,5]. ID is sometimes
associated with autism spectrum disorders (ASDs), behavioral disorders (hyperactivity, irritability, and
self-injurious behavior), epilepsy, and/or other neurological disabilities (ataxia, hypotonia, sensorial
alterations), all resulting in psychological, social, and economic burdens [1,6,7]. There are also some
genetic causes of ID, which constitute 30%–50% of cases [3,7–9], however in the majority of instances
the etiology is unknown. Assessment of molecular defects that result in synaptic deficits as well as
defining suitable therapeutic treatments for these deficits remains a challenge [10].

Mitochondrial diseases can develop because of mitochondrial (mtDNA) or nuclear DNA (nDNA)
mutations, however in many cases no mutations are found. These mutations are uncommon in
the general population and have an estimated prevalence of around 1:8500 [11]. The extremely
heterogeneous clinical presentation of mtDNA and nDNA mutations often causes diagnostic difficulties
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and thus many patients are diagnosed with mitochondrial disease without identifying the mtDNA
or nDNA mutation responsible for the ASD-ID [2]. Additionally, the same genetic mutation can give
rise to multiple varied phenotypes [12]. Mitochondrial respiratory chain (electron transport chain;
ETC) disorders can be difficult to recognize clinically because of their diverse symptoms and clinical
presentations and, as we report here, the diagnosis is often reached late in childhood.

Histopathological, biochemical, and genetic findings [13,14] are normally used to aid final
diagnosis of possible, probable, or definite mitochondrial disease. The clinical presentation almost
always widely varies, making definitive diagnosis of these mitochondrial disorders challenging [15]
and although various criteria and checklists have been established these are more reflective of adult
disease [13,14,16]. Patients with mitochondrial disease often show signs and symptoms such as heart,
pancreas, or liver dysfunction, growth retardation, and fatigability, but sometimes the semiology
is different from classical mitochondrial diseases and patients show symptoms associated with
neurological deficits such as ID, ASD, abnormal muscle tone, seizures, extrapyramidal movements,
and autonomic and ocular dysfunction [17,18].

Here, we report the interesting cases of three patients diagnosed with developmental delay,
ID and ASD, and also with a possible mitochondrial disease accompanied by an ETC deficiency
accompanied by hyperlactacidemia [14]. These cases have an unusual clinical presentation, which
would not normally lead to suspicion of mitochondrial disease. For instance, fewer than three organ
systems were involved, and red-flags for neurological involvement i.e., cerebral stroke-like lesions in a
nonvascular pattern, basal ganglia disease, recurrent encephalopathy, neurodegeneration, epilepsia
partialis continua, myoclonus, ataxia, magnetic resonance imaging (MRI) findings consistent with
Leigh disease, etc., were not present [2]. We provide useful clinical evidence that patients presenting
only ID and an alteration in muscular tone but in the absence of any other systemic signs may,
according to the current classification of these disorders, also have a mitochondrial ETC disorder [14].
Children with ID and ASD who show no systemic signs should therefore be evaluated for comorbid
mitochondrial disorders. In addition we describe some beneficial effects of combined pharmacological
treatment with antipsychotic drugs and vitamins.

2. Results

2.1. Medical History and Clinical Examination

Patient 1: A 17-month-old boy was referred to the neuropediatrician because of generalized
hypotonia and reduced cranial growth perimeter. He was the full-term product of a third pregnancy
(preceded by a spontaneous miscarriage) resulting from a non-consanguineous relationship. His birth
weight was 4.2 kg (60th percentile) and height was 51 cm (50th percentile), he had normal immunization
and had an Apgar score of 9. However, he showed global developmental delay according to the
Peabody Developmental Motor Scale 2 (PDMS-2) and the Battelle developmental inventory 2 (BDI-2;
see Section 4.1).

Head support was achieved at seven months, with stable seating and autonomous position attained
at 12 months; he started to walk autonomously at 30 months, and his first raw words appeared at
12 months. There was no family history of metabolic or neurological disease. Upon physical examination,
his weight was 10 kg (50–75th percentile), height was 72 cm (90th percentile), head circumference was
41.5 cm (10th percentile, microcephaly), and his general condition was regular except for generalized
hypotonia and loss of strength in the upper part of his lower-limbs but with normal deep tendon I/IV
reflexes. No dysmorphic features, skin blemishes, or cardiopulmonary alterations were observed.

Patient 2: A two-year-old girl was referred to the neuropediatrician for psychomotor delay and
generalized hypotonia. She was the term product of a first pregnancy resulting from a non-consanguineous
relationship. Her birth weight was 2.7 kg (10th percentile), her height was 50 cm (50th percentile), and she
had normal immunization. At birth, her Apgar score was 7 because of a delayed birth cry. Head support
was achieved at 12 months, with a stable seating position achieved for the first time at 24 months, and
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autonomous walking at 30 months. Her first raw words appeared at 12 months but she did not produce
complete sentences. She exhibited global developmental delay according to the PDMS-2 scale and
BDI-2 inventory (see Section 4.1).

There was a family history of diabetes (four aunts and her maternal grandfather). Upon physical
examination she had a weight of 13.5 kg (50–75th percentile), a height of 93 cm (90th percentile),
head circumference of 43 cm (10th percentile, microcephaly), hypertonia in the left hemibody, and
deep tendon hyperreflexia in her left-hand side limbs. There were no dysmorphic features, skin
blemishes, or pulmonary alterations, and although her mitral valve was hyperelastic it was competent.
Her thorax radiography, karyotype, and the EEG were normal, but an MRI showed ventriculomegaly
with a prominent cysterna magna but without signs of displacement or compression (Figure 1A).
Her associated clinical features are summarized in Table 1.

Table 1. Summary of the clinical features of the three patients described in this case study.

ID
Patient 1 Patient 2 Patient 3

Severe Moderate Severe

Hypotonia YES YES (hypertonia at 1.5
months in the left hemibody) YES

EEG Alteration NO NO YES
Seizure NO NO NO

Developmental Delay (Before age 5) YES YES YES
Behavioral Problem (Irritability) YES NO YES

PDD-NOS (According to DMS-IV)

YES
(fulfilled 2 criteria of ASD

diagnosis: Qualitative
abnormalities in

communication and
reciprocal social interaction)

YES
(fulfilled 1 criterion of ASD

diagnosis: Qualitative
abnormalities in
communication)

YES
(fulfilled 2 criteria of ASD

diagnosis: Qualitative
abnormalities in

communication and
reciprocal social interaction)

Microcephaly YES YES NO
MRI Alteration (Ventricle enlargement) YES YES YES

ID: Intellectual disability; EEG: Electroencephalography; PDD-NOS: Pervasive developmental disorder-not
otherwise specified; DMS-IV: Diagnostic and statistical manual of mental disorders, fourth edition; and MRI:
Magnetic resonance imaging.

Patient 3: A 19-month-old boy was referred to the neuropediatrician for psychomotor delay
because he was unable to maintain an autonomous seating position or to autonomously walk, and
he made poor visual contact and could not pronounce any words. He was the term product of a
first pregnancy resulting from a non-consanguineous relationship, and there was no family history
of metabolic or neurological diseases. His birth weight was 2.9 kg (50th percentile), his height was
74 cm (50th percentile), he received normal immunization, and his Apgar score was 9. He started to
autonomously stand up from the age of three and there was autonomous ambulation at 40 months. His
first raw words appeared at 12 months but he did not communicate intentionally or make any sentences.
He exhibited global developmental delay according to the PDMS-2 scale and BDI-2 inventory (see
Section 4.1), which was later defined as severe ID.

Upon physical examination his weight was 15 kg (50–75th percentile), height was 83 cm (90th
percentile), and he had a normal head circumference of 47 cm. He presented moderate generalized
hypotonia accompanied by a reduction of strength in his upper limbs and hyperreflexia (deep tendon
II/IV reflexes). There were no dysmorphic features, skin blemishes, visceromegaly, or cardiopulmonary
alterations. His thorax radiography and karyotype were normal, but a brain MRI showed cerebral
atrophy, prominent cysterna magna, and a moderately increased ventricular volume (Figure 1B).
An EEG during natural sleep showed generalized spikes of slow waves (1–2 Hz high voltage), although
he never presented seizures. He was diagnosed with severe psychomotor delay, ID, and a possible
mitochondrial disease due to decreased mitochondrial respiratory chain complex I activity. His clinical
features are summarized in Table 1.
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Figure 1. Magnetic resonance image of patient 2 (A) and 3 (B) showing an increase in lateral cerebral
ventricle volume, diffuse enlargement of the cortical spaces, and cortical atrophy.

2.2. Blood and Muscle Laboratory Tests

Blood laboratory test results were normal for hemoglobin, hematocrit, leukocytes, platelets,
glucose, urea, creatinine, alkaline phosphatase, alanine and aspartate transaminases (AST and
ALT, respectively), total bilirubin concentration, cholesterol (above 145 mg/dL), ammonia, thyroid
hormones, and thyrotropin for all three patients. The concentration of organic acids in urine, biotinidase,
and cystine/homocysteine, acylcarnitine panel as well as all amino acids (including alanine) were
also within the normal range. Due to persistent hyperlactacidemia (analysis was repeated three times
on different days) and the clinical phenotypes of all three patients, femoral muscle biopsies were
taken to evaluate any metabolic or histological alterations suggestive of a mitochondrial disorders; we
measured mitochondrial ETC complex activity at three years for patient 1, 3.5 years for patient 2, and
at 2.4 years for patient 3.

Patient 1: Blood gas analysis showed metabolic acidosis with pH 7.20, partial pressure of carbon
dioxide (PCO2) was 50 mmHg, partial pressure of oxygen (PO2) was 134 mmHg, bicarbonate (HCO3

−)
was 17.6 mEq/L, and the base excess (BE) was −6.8 mEq/L. Serum electrolytes were normal average
(sodium, potassium, and chlorine were 139, 4.80 and 105 mEq/L, respectively). Further tests revealed
elevated levels of fasting lactate (2.96 mM; normal range 0.95–2.30), postprandial lactate (3.84 mM;
normal range 1.95–3.0), fasting pyruvate (0.1 mM; normal range 0.05–0.09), postprandial pyruvate (0.15
mM; normal range 0.08–0.13), fasting lactate pyruvate ratio (29.6), and postprandial lactate pyruvate
ratio (25.6). These details are summarized in Table 2.

Analysis of the muscle homogenate revealed a 30%–50% reduction in the enzymatic complexes
II, III, and IV, and a slight reduction (12%) in coenzyme Q10 concentration (CoQ10). Mild and
non-specific histological alterations in muscle fiber size were observed by optical microscopy. No
known mtDNA mutations were found. The final diagnosis was severe ID (35th IQ percentile at
age five), a possible mitochondrial disease (based on current diagnostic criteria [13,14]), a pervasive
developmental disorder not otherwise specified (according to the DMS-IV criteria and the Autism
Diagnostic Interview—Revised), and microcephaly.
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Table 2. Metabolic energy study performed on muscle biopsy samples. The enzymatic activity of
mitochondrial respiratory chain complexes (I–IV) was corrected for the presence of citrate synthase
(CS). Succinate dehydrogenase activity was assessed in the presence of phenazine methosulfate, which
acts as part of the electron transfer system. The measurement unit for each enzyme/complex activity
was mU/U, and this was normalized to CS activity. Lactate values and the lactate/pyruvate ratio
found in the plasma are shown. Values that are underlined represent those that are outside the normal
range for children without mitochondrial disease.

Enzyme Activity or Metabolite Concentration Patient 1 Patient 2 Patient 3 Control Values

NADH: Cit C oxidoreductase (Complex I + III) (mU/U CS) 156 310 253 107–560
Succinate: Cit C oxidoreductase (Complex II + III) (mU/U CS) 49 111 35 75–149

Succinate: DCPIP oxidoreductase (Complex II) (mU/U CS) 29 48 27 33–69
Succinate Dehydrogenase (mU/U CS) 74 119 79 57–239

Decylubiquinone: Cytochrome C oxidoreductase (Complex III) (mU/U CS) 498 597 615 610–1760
Cytochrome C oxidase (Complex IV) (mU/U CS) 287 501 291 590–1300

Coenzyme Q10 (nmol/U CS) 2.3 2.6 2.9 2.6–8.4
Citrate Synthase (nmol/min/mg) 243.7 125.7 350 71–200

Fasting Lactate (mM) 2.96 2.64 4.56 <2.30
Postprandial Lactate (mM) 3.84 2.82 5.15 <3

Fasting lactate/pyruvate ratio 29.6 47.7 14.2 10–15
Postprandial lactate/pyruvate ratio 25.6 42.2 24.5 10–15

Patient 2: Blood gas analysis showed the following: pH 7.35, PCO2: 26.8 mmHg, PO2: 98.9 mmHg,
HCO3: 24.3 mEq/L, and BE: −0.3 mEq/L (as shown in Table 2). Sodium, potassium, and chlorine
serum electrolytes were 136, 4.93, and 102 mEq/L, respectively. Fasting lactate was elevated at
2.64 mM, while fasting pyruvate and the fasting lactate pyruvate ratio (0.06 mM and 47.67, respectively,
were within the normal range). No histological alterations were observed by optical microscopy.
Analysis of the muscle homogenate revealed a significant reduction in the activity of the mitochondrial
respiratory chain enzymatic complexes III (decylubiquinol cytochrome c oxidoreductase) and IV
(cytochrome c oxidase) to within 5% and 15% of the lower limit of their normal ranges, respectively
(Table 2). No known mtDNA mutations were found and the final diagnosis was moderate ID (50th
IQ percentile at age five), microcephaly, a pervasive developmental disorder not otherwise specified
(using DMS-IV and the criteria of Autism Diagnostic Interview—Revised), and based on current
diagnostic criteria [13,14], a possible mitochondrial disease.

Patient 3: Blood gas analysis showed metabolic acidosis with pH 7.33, PCO2 of 25 mmHg, PO2

of 90 mmHg, HCO3 at 17.5 mEq/L, and a BE of −5.5 mEq/L. Serum electrolytes were: sodium
144 mEq/L, potassium: 4.7 mEq/L, and chlorine: 101 mEq/L. Other tests revealed significantly
elevated fasting lactate (4.56 mM; normal range 0.95–2.30), postprandial lactate (5.15 mM; normal
range 1.95–3.0), and fasting pyruvate (0.21 mM; normal range 0.08–0.10). Postprandial pyruvate
was slightly above normal (0.15 mM; normal range 0.08–0.13), and fasting lactate pyruvate and
postprandial lactate/pyruvate ratios were normal (14.2 and 24.5, respectively). Analysis of the muscle
homogenate revealed a significant reduction (by 20%–45%) in the activity of mitochondrial respiratory
chain complexes II and IV/I as well as increased CS. These data are summarized in Table 2. Optical
microscopy revealed mild and non-specific histological variations in muscular fiber size. No known
mtDNA mutations were found. The final diagnosis was moderate ID (55th IQ percentile at age five), a
pervasive developmental disorder not otherwise specified (defined by the DMS IV and the criteria
of Autism Diagnostic Interview—Revised), and a possible mitochondrial disease based on current
diagnostic criteria [13,14].

2.3. Pharmacological Treatment

All three patients were started on the same initial treatment regime of 50 mg/Kg/day L-carnitine,
a vitamin B complex (50 mg each of vitamin B1and B2, 15 mg B3, 2 mg B6, and 10 mg B12), and 30 mg
CoQ10 divided twice daily, and 5 mg folic acid given once a day.

128



Int. J. Mol. Sci. 2015, 16, 3870–3884

Patient 1: After one year of pharmacological treatment his intellectual abilities improved and he
reached the 45th IQ percentile. This patient is currently seven years old and does not show any motor
delay, motor alterations, or hypotonia. He recently displayed a behavioral disorder characterized by
hyperactivity and irritability (as defined by the fifth edition of the diagnostic and statistical manual of
mental disorders [DSM-5] by the American psychiatric association [19]), which was accompanied by
psychotic reactions. These symptoms, as well as a sleep problem, greatly improved after he was started
on risperidone (0.5 mg twice a day). It is unlikely that this antipsychotic drug caused the improvement
of his ID because these changes were present before risperidone therapy, rather it is more likely that
risperidone allowed him to be more responsive to other therapeutic interventions, and gave him a
better ability to demonstrate his cognitive status when assessed. His intellectual abilities still remain
stable (an additional year after the implementation of initial pharmacological treatment), however, he
still uses very few words and is not able to construct complete sentences; he attends a special school to
which he has adapted well.

Patient 2: This patient is currently nine years old and she attends a special school; She now walks
autonomously with mild ataxia and instability. Once she started pharmacological treatment both
signs (ataxia and tremor) disappeared, if CoQ10 is withdrawn she becomes ataxic and a strong hand
tremor ensues. She is able to construct simple sentences and to communicate verbally; she understands
verbal instructions and presents moderate ID that improved after treatment, reaching the 60th IQ
percentile after 10 months of pharmacological treatment. After an additional year of this treatment
her ID remains stable and although her hypertonia improved it still remains present at the lower limb
level. This patient has never been referred for behavioral or sleep problems.

Patient 3: This patient is currently six years old and he attends a special school, which he has
accepted well. His language is very poor and he displays episodes of irritability that improved
following administration of 0.75 mg risperidone twice a day. Similar to patient 1, improvement
of cognitive status was not due to risperidone treatment since it was started eight months after
starting the mitochondrial drug combination treatment. ID also improved by 10 IQ points with this
pharmacological treatment compared to before starting treatment (he reached the 60th IQ percentile,
compared to the 50th measured a year before treatment started).

3. Discussion

Mitochondrial respiratory chain complex disorders are the most prevalent group of inherited
neurometabolic diseases [2,3]. Classically, their clinical manifestation includes central and peripheral
neurological manifestations, usually associated with the involvement of other organs including the
eye, heart, liver, and kidneys, and may cause diabetes mellitus and/or sensorineural deafness.
Patients with ID and a mitochondrial disease generally present several symptoms which are
rarely observed in idiopathic ID, which can include tremor, ataxia, pancreatic or liver dysfunction,
cardiac or hematological alterations, growth retardation, and/or ophthalmological or auditory
signs [16,20–22]. Mitochondrial diseases are caused by abnormalities in the mitochondrial ETC, and
may be accompanied by ID and an ASD in some individuals. Hypotonia with a long delay in motor
development milestones such as head support, or stable autonomous seating and walking, can also
suggest the presence of a mitochondrial disorder.

All three patients described in this study fulfilled the criteria for global developmental delay
(under age five) and ID (over age five) according to the consensual terminology [23]. Their cranial
MRIs showed a symmetrical increase in lateral cerebral ventricle volume and there was cortical atrophy
in case 3. Interestingly, in addition to general hypotonia on the right side of her body, patient 2 also
showed additional spasticity on the left side. This clinical finding probably represents a prior insult to
the right hemisphere, as shown by asymmetry of lateral ventricles in her MRI image. Non-specific
global MRI abnormalities such as abnormal or delayed myelination, atrophy, ventricle enlargement,
or specific brain structural changes are common in patients with mitochondrial disorders and/or ID,
especially those with clinical central nervous system involvement [16,24,25]. However, specific MRI
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findings (lesions in specific brain areas) are more likely to be associated with syndromic phenotypes,
as in the case of MELAS (mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes),
Leigh, or Pearson/Kearns-Sayre syndromes [24,26,27]. Nonetheless, it should be stressed that brain
MRI results can also appear normal in some patients with mitochondrial diseases.

Microcephaly, which was present in patients 1 and 2, has been described in both mitochondrial
disorders and in ID cases [28], but its significance is poorly understood in terms of clinical presentation.
Additionally, many patients with ID and mitochondrial disorders also have epilepsy [29] although,
as reported here, EEG activity was abnormal in patient 3 and he had no clinical seizures, meaning
that the lack of epilepsy does not exclude a mitochondrial disorder diagnosis. Some patients with
mitochondrial diseases have hyperlactacidemia, which can be interpreted as a sign of mitochondrial
metabolism impairment [30]. However, an increase in plasma lactate concentration is observable in
many acute or chronic diseases and lactic acid in blood can be found within the normal range in some
patients with mitochondrial disorders [2]. A persistent increase in plasma lactate concentration was
found in all three cases and was accompanied by variable changes in pyruvate concentration (a slight
increase in case 1, normal range in case 2, and a strong increase in case 3). Persistent hyperlactacidemia
and an increased lactate/pyruvate ratio suggested to us that we should evaluate the presence of
mitochondrial alterations by analyzing ETC activity in muscle tissue.

Our experience suggests that measuring the ratio of fasting lactate/pyruvate is recommendable
in patients with ID with suspected mitochondrial disorders in order to further direct the diagnosis
towards more relevant assays (i.e., muscle biopsy, a detailed MRI/MRS study, or more sophisticated
physiological measurements). In many cases a mitochondrial protein mutation is likely responsible for
the clinical phenotype but in others, as reported here, no known mutations can be identified [31,32].
Based on these difficulties, and given that classical mitochondrial diseases affect only a small number
of individuals with ID and ASD, we cannot exclude de novo mutations or secondary mitochondrial
dysfunction in these patients. When these types of changes occur, they are accompanied by genetic
abnormalities or biochemical defects in respiratory chain enzymes. Patient 1 and 3 had a 25%–50%
complex II–IV deficiency, patient 1 also had slightly diminished levels of muscular CoQ10 (by 12%), and
patient 2 displayed a 5%–15% decrease in complex III and IV activity. These biochemical findings are
rare and add clinical relevance to this report since complex I deficiency is the most commonly observed
deficit, and it presents either alone or in association with other respiratory complex deficits [33]. These
cases adds new information compared to the previous reported cases of ASD and mitochondrial
disease since the typical reported features such as gastro-intestinal symptoms (red-flags for, other
organ involvement (eyes, liver, hearth, etc.) and regression were missing in these patients [21].

Pharmacological treatment for these patients remains limited, and a Cochrane Collaboration
systematic review [34] concluded that there is currently no clear evidence supporting the systemic use
of such interventions in patients with mitochondrial disorders. Symptomatic therapy can be effective in
some patients with mitochondrial disorders [32,35] however a limited, or no, clinical effect is observed
in the majority of cases [34]. It is clear that the efficacy of these treatments needs to be confirmed by
randomized clinical trials performed in homogeneous study samples (with clinical features similar to
the patients described in this report), which have clinically relevant primary endpoints. The limited
size of our series limits our ability to recommend the use of any pharmacological treatments to treat
patients with similar mitochondrial diseases. However, the treatments we administered to our patients
could be described as almost empirical: there is currently very little evidence in the literature for drug
combinations, which have a beneficial effect for such cases, and there are no FDA-approved drugs for
this patient profile.

The administration of vitamins B1, B2, B3, folic acid (vitamin B9), carnitine, and Coenzyme Q,
and their dosage was selected on the basis of the few reports we did find that show some benefit in
patients with mitochondrial disease, as reviewed elsewhere [36,37]. Vitamin B6 and B12 were chosen
because they have shown some benefit in patients with ASD and mitochondrial dysfunction [32,38].
Encouragingly, we observed a general (although variable) clinical improvement after pharmacological
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treatment with this combination, and interestingly, this beneficial effect was observed for ID (a
condition which is classically considered to be stable over time and rarely scored after pharmacological
treatment in this subgroup of patients), ASD, and in muscular tone signs. In contrast, other CNS
manifestations such as sleep problems, irritability, and hyperactivity only improved following the
administration of the neuroleptic drug risperidone. These results, although limited to case reports,
suggest that administration of this mitochondrial “cocktail” as a symptomatic treatment can have
some beneficial effects.

Undoubtedly the efficacy of this treatment should be evaluated in a large sample of patients
with concomitant ID, ASD, hyperlactacidemia, and possible mitochondrial disorders. It is important
to note that mitochondrial energy metabolism disorders may be missed in children with ID-ASD
because its symptoms overlap with idiopathic ID, ASD, and other developmental disorders and
secondary mitochondrial dysfunctions cannot be completely ruled out in these patients since their
clinical phenotype fulfills that of a possible mitochondrial disorder [14]. In conclusion, our report
supports the idea that some children with ID, ASD, and hyperlactacidemia may have a mitochondrial
disorder with clinical manifestations different from, or less severe than, those patients with the known
phenotypes of other well-characterized mitochondrial diseases.

These data offer clinicians a valuable set of benchmark parameters which can be used as a reference
for suspected mitochondrial diseases in patients with ID, ASD, hypotonia, and for those with other
non-systemic involvement (besides the muscular and nervous system). However it should be pointed
out that these patients manifested additional and diverse clinical signs, i.e., acquired microcephaly,
hemi-spasticity, EEG alterations without clinical convulsions, and MRI imaging alterations, and
non-specific pervasive developmental disorders (according to DMS-IV). The diagnosis of an associated
mitochondrial disorder in patients with ID and ASD is sometimes difficult and requires knowledge
of several different clinical presentations (as shown in Table 1). Each of these clinical features is
shared by a subgroup of patients with idiopathic ID however these features alone are not sufficient to
suggest mitochondrial disease unless other signs and symptoms are present. Despite the biochemical,
histological, and genetic limitations that determine the final diagnosis of mitochondrial disease, this
etiological possibility must be considered for primary or secondary mitochondrial respiratory chain
disorders in children with ID and ASD in order to reach an early diagnosis and start prompt treatment
and rehabilitation programs. There is a clear need of more advanced genetic testing of mtDNA and
nDNA genes using next generation sequencing to help identify new genetic lesions (mutations) seen
in these types of patients.

4. Experimental Section

4.1. Clinical Examinations

Each individual was subjected to a general physical, neurological, and psychological examination
performed by a neuropediatrician, neurologist, and psychologist. Developmental delay was assessed
under the age of 5 years using the standardized and validated Peabody Developmental Motor Scale 2
(PDMS-2) [39]. The Battelle developmental inventory (BDI-2) [40] was used to perform a comprehensive
developmental assessment. The diagnosis of ID was made between 4.5–5 years of age using Raven’s
Colored Progressive Matrices (CPM) [41]. This is a standardized instrument for assessing non-verbal
general intelligence in children aged 5 years and over and for adults with ID for the purposes of
clinical investigation. The overall score in each scale/inventory was transferred into a centile using the
age-appropriate norms given by this scale. Testing was done in all three patients in order to exclude
the common genetic causes of ID, such as fragile X syndrome, Prader–Willi syndrome, MECP2, and
karyotype alterations (chromosomal deletions and duplications). Genetic testing for fragile X syndrome,
Prader–Willi syndrome, MECP2 were done in University of Alabama (Med. Genomics Lab, Dr. L.
Messiaen, Birmingham, USA) after extraction of genomic DNA from peripheral blood samples collected
in EDTA (1 mM) in a volume of about 5 mL. Fragile X syndrome was analyzed by Southern blot
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analysis using primary restriction site EcoRI, (5.2 kb) and EagI (internal methyl-sensitive site) digestion,
probed with StB12.3. After this analysis, fragile X syndrome was excluded in all three patients (CGG
29; 30; 48 for patient 1, 2 and 3, respectively). Analysis of MECP2 was performed by amplifying the
MECP2-coding exons and flanking intronic sequences. The following primer pair was used to amplify
exon 1: forward Rett-EX-1F 5'-GCAGCTCAATGGGGGCT-TTCAACTT-3' and reverse Rett-EX-1R
5'-GGCACAGTTA-TGTCTTTAGTCTTTGG-3'. PCR were performed and the products extracted from
agarose gel using QIAquick gel extraction kit (Qiagen, Hilden, Germany) according to manufacturer’s
protocol. Sequencing of the PCR products was performed by ABI prism BigDye Terminator (Applied
Biosystem, Foster City, CA, USA) and separated by capillary electrophoresis and detected via laser
induced florescence and compared with reference MECP2 sequence. Prader–Willi syndrome (PWS)
was performed with the methylation test by Southern blot. For the analysis a double digestion was
done with the enzymes Hind III and Hpa II (sensitive to methylation) and subsequent hybridization
with the PW71B probe (patients without Prader–Willy or Angelman syndrome displayed a pattern
with two bands (6 and 4 kb). Karyotype was performed at Oriente University, Faculty of Medicine in
Ciudad Bolivar (Venezuela) by analyzing specimens that were processed using direct methods and
unstimulated short-term (24- and 48-h) cultures with G-banding analysis (550–850 band). A minimum
of 20 metaphases was required to define a normal karyotype. Analysis of known mitochondrial
ASD/ID gene mutations according to patients’ phenotype are described in the Section 4.3 Autism
spectrum disorder was assessed by Autism Diagnostic Interview—Revised (according to DMS IV
criteria).

4.2. Blood Analysis

Blood samples were extracted in both the fasting and postprandial condition for analytical and
biochemical assessments. In order to prevent erroneous lactate elevations due to a poor venipuncture
technique or because of the use of a tourniquet, an indwelling butterfly needle was placed in order to
permit blood sample collection after the patient had settled for 30 min.

4.3. Muscle Tissue Analysis

A quadricep muscle was biopsied and the sample was frozen until analysis with light and electron
microscopy, as well as for mtDNA content using real time PCR analysis and for the following mutations:
T3271C and A3243G in tRNA-leu (UUR), A8344G and T8356C in tRNA-lys, T8993C and T8993G in
subunit 6 of ATPase gene, G3460A and G11778A, mutation at 8993 and common deletion of mitochondrial
DNA that causes Kearns-Sayre syndrome (KSS), progressive external ophthalmoplegia (PEO) or Pearson
syndrome. MtDNA deletions and depletion were analyzed as previously described [42,43]. The percentage
of m.6955G>A transition was analyzed by last-cycle radioactive PCR/RFLP by using primers HmtL6954
(GGATTCATCTTTCTTTTCACCCTAG) and HmtH7114 (TGGCGTAGGTTTGGTCTAGG). HmtL6954
contains a mismatch (G-C) at nucleotide position 6951. The amplicon size is 204 bp and the PCR conditions:
94 ◦C 2min (94 ◦C 30 s/55 ◦C 30 s/72 ◦C 1 min 30 s) 35 cycles, 72 ◦C 5 min. 0.5 μL of (α-32P) dCTP
at 10 mCi/mL was added to each PCR reaction before the last cycle. The restriction enzyme BlnI
(C/CTAGG) cuts the amplicon in two fragments of 183 + 21 bp. The m.6955G>A transition removes
the cutting site. The levels of the mutant mtDNA were quantified by using the GelProAnalyzer 4.0
program. The revised human mitochondrial DNA Cambridge reference sequence (GenBank REFSEQ
AC_000021.2) was used. All of these mtDNA depletion analyses were negative.

4.4. Determination of Mitochondrial Respiratory Chain Complexes

Small pieces of frozen muscle tissues were homogenized (1/30 weight per volume) in a solution
containing 50 mM Tris buffer (pH 7.5), 100 mM potassium chloride, 5 mM MgCl2, and 1 mM
ethylenediaminetetraacetic acid using a glass/glass homogenizer. Enzyme activities were assayed at
30 ◦C using a spectrophotometer and were calibrated against CS activity.
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ETC function analysis is presented as enzyme complex activity, namely: Nicotinamide
adenine dinucleotide (NADH): Coenzyme Q1-oxidoreductase (complex I), NADH: Cytochrome
c-oxidoreductase (complex I + III), succinate: Cytochrome c-oxidoreductase (complex II + III),
ubiquinone: Cytochrome c-oxidoreductase (complex III), cytochrome c-oxidase (complex IV), in all
cases using CS as a mitochondrial marker enzyme, as previously described [44,45]. The concentration
of CoQ10 was determined according to Montero et al. [46]. Abnormalities in ETC function were
compared to the standard range in age-matched control subjects used in each diagnostic laboratory.

Each patient’s parents were requested (and gave) written informed for consent to allow their
child’s medical information to be anonymously abstracted into a clinical database that contained their
medical history, physical examination findings, and the results of neurological, psychological, and
metabolic tests. The protocols described in this manuscript follow rules approved by the institute’s
ethical committee.

5. Conclusions

In conclusion, our experience suggests that children with ID, ASD, and with abnormal
neurological or muscular involvement but without other systemic findings should be also evaluated
for mitochondrial disorders (blood biochemical screening tests) and these disorders should be included
in the differential diagnosis of secondary ID/ASD. Other genetic causes such as single gene disorders
with ID or ASD as a feature via candidate gene mutation screening, clinical genetics evaluation and
microarray analysis should be performed in patients presenting with these findings. Advanced genetic
testing results could impact on clinical care and genetic risk counseling for family members.
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Abstract: Phenylketonuria (PKU) is the most common genetic metabolic disease with a well-documented
association with autism spectrum disorders. It is characterized by the deficiency of the phenylalanine
hydroxylase activity, causing plasmatic hyperphenylalaninemia and variable neurological and
cognitive impairments. Among the potential pathophysiological mechanisms implicated in autism
spectrum disorders is the excitation/inhibition (E/I) imbalance which might result from alterations
in excitatory/inhibitory synapse development, synaptic transmission and plasticity, downstream
signalling pathways, and intrinsic neuronal excitability. Here, we investigated functional and molecular
alterations in the prefrontal cortex (pFC) of BTBR-Pahenu2 (ENU2) mice, the animal model of PKU.
Our data show higher frequency of inhibitory transmissions and significant reduced frequency of
excitatory transmissions in the PKU-affected mice in comparison to wild type. Moreover, in the pFC
of ENU2 mice, we reported higher levels of the post-synaptic cell-adhesion proteins neuroligin1
and 2. Altogether, our data point toward an imbalance in the E/I neurotransmission favouring
inhibition in the pFC of ENU2 mice, along with alterations of the molecular components involved in
the organization of cortical synapse. In addition to being the first evidence of E/I imbalance within
cortical areas of a mouse model of PKU, our study provides further evidence of E/I imbalance in
animal models of pathology associated with autism spectrum disorders.

Keywords: neurotransmission; excitation and inhibition balance; cognitive delay; prefrontal cortex;
neuroligins

1. Introduction

Several reports suggest an association between autism and inherited metabolic diseases among
which phenylketonuria (PKU), suggesting that autism spectrum disorders might represent the end
result of a dysfunction caused by a metabolic block in the brain [1]. PKU is the prototypical human
Mendelian disease (OMIM 261600; overall incidence of 1 in 10,000) resulting from impaired activity
of phenylalanine hydroxylase (PAH), the enzyme necessary to convert phenylalanine (PHE) to
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tyrosine. This deficiency causes hyperphenylalaninemia (HPA), which is especially harmful for the
brain during the first years of life, resulting in variable neurological and mental impairments [2–4].
Previous evidence from our group demonstrated that the accumulation of PHE in the brain
of BTBR-Pahenu2 (ENU2) mice impairs protein levels and enzymatic activity of the tryptophan
hydroxylase, the rate-limiting enzyme responsible for serotonin biosynthesis [5], and that the serotonin
reduction in the brain causes cortical morphological alterations such as a reduction in the dendritic
spine density and maturation [6]. Restoring normal levels of brain serotonin in the ENU2 mice,
during the third post-natal week, allowed the recovery of some cognitive functions as well as the
morphological maturation of pyramidal neuron dendritic spines in the prefrontal cortex (pFC) [6].

We have investigated functional alterations and molecular rearrangements typically associated
with neurodevelopmental disorders in an animal model of PKU in order to explore possible common
molecular mechanisms in comorbidity with autism. Alterations in excitatory/inhibitory (E/I) ratio in
cortical circuitry have been reported in several animal models for neurodevelopmental disorders in
association with cognitive delay [7], providing experimental models to define abnormal molecular
mechanisms and to identify new therapeutic targets. Since synaptic transmission is regulated by a
plethora of molecules where cell-adhesion molecules are emerging as crucial players [8], we have
studied the neuroligin/neurexin (NLGN/NRXN) pathway involved in the maturation of the inhibitory
and excitatory synapses [9]. Moreover, genes directly involved in the regulation of the ratio between
excitation and inhibition represent risk candidate genes [10]. Copy number variations and/or several
single point mutations in the NLGN/NRXN synaptic pathway have been detected in association to
neurodevelopmental disorders [11] including autism spectrum disorders [12–17].

Here we investigate, for the first time, the functional and molecular features underlying the
morphological and biochemical phenotype reported in the pFC of ENU2 mice, the genetic murine
model of the most common metabolic inborn error. Our data support the hypothesis that in PKU,
unknown mechanisms linked to PHE accumulation lead to a E/I imbalance shifting toward inhibition,
accompanied by altered expression levels of specific members of the synaptic family of the Neuroligin
proteins, classically linked to autism.

2. Results

2.1. Analysis of Inhibitory and Excitatory Transmission in Layer II/III of ENU2 pFC

ENU2-mutant mice exhibit abnormal behaviors that mimic the intellectual disability symptoms
observed in human PKU untreated patients. In order to assess whether immature spine morphology
and cognitive impairments described for PKU in the ENU2 mice [6] reflect functionally a different
cortical activity in comparison to parental controls, we have measured the spontaneous inhibitory
postsynaptic currents (sIPSC) and spontaneous excitatory postsynaptic currents (sEPSC) from layer
II/III of brain pFC by using whole-cell patch clamp recordings. We have analyzed synaptic transmission
by assessing amplitude and frequency of action potential dependent inhibitory and excitatory
spontaneous events from slices obtained by ENU2 and relative control mice at postnatal day 60 (PND
60). We have measured cumulative probability of amplitude and inter-event interval of frequency for
sIPSC and sEPSC. As shown in Figure 1a, we have found higher frequency of sIPSC in ENU2 mice
compared to wild-type (WT) (K–S test p < 0.001, t-test p = 0.0412 ENU2 n = 8 vs. WT n = 7, Figure 1A)
and significant reduced frequency of sEPSC in ENU2 mice compared to WT (K–S test p = 0.0091, t-test p
= 0.0433 ENU2 n = 7 vs. WT n = 6, Figure 1B). Consistently, the E/I ratio was also significantly reduced
in ENU2 mice compared to WT (t-test p = 0.0306, ENU2 n = 6 vs. WT n = 6 Figure 1C).

137



Int. J. Mol. Sci. 2017, 18, 941

Figure 1. BTBR-Pahenu2 (ENU2) mice show altered excitatory/inhibitory (E/I) balance. (A) Pooled
cumulative distributions of spontaneous inhibitory post synaptic currents (sIPSCs) amplitude (left;
bin size 10 pA) and inter-event interval (right; bin size 50 ms) recorded from neurons of wild type
(WT, n = 8) and ENU2 (n = 7) mice. Representative traces are shown on top. (B) Pooled cumulative
distributions of spontaneous excitatory post synaptic currents (sEPSCs) amplitude (left) and inter-event
interval (right) recorded from neurons of WT (n = 7) and ENU2 (n = 6) mice. Histograms are averages
(mean ± S.E.M) of the corresponding median values of sEPSCs frequency for the same neurons.
Representative traces are shown on top. (C) Histograms are averages (mean ± S.E.M) of E/I ratio
recorded from WT (n = 6) and ENU2 (n = 6). Representative traces are shown on the left. (* p < 0.05).

The reported electrophysiological alterations resemble those typically associated with other
neurodevelopmental disorders [7], such as autism, where the excitatory and inhibitory balance is
functionally impaired and might account for the cognitive phenotype.
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2.2. Protein Levels of Synaptic Cell Adhesion Molecules in the pFC of ENU2 Mice

Synaptic cell adhesion molecules operate in concert with neurotransmitter receptors to ensure
proper function of synaptic circuits [18]. The NLGN/NRXN pathway is currently one of the most
studied trans-synaptic codes acting in the organization of the excitatory and inhibitory synapses.
The NLGN family is made of four members (1, 2, 3, 4), encoded by different genes, with NLGN1
being specifically localized to excitatory postsynaptic densities while NLGN2 is found in inhibitory
postsynaptic specializations and NLGN3 is present at both [19]. NLGNs play a crucial role in the
recruitment of neurotransmitter receptors at the synapse and in the control of the E/I balance in the
brain [20].

We have initially quantified the levels of all the NLGNs by western blot using a PAN-antibody.
Analysis of NLGNs levels revealed an increasing trend in the ENU2 mice that however did not present
significant results in comparison to WT mice (t-test p = 0.2162, ENU2 n = 8 vs. WT n = 7 Figure 2A).
We have then investigated the levels of each family member by using antibodies specific for each of
the NLGNs forms. We found that NLGN1 (t-test p = 0.0142, ENU2 n = 14 vs. WT n = 18 Figure 2B)
and NLGN2 (t-test p = 0.0266, ENU2 n = 14 vs. WT n = 13, Figure 2C) resulted in increased ENU2 in
comparison to WT mice. Non-significant differences were observed for NLGN3 between ENU2 and
WT mice (t-test p = 0.543, ENU2 n = 14 vs. WT n = 17 Figure 2D). These observations suggest that the
functional differences in the ENU2 pFC reflect a different regulation of molecular synaptic components.

Figure 2. Neuroligins (NLGNs) levels in the pFC of ENU2 mice. Protein levels were quantified
by densitometry after western blot analysis for total NLGNs and for NLGN1, 2, and 3 family
members. Values were normalized to GAPDH loading control and are represented as a box plot
of their distribution (min/max e median). (A) NLGNs (WT n = 7, ENU2 n = 8, p = 0.2162); (B) NLGN1
(WT n = 18, ENU2 n = 13, p = 0.0142); (C) NLGN2 (WT n = 13, ENU2 n = 14, p = 0.0266); and (D) NLGN3
(WT n = 17, ENU2 n = 14, p = 0.5430). Statistical analysis compared ENU2 values versus WT (* p < 0.05).
Representative images of western blot analysis are shown. Molecular masses are indicated on the blots
in kDa.
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3. Discussion

Dysregulation of the excitation/inhibition equilibrium has been postulated to represent a hallmark
of neuropsychiatric disorders, including autism and some forms of mental retardation. Several mouse
models reproducing behavioral phenotypes common to neurodevelopmental syndromes show
alterations of the E/I balance. In particular, a mouse model of Rett syndrome showed a shift favoring
inhibition in the pFC [21]. Increased inhibition was observed in the somatosensory cortex of mice
expressing the R451C autism-related mutation in NLGN3, and this was associated with impairments
in social interaction [22]. In general, while a decrease in inhibition is currently associated with autism
spectrum disorders, an excess of inhibition has been described to occur in mental retardation syndromes
such as Down [23–25] and Rett syndromes [21]. Interestingly, by using an optogenetic approach to
study real-time effects of elevation of cellular E/I balance in vivo, it was shown that elevated E/I
balance resulted in impairments on social behavior that are specific for pFC [26].

Although compelling evidence points toward a link between dysregulation of E/I ratio and
behavioral phenotypes resembling those observed in neuropsychiatric disorders, the molecular
machinery involved in the regulation of this balance remains unclear.

PKU mice, created by chemically induced genetic mutation, display a phenotype that closely
resembles untreated human PKU, characterized by reduced PAH activity, PHE plasma levels 10–20 times
greater than those of healthy littermates, impaired cerebral protein synthesis, neurochemical reductions
in different brain regions, particularly in serotonergic metabolism in prefrontal cortical areas, reduced
functional and morphological synaptic plasticity, and cognitive and other behavioral abnormalities [27].

We have postulated that cognitive impairments might be linked to E/I imbalance and found
that there was a resultantly higher inhibition and reduced excitation in the layer II/III of ENU2
pFC, suggesting an overall reduced activity in cortical circuits as observed in other animal models of
neurodevelopmental disorders where a shift in the balance between excitation and inhibition—favoring
inhibition—has been reported [7].

In recent years, several lines of evidence suggest a possible link between the levels of neuroligins
and neurotransmission dysfunctions in association to autism spectrum disorders [28]. Gain and loss of
function studies in vitro and in vivo have provided experimental support to the hypothesis that the
regulation of the levels of the neuroligin proteins might correlate with alteration of the E/I balance.
Transgenic mice where NLGN2 expression has been enhanced showed higher frequency of mIPSC
in the pFC and an overall reduction in the E/I ratio [29]. NLGN2 function in modulating inhibitory
synaptic currents was further highlighted by the selective deletion of NLGN2 in the medial pFC in a
conditional knock-out mouse strain. This resulted in chronic changes in E/I balance characterized by a
reduction in frequency and amplitude of inhibitory sIPSCs and by cognitive behavioral changes [30].
This has led us to investigate whether the E/I unbalance in the pFC of ENU2 mice might correlate with
altered levels of the NLGNs family members. Indeed, in ENU2 mice we have found different levels of
neuroligin proteins in comparison to the parental healthy mice. In particular, our data show unchanged
levels for NLGN3 along with higher protein levels for NLGN2 and NLGN1. Enhanced NLGN2 protein
levels in the pFC of ENU2 mice correlate with the increased inhibitory transmission observed in the
layer II/III and strengthen the hypothesis of a shift in the E/I balance favoring inhibition in the ENU2
mice. In fact, NLGN2 is found in inhibitory postsynaptic specializations [31] where it plays a specific
role in the regulation of inhibitory synaptic terminals and in the maintenance of E/I balance in the
brain [32]. NLGN2 interacts with collybistin and gephyrin in order to recruit and anchoring GABAA
receptors to the post-synaptic membrane [33], favoring the maturation of the inhibitory synapses [34].
At this stage, we have not investigated whether the enhancement of sIPSC is due to an increase of the
number of inhibitory synapses. However, the increased levels of NLGN2 cannot explain the decrease
in the excitatory neurotransmission in ENU2 mice. Recently, it has been shown that selectively deleting
NLGN2 from the II/III layer of pFC leads to a decrease in spontaneous mIPSC without affecting
mEPSC [30].
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The prominent deficit of serotonin in pFC of PKU mice is well documented [5,35] and also a
crucial role is played by serotonin in regulating maturational events such as spine morphology through
the activation of the serotonin 2A receptor (5HT2A) receptor, expressed in excitatory synapses [36].
Our previous work showed that cortical spine maturation, and consequently cognitive deficits, are
affected in ENU2 mice through a serotonin-dependent pathway [6]. Thus, the reduced serotonin
release in ENU2 [5] might result in a lower excitatory activity 5HT2A-dependent. This would agree
with the data we show in regard to the lower rates of spontaneous EPSCs in the II/III layers of pFC.
Our data show a statistically significant increase for NLGN1 in ENU2 mice, classically localized to
excitatory synapses [34]. This increase does not agree with the reduced excitatory transmissions
found in the layer II/III of the pFC in ENU2 mice. This might be due to the western blot analysis
being performed from punchings of the pFC, comprising all of the cortical layers, in contrast to the
electrophysiological recordings restricted to layer II/III.

The shift in the ratio from excitation to inhibition is however differentially regulated by the
association of the NLGNs with elements critical for synapse formation such as postsynaptic scaffolding
proteins, PSD-95 (at the excitatory synapses), and gephryn (at the inhibitory synapses) and to the
presynaptic proteins NRXNs [37–39]. Therefore, a further analysis of these components will help
clarify the mechanism.

The data presented shows the first evidence of E/I cortical imbalance in a genetic murine model
of inherited metabolic disease, PKU. The unbalance toward inhibitory transmission in the pFC of
ENU2 mice might impact on the proper development of brain circuits involved in cognitive function.
The cascade of events that lead from high blood PHE levels to the E/I cortical imbalance in PKU
however is still not understood.

Finally, investigating the molecular and physiological mechanisms underlying cognitive disability
in PKU mice can provide insights for autism spectrum disorders, as well as for all syndromes
characterized by similar pathogenic mechanisms.

4. Materials and Methods

4.1. Animal Protocols and Housing

All experiments were approved by the ethics committee of the Italian Ministry of Health and
conducted under license/approval ID #: 10/2011-B, according with Italian regulations on the use of
animals for research (legislation DL 116/92) and the Council Directive 2010/63EU of the European
Parliament and the Council of 22 September 2010 on the protection of animals used for scientific
purposes. Homozygote (−/−) PahEnu2 (ENU2) and Homozygote (+/+) PahEnu2 (WT) BTBR mice
were issued from heterozygous mating. Genetic characterization was performed on DNA prepared
from tail tissue using the Easy DNA Kit (Invitrogen, Carlsbad, CA, USA). The ethylnitrosourea (ENU2)
mutation was detected after PCR amplification of exon 7 of the Pah gene and digestion with BsmAI
restriction enzyme (NEB, USA) as previously described [40]. At PND28, animals (sex matched) were
housed 2–4 per standard breeding cage with food and water ad libitum on a 12:12 h dark: light cycle
(light on 07.00 a.m.–07.00 p.m. h).

Brain tissue was collected at PND80 from male ENU2 and WT mice. All animals were killed
and the brain was removed and stored depending on the experimental procedures. Every effort was
made to alleviate animal discomfort and cervical dislocation was applied as the appropriate method
of sacrifice.

4.2. Slice Preparation for Electrophysiological Recordings

The brain was rapidly removed from the skull and coronal slices (250 μm thick) were cut with
a vibratome (VT 1200S, Leica) in cold (0 ◦C) artificial cerebrospinal fluid (aCSF) containing (in mM):
NaCl 124; KCl 3; MgSO4 1; CaCl2 2; NaH2PO4 1.25; NaHCO3 26; glucose 10; saturated with 95% O2,
5% CO2 (pH 7.4), and left to recover for 1 h in aCSF at room temperature.
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4.3. Whole-Cell Patch Clamp Recordings

Individual slices were placed in a recording chamber, on the stage of an upright microscope (Zeiss,
Munich, Germany) and submerged in a continuously flowing (3 mL/min) solution at 30◦C (±2 ◦C).
Individual neurons were visualized through a 40× water-immersion objective (Olympus, Tokyo, Japan)
connected to infrared video microscopy (Hamamatsu, Hamamatsu City, Japan). Borosilicate glass
electrodes (5–7 MΩ), pulled with a PP 83 Narishige puller, were filled with a solution containing the
following (in mM): CsCH3SO3 115; CsCl 10; KCl 10; CaCl2 0.45; EGTA 1; Hepes 10; QX-314 5; Na3-GTP
0.3; Mg-ATP 4.0; pH adjusted to 7.3 with CsOH.

Whole cell patch-clamp recordings have been performed from layer II/III pyramidal neurons
of pFC brain slice of WT and ENU2 mice. To isolate sEPSCs and sIPSCs from the same neurons we
recorded in voltage clamp mode while maintaining the membrane potential either at the reversal
potential for GABA receptor for EPSCs (−70 mV) or at the reversal potential for ionotropic glutamate
receptors for IPSCs (+10 mV). To record evoked responses elicited by monopolar stimulating electrodes
placed in layer I of pFC, EPSCs and IPSCs were monitored sequentially in the presence of 50 μm APV
at postsynaptic holding voltages of −60 and 0 mV, respectively. The E/I ratio is computed as the
ratio of excitatory to inhibitory charges, obtained by the integration of the measured currents from
the network response triggered by extracellular stimulations [41]. Kolmogorov–Smirnov test (K–S
test) and unpaired Student’s t-test (t-test) have been applied as statistical test with α value set at 0.05,
n reflected the number of neurons recorded.

4.4. SDS PAGE and Western Blot

For protein analysis, frozen brains were removed and dissected to obtain punches of the pFC
from brain slices (coronal sections) not thicker than 300 μm. Stainless steel tubes of 1.0 mm inside
diameter were used and the coordinates were measured as previously reported [42].

Samples derived from pFC punching were homogenized by sonication using RIPA buffer
(Life Technologies, Monza, Italy) to extract total proteins and total protein concentration was determined
by Bradford assay (Biorad, Rome, Italy). Around 70 micrograms of total proteins were loaded for each
sample. Immunoblotting used previously optimized standard techniques [43] including 10% w/v
SDS-PAGE (Biorad, Rome, Italy) and immobilon transfer membranes (Millipore, Bedford, MA, USA).

Detection of NLGN proteins employed commercial primary antibodies from Synaptic Systems,
used at the 1:1000 dilution: anti-NLGN pan mouse monoclonal antibody (clone 4F9, Cat. No. 129-011);
anti-NLGN1 mouse monoclonal (Cat. No. 129-111); anti-NLGN2 polyclonal rabbit (Cat. No. 129-203);
anti-NLGN3 polyclonal rabbit (Cat. No. 129-113). The anti-GAPDH polyclonal rabbit antibody (abcam
ab37168) was used as a loading control. The anti-mouse-HRP and anti-rabbit-HRP (Sigma-Aldrich,
Milan, Italy) secondary antibodies were diluted 1:10,000. The HRP signal was developed using the
LiteAblot PLUS and TURBO extra sensitive chemiluminescent substrates (Euroclone, Milan, Italy)
and exposed to autoradiographic films (Santa Cruz Biotechnology, through Aurogene, Rome, Italy) or
revealed by using the ChemiDoc™ MP System (Biorad, Rome, Italy). Densitometry was performed
using the Image-J software (version 1.43, NIH, Bethesda, MD, USA). Punching samples were derived
from 7 to 18 animals per group and unpaired Student’s t-test (t-test) statistical analysis was used to
compare values from ENU2 and WT mice.
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Abbreviations

sEPSC spontaneous excitatory postsynaptic potential
sIPSC spontaneous inhibitory postsynaptic potential
NLGNs neuroligins
HRP horseradish peroxidase
SDS sodium dodecyl sulfate
PAGE polyacrylamide gel electrophoresis
pFC prefrontal cortex
LTP long term potentiation
LTD long term depression
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Abstract: Prader-Willi syndrome (PWS), a rare genetic disorder caused by the lack of expression
of paternal genes from chromosome 15q11-13, has been investigated for autism spectrum disorder
(ASD) symptomatology in various studies. However, previous findings have been variable, and no
studies investigating ASD symptomatology in PWS have exclusively studied children. We aimed to
characterize social communication functioning and other ASD-related symptoms in children with
PWS, and assessed agreement across measures and rates of ASD diagnosis. Measures included the
Autism Diagnostic Observation Schedule-2 (ADOS-2), the Social Communication Questionnaire
(SCQ), Social Responsiveness Scale-2 (SRS-2), Social Skills Improvement System-Rating Scales
(SSIS-RS), and the Vineland Adaptive Behavioral Scales-II (VABS-II). General adaptive and intellectual
skills were also assessed. Clinical best estimate (CBE) diagnosis was determined by an experienced
developmental pediatrician, based on history and review of all available study measures, and taking
into account overall developmental level. Participants included 10 children with PWS, aged 3 to
12 years. Three of the 10 children were male and genetic subtypes were two deletion (DEL) and
eight uniparental disomy (UPD) (with a total of 6 female UPD cases). Although 8 of the 10 children
exceeded cut-offs on at least one of the ASD assessments, agreement between parent questionnaires
(SCQ, SRS-2, SSIS-RS) and observational assessment (ADOS-2) was very poor. None of the children
were assigned a CBE diagnosis of ASD, with the caveat that the risk may have been lower because of
the predominance of girls in the sample. The lack of agreement between the assessments emphasizes
the complexity of interpreting ASD symptom measures in children with PWS.

Keywords: Prader-Willi syndrome; PWS; social communication; Autism Diagnostic Observation
Schedule; ADOS; autism spectrum disorder; ASD

1. Introduction

Prader-Willi syndrome (PWS) is a genetic disorder caused by the absence of expression of the
paternal contribution of chromosome 15q11-13. The majority of cases are due to deletion (DEL;
65%–75%) or uniparental disomy (UPD; 20%–30%), with a small minority (1%–3%) due to rare
imprinting center defects [1]. The PWS phenotype includes hypotonia and failure to thrive during
infancy, followed in early childhood by hyperphagia and an insatiable appetite which can lead to
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morbid obesity if left unchecked [1]. Cognitive disability and problem behaviors are also common and,
for some families, represent greater challenges than the food-seeking behaviors [2].

Although variable, the PWS phenotype overlaps to some degree with autism spectrum disorder
(ASD), a neurodevelopmental disorder characterized by the presence of symptoms in two core domains:
social communication impairment and restricted and repetitive behaviors and interests. Indeed, the
prevalence of ASD in PWS has been estimated at 26.7% based on exceeding clinical cut-points on
relevant ASD assessments [3]. Also, ASD in the UPD genetic subtype (35.3%; two maternal copies of
chromosome 15 present) is almost twice as common as in the DEL subtype (18.3%) [3]. This may be
partially due to a genetic finding that overexpression of chromosome 15 is associated with higher rates
of ASD [4]. The estimated prevalence of ASD in PWS is significantly higher than the current prevalence
estimate of about 1.5% for ASD in the general population [5]. To receive an ASD diagnosis, symptoms in
both domains must be present during the early developmental period; however, they may not be fully
recognized until a child is older and social demands exceed their capacity [1]. Nevertheless, early social
communication impairments (including reduced gazing towards faces and directed vocalizations [6],
and reduced response to name being called [7]) in children who later receive a diagnosis of ASD have
been reported as early as 12 months. Indeed, ASD diagnosis can be reliably made by 18 to 24 months
in a clinical setting. Earlier recognition of ASD is important as studies have demonstrated that early
intervention for ASD yields more favorable outcomes [8].

Despite a recent increase of research investigating symptoms of ASD in PWS, no studies have
focused on young children with PWS. Eight years of age is the youngest mean age in a study investigating
ASD in individuals with PWS [9]. The expression of ASD in PWS may change over development, with
two studies reporting more prominent symptoms in adolescents and adults with PWS compared to
younger children. Lo et al. [10] reported that none of the 22 children with PWS, ages 7–9, exceeded the
cut-off for ASD on the Diagnostic Interview for Social and Communication Disorders (DISCO); however,
24 of 44 of the individuals aged 10–17 years old exceeded the cut-off for ASD. Additionally, Akefeldt and
Gillberg [11] reported lower average scores (3.4; SD = 4.4) in toddlers with PWS (mean age = 2.1 years;
range = 0.8–3.7 years) compared to the older individuals (19.1; SD = 10.7) with PWS (mean age 18.4 years;
range = 4.2–36.3 years) on the Autism Spectrum Screening Questionnaire (ASSQ) [12]. However, this
tool was designed to assess children ages 6 to 17 years old with normal intelligence to mild cognitive
disability, raising concerns about the validity of the ASSQ in this sample.

Assessments commonly used to investigate ASD symptomatology and adaptive functioning
in individuals with PWS include the Social Responsiveness Scale [13,14], Social Communication
Questionnaire [15,16], and Vineland Adaptive Behavior Scales [13,17]. A recent systematic review [3]
found that few studies investigating ASD in PWS have included the Autism Diagnostic Observation
Schedule (ADOS) [18] or the Autism Diagnostic Interview-Revised (ADI-R) [19], considered to be gold
standard measures of ASD symptoms based on excellent sensitivity and specificity in differentiating
ASD from other developmental disorders [20]. Moreover, rates of ASD reported in PWS are generally
not based on ICD or DSM-based clinical diagnoses, but are rather based on clinical cut-offs on proxy
measures such as the Social Communication Questionnaire (SCQ) [3]. This is problematic, as no single
measure can be used as a proxy for diagnosis.

The primary goal of this study was to characterize ASD symptoms in children ages 3 to 12 with
PWS using the ADOS, 2nd edition (ADOS-2) [21], and other standardized ASD assessment tools. As a
secondary objective, we investigated other aspects of social-communication development in children
with PWS, and compared the agreement between various ASD assessment tools and categorical ASD
diagnosis by clinical best estimate (CBE). Based on previous studies, we hypothesized elevated rates
of ASD symptomatology in children with PWS, as has been found in adolescents and adults with
PWS. We also expected ASD symptoms to be present in some children with PWS who do not have a
diagnosis of ASD. Furthermore, we expected a moderate agreement between the various ASD tools
used to assess ASD symptomatology in children with PWS.
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2. Results

2.1. Demographics

There were a total of 10 participants, all of whom resided in western Canada (Alberta (n = 8);
British Columbia (n = 1); Saskatchewan (n = 1)). Nine of the ten patients with PWS in the age range
who were contacted directly through a regional specialty clinic agreed to participate in the study. One
additional child was recruited through a provincial PWS group. The cohort included seven females
and three males, with a mean age of 6.77 years old (SD = 2.85). Participant genetic subtype was
confirmed by genetic testing completed previously, or through confirmation of genetic testing by the
participants’ health-care provider. Only two participants were the DEL subtype; the other eight were
the UPD subtype. Each participant completed all of the assessments. Table 1 provides a summary of
the study results, including the mean, standard error of the mean, and standard deviation, as well as
the minimum and maximum scores attained for all measures. The average full scale IQ (FSIQ) was
63.38 (SD = 17.42), which falls within the range for individuals with PWS reported in a review by
Cassidy and colleagues [1]. A negative correlation between age and FSIQ was found (Spearman’s
ρ = −0.815, p = 0.004).

Table 1. Results from assessments, given as mean (SE; SD) and range.

Mean (SE; SD) Min–Max

Age 6.77 (2.85) 3.42–11.75
# (%) male 3 (30) –
# (%) UPD 8 (80) –

FSIQ 64.70 (5.05; 15.96) 40–92
ADOS-2 Severity score 3.00 (0.42; 1.33) 1–5

ADOS-2 SA Severity score 3.50 (0.56; 1.78) 2–7
ADOS-2 RRB Severity score 4.70 (0.80; 2.54) 0–7

SCQ raw score 11.90 (2.20; 6.95) 5–21
SRS-2 Overall T-score 62.70 (3.98; 12.56) 43–85

SRS-2: Social Awareness T-score 61.60 (4.16; 13.16) 43–81
SRS-2: Social Cognition T-score 61.00 (4.83; 15.27) 40–94

SRS-2: Social Communication T-score 61.70 (4.04; 12.78) 43–86
SRS-2: Social Motivation T-score 56.10 (2.47; 7.81) 43–67

SRS-2: RRB T-score 65.80 (4.20; 13.28) 48–88
SSIS-RS: Social skills percentile 23.10 (7.02; 22.18) 2–64

SSIS-RS: Problem behaviors percentile 80.00 (7.06; 22.32) 42–99
SSIS-RS: ASD raw score 19.00 (2.53; 8.01) 8–31

Vineland-II Composite standard score 80.40 (3.57; 11.29) 60–96
Vineland-II: Communication standard score 85.20 (4.60; 14.56) 59–100

Vineland-II: Daily Living Skills standard score 86.50 (3.60; 11.38) 68–101
Vineland-II: Socialization standard score 83.20 (4.79; 15.14) 57–108

Vineland-II: Motor standard score 77.20 (2.59; 8.19) 67–91

n = 10 for all assessments; SE = Standard Error (of the mean); SD = Standard Deviation (of the sample);
FSIQ = Full-scale IQ (based on WPPSI/WISC scores); ADOS-2 = Autism Diagnostic Observation Schedule-2;
SA = Social Affect; RRB = Restricted and Repetitive Behaviors; SRS-2 = Social Responsiveness Scale-2; SCQ = Social
Communication Questionnaire; SSIS-RS = Social Skills Improvement System-Rating Scales.

2.2. Assessments

Table 2 gives detailed results for every participant on each of the ASD assessments, including an
indication of which scores exceeded clinical cut-offs. In total, three of 10 children (all 3 female UPD)
scored above the cut-off for ASD on the ADOS-2 symptom severity score. However, two of those three
children (P8 and P9) scored 0 in the restricted and repetitive behaviors (RRB) domain, which would
suggest that ASD is not present, as under DSM-5 observable symptoms are expected in both the social
affect (SA) and RRB domains.
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2.2.1. ASD Cut-Off Scores

Five children exceeded the cut-off SRS-2 score associated with ASD in the general population, four
of whom also exceeded cut-off on the SCQ. With respect to the separate domains, social motivation
showed the least impairment (T-score = 56.10), while the RRB domain showed the most impairment
(T-score = 65.80). No differences were detected among SRS-2 domain means, based on a non-parametric
Kruskal-Wallis Test. It should be noted that, although a modified cut-off score of 12 was used for the
SCQ, using the original cut-off score of 15 did not add meaningful clarification to the overall scores or
patterns of agreement between assessments. Six of 10 children (1 male DEL, 1 male DEL, 4 female UPD)
had above average ASD symptoms on the SSIS-RS ASD subscale. These six children also exceeded
cut-off on the SCQ and/or the SRS-2.

2.2.2. Clinical Best Estimate

None of the participants met clinical best estimate (CBE) criteria for ASD based on DSM-5,
largely because of inconsistency across measures. Detailed case descriptions of each participant
(P) are provided below. To maintain confidentiality, age and gender cannot be reported, although
the participants are ordered from youngest (P1) to oldest (P10) to provide a sense of relative age.
Each profile describes the unique or extreme findings from each child.

2.2.3. Case Study Descriptions

P1 (female DEL) was the youngest individual in our study. The assessment results from this
participant were not indicative of ASD. The Restricted or Repetitive Behaviors and Interests (RRB)
sections on both the ADOS-2 and SRS-2 confirmed mild impairment in this symptom domain, but the
ADOS-SA domain was low at a severity score of 2. The SSIS-RS percentiles and Vineland-II scores
were average, with the exception of the Vineland-II motor skills domain, which was more than one
standard deviation below the normative standard.

P2 (male UPD) did not exceed cut-off for ASD on any of the assessments. Again, the SSIS-RS
and Vineland-II results were all close to the normative standard, with the exception of motor skills on
the Vineland-II.

P3 (female UPD) had parent-reported symptoms from the three ASD questionnaires (SCQ, SRS-2,
and SSIS-RS) that were the lowest in the entire sample. Indeed, she had among the most favourable
scores on the SSIS-RS and Vineland-II of all participants, scoring above the normative standard on
all domains except Vineland-II socialization and Vineland-II motor skills domains, both of which
were less than one standard deviation below age-related norms. In contrast, P3 is the only child who
exceeded the ASD threshold on both the SA and RRB domains of the ADOS-2, albeit with an overall
severity score right at the cut-off associated with ASD.

P4 (male UPD) had SCQ and SSIS-RS ASD subdomain scores that exceeded the cut-off for ASD,
while his SRS-2 score was one point below cut-off. The SRS-2 domains that elevated the overall scores
included social awareness, social cognition, and RRBs. He also scored below the sample mean on
the social skills subdomain of the SSIS-RS (18th percentile), and higher on the problem behaviors
subdomain (90th percentile). However, he was assessed as having social-communicative symptoms
well below the level associated with ASD (ADOS-SA severity score = 2, and overall severity score = 2),
although RRB symptoms were observed. As well, Vineland-II social and communicative domains
were rated as close to average.

P5 (female UPD) had similar results as P4: low ADOS-2 scores, despite exceeding cut-off for ASD
on two of the three parent-report questionnaires. Critically, the SCQ score was three points below the
cut-off associated with ASD and the SRS-2 overall score was only two points above cut-off. She also
scored low on the social skills domain of the SSIS-RS (14th percentile), and very high on the problem
behaviors domain (98th percentile). Additionally, the Vineland-II scores were all below the sample
mean, with motor skills being the most affected.
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P6 (female UPD) was assessed as having social-communication symptoms below the level
associated with ASD (severity score = 3) on the ADOS, despite RRB symptoms (severity score = 6).
However, she was rated as having high levels of symptoms on all three questionnaires. The SRS-2
scores were especially high, with the overall score one point below the severe range. These scores
were largely driven by the RRB and the social cognition subdomains, both of which fell in the severe
range; comparatively, the social motivation subdomain only showed mild impairment. Additionally,
the SSIS-RS social skills (8th percentile) and problem behavior (97th percentile) were both indicative of
significant social impairments. Despite the high scores on the questionnaires, P6 scored within one SD
of age norms on the communication and daily living skills domains on the Vineland-II, although more
than one standard deviation lower on the socialization and motor skills domains. Full scale IQ was 56,
so clinically, social impairments were felt to relate, at least in part, to intellectual impairments.

P7 (male DEL) also scored below the clinical threshold on the ADOS-2, with an overall severity
score of 3, despite symptoms observed in both domains. He exceeded the cut-off for ASD on all
three questionnaires. On the SSIS-RS, this child was rated at the 2nd percentile on the social skills
domain, >99th percentile for the problem behaviors domain, and the highest raw score on the ASD
subdomain. The participant’s SCQ score was also elevated. Interestingly, all of the subdomains on the
SRS-2 were extremely similar (scores ranged from 65–67), with the exception of social cognition, which
was below cut-off.

P8 (female UPD) had an overall symptom severity rating of 5, above the level associated with
ASD, although with no symptoms observed in the RRB domain (severity score = 0). The parent report
on the SRS-2 did suggest severe impairments in the RRB subdomain, with overall SRS-2 score at
the upper end of the moderate range. SSIS-RS social skills (4th percentile) and problem behaviors
(96th percentile) were also indicative of social impairment, and the ASD subscale score was very high
as well. She scored over two standard deviations below the normative standard on the communication
domain of the Vineland-II, and had slightly higher scores in the other three domains. Other factors
taken in consideration in the CBE process included cognitive delay (FSIQ = 47).

P9 (female UPD) had high levels of symptoms rated on the SA domain of the ADOS (severity
score = 7), but no observed RRB symptoms (severity score = 0). As well, she had among the lowest
scores on the SSIS-RS ASD domain, the SCQ, and the SRS-2, including on the RRB domain. The only
SRS-2 subdomain that exceeded cut-off for ASD was social motivation, albeit by one point.

P10 (female UPD) had symptoms rated in both SA (severity score = 3) and RRB. (severity score = 7)
of the ADOS, although the overall severity was subthreshold for ASD (severity score = 3). Scores
were also elevated on the SCQ and SRS-2. This child’s SSIS-RS ASD score was also well above cut-off,
and the SSIS-RS social skills (2nd percentile) and problem behaviors (98th percentile) also showed
significant impairment. She also had the lowest adaptive behavior composite score on the Vineland-II,
with the socialization and communication scores almost three standard deviations below standard.
However, the clinician responsible for CBE diagnosis concluded that impairments in socialization and
communication were largely attributable to intellectual disability (FSIQ = 40), and that this child did
not meet DSM-5 criteria for ASD.

2.3. Agreement among Measures

The three questionnaires (SRS-2, SCQ, and SSIS-RS) all had acceptable agreement with one another
(see Table 3). Cohen’s κ for the SCQ and SSIS-RS, as well as for the SRS-2 and SSIS-RS, was calculated
to be 0.80 (SE = 0.19), and κ for the SCQ and SRS-2 was calculated to be 0.60 (SE = 0.25). Notably,
a total of six children exceeded the cut-off on the SSIS-RS; 4 of 6 children exceeded the cut-off on both
the SRS-2 and SCQ, a fifth on the SRS-2 but not the SCQ, and the sixth on the SCQ but not the SRS-2.
However, agreement between the three questionnaires and the ADOS-2 was poor. Cohen’s κ for the
ADOS-2 vs. the SCQ, SRS-2, and SSRI-RS were calculated to be −0.20 (SE = 0.28), −0.20 (SE = 0.28),
and −0.30 (SE = 0.28), respectively.
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Table 3. Agreement among Measures.

Measures Kohen’s κ Standard Error

SCQ/SRS-2 0.60 0.25
SCQ/SSIS-RS 0.80 0.19

SRS-2/SSIS-RS 0.80 0.19
SCQ/ADOS-2 −0.20 0.28

SRS-2/ADOS-2 −0.20 0.28
SSIS-RS/ADOS-2 −0.30 0.28

3. Discussion

Our main findings were that (1) ASD symptomatology and social competence in children with
PWS were highly variable; (2) While there was moderate to high agreement among parent-report
measures of ASD symptoms and social behaviors (κ = 0.6–0.8), agreement between these measures
and ASD symptom severity as observed on the ADOS-2 was poor (κ < 0.0) (see Table 3). Six of the
10 children (1 male DEL, 1 male DEL, 4 female UPD) exceeded the cut-off for ASD on at least one of the
parent-report measures (and 4 of 10 on all three). In contrast, 3 of 10 (all female UPD) had observable
symptom severity at the level associated with ASD diagnosis on the ADOS-2, only one of whom had
elevated symptoms in both domains. Moreover, only 1 of the 3 children with elevated ASD symptom
severity on the ADOS-2 met the scoring cut-off suggestive of ASD on any of the parent report measures
(not the same child with elevated symptoms on both ADOS-2 domains). Thus, while most (8 of 10)
participants had evidence of ASD symptoms on at least one study measure, there was poor agreement
between measures and thus, inconsistent findings that complicated clinical diagnostic judgement.
Indeed, none of the participants were assigned a clinical diagnosis of ASD. One child (P8) with elevated
symptoms on both the ADOS-2 (albeit not both domains) and the parent report measures had an
FSIQ of 47, and thus, the clinical presentation was complicated by intellectual disability. This child’s
inability to perform numerous tasks made the interpretation of social skills deficits more challenging.
Although the clinical diagnostic status of this child may be equivocal, the pattern of scoring overall on
study measures indicated considerable variability in profile, poor agreement between parent-report
measures, and direct behavioral observation (i.e., using the ADOS-2), and raises important questions
about the clinical interpretation and even the validity of available ASD symptom measures in this
population. Finally, there was a negative correlation between age and FSIQ (Spearman’s ρ = −0.815,
p = 0.004 in this small sample).

In our study, sample means on ASD assessments in children with PWS were less indicative of
ASD than have been previously reported in adolescents and adults with PWS. For example, Zyga et
al. [14] and Dimitropoulos et al. [13] used the SRS to assess samples with a mean age over 10 years
of age, and found average scores of 82.18 and 76.31, respectively. Both of these scores fall in the
severe range on the SRS-2, whereas the average score from our population was 62.70, which falls
in the mild range. Dimitropoulos et al. [13] and Milner et al. [17] also used the Vineland-II in their
samples of adolescents and adults with PWS, and reported average composite scores of 65.15 and 62.60,
respectively. Meanwhile, our sample had an average score of 80.40, over one standard deviation above
results from these previously published studies. Lastly, Zyga et al. [14] reported that 8 of 14 adolescents
(57.14%) met criteria for ASD on the ADOS, whereas only 3 of 10 (30%) from our cohort met criteria
(actually only 1 of 10 (10%), considering that P8 and P9 did not pass cut-off on the RRB domain).
These findings indicate interesting differences in ASD symptoms and adaptive functioning between
age groups (children vs. adolescents and adults). However, other potential confounders, such as
growth hormone treatment or exposure to other interventions, cannot be ruled out.

There were marked discrepancies between direct observational assessment and parent report
in the assessment of ASD in PWS in our study. Notably, previous research in non-PWS samples
indicates that both parent reports and observational data are essential to valid diagnostic assessment
for ASD [22]. In a recent systematic review of ASD in PWS, Bennett et al. [3] reported that most studies
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investigating ASD in PWS are based on single measures, with parent reports more common than
observational assessment (i.e., ADOS-2). Given that parent reports may be less resource-intensive and
require less specialized training, they may be more feasible to administer in a clinical program serving
a rare population such as PWS. However, given the limited agreement across parent reports and direct
observational measures in our sample, further research may be needed to verify which assessments
are most accurate and informative in the clinical diagnostic assessment of ASD in PWS.

Another possible explanation for the discrepancy between the results from the ADOS-2 and the
parent-report assessments could be the distinction between what a child ‘can do’ and ‘typically does’.
The AODS-2 is a 30 to 45-minute observational assessment designed to elicit certain responses from
children. Since some children with PWS are more comfortable associating with adults than same-age
peers, the ADOS-2 interaction potentially provides a more comfortable situation than their usual social
experiences. Parent-report measures, on the other hand, focus on the frequency of the child’s social
behaviors in their real-life settings, which may be influenced by both ability and opportunities/contexts.
Another possible explanation for poor agreement between the SCQ questionnaire and ADOS-2 is that
the restrictive repetitive behaviors on the SCQ (which are more prevalent in PWS) are not as heavily
weighted on the ADOS-2. However, it would be difficult to know whether any of these possibilities are
valid without further research to probe discrepancies between the various ASD assessments employed
in this study.

Lack of agreement between ASD assessment measures has been reported in studies investigating
ASD in other genetic syndromes, specifically Fragile-X syndrome [23]. These studies indicate poor
agreement between the ADOS-2 and SCQ (Cohen’s κ = 0.33 for girls, 0.13 for boys). Additionally,
using a combination of the ADI-R, ADOS, and DSM-IV criteria, Harris et al. [24] reported that in
a group of 63 males with Fragile X syndrome, 15 participants (24%) met criteria for ASD on all
three assessments, while an additional 28 individuals (44%) met criteria on only one or two of the
assessments. One potential explanation for these findings is that each genetic syndrome manifests
its own set of complex behaviors which are not typical in the general population, some of which
may overlap with ASD, even when the full ASD phenotype is not present [25,26]. The overlap in
phenotype places individuals with a genetic syndrome closer to ASD cut-off scores on particular
measures than typically developing individuals, even in the absence of an ASD diagnosis. Another
contributor to higher scores on ASD assessments may be the degree of intellectual disability. Indeed,
the SCQ manual [27] mentions that non-ASD individuals with lower IQ (50–69) obtained higher scores
on the SCQ (11.40; SD = 5.87), which is quite similar to the results in our study (mean IQ = 63.38; mean
SCQ score = 11.90). The SRS-2 manual [28] gives similar caution to its use in individuals with an IQ
less than 70. Both overlapping phenotype and intellectual disability may affect the ability for these
assessments to reliably detect ASD in PWS.

Limitations to this study include the sample demographics, limited sample size, and
cross-sectional design. The limited number of children available for the study resulted in uneven
distribution in both gender and genetic subtype. Our study included three boys and seven girls,
whereas the gender distribution in the PWS population is roughly equal. Given that ASD is recognized
four times more in males than females [5], the high number of females in the study may have
reduced the likelihood of ASD diagnosis. The ratio of 7:3 in favor of girls (in our study) is not an
extreme variation, which would be expected about 17% of the time based on the binomial distribution.
As well, the presence of ASD symptoms on the questionnaire measures and the ADOS did not seem to
predominantly characterize males, albeit with only 3 in the sample. ASD in general is less common
in females, although sex differences in ASD symptoms are generally not reported in PWS studies [3].
As well, although recruitment involved every known child with PWS in our study age-range, there
was an unexpected distribution of eight UPD and two DEL cases in our sample. It has been reported
that the UPD genetic subtype is associated with a higher level of ASD symptoms than the DEL
subtype [3,29,30]. This sample characteristic might have been expected to lead to a higher level of ASD
symptomatology. Notably, 1 of 2 (50%) DEL cases exceeded the cut-off on multiple ASD assessments,
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whereas 7 of 8 (88%) UPD exceeded the cut-off on at least one of the ASD assessments. It is important
to note that it is unlikely that recruitment was biased to include more UPD children, given that 9 of
10 parents initially contacted agreed to participate in the study, without prior knowledge of genetic
subtype from those contacting the participants. Notably, within the DEL subtype, there are two types of
deletions: the longer type 1, and relatively shorter type 2. Some studies have found differences between
type 1 and type 2, with type 1 typically showing greater overall impairment as well as ASD-related
impairments [17,31–34]. However, we were unable to distinguish between the 2 types in our study,
as the sample population had not received the necessary genotyping. Individuals with truncating
mutations on the paternal allele of MAGEL2, a gene within the PWS domain, were recently found
to exhibit both features of PWS and autism [35]. The overall implication is that our current limited
sample was predominantly female UPD which may have influenced ASD symptom levels, although
the two factors (sex and genetic subtype) would have been expected to shift the distribution in opposite
directions. Our subsample of 6 girls with UPD is a relatively large grouping of this rarer subtype,
and may provide a useful detailed clinical reference for other such patients. Critically, this study
was originally intended to make group comparisons between UPD, DEL, and an ASD comparison
group, but lacked an available adequate sample size due to lack of children with PWS in the region.
Although descriptive studies are able to provide a wealth of information regarding smaller samples
in order to generate hypotheses and ideas, they lack the statistical power to compare results to other
groups, such as an ASD comparison group. A matched control group could have helped shed further
insight into both the ASD symptoms and the relative strengths and weaknesses identified in this study.
As well, our clinical best estimate (CBE) was done by an experienced developmental paediatrician,
who reviewed all results, watched videotapes of the ADOS-2 assessments and met with individual
patients for further discussion. However, there was no second rater that would have been necessary to
determine reliability of the CBE in this study. Finally, the negative correlation between age and IQ in
children with PWS is of interest, but is difficult to interpret in this small sample, which does not allow
us to parse potential confounding effects of sex, genetic subtype, and obesity. A longitudinal design
would also be helpful to discriminate possible factors involved in the negative correlation between age
and IQ, and to determine if ASD symptoms in PWS are exacerbated with age.

4. Materials and Methods

4.1. Study Design

This cross-sectional study was conducted in Edmonton, AB, Canada. Individuals aged 3 to 12 with
PWS were recruited for this study from local and regional care providers, as well as provincial PWS
groups. The ratio of UPD to deletion cases of PWS (and girls versus boys) was the result of random
chance; those who met study inclusion criteria from the local area were recruited. Parents agreed to
receive a report of their child’s performance and to be referred for further assessment and treatment
if indicated clinically by the findings. Ethical approval was received from the local Health Research
Ethics Board Health Panel (Study ID: Pro00051250; Approved 7 January 2015) at the University of
Alberta. Parents gave informed consent for their children prior to participation in this study.

4.2. Assessments

All assessments were administered by experienced research psychometrists, who had been trained
to reliability on each of the measures (including research reliability on the ADOS-2). Data collection
was blinded to genetic subtype to avoid bias. A developmental paediatrician with 20 years experience
in ASD diagnosis (LZ) reviewed case files and ADOS videos to determine whether criteria were met
for ASD for each participant (hereafter, ‘clinical best estimate’ diagnosis).
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4.2.1. Autism Diagnostic Observation Schedule-2

The Autism Diagnostic Observation Schedule, 2nd edition (ADOS-2) [21] is a semi-structured
interactive assessment that provides an opportunity to observe behaviors relevant to ASD diagnosis.
Items are scored from 0–3 or 0–2, with ‘0’ representing a continuum of behavior not generally associated
with ASD; a code of ‘1’ generally indicates mild impairment of a nature that may be observed in
persons with ASD; a code of ‘2’ indicates definite impairment in that area; a code of ‘3’ represents more
profound impairment, although for the purpose of the scoring algorithm, scores of ‘3’ are converted to
‘2’. The ADOS-2 provides a total score for social affect (SA) and restricted and repetitive behaviors
(RRB) symptoms, each of which can be translated into a standardized severity score on a scale of 1 to 10.
There is also an overall severity score, with ≥4 indicative of ASD. Because the severity of SA symptoms
is rated based on ten algorithm items and RRB severity is based on four items, the overall severity score
is more heavily weighted towards the SA domain. Additionally, since the RRB domain only consists
of 4 algorithm items, if all items are scored ‘0’, the severity is 0, whereas any item scored ‘1’ leads
to a severity rating of 5. Thus, the RRB severity scores are highly sensitive to scoring on individual
items, and must be interpreted with caution. The ADOS-2 has been validated for ages 12 months to
adulthood. One of 5 modules is administered, based on age and verbal fluency; Only modules 1 to 3
were administered in our study. Module 1 is designed for individuals with no speech or single words;
Module 2 is for individuals with phrase speech; and Module 3 is for individuals with fluent speech
and typically less than 14 years of age.

4.2.2. Social Communication Questionnaire

The Social Communication Questionnaire (SCQ) [27] is a 40-item parent questionnaire used
to screen for autistic symptomatology; it is derived from the Autism Diagnostic Interview-Revised
(ADI-R), a semi-structured interview used in ASD diagnosis [19]. The SCQ, which uses a yes/no
parent response form, was chosen over the ADI-R to be more time-feasible for parents (10 minutes for
the SCQ vs. 2 h for the ADI-R). Raw scores of 15 or greater are indicative of ASD. A study released
after the publication of the SCQ indicates that a cut-off of 12 greatly improves the sensitivity of the
assessment when used in combination with the ADOS, particularly for younger children [36].

4.2.3. Social Responsiveness Scale-2

The Social Responsiveness Scale, 2nd edition (SRS-2) [28] is a questionnaire completed by
a primary caregiver and/or a teacher that provides an overall rating of social impairment as well
as scores on 5 ASD-specific subdomains: (1) Social Awareness; (2) Social Cognition; (3) Social
Communication; (4) Social Motivation; and (5) Restricted or Repetitive Behaviors (RRBs). It is designed
to assess individuals from age 2.5 years to adulthood. Total scores on the SRS-2 are standardized as
T-scores, based on age and gender, and are further separated into four levels: <60 (Within normal
limits; generally not associated with ASD); 60 to 65 (Mild range; indicates deficiencies in reciprocal
social behavior that may lead to mild to moderate interference with everyday social interactions);
66 to 75 (Moderate range; indicates deficiencies in reciprocal social interaction that lead to substantial
interference with everyday social interaction, and are typical for children with ASD of moderate
severity); and >75 (Severe range; indicates deficiencies in reciprocal social interaction that lead to severe
interference with everyday social interaction, and are strongly associated with a clinical diagnosis
of ASD).

4.2.4. Social Skills Improvement System-Rating Scales

The Social Skills Improvement System-Rating Scales (SSIS-RS) [37] was selected to provide
information on a broad range of social behaviours; i.e., not only those specifically impaired in ASD. It is
a parent questionnaire that can be administered for children between the ages of 3 and 18. The SSIS-RS
provides percentiles for social skills (higher scores indicate more advanced social skills) as well as
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problem behaviors (higher scores indicate increased problem behaviors), normed by gender and
age. There is also a subscale to indicate ASD symptoms (rated as below average, average, or above
average). Although the SSIS-RS has not previously been reported in a PWS population, it has been
widely used in the ASD population and determined to be a valid research tool for measuring social
skills [38]. Furthermore, this questionnaire also assesses non-ASD related social impairments that
might be present in PWS.

4.2.5. Vineland Adaptive Behavior Scales-II

The Vineland Adaptive Behavior Scales, 2nd edition (Vineland-II) [39] is a parent interview that
quantifies their child’s current adaptive behaviors. It provides a composite score, plus sub-scores in the
following domains: (1) Daily Living Skills; (2) Socialization; (3) Communication; and (4) Motor Skills.
Scores are based on a standardized scale with a mean of 100, and standard deviation of 15. It has been
validated for all ages and specifically for individuals with ASD [40].

4.2.6. Wechsler Preschool and Primary Scale of Intelligence-III/ Wechsler Intelligence Scale
for Children-IV

The Wechsler Preschool and Primary Scale of Intelligence, 3rd edition (WPPSI-III) [41] and
Wechsler Intelligence Scale for Children, 4th edition (WISC-IV) [42] are individually administered
measures of cognitive abilities that yield full-scale IQ. The WPPSI-III has been validated in children
from age 2 to 7 years, and the WICS-IV has been validated in children from age 6 to 16 years. Both the
WPSSI-III and WISC-IV have been used previously to assess patients with PWS and ASD [13,14,43].

4.3. Analytic Approach

Descriptive data from the ADOS-2, the 3 questionnaires (SCQ, SRS-2, and SSIS-RS), and the
Vineland-II were provided for each child. Clinical best estimate (CBE) ASD diagnosis included a
video review of each participant’s ADOS-2, review of the questionnaires, and in person meeting with
the parent and child. Any test result exceeding previously recommended ASD clinical cut-offs were
considered in relation to CBE. Summary statistics were calculated for each assessment, including mean,
standard deviation, standard error of the mean, and range. Additional analyses were performed using
SPSS version 22 to compare performance among domains within measures. Experiment-wise alpha
was set at p < 0.05 for all statistical analyses, which were completed using non-parametric tests due to
the small sample size and associated non-normal distribution of study measures across our sample.

5. Conclusions

Our data suggest variable ASD symptomatology in children with PWS, with caveats related to
the sex and genetic subtype composition of our small sample. Further research is necessary to identify
the most appropriate tools to assess ASD in PWS. In particular, the disparity in agreement between
direct observational assessment and parent reports warrants investigation into appropriate assessment
of ASD in children with PWS.
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Abbreviations

ADI-R autism diagnostic interview-revised
ADOS-2 autism diagnostic observation schedule, 2nd edition
ASD autism spectrum disorder
CBE clinical best estimate
DEL deletion (genetic subtype)
PWS: Prader-Willi syndrome
RRB restricted or repetitive behaviors
SCQ Social Communication Questionnaire
SRS-2 Social Responsiveness Scale-2
SSIS-RS Social Skills Improvement System-Rating Scales
UPD uniparental disomy (genetic subtype)

References

1. Cassidy, S.B.; Schwartz, S.; Miller, J.L.; Driscoll, D.J. Prader-Willi syndrome. Genet. Med. 2012, 14, 10–26.
[CrossRef] [PubMed]

2. Dykens, E.M.; Maxwell, M.A.; Pantino, E.; Kossler, R.; Roof, E. Assessment of hyperphagia in Prader-Willi
syndrome. Obesity 2007, 15, 1816–1826. [CrossRef] [PubMed]

3. Bennett, J.A.; Germani, T.; Zwaigenbaum, L.; Haqq, A.M. Autism spectrum disorder in Prader-Willi
syndrome: A systematic review. Am. J. Med. Genet. A 2015, 167, 2936–2944. [CrossRef] [PubMed]

4. Vorstman, J.A.; Staal, W.G.; van Daalen, E.; van Engeland, H.; Hochstenbach, P.F.; Franke, L. Identification
of novel autism candidate regions through analysis of reported cytogenetic abnormalities associated with
autism. Mol. Psychiatry 2006, 11, 18–28. [CrossRef] [PubMed]

5. Developmental Disabilities Monitoring Network Surveillance Year Principal Investigators; Centers
for Disease Control and Prevention. Prevalence of autism spectrum disorder among children aged
8 years—Autism and developmental disabilities monitoring network, 11 sites, United States, 2010.
MMWR Surveill. Summ. 2014, 63, 1–21.

6. Ozonoff, S.; Iosif, A.M.; Baguio, F.; Cook, I.C.; Hill, M.M.; Hutman, T.; Rogers, S.J.; Rozga, A.; Sangha, S.;
Sigman, M.; et al. A prospective study of the emergence of early behavioral signs of autism. J. Am. Acad.
Child Adolesc. Psychiatry 2010, 49, 256–266. [CrossRef] [PubMed]

7. Zwaigenbaum, L.; Bryson, S.; Rogers, T.; Roberts, W.; Brian, J.; Szatmari, P. Behavioral manifestations of
autism in the first year of life. Int. J. Dev. Neurosci. 2005, 23, 143–152. [CrossRef] [PubMed]

8. Anagnostou, E.; Zwaigenbaum, L.; Szatmari, P.; Fombonne, E.; Fernandez, B.A.; Woodbury-Smith, M.;
Brian, J.; Bryson, S.; Smith, I.M.; Drmic, I. Autism spectrum disorder: Advances in evidence-based practice.
Can. Med. Assoc. J. 2014, 186, 509–519. [CrossRef] [PubMed]

9. Ali, D.H.; Effat, S.; Afifi, H. Prader-Willi syndrome psychobehavioral profile in a clinic based sample.
Eur. Psychiatry 2013, 28, 1. [CrossRef]

10. Lo, S.T.; Siemensma, E.; Collin, P.; Hokken-Koelega, A. Impaired theory of mind and symptoms of autism
spectrum disorder in children with Prader-Willi syndrome. Res. Dev. Disabil. 2013, 34, 2764–2773. [CrossRef]
[PubMed]

11. Akefeldt, A.; Gillberg, C. Behavior and personality characteristics of children and young adults with
Prader-Willi syndrome: A controlled study. J. Am. Acad. Child Adolesc. Psychiatry 1999, 38, 761–769.
[CrossRef] [PubMed]

12. Ehlers, S.; Gillberg, C.; Wing, L. A screening questionnaire for asperger syndrome and other high-functioning
autism spectrum disorders in school age children. J. Autism Dev. Disord. 1999, 29, 129–141. [CrossRef]
[PubMed]

13. Dimitropoulos, A.; Ho, A.; Feldman, B. Social responsiveness and competence in Prader-Willi syndrome:
Direct comparison to autism spectrum disorder. J. Autism Dev. Disord. 2013, 43, 103–113. [CrossRef]
[PubMed]

14. Zyga, O.; Russ, S.; Ievers-Landis, C.E.; Dimitropoulos, A. Assessment of pretend play in Prader–Willi
syndrome: A direct comparison to autism spectrum disorder. J. Autism Dev. Disord. 2014, 45, 975–987.
[CrossRef] [PubMed]

157



Int. J. Mol. Sci. 2017, 18, 517

15. Veltman, M.W.; Thompson, R.J.; Roberts, S.E.; Thomas, N.S.; Whittington, J.; Bolton, P.F. Prader-Willi
syndrome—A study comparing deletion and uniparental disomy cases with reference to autism spectrum
disorders. Eur. Child Adolesc. Psychiatry 2004, 13, 42–50. [CrossRef] [PubMed]

16. Moss, J.; Oliver, C.; Arron, K.; Burbidge, C.; Berg, K. The prevalence and phenomenology of repetitive
behavior in genetic syndromes. J. Autism Dev. Disord. 2009, 39, 572–588. [CrossRef] [PubMed]

17. Milner, K.M.; Craig, E.E.; Thompson, R.J.; Veltman, M.W.; Thomas, N.S.; Roberts, S.; Bellamy, M.; Curran, S.R.;
Sporikou, C.M.; Bolton, P.F. Prader-Willi syndrome: Intellectual abilities and behavioural features by genetic
subtype. J. Child Psychol. Psychiatry 2005, 46, 1089–1096. [CrossRef] [PubMed]

18. Lord, C.; Rutter, M.; DiLavore, P.C.; Risi, S. Autism Diagnostic Observation Schedule (ADOS) Manual, 4th ed.;
Western Psychological Services: Los Angeles, CA, USA, 2006.

19. Rutter, M.; le Couteur, A.; Lord, C. Autism Diagnostic Interview-Revised (ADI-R); Western Psychological
Services: Los Angeles, CA, USA, 2003.

20. Falkmer, T.; Anderson, K.; Falkmer, M.; Horlin, C. Diagnostic procedures in autism spectrum disorders:
A systematic literature review. Eur. Child Adolesc. Psychiatry 2013, 22, 329–340. [CrossRef] [PubMed]

21. Lord, C.; Rutter, M.; DiLavore, P.C.; Risi, S.; Gotham, K.; Bishop, S. Autism Diagnostic Observation Schedule,
Second Edition (ADOS-2) Manual (Part 1): Modules 1–4; Western Psychological Services: Torrence, CA,
USA, 2012.

22. Risi, S.; Lord, C.; Gotham, K.; Corsello, C.; Chrysler, C.; Szatmari, P.; Cook, E.H., Jr.; Leventhal, B.L.; Pickles, A.
Combining information from multiple sources in the diagnosis of autism spectrum disorders. J. Am. Acad.
Child Adolesc. Psychiatry 2006, 45, 1094–1103. [CrossRef] [PubMed]

23. Hall, S.S.; Lightbody, A.A.; Hirt, M.; Rezvani, A.; Reiss, A.L. Autism in fragile X syndrome: A category
mistake? J. Am. Acad. Child Adolesc. Psychiatry 2010, 49, 921–933. [CrossRef] [PubMed]

24. Harris, S.W.; Hessl, D.; Goodlin-Jones, B.; Ferranti, J.; Bacalman, S.; Barbato, I.; Tassone, F.; Hagerman, P.J.;
Herman, H.; Hagerman, R.J. Autism profiles of males with fragile X syndrome. Am. J. Ment. Retard 2008,
113, 427–438. [CrossRef] [PubMed]

25. Cornish, K.; Turk, J.; Hagerman, R. The fragile X continuum: New advances and perspectives. J. Intell.
Disabil. Res. 2008, 52, 469–482. [CrossRef] [PubMed]

26. Cornish, K.; Turk, J.; Levitas, A. Fragile X syndrome and autism: Common developmental pathways?
Curr. Pediatr. Rev. 2007, 3, 61–68. [CrossRef]

27. Rutter, M.; Bailey, A.; Lord, C. The Social Communication Questionnaire (SCQ); Western Psychological Services:
Los Angeles, CA, USA, 2003.

28. Constantino, J.N.; Gruber, C.P. Social Responsiveness Scale-2 (SRS-2) Manual; Western Psychological Services:
Los Angeles, CA, USA, 2012.

29. Dykens, E.M.; Lee, E.; Roof, E. Prader-Willi syndrome and autism spectrum disorders: An evolving story.
J. Neurodev. Disord. 2011, 3, 225–237. [CrossRef] [PubMed]

30. Dimitropoulos, A.; Schultz, R.T. Autistic-like symptomatology in Prader-Willi syndrome: A review of recent
findings. Curr. Psychiatry Rep. 2007, 9, 159–164. [CrossRef] [PubMed]

31. Dykens, E.M.; Roof, E. Behavior in Prader-Willi syndrome: Relationship to genetic subtypes and age. J. Child
Psychol. Psychiatry 2008, 49, 1001–1008. [CrossRef] [PubMed]

32. Butler, M.G.; Bittel, D.C.; Kibiryeva, N.; Talebizadeh, Z.; Thompson, T. Behavioral differences among subjects
with Prader-Willi syndrome and type I or type II deletion and maternal disomy. Pediatrics 2004, 113, 565–573.
[CrossRef] [PubMed]

33. Bittel, D.C.; Kibiryeva, N.; Butler, M.G. Expression of 4 genes between chromosome 15 breakpoints 1 and 2
and behavioral outcomes in Prader-Willi syndrome. Pediatrics 2006, 118, 1276–1283. [CrossRef] [PubMed]

34. Zarcone, J.; Napolitano, D.; Peterson, C.; Breidbord, J.; Ferraioli, S.; Caruso-Anderson, M.; Holsen, L.;
Butler, M.G.; Thompson, T. The relationship between compulsive behaviour and academic achievement
across the three genetic subtypes of Prader-Willi syndrome. J. Intellect. Disabil. Res. 2007, 51, 478–487.
[CrossRef] [PubMed]

35. Schaaf, C.P.; Gonzalez-Garay, M.L.; Xia, F.; Potocki, L.; Gripp, K.W.; Zhang, B.; Peters, B.A.; McElwain, M.A.;
Drmanac, R.; Beaudet, A.L.; et al. Truncating mutations of Magel2 cause Prader-Willi phenotypes and autism.
Nat. Genet. 2013, 45, 1405–1408. [CrossRef] [PubMed]

158



Int. J. Mol. Sci. 2017, 18, 517

36. Corsello, C.; Hus, V.; Pickles, A.; Risi, S.; Cook, E.H.; Leventhal, B.L.; Lord, C. Between a roc and a hard place:
Decision making and making decisions about using the SCQ. J. Child Psychol. Psychiatry 2007, 48, 932–940.
[CrossRef] [PubMed]

37. Gresham, F.M.; Elliot, S.N. Social Skills Improvement System: Rating scales manual; NCS Pearson, Inc.:
Minneapolis, MN, USA, 2008.

38. Anagnostou, E.; Jones, N.; Huerta, M.; Halladay, A.K.; Wang, P.; Scahill, L.; Horrigan, J.P.; Kasari, C.; Lord, C.;
Choi, D.; et al. Measuring social communication behaviors as a treatment endpoint in individuals with
autism spectrum disorder. Autism 2014, 19, 622–636. [CrossRef] [PubMed]

39. Sparrow, S.; Cicchetti, D.; Balla, D.A. Vineland Adaptive Behavior Scales: Second Edition (Vineland II), Survey
Interview Form; Pearson Assessments: Livonia, MN, USA, 2005.

40. Carter, A.S.; Volkmar, F.R.; Sparrow, S.S.; Wang, J.-J.; Lord, C.; Dawson, G.; Fombonne, E.; Loveland, K.;
Mesibov, G.; Schopler, E. The Vineland Adaptive Behavior Scales: Supplementary norms for individuals
with autism. J. Autism Dev. Disord. 1998, 28, 287–302. [CrossRef] [PubMed]

41. Wechsler, D. Wechsler Preschool and Primary Scale of Intelligence (WPPSI-III), 3rd ed.; Pearson Psychological
Corporation: San Antonio, TX, USA, 2002.

42. Wechsler, D. Wechsler Intelligence Scale for Children (WISC-IV), 4th ed.; Pearson Psychological Corporation:
San Antonio, TX, USA, 2003.

43. Song, D.K.; Sawada, M.; Yokota, S.; Kuroda, K.; Uenishi, H.; Kanazawa, T.; Ogata, H.; Ihara, H.; Nagai, T.;
Shimoda, K. Comparative analysis of autistic traits and behavioral disorders in Prader-Willi syndrome and
Asperger disorder. Am. J. Med. Genet. A 2015, 167, 64–68. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

159



 International Journal of 

Molecular Sciences

Review

The 15q11.2 BP1–BP2 Microdeletion Syndrome:
A Review

Devin M. Cox †,* and Merlin G. Butler †

Departments of Psychiatry & Behavioral Sciences, University of Kansas Medical Center,
3901 Rainbow Boulevard, MS 4015, Kansas City, KS 66160, USA; mbutler4@kumc.edu
* Author to whom correspondence should be addressed; dcox2@kumc.edu;

Tel.: +1-913-588-0396; Fax: +1-913-588-1305.
† These authors contributed equally to this work.

Academic Editor: Cesar Borlongan
Received: 5 January 2015; Accepted: 10 February 2015; Published: 13 February 2015

Abstract: Patients with the 15q11.2 BP1–BP2 microdeletion can present with developmental and
language delay, neurobehavioral disturbances and psychiatric problems. Autism, seizures, schizophrenia
and mild dysmorphic features are less commonly seen. The 15q11.2 BP1–BP2 microdeletion involving
four genes (i.e., TUBGCP5, CYFIP1, NIPA1, NIPA2) is emerging as a recognized syndrome with a
prevalence ranging from 0.57%–1.27% of patients presenting for microarray analysis which is a two to
four fold increase compared with controls. Review of clinical features from about 200 individuals
were grouped into five categories and included developmental (73%) and speech (67%) delays;
dysmorphic ears (46%) and palatal anomalies (46%); writing (60%) and reading (57%) difficulties,
memory problems (60%) and verbal IQ scores ≤75 (50%); general behavioral problems, unspecified (55%)
and abnormal brain imaging (43%). Other clinical features noted but not considered as common were
seizures/epilepsy (26%), autism spectrum disorder (27%), attention deficit disorder (ADD)/attention
deficit hyperactivity disorder (ADHD) (35%), schizophrenia/paranoid psychosis (20%) and motor
delay (42%). Not all individuals with the deletion are clinically affected, yet the collection of findings
appear to share biological pathways and presumed genetic mechanisms. Neuropsychiatric and
behavior disturbances and mild dysmorphic features are associated with genomic imbalances of the
15q11.2 BP1–BP2 region, including microdeletions, but with an apparent incomplete penetrance and
variable expressivity.

Keywords: 15q11.2 BP1–BP2 microdeletion; Burnside-Butler syndrome; clinical and behavioral
phenotype; chromosome breakpoints BP1 and BP2; Prader-Willi and Angelman syndromes; language
and motor delays; autism; review

1. Introduction

Chromosome 15 contains five common breakpoint sites along the proximal long arm; they
are commonly referred to as BP1–BP5. There is a cluster of low copy DNA repeats located within
this chromosome region which can facilitate mis-alignment during meiosis leading to non-allelic
homologous recombination [1,2]. These low copy repeat sequences are called duplicons and contain
pseudogenes [3]. Duplicons found within breakpoints BP1, BP2 and BP3 have been characterized by
the presence of the HERC2 gene (at BP3) and HERC2 pseudogenes (at BP1 and BP2) [2].

Prader-Willi syndrome (PWS) and Angelman syndrome are typically caused by a deletion of
different parental origin involving the distal breakpoint BP3 and proximally placed breakpoints BP1
or BP2. These cytogenetic deletions of chromosome 15q11–q13 region are classified as typical type I
(involving BP1 and BP3) or typical type II (involving BP2 and BP3) (see Figure 1). Type I deletions have
an average genomic length of 6.58 Mb while type II deletions have a mean length of 5.33 Mb [4]. Several
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studies have shown that individuals with the larger typical 15q11–q13 type I deletion which is found
in both Prader-Willi and Angelman syndromes are reported to have more severe neurodevelopmental
symptoms as compared to those individuals with the smaller typical type II deletion [5–10]. Initially,
Butler et al. [5] found that several behavioral and intelligence measures were statistically different
between the two PWS deletion types (type I and type II). PWS individuals with type I deletions
showed more compulsive and self-injurious behaviors and visual perception impairment along with
lower intelligence, reading and math scores than in those with type II deletions. Furthermore, Bittel et
al. [6] reported that the amount of mRNA isolated from lymphoblastoid cell lines established from
individuals with PWS for the four genes (i.e., NIPA1, NIPA2, CYFIP1, TUBGCP5) found in the genomic
area between BP1 and BP2 in the 15q11.2 chromosome band explained between 24% to 99% of the
phenotypic variability in behavioral and academic measures. The NIPA2 gene accounted for the largest
number of significant correlations between the mRNA levels and phenotypic features.

In other studies, Varela et al. [10] found that individuals with PWS having 15q11–q13 type I
deletions acquired speech later than those with type II deletions. Hartley et al. [7] also found that
individuals with PWS having type I deletions had significantly higher Reiss maladaptive behavior
scores for depression (physical signs) than individuals with type II deletions. Similarly, Sahoo et
al. [9] reported that in individuals with Angelman syndrome and the 15q11–q13 type I deletion had
significantly more behavioral and cognitive impairments with lower expressive and total language
abilities and a higher likelihood of features for autism spectrum disorder.

Figure 1. High resolution ideogram representing chromosome 15 showing location of breakpoints
BP1 and BP2 (at 15q11.2 band) and BP3 (at 15q13.1 band) involving HERC2 and position of the
non-imprinted genes between BP1 and BP2. The three deletion types involving the 15q11–q13 region
(i.e., BP1–BP2, typical type I, typical type II) are represented.
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Valente et al. [11] also reported in Angelman syndrome that those with the 15q11–q13 type I
deletion had more severe seizures and were refractory to treatment compared with those having the
type II deletion. In a separate study Milner et al. [8] found significantly higher verbal IQ scores in
individuals with PWS and type II deletions versus those with type I deletions. They further reported
that those with type I deletions performed more poorly on all measures of ability even though they
were not significantly different from the patients with type II deletions.

A report by Dykens and Roof [12] examined behaviors in PWS using a mixed cohort of young
and old subjects (n = 88) and showed a relationship between genetic subtypes and ages. They found
negative associations between age and behavior in the 15q11–q13 type I deletion subtype only which
implicated non-imprinted genes between breakpoints BP1 and BP2, specifically the CYFIP1 gene.
Disturbed expression of CYFIP1 is seen in other developmental disabilities including those with 15q
disorders without PWS. Although they reported no significant behavioral findings when combining
data from subjects at all ages, significant differences were found in those with type I versus type II
deletions with age. The individuals with the 15q11–q13 type I deletion consistently had lower targeted
problem behaviors and adaptive skills and externalizing symptoms with advancing age.

As several studies have shown evidence of disturbed gene expression patterns and behavioral
findings in subjects with either PWS or Angelman syndrome with different genetic deletion subtypes
implicating genes within the BP1 and BP2 genomic region, Burnside et al. [13] summarized the literature
and surveyed the first large cohort of patients presenting for genetic testing using high resolution
microarrays. They found that 0.86% of the approximate 17,000 individuals had an abnormality
(deletion or duplication) of the 15q11.2 BP1–BP2 region. Specifically, 69 subjects were found with the
15q11.2 microdeletion and 77 subjects were found with a microduplication of the same region. They
proposed that this genomic area was a susceptibility region for neurological dysfunction, impaired
development and characteristic phenotypic features which was initially raised by Butler et al. [5] in
a study of PWS individuals with the larger 15q11–q13 type I deletion including the four genes in
the BP1 and BP2 area and having a more severe behavior phenotype compared with those with the
smaller type II deletion. Collectively, they summarized that a deletion involving this genomic region
correlated with language or motor delays, behavioral problems, autism, seizures and occasionally
mild dysmorphic features. The collection of clinical findings in the microdeletion in a large cohort of
patients with the 15q11.2 BP1–BP2 presenting for genetic services supported the original observations
by Butler et al. [14] of behavioral disturbances seen in PWS patients with the larger 15q11–q13 type I
deletion compared with the smaller type II deletion which stimulated interest in additional studies of
this chromosome region and, hence, coined the Burnside-Butler syndrome.

Preliminary clinical information about the 15q11.2 microdeletion alone without PWS was first
reported by Murthy et al. [15] in 2007 in two individuals in a consanguineous family and later by
Doornbos et al. [16] in 2009 in nine individuals. The vast majority of their combined subjects presented
with behavioral or neurological problems. Later, Abdelmoity et al. [17] reported a cohort of 1654
consecutive pediatric patients presenting with a range of neurological disorders and found that 21%
or 1.27% of the patients carried a 15q11.2 BP1–BP2 deletion. They found that 87.5% of the patients
with the deletion had developmental delay or intellectual disability. More recently, Cafferkey et al. [18]
presented data from 14,605 patients (primarily pediatric) referred for genetic testing using microarray
analysis and found 83 (0.57%) with the 15q11.2 BP1–BP2 microdeletion. The majority of their patients
presented with some form of behavioral disturbance or developmental/motor delays as summarized
by Burnside et al. [13]. The area between BP1 and BP2 is approximately 500 kb in size and includes the
NIPA1, NIPA2, TUBGCP5, and CYFIP1 genes and prone to both microdeletions and microduplications.
In this review, we summarize information regarding the 15q11.2 BP1–BP2 microdeletion. A review of
information regarding the microduplication is beyond the scope of this report.
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Chai et al. [19] showed that these four genes are highly conserved and biallelically expressed.
NIPA1 or non-imprinted in Prader-Willi/Angelman syndrome 1 gene is the best studied gene within
this region and associated with autosomal dominant hereditary spastic paraplegia [20,21]. There
has been no case to date where haploinsufficiency of NIPA1 due to a deletion has led to hereditary
spastic paraplegia. NIPA1 also mediates Mg2+ transport and is highly expressed in neuronal tissue [22].
The NIPA2 or non-imprinted in Prader-Willi/Angelman syndrome 2 gene is used in renal Mg2+

transport [22]. Jiang et al. [23] examined patients with childhood absence epilepsy and found mutations
in NIPA2 with unknown functional effects. The TUBGCP5 gene or tubulin gamma complex associated
protein 5 gene is involved in neurobehavioral disorders including ADHD and OCD [24]. The final gene
within this region is CYFIP1 or cytoplasmic fragile X mental retardation 1 (FMR1) interacting protein 1
gene. This gene product interacts with FMRP in a ribonucleoprotein complex. FMRP is the product
of the FMR1 gene which is associated with fragile X syndrome, the most common cause of familial
intellectual disability that primarily affects males [25]. Both of these gene products play important
roles in the regulation of brain mRNAs [24]. Bozdagi et al. [26] showed that haploinsufficiency of
CYFIP1 resembles important aspects found in knockout FMR1 mice.

Not all individuals with defects within the 15q11.2 band (i.e., microdeletions or microduplications)
share a clinical phenotype or are clinically affected. Therefore, this region contains genetic material
showing incomplete penetrance or low penetrance of pathogenicity along with variable expressivity.
For example, a review of reported data from control cohorts (n = 66,462 subjects) summarized to
date show that about 0.25% of controls are found with the 15q11.2 BP1–BP2 microdeletion [18,27–31].
The penetrance of the 15q11.2 BP1–BP2 microdeletion has also been estimated at 10.4% [28] or an
approximate two fold increase over the general population risk but may be due to paucity of inheritance
data. Other estimates have been lower but results consistently show this region to play a role in
autism [32]. The penetrance for the 15q11.2 microdeletion is low compared to other microdeletion
syndromes such as the 16p11.2 deletion with a penetrance estimated at 62.4% [28]. A higher penetrance
is often seen in copy number variants (CNVs) that have higher de novo frequencies while low penetrance
estimates may reflect a subclinical presentation or manifestation of features that are recognized as
components of disorders such as neuropsychiatric disturbances in parents of affected individuals
(e.g., autism in 15q11.2 BP1–BP2 deletion) or in control cohorts. Not only are microarray studies
needed on other family members (and parents) of those with the 15q11.2 BP1–BP2 deletion but also
neuropsychiatric and behavioral testing as well to appreciate the variability of expression and level of
penetrance. The review of literature from six published reports summarized by Cafferkey et al. [18]
regarding information on the inheritance of the 15q11.2 BP1–BP2 microdeletion indicates that 22/43
(51%) of individuals with the microdeletion, where parental data were available, inherited their
deletion from an apparently healthy parent while 10/29 (35%) of individuals inherited their deletion
from an abnormal parent [13,15–17,33,34]. The phenotypic information was unavailable or incomplete
for all parents found to carry the deletion. The reported de novo deletion frequency ranged from 1/21
(5%) [13] to 2/9 (22%) [16] in subjects reviewed by Cafferkey et al. [18]. It would be of importance
to undertake DNA sequencing analyses of the 15q11.2 BP1–BP2 genomic region to identify subtle
deletions or mutations of the non-deleted allele and determine the genetic status of this “normal
allele”. Other modifying genes outside of the chromosome region may also play a role and will require
further investigations.

Recently, individuals have been reported with the 15q11.2 BP1–BP2 microdeletion and additional
non-neurological clinical findings. These findings included congenital cataracts [14,35], proximal
esophageal atresia and distal tracheoesophageal fistula (type C) [35] and congenital arthrogryposis [36].
These clinical reports lend support for further phenotypic expansion of this susceptibility region
impacted by the 15q11.2 BP1–BP2 microdeletion. Our report will focus on the review of the clinical
features now recognized in this microdeletion syndrome.
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2. Results and Discussion

2.1. Growth and Development

A review of the literature on growth and development in individuals with 15q11.2 BP1–BP2
microdeletions involving a susceptibility region for neurological dysfunction with general
developmental and motor delay with speech problems as primary components of this disorder.
General developmental delay occurred in 73% of individuals and speech delay occurred in 67% as
reported in the literature suggesting characteristic features for this microdeletion syndrome (see
Table 1). These features may correlate with the neuronal components of the genes within this deleted
region. NIPA1, NIPA2, and CYFIP1 are highly expressed in neuronal tissue of the central nervous
system and TUBGCP5 is highly expressed in the subthalamic nuclei [22,24].

Motor delay and microcephaly were considered important features of this microdeletion syndrome
after a review of the literature. Motor delay was seen in 42% of individuals and microcephaly was seen
in 24%. Occasional features found were intrauterine growth retardation (18%), short stature (10%), and
macrocephaly (8%) (see Table 1).

2.2. Dysmorphic Features

A review of the literature on the dysmorphic features for those individuals with the 15q11.2
BP1–BP2 microdeletion or Burnside-Butler syndrome showed that this disorder does not appear to
have a clear dysmorphic phenotype (see Table 2). This is supported by studies by Butler et al. [5] in
examining individuals with Prader-Willi syndrome with 15q11–q13 type I deletion or type II deletion
and observing behavioral and cognitive differences but not in growth parameters or other clinical
findings indicating that the four genes present within the BP1–BP2 genomic area and when disturbed
can lead to neurological or behavioral outcomes.

2.3. Intelligence and Academic Achievement

General, non-specified, dysmorphic features were seen in 55 out of 141 individuals or 39% of
those reported within the literature. The only common dysmorphic feature found from a review of
the literature was palatal abnormalities with 46% of individuals being reported with these findings.
Occasional dysmorphic features included broad forehead (21%), hypertelorism (18%), slender fingers
(15%), pectus excavatum (13%), plagiocephaly (10%), dysmorphic nose (8%), dysmorphic teeth (8%),
and contractures/arthrogryposis (8%). Reported dysmorphic features that, at present, are uncommon
or not associated with this syndrome based on a literature review and include short fingers (5%), long
narrow face (3%), small face (3%), and hypotelorism (3%) (see Table 2).

Intelligence and academic achievement for individuals with 15q11.2 BP1–BP2 microdeletions
were reviewed (see Table 3). Common reported features included writing difficulties (60%), memory
problems (60%), reading difficulties (57%), and a verbal IQ score equal to or below 75 (50%). However,
very few individuals were reported within the literature regarding these findings so further studies are
needed to determine if they are associated findings. Occasional findings within the literature included
intellectual disability (37%) and performance IQ which was equal to or below 75 (33%). There were 43
out of 116 individuals reported within the literature who had intellectual disability; however, there
were only 1 out of 3 individuals reportedly with a low performance IQ. Stefansson et al. [38] found a
modest effect on verbal IQ (effect = 0.38, p = 0.033) and performance IQ (effect = 0.43, p = 0.018) from
the 15q11.2 deletion.
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2.4. Behavioral and Psychiatric Problems

Behavioral features including autism spectrum disorder and schizophrenia have been studied as
features of the 15q11.2 BP1–BP2 microdeletion [32,33,37–40]. A review of the behavioral and psychiatric
features reported within the literature found that 55% of those reported had general behavior problems
that were not otherwise specified (see Table 4). Common behavioral features included Attention
Deficit Disorder or Attention Deficit Hyperactivity Disorder (35%), Autism Spectrum Disorder (27%),
obsessive compulsive disorder (26%), self-injurious behaviors (26%), oppositional defiant disorder
(24%), and schizophrenia or paranoid psychosis (20%). Studies have been performed to determine if
the 15q11.2 BP1–BP2 microdeletion is a susceptibility locus for schizophrenia [37–40]. Rees et al. [40]
found a significant association between the microdeletion and schizophrenia with the frequency of
individuals having schizophrenia and the microdeletion from their study was 0.64 (44/6882). The
15q11.2 BP1–BP2 microdeletion has also been studied regarding potential susceptibility for autism [32].
Chaste et al. [32] found a small risk regarding this microdeletion and autism but a greater effect on
the autism phenotype in males and when maternally inherited. They reported an overall modest
effect for this copy number variant for autism in studying a sample of 2525 families with autism [32].
They suggested that carriers may need additional copy number variants along with the 15q11.2
microdeletion in order to be diagnosed with autism [32]. Occasionally, reported behavioral features
within the literature included an unusually happy expression (12%) and anxiety (6%) [16,34].

2.5. Other Related Medical Concerns

The 15q11.2 BP1–BP2 microdeletion or Burnside-Butler syndrome has been reported with various
medical concerns or conditions (see Table 5). A review of the literature indicated that 43% of these
individuals had abnormal brain imaging (MRI, EEG, etc.) with common clinical features of seizures or
epilepsy (26%) and ataxia or balance (coordination) problems (28%). The medical literature surrounding
this microdeletion syndrome and seizures indicate that this chromosomal anomaly may be a risk factor
for epilepsy [29,41–43]. Occasional features seen within the literature regarding medical conditions
included congenital heart defect (9%), genital abnormalities (7%), recurrent infections (7%), cataracts
(4%), hearing loss or impairment (4%), tracheoesophageal fistula (2%), and omphalocele (2%). Whether
these additional findings represent further phenotypic expansion of the syndrome as raised by others
is unknown [14,35,36].
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3. Conclusions

The 15q11.2 BP1–BP2 microdeletion (Burnside-Butler) syndrome is now a recognized condition
with over 200 individuals identified from the literature using chromosomal microarray analysis.
Clinically, neurological dysfunction, developmental and language delay are the most commonly
associated findings followed by motor delay, ADD/ADHD and autism spectrum disorder showing
incomplete penetrance and variable expressivity. The four non-imprinted biallelically expressed genes
(TUBGCP5, CFYIP1, NIPA1, NIPA2) in this microdeletion were initially noted to impact severity of
clinical presentation and neurological impairment in two classical genomic imprinting disorders
(i.e., Prader-Willi and Angelman syndromes) with typical 15q11–q13 deletions depending on the
absence or presence of the genomic area between breakpoints BP1 and BP2 containing the four genes
leading to studies recognizing this syndrome. The 15q11.2 BP1–BP2 microdeletion syndrome has a
reported de novo frequency between 5%–22%, with 51% having inherited the microdeletion from an
apparently unaffected parent and 35% having inherited the microdeletion from an affected parent. Low
penetrance estimates may relate to subclinical manifestations of neuropsychiatric/behavioral problems
or incomplete information about the parents of individuals with 15q11.2 BP1–BP2 microdeletion
or members of control cohorts [44]. From reported patient cohorts presenting for genetic services
and microarray analysis, this microdeletion syndrome can now be recognized as the most common
cytogenetic abnormality found in autism spectrum disorder.
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Abstract: Roughly 20% of autism spectrum disorders (ASD) are syndromic with a well-established
genetic cause. Studying the genes involved can provide insight into the molecular and cellular
mechanisms of ASD. 2q23.1 deletion syndrome (causative gene, MBD5) is a recently identified genetic
neurodevelopmental disorder associated with ASD. Mutations in MBD5 have been found in ASD
cohorts. In this study, we provide a phenotypic update on the prevalent features of 2q23.1 deletion
syndrome, which include severe intellectual disability, seizures, significant speech impairment, sleep
disturbance, and autistic-like behavioral problems. Next, we examined the phenotypic, molecular, and
network/pathway relationships between nine neurodevelopmental disorders associated with ASD:
2q23.1 deletion Rett, Angelman, Pitt-Hopkins, 2q23.1 duplication, 5q14.3 deletion, Kleefstra, Kabuki
make-up, and Smith-Magenis syndromes. We show phenotypic overlaps consisting of intellectual
disability, speech delay, seizures, sleep disturbance, hypotonia, and autistic-like behaviors. Molecularly,
MBD5 possibly regulates the expression of UBE3A, TCF4, MEF2C, EHMT1 and RAI1. Network analysis
reveals that there could be indirect protein interactions, further implicating function for these genes in
common pathways. Further, we show that when MBD5 and RAI1 are haploinsufficient, they perturb
several common pathways that are linked to neuronal and behavioral development. These findings
support further investigations into the molecular and pathway relationships among genes linked to
neurodevelopmental disorders and ASD, which will hopefully lead to common points of regulation
that may be targeted toward therapeutic intervention.

Keywords: MBD5; ASD; networks; overlapping phenotypes; UBE3A; TCF4; MEF2C; EHMT1; RAI1;
transcriptional regulation; pathways; network analysis

1. Introduction

Autism spectrum disorder (ASD) is a growing public health concern that affects millions of
individuals worldwide [1]. ASD is a broad term encompassing a heterogeneous group of complex,
highly heritable neurodevelopmental disorders in which individuals have impairments in social
interaction and communication coupled with repetitive and restricted behaviors [2]. Other morbidities
such as intellectual disability, epilepsy, neurological disabilities (ataxia and hypotonia), and other
behavioral disorders have been associated with ASD [3]. The molecular etiology of ASD involves the
interplay of many genes [4]. A contributor to the risk of ASD resides in high-impact rare variants,
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such as chromosomal abnormalities, copy number variation (CNV), and mutations in genes previously
linked to classic monogenenic genetic disorders such as fragile X syndrome (FXS) (MIM 300624),
Rett syndrome (RTT) (MIM 312750), Angelman syndrome (AS) (MIM 105830), and Smith-Magenis
syndrome (SMS) (MIM 182290) [2,5,6].

With the advancement of genetic diagnostic technologies such as chromosomal microarray
analysis, the identification of novel genetic subtypes of ASD and their associated genes have come to
light, such as 16p11.2 deletion (MIM 611913, gene unknown), 2q23.1 deletion syndrome (MIM 156200,
MBD5), Pitt-Hopkins syndrome (PTHS MIM 610954, TCF4), 5q14.3 deletion syndrome (MIM 613443,
MEF2C), and Kleefstra syndrome (MIM 610253, EHMT1). Many of these genes are involved in neuronal
functions (synaptic transmission and cell-cell interaction), chromatin modification, methylation, and
transcriptional regulation [7]. The identification of these disease genes associated with ASD has led to
many theories regarding the pathogenesis of ASD. One theory that has garnered support from some in
the ASD community proposes that the pathogenesis is due to the disruption of neurodevelopment,
which is triggered by genes with global effects on expression (chromatin modification, methylation,
and transcriptional regulation) of other genes that are specifically involved in neuronal functions [7].
Further, these genes are thought to be most likely involved in common ASD-associated pathways
such as cell adhesion, cadherin signaling, WNT signaling, PTEN signaling, mTOR signaling, PI3K-Akt
signaling, and circadian rhythm [4,8].

Corroborating studies have suggested that a disease phenotype is rarely a consequence of an
abnormality in a single gene product but a reflection of dysfunction in a variety of genes and pathobiological
processes that interact in complex networks and pathways [9–11]. Many neurodevelopmental genetic
disorders associated with ASD share common phenotypic features despite their genetic heterogeneity,
which further suggests that these genes may act together in complex interconnected pathways that, when
perturbed, manifest similar phenotypes.

2q23.1 deletion syndrome (MIM 156200), previously known as “pseudo-Angelman syndrome,”
was initially identified in one of the first comparative genomic hybridization (CGH) surveys of
developmental disorders [12]. Patients are characterized by severe intellectual disability, seizures,
significant speech impairment, and autistic-like behavioral problems [13]. 2q23.1 deletion syndrome is
caused by deletion in the chromosomal region 2q23.1 or gene specific deletions in methy-CpG-binding
domain 5 (MBD5, MIM 611472). Deletions of 2q23.1 range from small deletions of 38 kb to >19
Mb [13]. While some large deletions extend in the chromosomal region 2q22.3, these deletions do
not include the zinc finger E box-binding homeobox 2 gene (ZEB2, MIM 605802), the causative
gene for Mowat-Wilson syndrome (MIM 235730). MBD5 is part of the methyl-CpG-binding domain
(MBD) family, which consists of a well-known ASD-associated gene, MECP2, which is the causative
gene in Rett syndrome. MBD5 has two known isoforms [14] and is thought to have a role in
epigenetic modification [7,14–18]. Further, MBD5/Mbd5 has been shown to regulate expression of
genes, suggesting it acts as a transcription factor [15,17,19].

In this study, we conducted a comprehensive phenotypic overview of 2q23.1 deletion syndrome and
then briefly examined the phenotypic and molecular relationships between 2q23.1 deletion syndrome
and neurodevelopmental disorders associated with ASDs. Finally, we examined the pathways in
common between 2q23.1 deletion syndrome and Smith-Magenis syndrome.

2. Results and Discussion

2.1. 2q23.1 Deletion Syndrome Clinical Review

To further update our phenotypic knowledge of 2q23.1 deletion syndrome, we surveyed the
most prevalent phenotypic features of all 2q23.1 deletion cases (MBD5-specific deletions and 2q23.1
deletions) using the two largest phenotypic studies on 2q23.1 deletion syndrome [13,20] and case reports
that were published subsequently after these studies [15,16,19,21–24]. Overall, phenotypic findings are
comparable across the 74 cases reported [13,15,16,20–23,25–30], and the frequently reported neurological,
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neurobehavioral, and craniofacial features associated within syndrome are seen and listed in Figure 1 and
Table 1 [13,20]. Neurological and behavioral features are the most prevalent findings in 2q23.1 deletion
syndrome patients, while the other abnormalities, such as craniofacial abnormalities and skeletal
abnormalities, are not consistently the same among individuals with this deletion (Figure 1).

Developmental delay and motor delay were present in 100% of the 2q23.1 deletion cases studied.
Previous reports have identified seizures and severe language impairment as two primary features
of 2q23.1 deletion syndrome, and we further show that 94.4% and 84.9% of the 2q23.1 deletion
cases exhibit these features, respectively [13,15,16,20–23,25–30]. Infantile hypotonia and feeding
difficulties were also present in greater than 85% of reported 2q23.1 deletion cases (Table 1). Autistic-like
behaviors and behavioral problems were reported in 98.4%. The most prevalent behaviors were
distractibility/short attention span (100%) and sleep disturbances (78.8%). These studies also showed
that there is a clear lack of precise documentation by clinicians regarding the exact autistic-like
behaviors of individuals with 2q23.1 deletion syndrome. Nonetheless, impairments in communication,
social interaction and repetitive behaviors are key behavioral criteria for ASD, which are also present in
the majority of 2q23.1 deletion syndrome patients. Overall, these patients should be assessed by ADI-R
and ADOS to identify specific ASD phenotypes present in individuals with 2q23.1 deletion syndrome.
It is apparent that while craniofacial abnormalities are present in children with 2q23.1 deletion, the
features are variable across the population. While mild dysmorphic craniofacial features were present
at >70% in reported cases, including broad forehead, arched/thick eyebrows, eye abnormalities, nasal
abnormalities, downturned corners of the mouth, open mouth, thin upper lip, tented upper lip, and
thick or everted lower lip, a consistent and thorough evaluation, measurement, and documentation
of craniofacial and skeletal abnormalities is necessary for an accurate and full understanding of the
commonly observed associations with 2q23.1 deletion syndrome (Figure 1).

Figure 1. Craniofacial features of 2q23.1 deletion syndrome. Children with 2q23.1 deletion syndrome
exhibit broad forehead, open mouth, and tented, thin upper lip. (A) 1 year old male. (B) 13 year old
female. Approvals from parents were obtained to publish these photos.

Table 1. Prevalent features of 2q23.1 deletion syndrome.

2q23.1 Deletion 1

Common Features Frequency Percentage (%)

Neurological

Developmental delay 74/74 100
Motor delay 45/45 100

Language impairment 51/54 94.4
Ataxia 22/32 68.7

Infantile hypotonia 28/30 93.3
Infantile feeding difficulties 17/20 85.0

Seizures 45/53 84.9

Behavioral

Autistic-like behaviors 60/61 98.4
Behavioral problems 60/61 98.4

Aggression/temper tantrums 13/21 62.9
Distractibility/short attention span 21/21 100

Hyperphagia 8/16 50.0
Self-injurious behaviors 21/33 63.6

Sleep disturbances 41/52 78.8
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Table 1. Cont.

2q23.1 Deletion 1

Common Features Frequency Percentage (%)

Neurological

Growth/Endocrine Abnormalities

Postnatal growth retardation 25/51 49.0
Obesity 6/17 35.3

Short stature (<5th percentile) 30/43 69.8

Craniofacial Abnormalities

Cranium

Brachycephaly 12/36 33.3
Broad forehead 21/30 70.0
Microcephaly 28/46 60.9

Eyes

Arched/thick eyebrows 19/24 79.2
Myopia/hypermetropia/corrective lenses 8/11 72.7

Synophrys 13/28 46.4

Nose/Ear

Nasal abnormalities 42/43 97.7
Outer ear abnormalities 22/29 75.9

Mouth/Chin

Dental abnormalities 18/35 51.4
Downturned corners of the mouth 20/28 71.4
Macroglossia or protruding tongue 8/33 24.2

Micrognathia/retrognathia 16/30 53.3
Open mouth 26/34 76.5

Tented upper lip 19/30 63.3
Thin upper lip 21/28 75.0

Thick or everted lower lip 19/26 73.1
Wide mouth 15/25 60.0

Skeletal Extremity Abnormalities

Brachydactyly 14/33 42.4
Clinodactyly, 5th finger 24/38 63.2

Sandal gap 12/32 37.5
Short fifth digit 16/37 43.2

Small hands and feet 25/37 67.6
1 Cases came from [13,15,20–24].

2.2. Overlapping Phenotypes across 2q23.1 Deletion Syndrome and Other Autism Spectrum Disorders

2q23.1 deletion has been aptly termed a “potent masquerader”, wherein the clinical features of
the disorder were initially thought to be due to other well-known genetic syndromes [20]. Since the
neurodevelopmental and behavioral characteristics common to 2q23.1 deletion syndrome are nonspecific
and commonly found in multiple other neurodevelopmental disorders associated with ASD [20], many
2q23.1 deletion syndrome patients were initially tested for a variety of disorders, including Rett, Angelman,
and Smith-Magenis syndromes [26]. As previously mentioned, Mowat-Wilson syndrome and 2q23.1
deletion syndrome are on neighboring chromosome bands, patients with 2q23.1 deletion do not share
key anomalies associated with Mowat-Wilson syndrome, such as Hirschsprung disease, congenital
heart defects, genitourinary anomalies, and eye defects; thus, Mowat-Wilson syndrome is not in the
differential diagnosis for 2q23.1 deletion syndrome patients [31,32]. Here, we reviewed the neurological
and behavioral features of 2q23.1 deletion syndrome and eight other disorders that have been
phenotypically linked to or considered in the differential diagnosis for 2q23.1 deletion syndrome [31,32].
The reported phenotypic features of 2q23.1 deletion syndrome, RTT, AS, PTHS, 2q23.1 duplication
syndrome, 5q14.3 deletion syndrome, Kleefstra syndrome (KFS), Kabuki syndrome (MIM 147920), and
SMS show they share neurological and behavioral co-morbidities coupled with ID, including motor
impairments and gaiting abnormalities, hypotonia, language impairments, seizures, sleep disturbance,
autistic-like behaviors, and other distinctive behaviors (Table 2). The similar features among many highly
penetrant neurodevelopmental disorders associated with ASD allow us to hypothesize several models for
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ASD etiology and pathogenesis. First, the ASD-associated genes linked to known neurodevelopmental
disorders govern similar cellular functions. Second, the genes play a role in specific cellular functions that
converge into common molecular pathways that are associated with specific phenotypes. Third, these
genes are involved in entirely different molecular pathways that converge to a common phenotype.

2.3. MBD5 Regulates Disorder-Specific Genes

Due to the high degree of phenotypic similarity between RTT (MECP2), AS (UBE3A), PTHS
(TCF4), 2q23.1 duplication syndrome (MBD5), 5q14.3 deletion syndrome (MEF2C), KFS (EHMT1),
Kabuki syndrome (KMT2D and KDM6A), and SMS (RAI1) relative to 2q23.1 deletion syndrome
(Table 2), we examined the co-expression relationships of these genes to MBD5 toward assessing their
involvement in the phenotype of 2q23.1 deletion syndrome. We hypothesized that these genes may be
dysregulated in 2q23.1 deletion syndrome and therefore assessed expression of MECP2, UBE3A, TCF4,
MEF2C, EHMT1, KMT2D, KDM6A, and RAI1 in 2q23.1 deletion syndrome patient lymphoblastoid
cell lines (LCLs) that had various deletions of MBD5. As expected, mRNA levels of MBD5 were
significantly down regulated in 2q23.1 deletion syndrome LCLs (p < 0.0001), confirming previously
reported results [13] (Figure 2). Overall, we observed 5/8 (62.5%) of the tested genes had significantly
altered mRNA levels when MBD5 was haploinsufficient. TCF4 and UBE3A expression levels were
elevated to ~1.5-fold (TCF4, p = 0.012; UBE3A, p < 0.0001). However, MEF2C, EHMT1, and RAI1
expression levels were significantly reduced to ~0.5-fold (MEF2C, p = 0.016; EHMT1, p = 0.0004; RAI1,
p < 0.0001). MECP2, KMT2D, and KDM6A had no significant change of expression.

Figure 2. Dysregulation of associated genes in 2q23.1 deletion syndrome. MBD5, MEF2C, EHTM1,
and RAI1 were significantly down regulated (red bars) while UBE3A and TCF4 were significantly up
regulated (green bars). MECP2, KMT2D, and KDM6A did not have altered mRNA levels (black bars).
Gene expression is shown relative to control set to 1.0 (black line). Graphs represent mean ± SEM
(* p < 0.05, *** p < 0.01, **** p < 0.0001). 1 = Manuscript in review, 2 = [20].

Our co-expression data indicate that MBD5 functions, either directly or indirectly, in the regulation
of the expression of other ASD-associated genes (TCF4, MEF2C, EHTM1, RAI1, and UBE3A), which
supports the common pathway ASD pathogenesis hypothesis. MBD5 and the genes with altered
expression possibly converge on common pathways that contribute to the phenotype of 2q23.1 deletion
syndrome and genetic neurodevelopmental syndromes associated with ASD. While MECP2, KMT2D,
and KDM6A, did not have altered mRNA levels, these genes may share a molecular connection to
MBD5 beyond co-expression, such as physical interactions. Thus, MBD5 and MECP2, KMT2D, and
KDM6A could be involved in different genetic pathways that result in a similar phenotypic output,
which may indicate the presence of redundant pathways. Alternatively, MECP2, KMT2D, and KDM6A
may be in the same or overlapping pathways but may function upstream of MBD5. Our phenotypic
and gene expression data (Table 2 and Figure 2) implicate some form of pathway overlap or interaction
when MBD5 is haploinsufficient.
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2.4. MBD5 Network

Recent studies suggest that genes involved in common endpoints (e.g., phenotypes) show an
increased tendency to have protein-protein interactions, similar expression patterns in specific tissues,
and exhibit synchronized expression as a group [45,46]. In this study, we observed co-expression
relationships between MBD5 and ASD-associated genes (Figure 2). To comprehensively understand
MBD5-dependent genetic pathways relative to these genes, we utilized bioinformatics resources and the
network tool, Cognoscente (http://vanburenlab.tamhsc.edu/), to uncover related protein interactions
(Figure 3). While data do not exist in the literature to support the key genes (in red boxes) directly
interacting with each other, we did observe that some hubs (central network connections) all intervened
with one another (Figure 3). This finding could suggest there are intermediary genes that molecularly
connect the genes directly involved in known disorders. Interestingly, from this network, several other
genes linked to ASD were identified, including CDKL5, HDAC4, EP300, FMR1, SMARCA4, and ATRX,
each previously linked to a neurodevelopmental disorder with overlapping or similar phenotypes, as
listed in Table 2 (Figure 2). In Mullegama et al. (2014), we observed overexpression of FMR1 in 2q23.1
deletion syndrome cell lines [19]. Additional expression studies of these ASD-associated genes in 2q23.1
deletion syndrome would prove interesting. A limitation using such tools to explore molecular networks,
as we demonstrated in Figure 2, is that all programs that generate networks, like Cognoscente, rely on
the published literature [47]. This fact revealed that there is clearly a lack of research and understanding
of the interactions among the genome and proteome in ASD. Thus, undoubtedly, concerted efforts
need to be made to study molecular interactions between these genes collectively to further elucidate
the genetic etiology of these and other monogenic neurodevelopmental disorders associated with
ASDs. Futures studies such as RNA-seq, methylation sequencing, whole-genome miRNA analysis,
and chromatin immunoprecipitation sequencing (ChIP-seq) studies of these disorder-causing genes
will allow us to further elucidate the levels of molecular convergence between these disorders.

2.5. Molecular Relationships between MBD5 and RAI1

We propose that functional relationships between genes serve as a strong indicator for involvement
in key pathways responsible for phenotypic outcomes. An example of this concept is the relationship
between MBD5 and RAI1. We have shown that 2q23.1 deletion syndrome and Smith-Magenis syndrome
have overlapping phenotypes (see Table 2). From the data we presented here, it appears that RAI1 could
be regulated directly or indirectly by MBD5. Our previously published work also suggested that RAI1
is dysregulated when MBD5 is knocked down through siRNA technology in neuroblastoma SH-SY5Y
cell lines [19]. Therefore, we wanted to further examine the functional pathways common to MBD5
and RAI1.

From previously published microarray data [19] where MBD5 and RAI1 were knocked down
through siRNA technology individually in neuroblastoma cell lines, we conducted Ingenuity Pathway
Analysis (IPA) on these microarray data to identify the common pathways that are perturbed when
MBD5 and RAI1 are haploinsufficient. We propose that these pathways could be key contributors to
the overlapping phenotypes we see in both syndromes. IPA was used to determine which biological
pathways and function involving genes were differentially expressed in MBD5 and RAI1 knockdown
SH-SY5Y cell lines. A p-value of less than 0.05 for each pathway was determined using Fisher’s exact
tests to determine the likelihood of those genes assigned by chance. IPA shows that MBD5 and RAI1 are
implicated in many neurological, cell growth and developmental pathways (p < 0.05) (Tables 3 and 4).
The top common pathways reveal many interesting and important pathways altered due to MBD5 and
RAI1 haploinsufficiency. Previously mentioned pathways that are associated with autism and sleep,
circadian rhythm signaling, and mTOR signaling pathways are present (Tables 3 and 4) [19]. The CDK5
signaling pathway is crucial to neuronal activity, neuronal migration during development and neurite
growth [48]. In previous mouse studies of Mbd5, reduced neurite outgrowth was observed [49]. Further,
the Xenopus laevis rai1 morphants exhibit aberrant neural crest migration [50]. Thus, the CDK5 signaling
pathway could be contributing to the features seen in the above studies. The apoptosis signaling pathway
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(see Table 4) is involved in the determination of the size and shape of the brain and it regulates the
wiring of developing neuronal networks [51]. It is thought that dysregulation of this pathway can lead
to neuroanatomic abnormalities and developmental disabilities [51]. There are growing associations
between neural cell death and autism [51]. Thus, the involvement of the apoptosis signaling pathway
in 2q23.1 deletion syndrome and Smith-Magenis syndrome should be further investigated. Overall,
extensive molecular studies on how these shared pathways contribute to the phenotypes present in
2q23.1 deletion syndrome and Smith-Magenis syndrome is necessary. In addition, these results provide
further evidence that monogenic neurodevelopmental disorders associated with ASD share common
pathways and are crucial to study in regards to phenotypic development.

Figure 3. 2q23.1 deletion syndrome gene interaction network. Cognoscente was used to generate
direct protein-protein (grey line), protein-DNA (red dash line), and protein-RNA (blue arrow line)
interactions of genes previously implicated in ASD: MBD5, MECP2, UBE3A, TCF4, MEF2C, EHMT1,
KMT2D, KDM6A and RAI1 (red box). The human orthologs of genes of many of the protein products
that came up in this network are involved in neuronal functions, chromatin modification, methylation
and transcriptional regulation. In addition, other genes associated with ASD also were identified
(yellow box).

Table 3. Common neurological pathways in both MBD5 and RAI1 knockdown SH-SY5Y cells.

Ingenuity Canonical Pathways *

Acetate conversion to acetyl-CoA
Agrin interactions at neuromuscular junction
Aldosterone signaling in epithelial cells
Amyotrophic lateral sclerosis signaling
Axonal guidance signaling
Cyclin-dependent kinsase 5 signaling
Choline degradation I
Circadian rhythm signaling
Ciliary neurotrophic factor signaling
Docosahexaenoic acid signaling
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Table 3. Cont.

Ingenuity Canonical Pathways *

Dolichol and dolichyl phosphate biosynthesis
Eukaryotic initiation factor 2 signaling
Ephrin A signaling
Ephrin B signaling
Ephrin receptor signaling
Epidermal growth factor receptor signaling
G protein signaling mediated by Tubby
Gap junction signaling
Glial cell line-derived neurotrophic factors family ligand-receptor interactions
Glioma signaling
Melanoma signaling
Mechanistic target of rapamycin signaling
Netrin signaling
Neuregulin signaling

* All pathways had a p-value <0.05 as determined by Fisher Exact Test within Ingenuity Pathway Analysis.

Table 4. Common cell growth and developmental pathways in both MBD5 and RAI1 knockdown
SH-SY5Y cells.

Ingenuity Canonical Pathways *

14-3-3-mediated signaling
1D-myo-inositol hexakisphosphate biosynthesis II (mammalian)
Acetate conversion to acetyl-CoA
Agrin interactions at neuromuscular junction
Aldosterone signaling in epithelial cells
Angiopoietin signaling
Apoptosis signaling
Aryl hydrocarbon receptor signaling
Assembly of RNA polymerase II complex
Assembly of RNA polymerase III complex
Ataxia telangiectasia mutated signaling
Bone morphogenetic protein signaling
CD40 signaling
Cell division control protein 42 homolog signaling
Cytidine diphosphate diacylglycerol-diacylglycerol biosynthesis I
Cell cycle control of chromosomal replication
Cell Cycle: G1/S checkpoint regulation
Cell Cycle: G2/M DNA damage checkpoint regulation
Ceramide signaling
Cholecystokinin/gastrin-mediated signaling
Choline degradation I
Circadian rhythm signaling
Citrulline-nitric oxide cycle
Clathrin-mediated endocytosis signaling

* All pathways had a p-value <0.05 as determined by Fisher Exact Test within Ingenuity Pathway Analysis.

3. Experimental Section

3.1. Patients and Cell Culture Studies

All samples and information were collected after informed consent was obtained and in
accordance with Institutional Review Board (IRB) approved protocols from Baylor College of Medicine.
Lymphoblastoid cell lines (LCLs) (Epstein–Barr virus-transformed human lymphocytes) were cultured
as previously described [25]. LCLs utilized in this study included: 2q23.1 deletion syndrome
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(SMS367 [25], SMS185 [25], SMS361 [13], SMS373 [13], SMS375 [13], and SMS368 [13] and five normal
control lines).

3.2. Expression Analyses

RNA was isolated from cultured patient and control lymphoblastoid cell lines via TRIzol (Invitrogen,
Carlsbad, CA, USA) according to standard protocols. All cell lines were cultured for the same period of
time to the same cell density. RNA was quantified using the NanoDrop® ND-100 Spectrophotometer
(NanoDrop Technologies, Inc., Wilmington, DE, USA). First-strand cDNA synthesis was carried out
using qSCRIPT cDNA SuperMix (Quanta Biosciences, Inc., Gaithersburg, MD, USA) (with 1 μg of RNA)
according to the manufacturer’s protocol. For quantitative real-time PCR, predesigned Taqman MGB
probes from Assays-on-Demand Gene Expression Products (ABI) (Life Technologies Inc., Carlsbad, CA,
USA) were used for all genes. A minimum of three unrelated patient samples were run in triplicate in 10μL
reaction volumes. PCR conditions were the default settings of the ABI Prism 7900 HT Sequence Detection
System (Life Technologies Inc., Carlsbad, CA, USA). The cycle threshold (Ct) was determined during
the geometric phase of the PCR amplification plots as recommended by the manufacturer. Relative
differences in transcript levels were quantified with the ΔΔCt method with GAPDH (MIM138400)
(Hs99999905_m1) mRNA as an endogenous control. All expression values were calculated relative to
control levels set at 1.0.

3.3. Network Analysis

Cognoscente (http://vanburenlab.tamhsc.edu/) was used to identify the biomolecular
interactions that have been documented in the literature of the genes listed in Table 2. Cognoscente is
a highly curated freely available database that identifies interacting components of protein networks
and the primary literature to support such interactions [47].

3.4. Ingenuity Pathway Analysis (IPA)

IPA was used to identify biological functions, gene networks and pathways, and likely upstream
regulators that were significantly more altered in knockdown cells than in controls. Significant
interactions were determined using the Ingenuity Pathway Knowledge Base and a Fisher’s exact test
to calculate a p-value determining the probability that each function network or pathway assigned to
that data set is due to chance alone. Statistical significance was determined at a cutoff of p ≤ 0.05.

3.5. Statistical Analyses

Statistical analysis for gene expression data was performed with Prism 4 version 4.0b (GraphPad
Software, Inc., San Diego, CA, USA). Statistical significance was determined at a cutoff of p ≤ 0.05.

4. Conclusions

In conclusion, we show that 2q23.1 deletion syndrome shares common neurological and behavioral
phenotypes with other monogenic neurodevelopmental disorders associated with autism spectrum
disorders. Furthermore, haploinsufficiency of MBD5 impacts expression of several ASD-implicated
genes, including UBE3A, TCF4 MEF2C, EHMT1, and RAI1; supporting MBD5 as a transcriptional
regulator. Further, data suggest that these genes associated with ASD, MBD5, MECP2, UBE3A, TCF4
MEF2C, EHMT1, KMT2D and KDM6A, and RAI1 may be part of a gene network that converges
into common or overlapping pathways that results in similar phenotypes when perturbed. As an
example, we show that when MBD5 and RAI1 are both haploinsufficient they share common perturbed
pathways that likely contribute to the overlapping phenotypes exhibited by 2q23.1 deletion syndrome
and Smith-Magenis syndrome patients. Overall, future studies identifying and dissecting the genetic
and downstream molecular pathways in monogenic neurodevelopmental disorders associated with
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ASD may reveal common points of regulation and promote gene candidates for targeted therapeutic
and pharmacological intervention.
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Abstract: 22q11.2 deletion syndrome (22q11.2DS) is a genomic disorder reported to associate with
autism spectrum disorders (ASDs) in 15–50% of cases; however, others suggest that individuals
with 22q11.2DS present psychiatric or behavioral features associated with ASDs, but do not
meet full criteria for ASD diagnoses. Such wide variability in findings may arise in part due to
methodological differences across studies. Our study sought to determine whether individuals with
22q11.2DS meet strict ASD diagnostic criteria using research-based guidelines from the Collaborative
Programs of Excellence in Autism (CPEA), which required a gathering of information from three
sources: the Autism Diagnostic Interview-Revised (ADI-R), the Autism Diagnostic Observational
Schedule (ADOS), and a clinician’s best-estimate diagnosis. Our study examined a cohort of children,
adolescents, and young adults (n = 56) with 22q11.2DS, who were ascertained irrespective of parents’
behavioral or developmental concerns, and found that 17.9% (n = 10) of the participants met CPEA
criteria for an ASD diagnosis, and that a majority showed some level of social-communication
impairment or the presence of repetitive behaviors. We conclude that strictly defined ASDs occur in
a substantial proportion of individuals with 22q11.2DS, and recommend that all individuals with
22q11.2DS be screened for ASDs during early childhood.

Keywords: 22q11.2 deletion; autism; autism spectrum; diagnosis; copy number variation; CNV;
Research Domain Criteria; RDoC

1. Introduction

22q11.2 deletion syndrome (22q11.2DS) is among a growing number of genomic disorders
that associate with autism spectrum disorders (ASDs) [1]. 22q11.2DS, also referred to as DiGeorge
syndrome, or velo-cardio-facial syndrome (VCFS), occurs in approximately 1/4000 live births [2–5],
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making it the most common recurrent copy-number variant (CNV) associated with developmental
disorders described to date. 22q11.2DS arises from an interstitial deletion of up to 3 Mb of DNA on
chromosome 22q11.2 and produces a diverse range of physical, behavioral, social, and neurocognitive
impairments [2,5–7], which overlap with the social-communication impairments found among patients
with ASD [7–9].

While previous studies have described both the presence of ASDs among individuals with
22q11.2DS and the presence of 22q11.2DS among individuals diagnosed with ASD, there is no
consensus on the rate of co-occurrence [10]. Previous studies have reported that 15–50% of those
with 22q11.2DS also have an ASD [8,9,11], and that between 0.3% and 1% of individuals with an ASD
also have 22q11.2DS [12,13]—an approximately 10–40-fold increase relative to the general population.
The substantial discrepancies in reported rates of ASDs in 22q11.2DS could reflect methodological
differences across studies, including the use of varied subject ascertainment methods and diagnostic
assessment approaches [8]. However, some researchers argue that, although ASD-like symptoms are
present in individuals with 22q11.2DS, these individuals do not truly meet criteria for an ASD, and
may represent misclassified persons with, for example, prodromal symptoms of schizophrenia [14,15].

This issue resembles the ongoing debate faced by Fragile X syndrome (FXS) researchers, on the
association between ASD and FXS [16–18]. Although debate over the overlap between FXS and autism
continues, the clinical evaluation of individuals with ASD now regularly includes molecular testing
for FXS. Furthermore, basic research on FXS has led to the testing of novel psychopharmacological
interventions for FXS that appear to impact ASD-related symptoms [19,20]. Thus, the value of
understanding relationships among molecularly defined genetic and genomic disorders and ASD is
abundantly clear.

Our study aims to clarify the association between 22q11.2DS and ASD by applying rigorous,
research-based diagnostic methods applied to a cohort of individuals ascertained solely on the basis
of a molecular diagnosis of 22q11.2DS. We sought to determine the proportion of individuals with
22q11.2DS who meet research criteria for an ASD diagnosis according to the guidelines set forth
by the Collaborative Programs of Excellence in Autism (CPEA) Simons Simplex Collection study
(Simons Foundation Autism Research Initiative) [21]. The CPEA guidelines require individuals
to meet cutoff scores on gold standard observational and parent report measures (i.e., the Autism
Diagnostic Interview-Revised (ADI-R) [22] and Autism Diagnostic Observation Schedule (ADOS) [23])
in conjunction with clinicians’ best-estimate consensus diagnosis in order to receive a research-based
diagnosis of ASD. We assessed 56 children, adolescents, and young adults with fluorescent in situ
hybridization (FISH) confirmed 22q11.2DS, ascertained from a registry of all cases of 22q11.2DS
diagnosed at Children’s Healthcare of Atlanta since the mid-1990s. We hypothesized that we would
identify strictly defined ASDs in a substantial proportion of patients with 22q11.2DS.

2. Results

We found that a substantial number of individuals with 22q11.2DS within our sample met strictly
defined ASD (17.9%, n = 10; 2.3:1 male to female ratio), using rigorous research diagnostic criteria, and
that a significant level of ASD-related symptoms occurred for a portion of our sample, even in the
absence of an ASD diagnosis. An additional subset of individuals did not meet overall autism or ASD
cutoffs on the standardized assessments. Details of these findings are outlined below and depicted in
Figures 1–4.
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Figure 1. Figure 1 shows the broad range of Autism Diagnostic Interview-Revised (ADI-R) Reciprocal
Social Interaction algorithm total scores (0–25; the autism spectrum disorder (ASD) cutoff score ≥ 10 is
indicated by the black vertical line). The x-axis shows the algorithm score, and the y-axis indicates the
number of individuals with each score.

 

Figure 2. Figure 2 shows the broad range of ADI-R Restricted, Repetitive, and Stereotyped Behavior
algorithm total scores (0–12; the ASD cutoff score ≥3 is indicated by the black vertical line). The x-axis
shows the algorithm score, and the y-axis indicates the number of individuals with each score.
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Figure 3. Figure 3 shows the percentages of individuals meeting the Autism Diagnostic Observational
Schedule (ADOS) cutoff criteria. Within each cutoff category, diagnostic groups are designated as
those who either met the Collaborative Programs of Excellence in Autism (CPEA) criteria for an ASD
diagnosis (CPEA-ASD), or those who did not meet these criteria (non-ASD).
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Figure 4. Figure 4 shows the percentages of individuals meeting ADI-R criteria set forth by the CPEA
(CPEA-ADI) or standard ADI-R domain cutoff scores. Within each cutoff category, diagnostic groups
are designated as those who met CPEA-ASD criteria or those who did not meet these criteria (non-ASD).

As described in the Materials and Methods section, we examined various cutoff scores for the
Autism Diagnostic Observation Schedule (ADOS) and the Autism Diagnostic Interview-Revised
(ADI-R), and determined who met CPEA criteria for an ASD diagnosis. A majority of individuals (n =
53) completed either ADOS Modules 3 or 4, which is given to children or adults, respectively, with
language fluency. Three individuals completed either Module 1 (n = 2) or Module 2 (n = 1), which is
given to individuals with no speech/single words or phrase speech, respectively. Examination of the
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ADOS scores revealed that 23.2% (n = 13) of the participants met the autism cutoff score and 17.9% (n
= 10) met the ASD cutoff score, for a total of 41.1% (n = 23). We also found that more than a third of the
study participants (37.5%, n = 21) met ADI-R criteria as specified by the CPEA criteria, which follows
either the standard ADI-R cutoff scoring parameters for autism (17.9%, n = 10) or a more flexible set of
parameters (19.6%, n = 11; following Risi et al.; see Methods section below) [24]. An examination of
each ADI-R domain score revealed that 35.7% (n = 20) met the ADI-R Reciprocal Social Interaction
domain cutoff score, 32.1% (n = 18) met the ADI-R Communication domain cutoff score, and 46.4%
(n = 26) met the Restricted, Repetitive, and Stereotyped Behavior domain cutoff score. Moreover,
66.1% (n = 37) of our total sample met cutoff scores for at least one of the social, communication, or
repetitive behavior domains on the ADI-R. A wide range of algorithm scores was obtained for the
ADI-R: Reciprocal Social Interaction range = 0–25, Communication range (verbal algorithm) = 0–18 (n
= 53) and Communication range (nonverbal algorithm) = 0–12 (n = 3), and Restricted, Repetitive, and
Stereotyped Behavior range = 0–12. The range of scores for the Reciprocal Social Interaction algorithm
is shown below in Figure 1, whereas the range for the Restricted, Repetitive, and Stereotyped Behavior
algorithm score is shown in Figure 2.

We also examined the presence of a strictly defined ASD using the CPEA guidelines, which
required us to examine cutoff scores on the both the ADI-R and ADOS, in conjunction with best-estimate
Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) diagnosis [21,25]. We
found that, of 56 participants, 17.9% (n = 10) met CPEA research-based criteria for a strictly defined ASD.
That is, each participant met cutoff criteria for both the ADI-R and ADOS, and received a best-estimate
diagnosis of a DSM-IV ASD. Our participants meeting CPEA criteria included individuals with a
best-estimate diagnosis of DSM-IV Autistic Disorder or PDD-NOS. Although DSM-IV Asperger’s
Disorder would have qualified as a CPEA diagnosis, no participants in this sample met Asperger’s
diagnostic criteria. For those individuals who did not meet CPEA diagnostic criteria, two subsets
emerged. In one subset (39.3%, n = 22), neither the ADI-R nor the ADOS overall cutoff scores were met;
in the second subset (42.9%, n = 24), overall cutoff scores were met for at least one of the standardized
instruments. Thus, even in the absence of a CPEA-ASD diagnosis, a significant minority of individuals
met ADOS cutoff scores, or ADI-R cutoff scores, depicted in Figures 3 and 4.

3. Discussion

Debate continues regarding the association between 22q11.2DS and ASDs. While multiple
studies show that individuals with 22q11.2DS present with ASD-like symptomatology, not all studies
find that such individuals qualify for a formal diagnosis of an ASD [26]. Our study attempts to
resolve these discrepant findings by considering ascertainment bias and drawing from a strict and
thorough research-based definition of ASD, as outlined by CPEA guidelines, which require individuals
to attain cutoff scores for an ASD from both the ADI-R and ADOS as well as a clinician’s best
estimate diagnosis of DSM-IV Autism, Asperger’s Disorder, or PDD-NOS. Our findings showed that
a substantial proportion of study participants with 22q11.2DS met research-based CPEA criteria for
an ASD, supporting an association between 22q11.2DS and ASD. We also found in our sample that
significant social and communication impairments, as well as restricted and repetitive behaviors,
occurred in the absence of an ASD diagnosis.

Our finding that 17.9% of study participants with 22q11.2DS met research CPEA criteria for
an ASD diagnosis falls within the range of prior studies reporting that 15–50% of individuals meet
diagnostic criteria for an ASD [8,9,11]. To obtain a conservative estimate of ASD in individuals
with 22q11.2DS, we chose (1) to use the CPEA research criteria; and (2) to recruit from a hospital
and medical clinic database of individuals with 22q11.2DS, with a molecular diagnosis of the
disorder as the only criterion for participation. We thus avoided the potential ascertainment bias
inherent in studying subjects independently seeking behavioral, mental health, or neurodevelopmental
evaluations. Importantly, while this is not an epidemiologic study and individuals in this sample
may not be representative of all individuals with 22q11.2DS, a substantial portion of participants met
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ASD criteria, suggesting the presence of an association. We also found that almost 40% of 22q11.2DS
participants met neither the ADI-R nor the ADOS overall cutoffs for autism or ASD, but that more
than 60% met at least one domain cutoff on the ADI-R.

These findings should be considered in light of the RDoC (Research Domain Criteria) initiative
of the National Institutes of Mental Health [27]. Here, we applied a conservative threshold for
ASD diagnosis. We recognize, however, that neurodevelopmental disorders are characterized by
deviations and delays on dimensional traits that extend well into the general population [28,29].
Thus, understanding the morbidity of CNV syndromes requires an appreciation for the more subtle
deviations and delays that may arise throughout development, reflecting, for example, a psychiatric
prodrome. In some instances, even probands with de novo mutations that appear clinically unaffected
nonetheless exhibit a “shift” in symptom expression relative to non-carrier first-degree relatives [30,31].
It is important therefore to bear in mind the impact of a CNV as it increases risk—both in terms of
traditional clinical thresholds and categories, as well as dimensions of cognitive, social, motor, and
behavioral phenotypes.

Our study’s limitations include its cross-sectional design, which precludes examination of
behavioral trajectories or emergence of ASD-related symptoms. Additionally, although the presence
of co-morbid diagnoses was not the focus of this paper, individuals with 22q11.2DS are at risk
for symptoms that extend beyond an ASD diagnosis, including schizophrenia spectrum disorder,
depressive disorders, and anxiety disorders [21,32]. We do not yet know precisely how the presence of
an ASD diagnosis or ASD symptoms in the absence of an ASD diagnosis affects the emergence of these
additional disorders, and only longitudinal studies will allow us to understand these associations.
Further, our study relied on the DSM-IV diagnostic system, which closely mirrors the International
Classification of Diseases (ICD-10) published by the World Health Organization; however, we did
not re-code our autism diagnoses based on the revised specifications for “autism spectrum disorder”
outlined in the Diagnostic and Statistical Manual, Fifth Edition (DSM-5). We would predict that our
findings would be similar using the DSM-5 criteria, which were developed in part based on prior
research from the ADOS, ADI-R, and CPEA [21,23,24]. Future studies examining the various diagnostic
classification systems are needed, however, to verify the stability of our findings.

Findings from this study have both clinical and scientific relevance. Because this study supports
an association between 22q11.2DS and ASD, we recommend that individuals with 22q11.2DS (1)
receive earlier evaluations for ASDs and (2) receive targeted interventions and therapies, such as
pharmacological and behavioral approaches, which, when started earlier, may lead to more positive
long-term outcomes [9,19]. Furthermore, clinicians evaluating or treating patients with ASDs should
consider diagnostic testing for 22q11.2DS (and other CNV disorders), particularly when other associated
features such as congenital heart defects, velo-palatal pathology, and immune-related difficulties
are present. Awareness of the association between 22q11.2DS and ASDs may also lead to specific
hypotheses regarding the etiology and final common pathways that increase risk for childhood social
disability and ASDs [33,34].

4. Materials and Methods

4.1. Participants

4.1.1. Overview

This study evaluated 56 participants between the ages of 6–29 who were diagnosed with 22q11.2DS
and who had participated in a larger study investigating neuropsychological and behavioral outcomes
in 22q11.2DS [21,35]. All individuals in the study underwent neurocognitive screening and diagnostic
assessments for ASD, which included the Autism Diagnostic Interview- Revised (ADI-R) [22] and the
Autism Diagnostic Observation Schedule (ADOS) [23]. Data collection procedures were approved by
the Emory University Institutional Review Board (#IRB00024756).
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4.1.2. Recruitment and Eligibility

We recruited study participants from a children’s 22q11.2DS medical clinic and hospital case
registry maintained at the Children’s Healthcare of Atlanta, which also includes adult subjects who
were first diagnosed with 22q11.2DS in a congenital heart defects follow-up clinic. These clinics serve
all of metro Atlanta and pull from a large regional catchment area in the Southeastern United States.
For all study participants, the diagnosis of 22q11.2DS was identified by FISH using the standard
TUPLE probe (LSI TUPLE1(22q11.2)/ARSA(22q13.3); Abbott Molecular #05J21-028; Abbott Park, IL,
USA). This probe detects the common 3 Mb and 1.5 Mb deletions, which account for approximately
90% of the deletions observed in the clinically ascertained in the DiGeorge and velo-cardio-facial
syndrome populations, but does not distinguish between these deletions.

Having a diagnosis of 22q11.2DS was the primary eligibility requirement for each study, and
recruitment occurred without regard to the level of behavioral, developmental, or medical difficulties.
The adolescent/adult participants were recruited for a longitudinal study of psychiatric symptoms in
22q11.2DS, and the child participants were recruited for a longitudinal study investigating language
development. A majority of subjects (n = 51) were ascertained directly from this case registry, based
on age eligibility. Five other participants were referred directly to the study from the Children’s
Healthcare of Atlanta 22q11.2DS multidisciplinary medical clinic or an adult congenital heart clinic,
which follows children formerly served at Children’s Healthcare of Atlanta. Additionally, no subjects
in the study were from the same family.

4.1.3. Demographic Characteristics

Our 56 participants include an adolescent/adult group (n = 32; mean age = 19.21, SD = 4.12;
range = 14–29) and a child group (n = 24; mean age = 9.58, SD = 1.91; range = 6–11). For the adult
group, females comprise 53.13% (n = 17) of the group, while among children, females comprise
45.83% (n = 11). The majority of our adult participants are Caucasian (78.12%, n = 25) with three
additional ethnicities represented: African-American (12.50%, n = 4), Hispanic (6.25%, n = 2), and
Asian (3.12%, n = 1). Similarly among our child participants, Caucasian (70.83%, n = 17) is the majority,
with four additional ethnicities represented: Hispanic (12.50%, n = 3), African-American (8.33%, n = 2),
Asian (4.16%, n = 1), and bi-racial: African-American and Caucasian (4.16%, n = 1). Parent-reported
medical, developmental and family history is provided in Table 1, which indicates a high rate of
cardiac, immune, and palatal problems in the study participants. Parents also commonly reported
a history of speech delay and ADHD in the study participants, although a history of known autism
spectrum disorder was reported for only one participant. Parents reported ADHD as the most common
disorder among family members (i.e., parents or siblings); only one family member was known to
have 22q11.2DS.

For the adolescent/adult group, the estimated Verbal IQ (VIQ) was based on the Vocabulary and
Similarities subtests from either the Wechsler Adult Intelligence Scale–Third Edition (WAIS-III) or the
Wechsler Intelligence Scale for Children-Third Edition (WISC-III), depending on chronological age.
To calculate the estimated VIQ, we converted the T-scores from these subtests to standard scores, and
calculated their average (i.e., mean VIQ = 84.61, SD = 16.81; range = 57–120; n = 32). We also converted
the WAIS-III or WISC-III Block Design T-score to a standard score to determine an estimated nonverbal
IQ (NVIQ) (i.e., mean NVIQ = 73.29, SD = 14.96; range = 55–100; n = 32). For the child group, we used
the Differential Ability Scales–Second Edition (DAS-II) Verbal score as the indicator of VIQ (i.e., mean
VIQ = 72.87; SD = 17.60; range = 3–98; n = 23) and used the DAS-II Pattern Construction score to
estimate NVIQ (i.e., mean NVIQ = 79.48, SD = 15.69; range = 43–102; n = 22). The sample sizes used to
calculate the children's VIQ and NVIQ mean scores vary by one and two data points, respectively, due
to missing data.
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Table 1. Parent report of known medical, developmental, and family history.

Child Adult Total
Family

n = 24 n = 32 n = 56

Mean age (Standard deviation) 9.58 (1.91) 19.21 (4.12) 15.1 (5.85) -

Gender
Female, n (percent, %) 11 (45.8) 17 (53.1) 28 (50.0) -
Male, n (%) 13 (54.2) 15 (46.9) 28 (50.0) -

Congenital heart defect
n (%) 16 (66.7) 17 (53.1) 33 (58.9) 1 (1.8)

Immune deficiency
n (%) 15 (62.5) 14 (43.8) 29 (51.8) 0 (0)

Palatal anomalies
n (%) 11 (45.8) 19 (59.4) 30 (53.6) 0 (0)

Speech-language delay
n (%) 17 (70.8) 15 (46.9) 32 (57.1) 8 (14.3)

Attention Deficit/Hyperactivity Disorder (ADHD)
n (%) 11 (45.8) 7 (21.9) 18 (32.1) 12 (21.4)

Autism spectrum diagnosis (known prior to study entry)
n (%) 0 (0) 1 (3.1) 1 (1.8) 2 (3.6)

22q11.2 deletion
n (%) 24 (100) 32(100) 56 (100) 1 (1.8)

4.2. Diagnostic Procedures

We applied a strict, research-based definition of ASD, as designated by CPEA guidelines and
outlined by the Simons Simplex Collection study (Simons Foundation Autism Research Initiative),
previously described [21]. Essentially, these criteria require participants to attain cutoff scores for an
autism spectrum disorder from all of the following sources: (1) the Autism Diagnostic Interview-Revised
(ADI-R); (2) the Autism Diagnostic Observation Schedule (ADOS); and (3) the clinician’s best estimate
DSM-IV diagnosis, which considers a hierarchical classification strategy for identifying autism,
Asperger’s Disorder, or PDD-NOS [25]. To achieve the clinician’s best estimate diagnosis, two
clinicians conducted a case conference during which they reviewed all diagnostic and neurocognitive
assessments available.

4.3. Diagnostic Assessments

The diagnostic assessments included the Autism Diagnostic Interview-Revised (ADI-R) and the
Autism Diagnostic Observation Schedule (ADOS) [22,23]. The ADI-R is a semi-structured interview
used to evaluate autistic symptomatology and, in particular, to differentiate between autism and other
developmental disorders [22]. It is used for a wide range of ages, with a minimum mental age of 18
months. As such, both adults and children were assessed with the ADI-R. This interview evaluates three
functional domains: Reciprocal Social Interaction, Communication skills, and Restricted, Repetitive,
and Stereotyped behaviors. We classified participants as meeting CPEA-ADI-R cutoff criteria if they
met either the standard ADI-R cutoff scores, or an additional set of cutoff scores suggested by Risi et
al. [24]. The standard cutoff scores included (1) the total Social algorithm score ≥10; (2) the total (verbal)
Communication algorithm score ≥8 or the total (nonverbal) Communication algorithm score ≥7; and
(3) the total Restricted, Repetitive and Stereotyped behaviors algorithm score ≥3 [22]. ADI-R cutoff
rule, as designated by the Collaborative Programs of Excellence in Autism (CPEA), required that one
of the following conditions be met: (1) meeting standard cutoffs for both Social and Communication
domains; (2) meeting the standard cutoff for the Social domain and within 2 points of the standard
Communication domain cutoff; (3) meeting the standard cutoff for Communication domain and within
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2 points of standard Social domain cutoff; or (4) meeting the standard cutoff within 1 point for both
the Social and Communication domains [24].

The Autism Diagnostic Observation Schedule (ADOS) is a semi-structured assessment that uses
tasks and play activities to elicit social communication and interaction [23,36]. Observations are
made concerning social and communication behaviors associated with ASD. Its structure allows for
diagnoses across all ages, developmental stages, and language abilities and includes four different
modules (1–4) dependent on age, development, and language ability [36]. We used ADOS for both
adults and children. For this study, we used the revised algorithms for Modules 1, 2, and 3 were used
based on Gotham et al. [23], whereas the standard algorithm for Module 4 was used. Please note,
although we used the first edition of the ADOS in combination with the revised algorithms, these
revised algorithms are parallel to the cutoffs used for the second revision of the ADOS (i.e., ADOS-2).

Modules 1–3 consist of two subdomains, Social Affect and Restricted, Repetitive, and Stereotyped
Behavior, which yield one collapsed score, with two cutoffs provided: an autism cutoff score and an
ASD cutoff. For Module 4, scores are obtained for two subdomains, Communication and Social, in
addition to a combined subdomain score, Communication plus Social. Two cutoff scores are provided
for each domain: autism and ASD. Individuals must meet all three cutoff scores in order to receive an
ADOS classification of either autism or ASD.

These cutoffs differ according to which module is used. Modules 1, 2, and 3 derive a Total raw
score from the Social Affect algorithm score and the Restricted, Repetitive, and Stereotyped Behaviors
algorithm score. Module 1 (n = 2) is for those without no speech or single words, who do not use
phrase speech consistently (total raw score ≥16 = autism, ≥11 = ASD). Module 2 (n = 1) is for those
who use phrase speech but are not verbally fluent (Total raw score ≥9 = autism, ≥8 = ASD). Module 3
(n = 23) is for verbally fluent children (Total raw score ≥9 = autism, ≥7 = ASD). Module 4 (n = 30) is
for verbally fluent adults and adolescents. Scoring parameters for Module 4 include the following:
Communication total raw score ≥3 = autism, ≥2 = ASD; Social total raw score ≥6 = autism, ≥4 = ASD;
Communication and Social total raw score ≥10 = autism, ≥7 = ASD [23].
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Abstract: Recently, autism-related research has focused on the identification of various genes and
disturbed pathways causing the genetically heterogeneous group of autism spectrum disorders (ASD).
The list of autism-related genes has significantly increased due to better awareness with advances
in genetic technology and expanding searchable genomic databases. We compiled a master list of
known and clinically relevant autism spectrum disorder genes identified with supporting evidence
from peer-reviewed medical literature sources by searching key words related to autism and genetics
and from authoritative autism-related public access websites, such as the Simons Foundation Autism
Research Institute autism genomic database dedicated to gene discovery and characterization. Our
list consists of 792 genes arranged in alphabetical order in tabular form with gene symbols placed on
high-resolution human chromosome ideograms, thereby enabling clinical and laboratory geneticists
and genetic counsellors to access convenient visual images of the location and distribution of ASD
genes. Meaningful correlations of the observed phenotype in patients with suspected/confirmed
ASD gene(s) at the chromosome region or breakpoint band site can be made to inform diagnosis and
gene-based personalized care and provide genetic counselling for families.

Keywords: high-resolution chromosome ideograms; autism; genetic evidence; autism spectrum
disorders (ASD); ASD genes

1. Introduction

Classical autism or autistic disorder is common, with developmental difficulties noted by three
years of age. It belongs to a group of heterogeneous conditions known as autism spectrum disorders
(ASDs) with significant impairments in verbal and non-verbal communication and social interactions
with restricted repetitive behaviors, specifically in movements and interests [1–3]. Other symptoms
include lack of eye contact or focus, sleep disturbances and tactile defensiveness beginning at an early
age. Several validated rating scales are used at a young age to help establish the diagnosis, including
the autism diagnostic observation schedule (ADOS) and the autism diagnostic interview-revised
(ADI-R) supported by pertinent medical history and clinical findings [4–6]. ASD affects about 1% of
children in the general U.S. population with a 4:1 male to female ratio, usually without congenital
anomalies or growth retardation [7,8].
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Autism was first used as a term by Kanner in 1943 when describing a group of children lacking
the ability to establish interpersonal contact and communication [9]. About one-fourth of children
with autism are diagnosed by 2–3 years of age and show regression of skills in about 30% of cases.
About 60% of ASD subjects show intellectual disabilities at a young age [10,11]. When comparing
the prevalence of health disorders involving the central nervous system, autism ranks higher than
epilepsy (6.5 cases per 1000), brain paralysis or dementia (2.5 cases/1000 for each) and Parkinson
disease (two cases per 1000); genetic factors are related to many of these disorders [12,13]. Autism also
occurs more commonly than congenital malformations in the general population, but dysmorphic
findings are present in about 25% of children with autism. Microcephaly is seen in about 10% of
cases, but macrocephaly is documented with larger frontal and smaller occipital lobes in about 20%
of children with autism. Those with autism and extreme macrocephaly are at a greater risk to have
PTEN tumor suppressor gene mutations [14], while another autism-related gene (CHD8) can also lead
to macrocephaly and autism [15].

Autism is due to a wide range of genetic abnormalities, as well as non-genetic causes, including
the environment, environmental and gene interaction (epigenetics) and metabolic disturbances (e.g.,
mitochondrial dysfunction), with the recurrence risk dependent on the family history and presence
or absence of dysmorphic features. Candidate genes for ASD are identified by different means,
including cytogenetic abnormalities (i.e., translocations at chromosome breakpoints or deletions
(e.g., the 22q11.2 deletion) indicating the location or loss of specific genes) in individuals with ASD
along with overlapping linkage and functional data related to the clinical presentation, with certain
chromosome regions identified by genetic linkage using DNA markers that co-inherit with the specific
phenotype [16,17]. A representative example for such an occurrence is the proto-oncogene (MET)
involved in pathways related to neuronal development [18] and found to be linked to the chromosome
7q31 band, where this gene is located. Decreased activity of the gene promoter was recognized
when specific single nucleotide polymorphisms (SNPs) were present in this region by linkage studies.
However, genetic linkage studies have received only limited success in the study of the genetics of
autism. On the other hand, chromosomal microarray analysis using DNA probes disturbed across
the genome can be used to detect chromosomal abnormalities at >100-times smaller than seen in
high-resolution chromosome studies. Microarray studies have also become the first tier of genetic
testing for this patient population and are recommended for all ASD patients [19]. Greater than 20% of
studied patients with microarray analysis are found to have submicroscopic deletions or duplications
in the genome containing genes that play a role in causing autism [20,21]. Identification of causative
mutations is important to guide treatment selection and to manage medical co-morbidities, such as
risks for seizures, developmental regression or for cancer (e.g., the PTEN gene).

Routine cytogenetic studies have shown abnormalities of chromosomes 2, 3, 4, 5, 7, 8, 11, 13,
15, 16, 17, 19, 22 and X, including deletions, duplications, translocations and inversions involving
specific chromosome regions where known or candidate genes for ASD are located [22]. These studies
further support the role of genetic factors in the causation of this common neurodevelopment disorder.
Specifically, cytogenetic abnormalities involving the 15q11–q13 region are found in at least 1% of
individuals with ASD and include CYFIP1, GABRB3 and UBE3A genes in this chromosome region [23]
and most recently the 15q11.2 BP1-BP2 microdeletion (Burnside-Butler) syndrome [24]. DNA copy
number changes have also shown recurrent small deletions or duplications of the chromosome 16p11.2
band using microarray analysis [25,26] and the chromosome 15q13.2–q13.3 region [27], whereas copy
number changes are noted throughout the genome in individuals with ASD, indicating the presence of
multiple candidate genes on every human chromosome. These copy number changes are more often
of the deletion type.
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For idiopathic or non-syndromic autism, the empirical risk for siblings to be similarly affected is
between 2% and 8% with an average of 4% [28]. In multiplex families having two or more affected
children with autism, the recurrence risk may be as high as 25%, but generally ranges from 13% [29]
to 19% [30] if due to single-gene disturbances as the cause, a major focus of this illustrative review.
Advances in genetic technology beyond linkage or cytogenetic analysis of affected families with ASD
or other complex disorders have led to genome-wide association studies (GWAS) involving hundreds
of affected and control individuals by analyzing the distribution and clustering of hundreds and
thousands of SNPs that have successfully been searched for candidate genes. The first GWAS for ASD
was undertaken by Lauritsen et al. in 2006 [31] using 600 DNA markers in an isolated population of
affected individuals from the Faroe Islands. They found an association of the chromosome 3p25.3 band,
and later, other investigators studied more subjects with larger collections of genotyped markers and
found several chromosome bands and regions ascertained when specific SNPs were over-represented
in the ASD subjects, including 5p14.1, 5p15 and 16p13–p21 [32–37]. The studies implicated several
gene families, including the cadherin family, encoding proteins for neuronal cell adhesion, while other
genes (e.g., SEMA5A) were implicated in axonal guidance with lower gene expression levels in brain
specimens from individuals with ASD [33], reviewed by Holt and Monaco [17]. Since that time, several
additional studies searching for clinically relevant and known genes for ASD have identified a new
collection of ASD genes [38–53].

The ability to identify an increased number of SNPs with advanced genetic platforms and
extensive approaches using bioinformatics have led to improved access and a more thorough analysis.
This has led to comparing genotyping data from GWAS and DNA copy number variants (CNVs)
with the identification of structural genetic defects, such as submicroscopic deletions or duplications
of the genome, which was not possible a few years ago. Separate studies using array comparative
genomic hybridization or microarray analysis to investigate those individuals with ASD continue to
yield useful data in identifying candidate genes for ASD in affected individuals [20,21,54]. The yield
for microarray analysis is reported to be approximately 20% for identifying deletions or duplications
at sites where known or candidate ASD genes are present. The use of more advanced technology, such
as next-generation sequencing (whole genome or exome) will yield additional valuable information
on the location and description of lesions of genes contributing to ASD with increasing evidence
for specific and recurring mutations of single genes involved with neurodevelopment and function,
leading to potential therapeutic discoveries and interventions.

Autism is frequent in single-gene conditions, such as fragile X syndrome, tuberous sclerosis, Rett
syndrome or neurofibromatosis, but single-gene disorders as a whole account for less than 20% of all
cases; therefore, most individuals with ASD are non-syndromic. The heritability of ASD, which takes
into consideration the extent of genetic factors contributing to autism, is estimated to be as high as
90% [55]; hence the relevance and continued importance of investigating the role of genetics in the
causation of ASD and expanded diagnostic testing to inform and guide treatment for individuals with
identifiable genetic disturbances.

A current list of clinically relevant and known candidate genes for ASD is needed for diagnostic
testing and genetic counselling purposes in the clinical setting. Historically, a previous list of known
or candidate genes showing an association with ASD was reported in 2011 by Holt and Monaco [17]
with the placement of 175 genes on chromosome ideograms. A much greater number of validated
genes are now recognized as playing a pivotal role in ASD, warranting an updated, revised summary.
We will utilize high-resolution chromosome ideograms (850 band level) to plot the location of genes
now recognized by searching the literature and website information as playing a documented role
in ASD. In tabular form, we will list the individual gene symbol, expanded name or description and
chromosome location.
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2. Results and Discussion

The diagnostic approach for an individual with ASD should include a clinical genetics evaluation
with interviews of parents and health caregivers for the collection and overview of historical problems,
a three-generation family pedigree, recording of developmental milestones and description of atypical
behaviors along with medical and surgical procedures and a current list of medications and ongoing
treatments. Laboratory tests should include lead, thyroid function, lactate and pyruvate levels in
order to assess metabolic and mitochondrial functions that may be impacted by an underlying genetic
disturbance along with cholesterol and urine collection for organic acid levels. Brain imaging and
electroencephalogram patterns should be reviewed, if available. In addition, the ADI-R and ADOS
instruments are used to test the diagnosis of ASD.

To further increase the diagnostic yield in individuals with ASD presenting for genetic service,
Schaefer et al. [19] proposed and utilized a three-tier approach to include a genetic work-up by a clinical
geneticist with expertise in dysmorphology to identify known syndromes with or without dysmorphic
features (e.g., birth marks), growth anomalies (e.g., microcephaly, macrocephaly and short stature),
viral titers (e.g., rubella) and metabolic screening (urine for organic acids and mucopolysaccharides,
plasma lactate and amino acid levels). DNA testing for fragile X syndrome and Rett syndrome in
females and males is also available, along with chromosomal and DNA microarrays to examine
structural DNA lesions in those with a sporadic form of autism and the use of SNP arrays to examine
for regions of homozygosity or uniparental disomy, whereby both members of a chromosome pair
come from one parent [56]. Exome sequencing is now available particularly to those affected subjects
with a positive family history of autism (multiplex families), if other diagnostic tests are uninformative.
PTEN gene mutation screening would be indicated in those patients with extreme macrocephaly (head
size > 2 SD) [14], if not previously done, and a review of brain MRI results. Serum and urine uric acid
levels and assays for adenylate succinase deficiency should be done to include biochemical genetic
studies and mitochondrial genome screening and function [57] if the above testing protocols are not
diagnostic. Up to one in five children with ASD show findings of mitochondrial dysfunction [57],
and a detailed genetic work-up will significantly increase the yield for the diagnosis of ASD, leading
to a better understanding of causation, treatment and more accurate genetic counselling for those
presenting for genetic services [20,21,54].

Advances made in genetic technology and bioinformatics have led to vastly improved genetic
testing options for application in the clinical setting in patients presenting for genetic services [54].
Significant discoveries have been made with the recognition of genetic defects in the causation of ASD
using microarray technology and, now, next generation sequencing. This technology has flourished
with a combination of DNA probes used for both copy number variation and SNPs being required
to identify segmental deletions and duplications in the genome and regions of homozygosity for the
determination of identical by descent for the calculation of inbreeding coefficients or consanguinity
status along with uniparental disomy of individual chromosomes [56].

Next generation exome DNA sequencing and RNA sequencing allows for discoveries of
disease-causing genes and regulatory sequences required for normal function. Identifying and
characterizing molecular signatures for novel or disturbed gene or exon expression and disease-specific
profiles and patterns with expression heat maps have led to the recognition of interconnected disturbed
gene pathways in many diseases, including a growing body of genetic evidence for autism and other
psychiatric or aberrant behavioral disorders [54].

The position for each known or candidate gene for ASD susceptibility is plotted on high-resolution
chromosome ideograms (850 band level), as shown in Figure 1 below. We have included gene symbols
and expanded names along with the chromosome band location in Table 1 for the 792 genes recognized
as playing a role in ASD.
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Figure 1. High-resolution human chromosome ideograms (850 band level) with the ASD gene symbol
placed at the chromosomal band location. The centromere area, highlighted in black, separates the
upper short “p” arm and lower long “q” arm for each chromosome. The gene symbols are arranged in
alphabetical order with the expanded name and chromosome band position listed in Table 1.

Table 1. Recognized genes for autism spectrum disorders (ASD) and their chromosome locations.

Gene Symbol Gene Name Location

ABAT 4-aminobutyrate aminotransferase 16p13.2
ABCA7 ATP-binding cassette, sub-family A (ABC1), member 7 19p13.3
ABI1 Abl-interactor 1 10p12.1
ABI2 Abl-interactor 2 2q33.2
ABL1 C-Abl oncogene 1, non-receptor tyrosine kinase 9q34.12
ACY1 Aminoacylase 1 3p21.2
ADA Adenosine deaminase 20q13.12
ADAMTS18 A disintegrin-like and metalloproteinase with thrombospondin type 1 motif, 18 16q23.1
ADARB1 Adenosine deaminase, RNA-specific, B1 21q22.3
ADCY5 Adenylate cyclase 5 3q21.1
ADK Adenosine kinase 10q22.2
ADNP Activity-dependent neuroprotector homeobox 20q13.13
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Gene Symbol Gene Name Location

ADORA2A Adenosine A2A receptor 22q11.23
ADORA3 Adenosine A3 receptor 1p13.2
ADRB2 Adrenergic, β 2 receptor 5q32
ADSL Adenylosuccinate lyase 22q13.1
AFF2 AF4/fragile X mental retardation 2 (FMR2) family, member 2 Xq28
AFF4 AF4/fragile X mental retardation 2 (FMR2) family, member 4 5q31.1
AGBL4 ATP/GTP binding protein-like 4 1p33
AGMO Alkylglycerol monooxygenase 7p21.1
AGTR2 Angiotensin II receptor, type 2 Xq23
AHI1 Abelson helper integration site 1 6q23.3
AHRR Aryl hydrocarbon receptor repressor 5p15.33
AKT1 v-Akt murine thymoma viral oncogene homolog 1 14q32.33
ALDH1A3 Aldehyde dehydrogenase 1 family, member A3 15q26.3
ALDH5A1 Aldehyde dehydrogenase 5 family, member A1 6p22.3
ALOX5AP Arachidonate 5-lipoxygenase-activating protein 13q12.3
AMPD1 Adenosine monophosphate deaminase 1 1p13.2
AMT Aminomethyltransferase 3p21.31
ANK2 Ankyrin 2 4q25
ANK3 Ankyrin 3 10q21.2
ANKRD11 Ankyrin repeat domain 11 16q24.3
ANXA1 Annexin A1 9q21.13
AP1S2 Adaptor-related protein complex 1, sigma 2 subunit Xp22.2
APBA2 Amyloid β precursor protein-binding, family A, member 2 15q13.1
APC Adenomatosis polyposis coli 5q22.2
APH1A APH1A γ secretase subunit 1q21.2
APOBEC3D Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3D 22q13.1
APP Amyloid β precursor protein 21q21.3
AR Androgen receptor Xq12
ARHGAP11B Rho GTPase activating protein 11B 15q13.2
ARHGAP15 Rho GTPase activating protein 15 2q22.2
ARHGAP24 Rho GTPase activating protein 24 4q22.1
ARHGEF6 RAC/CDC42 guanine nucleotide exchange factor (GEF) 6 Xq26.3
ARID1B AT rich interactive domain 1B (SWI1-like) 6q25.3
ARID5A AT rich interactive domain 5A (MRF1-like) 2q11.2
ARL6IP6 ADP-ribosylation-like factor 6 interacting protein 6 2q23.3
ARNT2 Aryl-hydrocarbon receptor nuclear translocator 2 15q25.1
ARX Aristaless related homeobox Xp21.3
ASH1L Ash1 (absent, small, or homeotic)-like (Drosophila) 1q22
ASMT Acetylserotonin O-methyltransferase, X-chromosomal Xp22.33
ASMT Acetylserotonin O-methyltransferase, Y-chromosomal Yp11.32
ASPHD1 Aspartate β-hydroxylase domain containing 1 16p11.2
ASPM Asp (abnormal spindle) homolog, microcephaly associated 1q31.3
ASS1 Argininosuccinate synthetase 9q34.1
ASTN2 Astrotactin 2 9q33.1
ASXL3 Additional sex combs-like 3 18q12.1
ATG7 Autophagy related 7 3p25.3
ATP10A ATPase, Class V, type 10A 15q11.2
ATP2B2 ATPase, Ca++ transporting, plasma membrane 2 3p25.3
ATRNL1 Attractin-like 1 10q25.3
ATRX α thalassemia/mental retardation syndrome X-linked Xq21.1
ATXN7 Ataxin 7 3p14.1
AUTS2 Autism susceptibility candidate 2 7q11.22
AVPR1A Arginine vasopressin receptor 1A 12q14.2
AXL AXL receptor tyrosine kinase 19q13.2
BAIAP2 BAI1-associated protein 2 17q25.3
BBS4 Bardet-Biedl syndrome 4 15q24.1
BCKDK Branched chain ketoacid dehydrogenase kinase 16p11.2
BCL11A B-Cell CLL/lymphoma 11A (zinc finger protein) 2p16.1
BCL2 B-cell CLL/lymphoma 2 18q21.33
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BCORL1 Bc16 co-repressor-like 1 Xq26.1
BDNF Brain-derived neurotrophic factor 11p14.1
BIN1 Bridging integrator 1 2q14.3
BIRC6 Baculoviral IAP repeat containing 6 2p22.3
BRAF v-Raf murine sarcoma viral oncogene homolog B 7q34
BRCA2 Breast cancer 2, early onset 13q13.1

BTAF1 RNA polymerase II, B-TFIID transcription factor-associated, 170 kDa (Mot1
homolog, S. cerevisiae) 10q23.32

BZRAP1 Benzodiazepine receptor (peripheral) associated protein 1 17q23.2
C11ORF30 Chromosome 11 open reading frame 30 11q13.5
C12ORF57 Chromosome 12 open reading frame 57 12p13.31
C15ORF43 Chromosome 15 open reading frame 43 15q21.1
C3ORF58 Chromosome 3 open reading frame 58 3q24
C4B Complement component 4B 6p21.33
CA6 Carbonic anhydrase VI 1p36.2
CACNA1B Calcium channel, voltage-dependent, N type, α 1B subunit 9q34.3
CACNA1C Calcium channel, voltage-dependent, L type, α 1C subunit 12p13.33
CACNA1D Calcium channel, voltage-dependent, L type, α 1D subunit 3p14.3
CACNA1F Calcium channel, voltage-dependent, α 1F subunit Xp11.23
CACNA1G Calcium channel, voltage-dependent, T type, α 1G subunit 17q21.33
CACNA1H Calcium channel, voltage-dependent, α 1H subunit 16p13.3
CACNA1I Calcium channel, voltage-dependent, T type, α 1I subunit 22q13.1
CACNA2D3 Calcium channel, voltage-dependent, α 2/δ subunit 3 3p21.1
CACNB2 Calcium channel, voltage-dependent, β 2 subunit 10p12.33
CADM1 Cell adhesion molecule 1 11q23.3
CADPS2 Ca++-dependent activator protein for secretion 2 7q31.32
CALM1 Calmodulin 1 (phosphorylase kinase, δ) 14q32.11
CAMK4 Calcium/calmodulin-dependent protein kinase 5q22.1
CAMSAP2 Calmodulin regulated spectrin-associated protein family, member 2 1q32.1
CAMTA1 Calmodulin binding transcription activator 1 1p36.31
CAPRIN1 Cell cycle associated protein 1 11p13
CASC4 Cancer susceptibility candidate 4 15q15.3
CBS Cystathionine β-synthase 21q22.3
CCAR2 Cell cycle and apoptosis regulator 2 8p21.3
CC2D1A Coiled-coil and C2 domain-containing 1A 19p13.12
CCDC19 Coiled-coil domain-containing protein 19 1q23.2
CCDC64 Coiled-coil domain-containing 64 12q24.23
CD38 CD38 molecule 4p15.32
CD44 CD44 molecule 11p13
CD163L1 CD163 molecule-like 1 12p13.31
CD99L2 CD99 molecule-like 2 Xq28
CDC42BPB CDC42 binding protein kinase β (DMPK-like) 14q32.32
CDH10 Cadherin 10, type 2 5p14.2
CDH22 Cadherin-like 22 20q13.1
CDH8 Cadherin 8, type 2 16q22.1
CDH9 Cadherin 9, type 2 5p14.1
CDH11 Cadherin 11, type 2 16q21
CDKL5 Cyclin-dependent kinase-like 5 Xp22.13
CDKN1B Cyclin-dependent kinase inhibitor 1B 12p13.1
CECR2 Cat eye syndrome chromosome region, candidate 2 22q11.21
CELF4 CUGBP, Elav-like family, member 4 18q12.2
CELF6 CUGBP, Elav-like family, member 6 15q23
CENTG2 Centaurin γ-2 2q37.2
CEP170R Centrosomal protein 170B 14q32.33
CEP290 Centrosomal protein 290 kDa 12q21.32
CEP41 Centrosomal protein 41 kDa 7q32.2
CHD1 Chromodomain helicase DNA binding protein 1 5q21.1
CHD2 Chromodomain helicase DNA binding protein 2 15q26.1
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CHD3 Chromodomain helicase DNA binding protein 3 17p13.1
CHD7 Chromodomain helicase DNA binding protein 7 8q12.2
CHD8 Chromodomain helicase DNA binding protein 8 14q11.2
CHRM3 Cholinergic receptor, muscarinic 3 1q43
CHRNA7 Cholinergic receptor, neuronal nicotinic, α 7 15q13.3
CHRNB3 Cholinergic receptor, neuronal nicotinic, β 3 8p11.21
CHST5 Carbohydrate sulfotransferase 5 16q22.3
CIB2 Calcium and integrin binding family member 2 15q25.1
CKAP5 Cytoskeleton associated protein 5 11p11.2
CLCNKB Chloride channel voltage-sensitive kidney, B 1p36.13
CLSTN3 Calsyntenin 3 12p13.31
CLTCL1 Clathrin, heavy chain-like 1 22q11.21
CMIP c-MAF inducing protein 16q23.2
CNR1 Cannabinoid receptor 1 6q15
CNR2 Cannabinoid receptor 2 1p36.11
CNTN3 Contactin 3 3p12.3
CNTN4 Contactin 4 3p26.3
CNTN5 Contactin 5 11q22.1
CNTN6 Contactin 6 3p26.3
CNTNAP2 Contactin associated protein-like 2 7q35
CNTNAP3 Contactin associated protein-like 3 9p13.1
CNTNAP4 Contactin associated protein-like 4 16q23.1
CNTNAP5 Contactin associated protein-like 5 2q14.3
COL7A1 Collagen, type VII, α 1 3p21.31
COPS2 Thyroid hormone receptor interactor 15 15q21.1
CREBBP CREB binding protein 16p13.3
CSMD1 Cytoskeleton associated protein 5 11p11.2
CSNK1D Casein kinase 1, δ 17q25
CSTF2T Cleavage stimulation factor, 3' pre-RNA, subunit 2, 64 kDa, tau 10q21.1
CTCF CCCTC-binding factor 16q22.1
CTNNA3 Catenin (cadherin-associated protein), α 3 10q21.3
CTNNB1 Catenin (cadherin-associated protein), β 1, 88 kDa 3p22.1
CTSB Cathepsin B 8p23.1
CTTNBP2 Cortactin binding protein 2 7q31.31
CTU2 Cytosolic thiouridylase subunit 2 homolog (S. pombe) 16q24.3
CUEDC2 CUE domain containing 2 10q24.32
CUL5 Cullin 5 11q22.3
CUL3 Cullin 3 2q36.2
CX3CR1 Chemokine (C-X3-C motif) receptor 1 3p22.2
CXCR3 Chemokine, CXC motif, receptor 3 Xq13.1
CYFIP1 Cytoplasmic FMRP interacting protein 1 15q11.2
CYP11B1 Cytochrome P450, subfamily XIB, polypeptide 1 8q24.3
DAB1 Disabled homolog 1 1p32.2
DAG1 Dystroglycan 1 (dystrophin-associated glycoprotein 1) 3p21.31
DAGLA Diacylglycerol lipase, α 11q12.2
DAPK1 Death-associated protein kinase 1 9q21.33
DAPP1 Dual adaptor of phosphotyrosine and 3-phosphoinositides 1 4q23
DCAF13 DDB1 and CUL4 associated factor 13 8q22.3
DCAKD Dephospho-CoA kinase domain-containing protein 17q21.31
DCTN5 Dynactin 5 16p12.2
DCUN1D1 DCN1, domain containing protein 1 3q27.1
DCX Doublecortin Xq23
DDC DOPA decarboxylase 7p12.1
DDX11 DEAD (Asp-Glu-Ala-Asp)/H box 11 12p11.21
DDX53 DEAD (Asp-Glu-Ala-Asp) box polypeptide 53 Xp22.11
DEAF1 DEAF1 transcription factor 11p15.5
DEPDC5 DEP domain containing 3 protein 5 22q12.2
DHCR7 7-dehydrocholesterol reductase 11q13.4

205



Int. J. Mol. Sci. 2015, 16, 6464–6495

Table 1. Cont.

Gene Symbol Gene Name Location

DHX9 DEAH (Asp-Glu-Ala-His) box helicase 9 1q25.3
DIAPH3 Diaphanous, Drosophila, homolog 3 13q21.2
DIP2A DIP2 disco-interacting protein 2 homolog A (Drosophila) 21q22.3
DISC1 Disrupted in schizophrenia 1 1q42.2
DLG4 Discs, large, Drosophila, homolog 4 17p13.1
DLGAP2 Discs, large- associated protein 2 8p23.3
DLGAP3 Discs, large- associated protein 3 1p34.3
DLL1 δ-like 1 (Drosophila) 6q27
DLX1 Distal-less homeobox 1 2q31.1
DLX2 Distal-less homeobox 2 2q31.1
DLX6 Distal-less homeobox 6 7q21.3
DMD Dystrophin Xp21.1
DMPK Dystrophia myotonica-protein kinase 19q13.32
DNAJC19 DNAJ Hsp40 homolog, subfamily C, member 19 3q26.33
DNER δ- and notch-like epidermal growth factor-related receptor 2q36.3
DNM1L Dynamin 1-like 12p11.21
DNMT3A DNA (cytosine-5)-methyltransferase 3 α 2p23.3
DOCK4 Dedicator of cytokinesis 4 7q31.1
DOCK10 Dedicator of cytokinesis 10 2q36.2
DOLK Dolichol kinase 9q34.1
DPP10 Dipeptidyl peptidase 10 2q14.1
DPP6 Dipeptidyl peptidase 6 7q36.2
DPYD Dihydropyrimidine dehydrogenase 1p21.3
DRD1 Dopamine receptor D1 5q35.2
DRD2 Dopamine receptor D2 11q23.2
DRD3 Dopamine receptor D3 3q13.31
DSCAM Down syndrome cell adhesion molecule 21q22.2
DST Dystonin 6p12.1
DUSP22 Dual specificity phosphatase 22 6p25.3
DYDC1 DPY30 domain containing 1 10q23.1
DYDC2 DPY30 domain containing 2 10q23.1
DYRK1A Dual-specificity tyrosine-phosphorylation-regulated kinase 1A 21q22.13
EEF1A2 Eukaryotic translation elongation factor 1 α 2 20q13.33
EFR3A EFR3 homolog A (S. cerevisiae) 8q24.22
EGR2 Early growth response 2 10q21.3
EHMT1 Euchromatic histone methyltransferase 1 9q34.3
EIF2S3 Eukaryotic translation initiation factor 2, subunit 3 γ Xp22.11
EIF4E Eukaryotic translation initiation factor 4E 4q23
EIF4EBP2 Eukaryotic translation initiation factor 4E binding protein 2 10q22.1
EML1 Echinoderm microtubule associated protein like 1 14q32.2
EN2 Engrailed 2 7q36.3
EP300 E1A binding protein p300 22q13.2
EP400 E1A binding protein p400 12q24.33
EPC2 Enhancer of polycomb, Drosophila homolog of 2 2q23.1
EPHA6 Ephrin receptor A6 3q11.2
EPHB2 Ephrin receptor B2 1p36.12
EPHB6 Ephrin receptor B6 7q34
EPS8 Epidermal growth factor receptor pathway substrate 8 12p12.3
ERBB4 v-ERB-A avian erythroblastic leukemia viral oncogene homolog 4 2q34
ERG v-ETS avian erythroblastosis virus E26 oncogene homolog 21q22.2
ESR1 Estrogen receptor 1 6q25.1
ESR2 Estrogen receptor 2 14q23.2
ESRRB Estrogen-related receptor β 14q24.3
ETFB Electron-transfer-flavoprotein, β polypeptide 19q13.41
ETV1 Ets variant 1 7p21.2
EXOC6B Exocyst complex component 6B 2p13.2
EXT1 Exostosin 1 8q24.11
F13A1 Factor XIII, A1 subunit 6p25.1
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FABP3 Fatty acid binding protein 3, muscle and heart (mammary-derived growth
inhibitor) 1p35.2

FABP5 Fatty acid binding protein 5 8q21.13
FABP7 Fatty acid binding protein 7 6q22.31
FAM135B Family with sequence similarity 135, member B 8q24.23
FAN1 FANCD2/FANCI-associated nuclease 1 15q13.2
FAT1 FAT tumor suppressor, Drosophila homolog of, 1 4q35.2
FAT3 FAT tumor suppressor, Drosophila homolog of , 3 11q14.3
FBXO15 F-box protein 15 18q22.3
FBXO33 F-box protein 33 14q21.1
FBXO40 F-box protein 40 3q13.33
FBXW7 F-box and WD repeat domain containing 7, E3 ubiquitin protein 4q31.3
FER FPS/FES related tyrosine kinase 5q21.3
FEZF2 FEZ family zinc finger 2 3p14.2
FGA Fibrinogen, A α polypeptide 4q31.3
FGD1 FYVE, Rho GEF and PH domain containing 1 Xp11.22
FGFBP3 Fibroblast growth factor binding protein 3 10q23.32
FHIT Fragile histidine triad 3p14.2
FLT1 c-FMS-related tyrosine kinase 1 13q12.3
FMR1 Fragile X mental retardation 1 (FMR1) Xq27.3
FOLH1 Folate hydrolase 1 11p11.2
FOXG1 Forkhead box G1 14q12
FOXP1 Forkhead box P1 3p13
FOXP2 Forkhead box P2 7q31.1
FRK FYN-related kinase 6q22.1
FRMPD4 FERM and PDZ domain containing protein 4 Xp22.2
GABRA1 γ-aminobutyric acid A receptor, α 1 5q34
GABRA3 γ-aminobutyric acid receptor, α 3 Xq28
GABRA4 γ-aminobutyric acid receptor, α 4 4p12
GABRB1 γ-aminobutyric acid receptor, β 1 4p12
GABRB3 γ-aminobutyric acid receptor, β 3 15q12
GABRQ γ-aminobutyric acid receptor, θ Xq28
GAD1 Glutamate decarboxylase 1 (brain, 67 kDa) 2q31.1

GALNT13 UDP-N-acetyl-α-D-galactosamine:polypeptide
N-acetylgalactosaminyl-transferase 13 2q23.3

GALNT14 UDP-N-acetyl-α-D-galactosamine:polypeptide
N-acetylgalactosaminyl-transferase 14 2p23.1

GAN Gigaxonin 16q24.1
GAP43 Growth associated protein 43 3q13.31
GAS2 Growth arrest-specific 2 11p14.3
GATM Glycine amidinotransferase (L-arginine:glycine amidinotransferase) 15q21.1
GDI1 GDP dissociation inhibitor 1 Xq28
GIGYF1 GRB10 interacting GYF protein 1 7q22.1
GLO1 Glyoxalase I 6p21.2
GLRA2 Glycine receptor, α 2 subunit Xp22.2
GNA14 Guanine nucleotide-binding protein, α 14 9q21.2

GNAS Guanine nucleotide-binding protein, α-stimulating activity polypeptide I complex
locus 20q13.32

GNB1L Guanine nucleotide-binding protein, β 1-like 22q11.21
GPC6 Glypican 6 13q31.3
GPD2 Glycerol-3-phosphate dehydrogenase 2 2q24.1
GPHN Gephyrin 14q23.3
GPR139 G protein-coupled receptor 139 16p12.3
GPR37 G protein-coupled receptor 37 7q31.33
GPRASP2 G protein-coupled receptor associated sorting protein 2 Xq22.1
GPX1 Glutathione peroxidase 1 3p21.31
GRID1 Glutamate receptor, ionotropic, δ 1 10q23.2
GRID2 Glutamate receptor, ionotropic, δ 2 4q22.1
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GRIK2 Glutamate receptor, ionotropic, kainate 2 6q16.3
GRIN1 Glutamate receptor, ionotropic, N-methyl D-aspartate 1 9q34.3
GRIN2A Glutamate receptor, ionotropic, N-methyl D-aspartate 2A 16p13.2
GRIN2B Glutamate receptor, ionotropic, N-methyl D-aspartate 2B 12p13.1
GRINL1A GRINL1A complex locus 1 15q21.3
GRIP1 Glutamate receptor interacting protein 1 12q14.3
GRM1 Glutamate receptor, metabotropic 1 6q24.3
GRM4 Glutamate receptor, metabotropic 4 6p21.31
GRM5 Glutamate receptor, metabotropic 5 11q14.3
GRM8 Glutamate receptor, metabotropic 8 7q31.33
GRPR Gastrin-releasing peptide receptor Xp22.2
GSE1 Gse1 coiled-coil protein 16q24.1
GSK3B Glycogen synthase kinase 3 β 3q13.33
GSN Gelsolin 9q33.2
GSTM1 Glutathione S-transferase M1 1p13.3
GTF2I General transcription factor III 7q11.23
GTF2IRD1 GTF2I repeat domain containing 1 7q11.23
GTF3C1 General transcription factor IIIC, polypeptide 1, α 16p12.1
GUCY1A2 Guanylate cyclase 1, soluble, α 2 11q22.3
HCAR1 Hydroxycarboxylic acid receptor 1/G protein-coupled receptor 81 12q24.31
HCFC1 Host cell factor C1 Xq28
HCN1 Hyperpolarization activated cyclic nucleotide-gated potassium channel 1 5p12
HDAC4 Histone deacetylase 4 2q37.3
HDAC6 Histone deacetylase 6 Xp11.23
HDAC9 Histone deacetylase 9 7p21.1
HDLBP High density lipoprotein binding protein 2q37.3
HEPACAM Hepatic and glial cell adhesion molecule 11q24.2
HERC2 HECT domain and RCC1-like domain 2 15q13.1
HLA-A Major histocompatibility complex, class I, A 6p22.1
HLA-DRB1 Major histocompatibility complex, class II, DR β 1 6p21.32
HMGN1 High mobility group nucleosome binding domain 1 21q22.2
HNRNPF Heterogeneous nuclear ribonucleoprotein F 10q11.21
HNRNPH2 Heterogeneous nuclear ribonucleoprotein H2 Xq22.1
HNRNPUL1 Heterogeneous nuclear ribonucleoprotein U-like 1 19q13.2
HOMER1 Homer, Drosophila, homolog 1 of 1 5q14.1
HOXA1 Homeobox A1 7p15.3
HOXB1 Homeobox B1 17q21.32
HRAS v-HA-RAS Harvey rat sarcoma viral oncogene homolog 11p15.5
HS3ST5 Heparan sulfate 3-O-sulfotransferase 5 6q22.31
HSD11B1 11-β-hydroxysteroid dehydrogenase type 1 1q32.2
HSPA4 Heat shock 70 kDa protein 4 5q31.1
HTR1B 5-hydroxytryptamine receptor 1B 6q14.1
HTR2A 5-hydroxytryptamine receptor 2A 13q14.2
HTR3A 5-hydroxytryptamine receptor 3A 11q23.2
HTR3C 5-hydroxytryptamine receptor 3, family member C 3q27.1
HTR7 5-hydroxytryptamine receptor 7 10q23.31
HUWE1 HECT, UBA and WWE domain containing 1, E3 ubiquitin protein ligase Xp11.22
HYDIN Hydrocephalus-inducing, mouse, homolog of 16q22.2
ICA1 Islet cell autoantigen 1 7p21.3
IL1R2 Interleukin 1 receptor, type II 2q11.2
IL1RAPL1 Interleukin 1 receptor accessory protein-like 1 Xp21.3
IL1RAPL2 Interleukin 1 receptor accessory protein-like 2 Xq22.3
IMMP2L Inner mitochondrial membrane peptidase, subunit 2, S. cerevisiae, homolog of 7q31.1
IMPDH2 Inosine-5-prime monophosphate dehydrogenase 2 3p21.31
INADL Inactivation no after-potential D-like 1p31.3
INPP1 Inositol polyphosphate-1-phosphatase 2q32.2
INPP5 Inositol polyphosphate-5-phosphatase 17p13.3
IQSEC2 IQ motif and Sec7 domain 2 Xp11.22
ITGA4 Integrin, α 4 2q31.3
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ITGB3 Integrin, β 3 17q21.32
ITGB7 Integrin, β 7 12q13.13
ITK IL20 inducible t-cell kinase 5q33.3
JARID2 Jumonji, AT rich interactive domain 2 6p22.3
JMJD1C Jumonji domain containing 1C 10q21.3
JUP Junction plakoglobin 17q21.2
KAL1 Kallmann syndrome interval 1 Xp22.31
KANK1 KN motif and ankyrin repeat domains 1 9p24.3
KATNAL2 Katanin p60 subunit A-like 2 18q21.1
KCND2 Potassium voltage-gated channel, Shal-related subfamily, member 2 7q31.31
KCNJ2 Potassium inwardly-rectifying channel, subfamily J, member 2 17q24.3
KCNJ10 Potassium inwardly-rectifying channel, subfamily J, member 10 1q23.2
KCNMA1 Potassium large conductance calcium-activated channel, subfamily M, α member 1 10q22.3
KCNQ2 Potassium voltage-gated channel, KQT-like subfamily, member 2 20q13.3
KCNQ3 Potassium voltage-gated channel, KQT-like subfamily, member 3 8q24.22
KCNT1 Potassium channel, subfamily T, member 1 9q34.3
KCTD13 Potassium channel tetramerization domain containing protein 13 16p11.2
KDM5A Lysine (K)-specific demethylase 5A 12p13.33
KDM5B Lysine (K)-specific demethylase 5B 1q32.1
KDM5C Lysine (K)-specific demethylase 5C Xp11.22
KDM6B Lysine (K)-specific demethylase 6B 17p13.1
KHDRBS2 KH domain containing, RNA binding, signal transduction associated protein 2 6q11.1
KIAA1217 Sickle tail protein homolog 10p12.31
KIAA1586 KIAA1586 6p12.1
KIAA2022 KIAA2022 Xq13.3
KIF5C Kinesin family member 5C 2q23.1
KIRREL3 Kin of IRRE like 3 11q24.2
KIT v-KIT Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog 4q12
KLC2 Kinesin light chain 2 11q13.2
KMO Kynurenine 3-monooxygenase 1q43
KMT2A Lysine (K)-specific methyltransferase 2A 11q23.3
KMT2C Lysine (K)-specific methyltransferase 2C 7q36.1
KMT2E Lysine (K)-specific methyltransferase 2E 7q22.3
KPTN Kaptin (actin binding protein) 19q13.32
LAMA1 Laminin, α 1 18p11.23
LAMB1 Laminin, β 1 7q31.1
LAMC3 Laminin, γ 3 9q34.1
LEP Leptin 7q32.1
LIN7B Lin-7 homolog B (C. elegans) 19q13.33
LMNA Lamin A/C 1q22
LMX1B LIM homeobox transcription factor 1, β 9q33.3
LRFN5 Leucine-rich repeats and fibronectin type III domain containing 5 14q21.1
LRGUK Leucine-rich repeats and guanylate kinase domain containing 7q33
LRP2 Low density lipoprotein receptor-related protein 2 2q31.1
LRPPRC Leucine-rich PPR motif containing protein 2p21
LRRC1 Leucine-rich repeat-containing protein 1 6p12.1
LRRC4 Leucine-rich repeat-containing protein 4 7q32.1
LRRC7 Leucine-rich repeat-containing protein 7 1p31.1
LZTS2 Leucine zipper, putative tumor suppressor 2 10q24.31
MACROD2 Macro domain containing 2 20p12.1
MAGED1 Melanoma antigen family D, 1 Xp11.22
MAGEL2 MAGE-like 2 15q11.2
MAOA Monoamine oxidase A Xp11.3
MAOB Monoamine oxidase B Xp11.23
MAP1A Microtubule-associated protein 1A 15q15.3
MAP2 Microtubule-associated protein (MAP) 2 2q34
MAP4 Microtubule-associated protein (MAP) 4 3p21.31
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MAPK1 Mitogen-activated protein kinase 1 22q11.22
MAPK3 Mitogen-activated protein kinase 3 16p11.2
MAPK8IP2 Mitogen-activated protein kinase 8 interacting protein 2 22q13.33
MARK1 MAP/microtubule affinity-regulating kinase 1 1q41
MBD1 Methyl-CpG binding domain protein 1 18q21.1
MBD3 Methyl-CpG binding domain protein 3 19p13.3
MBD4 Methyl-CpG binding domain protein 4 3q21.3
MBD5 Methyl-CpG binding domain protein 5 2q23.1
MBD6 Methyl-CpG binding domain protein 6 12q13.2
MC4R Melanocortin 4 receptor 18q21.32
MCC Mutated in colorectal cancers 5q22.2
MCPH1 Microcephalin 1 8p23.1

MDGA2 Mephrin, A5 antigen, protein tyrosine phosphatase mu (MAM) domain containing
glycosylphosphatidylinositol anchor 2 14q21.3

MDM2 MDM2 oncogene, E3 ubiquitin protein ligase 12q15
MECP2 Methyl CpG binding protein 2 Xq28
MED12 Mediator complex subunit 12 Xq13.1
MED13L Mediator complex subunit 13-like 12q24.21
MEF2C MADS box transcription myocyte enhancer factor 2, polypeptide C 5q14.3
MET Met proto-oncogene 7q31.2
MIB1 Mind bomb E3 ubiquitin protein ligase 1 18q11.2
MICAL3 Microtubule-associated monooxygenase, calponin and lim domains-containing, 3 22q11.21
MICALCL MICAL C-terminus-like protein 11p15.3
MKL2 Myocardin-like 2 16p13.12
MOV10 Moloney leukemia virus 10, mouse, homolog of 1p13.2
MSN Moesin Xq12
MSNP1AS Moesin pseudogene 1 antisense 5p14.1
MSR1 Macrophage scavenger receptor 8p22
MTF1 Metal-regulatory transcription factor 1 1p34.3
MTHFR 5-10-methylene-tetrahydrofolate reductase 1p36.22
MTR 5-methyltetrahydrofolate-homocysteine S-methyltransferase 1q43
MTX2 Metaxin 2 2q31.1
MXRA5 Matrix-remodelling associated 5 Xp22.2
MYH4 Myosin, heavy chain 4, skeletal muscle 17p13.1
MYH10 Myosin, heavy chain 10, non-muscle 17p13.1
MYO16 Myosin XVI 13q33.3
MYO1A Myosin IA 12q13.3
MYO9B Myosin IXB 19p13.11
MYT1L Myelin transcription factor 1-like 2p25.3
NAA15 N(α)-acetyltransferase 15, NatA auxiliary subunit 4q31.1
NASP Nuclear autoantigenic sperm protein (histone-binding) 1p34.1
NAV1 Neuron navigator 1 1q32.1
NBEA Neurobeachin 13q13.3
NCKAP1 NCK-associated protein 1 2q32.1
NCKAP5 NCK-associated protein 5 2q21.2
NCKAP5L NCK-associated protein 5-like 12q13.12
NCOR1 Nuclear receptor corepressor 1 17p11.2
NDNL2 Necdin-like gene 2 15q13.1
NDUFA5 NADH-ubiquinone oxidoreductase 1 α subcomplex, 5 7q31.32
NEFL Neurofilament protein, light polypeptide 8p21.2
NELL1 NEL-like 1 11p15.1
NF1 Neurofibromin 1 17q11.2
NFIA Nuclear factor I/A 1p31.3
NIPA1 Non imprinted gene in Prader-Willi/Angelman syndrome chromosomal region 1 15q11.2
NIPA2 Non imprinted gene in Prader-Willi/Angelman syndrome chromosomal region 2 15q11.2
NIPBL Nipped-B-like 5p13.2
NLGN1 Neuroligin 1 3q26.31
NLGN2 Neuroligin 2 17p13.1
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NLGN3 Neuroligin 3 Xq13.1
NLGN4X Neuroligin 4, X-linked Xp22.31
NLGN4Y Neuroligin 4, Y-linked Yq11.221
NOS1AP Nitric oxide synthase 1 (neuronal) adaptor protein 1q23.3
NOS2A Nitric oxide synthase 2A 17q11.2
NOTCH3 Notch 3 19p13.12
NPAS2 Neuronal PAS domain protein 2 2q11.2
NR0B1 Nuclear receptor subfamily 0, group B, member 1 Xp21.2
NR3C2 Nuclear receptor subfamily 3, group C, member 2 4q31.23
NR4A1 Nuclear receptor subfamily 4, group A, member 1 12q13.13
NRCAM Neuronal cell adhesion molecule 7q31.1
NRG1 Neuregulin 1 8p12
NRP2 Neuropilin 2 2q33.3
NRXN1 Neurexin I 2p16.3
NRXN2 Neurexin II 11q13.1
NRXN3 Neurexin III 14q24.3
NSD1 Nuclear receptor-binding Sa-var, enhancer of zeste, and trithorax domain protein 1 5q35.3
NTNG1 Netrin G1 1p13.3
NTRK1 Neurotrophic tyrosine kinase, receptor, type 1 1q23.1
NTRK3 Neurotrophic tyrosine kinase, receptor, type 3 15q25.3
NXF5 Nuclear RNA export factor 5 Xq22.1
NXPH1 Neurexophilin 1 7p21.3
ODF3L2 Outer dense fiber of sperm tails 3-like 2 19p13.3
OGT O-linked N-acetylglucosamine transferase Xq13.1
OPHN1 Oligophrenin 1 Xq12
OPRM1 Opioid receptor, mu 1 6q25.2
OR1C1 Olfactory receptor, family 1, subfamily C, member 1 1q44
OTX1 Orthodenticle Drosophila, homolog of 2p15
OXTR Oxytocin receptor 3p25.3
P2RX4 Purinergic receptor P2X, ligand-gated ion channel, 4 12q24.31
PAFAH1B1 Platelet-activating factor acetylhydrolase 1B, regulatory subunit 1 17p13.3
PAH Phenylalanine hydroxylase 12q23.2
PARD3B PAR-3 family cell polarity regulator β 2q33.3
PARK2 Parkin 6q26
PAX5 Paired box 5 9p13.2
PBRM1 Polybromo 1 3p21.1
PCDH10 Protocadherin 10 4q28.3
PCDH15 Protocadherin 15 10q21.1
PCDH19 Protocadherin 19 Xq22.1
PCDH8 Protocadherin 8 13q14.3
PCDH9 Protocadherin 9 13q21.32
PCDHA1 Protocadherin α 1 5q31.3
PCDHA10 Protocadherin α 10 5q31.3
PCDHA11 Protocadherin α 11 5q31.3
PCDHA12 Protocadherin α 12 5q31.3
PCDHA13 Protocadherin α 13 5q31.3
PCDHA2 Protocadherin α 2 5q31.3
PCDHA3 Protocadherin α 3 5q31.3
PCDHA4 Protocadherin α 4 5q31.3
PCDHA5 Protocadherin α 5 5q31.3
PCDHA6 Protocadherin α 6 5q31.3
PCDHA7 Protocadherin α 7 5q31.3
PCDHA8 Protocadherin α 8 5q31.3
PCDHA9 Protocadherin α 9 5q31.3
PCDHAC1 Protocadherin α subfamily C, member 1 5q31.3
PCDHAC2 Protocadherin α subfamily C, member 2 5q31.3
PCDHGA11 Protocadherin γ subfamily A, member 11 5q31.3
PDE1C Phosphodiesterase 1C 7p14.3
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PDE4A Phosphodiesterase 4A, cAMP-specific 19p13.2
PDE4B Phosphodiesterase 4B, cAMP-specific 1p31.3
PDZD4 PDZ domain containing 4 Xq28
PECR Peroxisomal trans-2-enoyl-CoA reductase 2q35
PER1 Period, Drosophila, homolog of 17p13.1
PEX7 Peroxisomal biogenesis factor 7 6q23.3
PGD Phosphogluconate dehydrogenase 1p36.22
PHF2 PHD finger protein 2 9q22.31
PHF8 PHD finger protein 8 Xp11.22
PIAS1 Protein inhibitor of activated STAT, 1 15q23
PIK3CG Phosphatidylinositol-3-kinase, catalytic, γ 7q22.3
PIK3R2 Phosphatidylinositol-3-kinase, regulatory subunit 2 19q13.11
PINX1 PIN2 interacting protein 1 8p23.1
PITX1 Paired-like homeodomain transcription factor 1 5q31.1
PLAUR Plasminogen activator receptor, urokinase-type 19q13.31
PLCB1 Phospholipase C, β 1 20p12.3
PLCD1 Phospholipase C, δ 1 3p22.2
PLN Phospholamban 6q22.31
PLXNA4 Plexin A4 7q32.3
POGZ POGO transposable element with ZNF domain 1q21.3
POLR2L Polymerase (RNA) II (DNA directed) polypeptide L, 7.6 kDa 11p15.5
POMGNT1 Protein O-mannose β-1, 2-N-acetylglucosaminyl-transferase 1p34.1
PON1 Paraoxonase 1 7q21.3
POT1 Protection of telomeres 1 7q31.33
PPFIA1 Protein tyrosine phosphatase, receptor type, F polypeptide, interacting protein, α 1 11q13.3
PPP1CB Protein phosphatase 1, catalytic subunit, β isozyme 2p23.2
PPP1R1B Protein phosphatase 1, regulatory (inhibitor) subunit 1B 17q12
PPP1R3F Protein phosphatase 1, regulatory (inhibitor) subunit 3F Xp11.23
PRODH Proline dehydrogenase (oxidase) 1 22q11.21
PRICKLE1 Prickle, Drosophila, homolog of, 1 12q12
PRICKLE2 Prickle, Drosophila, homolog of, 2 3p14.1
PRKCB Protein kinase C, β 16p12.2
PRKCB1 Protein kinase C, β-1 16p12.2
PRKD1 Protein kinase D1 14q12
PRDX1 Peroxiredoxin 1 1p34.1
PRSS38 Protease, serine, 38 1q42.13
PRUNE2 Prune, Drosophila, homolog of, 2 9q21.2
PSD3 Pleckstrin and Sec7 domains-containing protein 3 8p22
PSEN1 Presenilin 1 14q24.2
PSMD10 Proteasome 26S subunit, non-ATPase, 10 Xq22.3
PTCHD1 Patched domain containing protein 1 Xp22.11
PTEN Phosphatase and tensin homolog 10q23.31
PTGER3 Prostaglandin E receptor 3, EP3 subtype 1p31.1
PTGS2 Prostaglandin-endoperoxide synthase 2 1q31.1
PTPN11 Protein tyrosine phosphatase, non-receptor type 11 12q24.13
PTPRB Protein tyrosine phosphatase, receptor type, B 12q15
PTPRC Protein tyrosine phosphatase, receptor type, C 1q31.3
PTPRM Protein tyrosine phosphatase, receptor type, M 18p11.23
PTPRT Protein tyrosine phosphatase, receptor type, T 20q13.11
PXDN Peroxidasin, Drosophila homolog of 2p25.3
RAB11FIP5 RAB11 family-interacting protein 5 2p13.2
RAB19 RAB19, member RAS oncogene family 7q34
RAB39B RAS-associated protein RAB39B Xq28
RAI1 Retinoic acid induced gene 1 17p11.2
RAPGEF4 Rap guanine nucleotide exchange factor 2q31.1
RASD1 RAS protein, dexamethasone-induced, 1 17p11.2
RASSF1 RAS association (ralGDS/AF-6) domain family member 1 3p21.31
RASSF5 RAS association domain family protein 5 1q32.1
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RB1CC1 RB1-inducible coiled-coil 1 8q11.23
RBFOX1 RNA binding protein FOX-1, C. elegans, homolog of, 1 16p13.3
RBM8A RNA binding motif protein 8A 1q21.1
RBMS3 RNA binding motif protein, single stranded interacting, 3 3p24.1
REEP3 Receptor expression-enhancing protein 3 10q21.3
RELN Reelin 7q22.1
RERE RE-repeats encoding gene 1p36.23
RFWD2 Ring finger and WD repeat domains-containing protein 2 1q25.2
RGS7 Regulator of G protein signaling 7 1q43
RHOXF1 RHOX homeobox family, member 1 Xq24
RIC8A RIC8 guanine nucleotide exchange factor A 11p15.5
RIMS1 Regulating synaptic membrane exocytosis 1 6q13
RIMS3 Protein regulating synaptic membrane exocytosis 3 1p34.2
RNPS1 RNA binding protein S1 16p13.3
ROBO1 Roundabout, Drosophila, homolog of, 1 3p12.2
ROBO2 Roundabout, Drosophila, homolog of, 2 3p12.3
RORA RAR-related orphan receptor A 15q22.2
RPL10 Ribosomal protein L10 Xq28
RPP25 Ribonuclease P/MRP 25 kDa subunit 15q24.2
RPS6KA1 Ribosomal protein S6 kinase, 90 kDa, polypeptide 1 1p36.11
RPS6KA2 Ribosomal protein S6 kinase, 90 kDa, polypeptide 2 6q27
RPS6KA3 Ribosomal protein S6 kinase, 90 kDa, polypeptide 3 Xp22.12
RUVBL1 RuvB-E. coli, homolog-like 1 3q21.3
SAE1 SUMO1 activating enzyme, subunit 1 19q13.32
SATB2 Special AT-rich sequence-binding protein 2 2q33.1
SBF1 SET binding factor 1 22q13.33
SCFD2 Sec1 family domain containing 2 4q12
SCN1A Sodium channel, neuronal, type I, α subunit 2q24.3
SCN2A Sodium channel, voltage-gated, type II, α subunit 2q24.3
SCN7A Sodium channel, voltage-gated, type VII, α subunit 2q24.3
SCN8A Sodium channel, voltage-gated, type VIII, α subunit 12q13.13
SDC2 Syndecan 2 8q22.1
SDK1 Sidekick cell adhesion molecule 1 7p22.2

SEMA3F Sema domain, immunoglobulin domain (Ig), short basic domain, secreted,
(semaphorin) 3F 3p21.31

SEMA5A Semaphorin 5A 5p15.31

SERPINE1 Serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibitor type 1),
member 1 7q22.1

SETBP1 SET binding protein 1 18q12.3
SETD2 SET domain containing protein 2 3p21.31
SETD5 SET domain containing protein 5 3p25.3
SETDB1 SET domain, bifurcated, 1 1q21.3
SETDB2 SET domain, bifurcated, 2 13q14.2
SEZ6L2 Seizure related 6 homolog (mouse)-like 2 16p11.2
SF1 Splicing factor 1 11q13.1
SFPQ Splicing factor proline/glutamine-rich 1p34.3
SFTPD Surfactant, pulmonary-associated protein D 10q22.3
SGSH N-sulfoglucosamine sulfohydrolase 17q25.3
SGSM3 Small G protein signaling modulator 3 22q13.1
SH3KBP1 SH3-domain kinase binding protein 1 Xp22.12
SHANK1 SH3 and multiple ankyrin repeat domains 1 19q13.3
SHANK2 SH3 and multiple ankyrin repeat domains 2 11q13.4
SHANK3 SH3 and multiple ankyrin repeat domains 3 22q13.33
SLC16A3 Solute carrier family 16 (monocarboxylic acid transporter), member 3 17q25
SLC16A7 Solute carrier family 16 (monocarboxylic acid transporter), member 7 12q14.1

SLC1A1 Solute carrier family 1 (neuronal/epithelial high affinity glutamate transporter),
member 1 9p24.2

SLC22A15 Solute carrier family 22, (organic cation transporter), member 15 1p13.1
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SLC24A2 Solute carrier family 24 (sodium/potassium/calcium exchanger), member 2 9p22.1
SLC25A12 Solute carrier family 25 (mitochondrial carrier, Aralar), member 12 2q31.1
SLC25A14 Solute carrier family 25 (mitochondrial carrier, brain), member 14 Xq26.1
SLC25A24 Solute carrier family 25 (mitochondrial carrier, phosphate carrier), member 24 1p13.3
SLC25A27 Solute carrier family 25, member 27 6p12.3
SLC29A4 Solute carrier family 29 (equilibrative nucleoside transporter), member 4 7p22.1
SLC30A5 Solute carrier family 30 (zinc transporter), member 5 5q13.1
SLC35A3 Solute carrier family 35 (UDP-N-acetylglucosamine transporter), member 3 1p21.2
SLC38A10 Solute carrier family 38, member 10 17q25.3
SLC39A11 Solute carrier family 39 (metal ion transporter), member 11 17q21.31
SLC4A10 Solute carrier family 4 (sodium bicarbonate transporter-like), member 10 2q24.2
SLC6A1 Solute carrier family 6 (neurotransmitter transporter), member 1 3p25.3
SLC6A3 Solute carrier family 6 (neurotransmitter transporter, dopamine), member 3 5p15.33
SLC6A4 Solute carrier family 6 (neurotransmitter transporter, serotonin), member 4 17q11.2
SLC6A8 Solute carrier family 6 (neurotransmitter transporter, creatine), member 8 Xq28
SLC9A6 Solute carrier family 9 (sodium/hydrogen exchanger), member 6 Xq26.3
SLC9A9 Solute carrier family 9 (sodium/hydrogen exchanger), member 9 3q24
SLCO1B1 Solute carrier organic anion transporter family, member 1B1 12p12.2
SLCO1B3 Solute carrier organic anion transporter family, member 1B3 12p12.2
SLIT3 Slit, Drosophila, homolog of, 3 5q35.1
SLITRK5 SLIT and NTRK-like family, member 5 13q31.2
SLK STE20-like kinase 10q24.33
SMAD2 SMAD family member 2 18q21.1

SMARCC2 SWI/SNF related, matrix associated, actin dependent regulator of chromatin,
subfamily C, member 2 12q13.2

SMG6 SMG 6, C. elegans, homolog of 17p13.3
SND1 EBNA2 coactivator p100 7q32.1
SNRPN Small nuclear ribonucleoprotein polypeptide N 15q11.2
SNTG2 Syntrophin, γ 2 2p25.3
SNX19 Sorting nexin 19 11q25
SNX5 Sorting nexin 5 20p11.23
SOD1 Superoxide dismutase 1, soluble 21q22.11
SOS1 Son of sevenless (SOS), Drosophila, homolog 1 2p22.1
SOX5 SRY (sex determining region Y)-box 5 12p12.1
SOX7 SRY (sex determining region Y)-box 7 8p23.1
SPAST Spastin 2p22.3
SRD5A2 Steroid-5-α-reductase, 2 2p23.1
ST7 Suppressor of tumorigenicity 7 7q31.2
ST8SIA2 ST8 α-N-acetyl-neuraminide α-2,8-sialyltransferase 2 15q26.1
STK39 Serine/threonine protein kinase 39 2q24.3
STX6 Syntaxin 6 1q25.3
STX1A Syntaxin 1A 7q11.23
STXBP1 Syntaxin-binding protein 1 9q34.1
STXBP5 Syntaxin-binding protein 5 6q24.3
STXBP5L Syntaxin-binding protein 5-like 3q13.33
SUCLG2 Succinate-CoA ligase, GDP-forming, β subunit 3p14.1
SUV420H1 Suppressor of variegation 4–20, Drosophila, homolog of, 1 11q13.2
SYAP1 Synapse associated protein 1 Xp22.2
SYN1 Synapsin 1 Xp11.23
SYN2 Synapsin II 3p25.2
SYN3 Synapsin III 22q12.3
SYNE1 Spectrin repeat containing nuclear envelope 1 6q25.2
SYNGAP1 Synaptic RAS-GTPase-activating protein 1 6p21.32
SYT17 Synaptotagmin XVII 16p12.3
SYT3 Synaptotagmin III 19q13.33
TAF1C TATA box-binding protein-associated factor 1C 16q24.1
TAF1L TATA box-binding protein-associated factor 1-like 9p21.1
TAS2R1 Taste receptor, type 2, member 1 5p15.31
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TBC1D30 TBC1 domain family, member 30 12q14.3
TBC1D5 TBC1 domain family, member 5 3p24.3
TBC1D7 TBC1 domain family, member 7 6p24
TBL1X Transducin-β-like 1, X-linked Xp22.31
TBL1XR1 Transducin-β-like 1 receptor 1 3q26.32
TBR1 T-box, brain, 1 2q24.2
TBX1 T-box 1 22q11.21
TCF3 Transcription factor 3 19p13.3
TCF4 Transcription factor 4 18q21.2
TCF20 Transcription factor 20 (AR1) 22q13.2
TCF7L2 Transcription factor 7-like 2 (t-cell specific, HMG-box) 10q25.2
TDO2 Tryptophan 2,3-dioxygenase 4q32.1
TGM3 Transglutaminase 3 20p13
TH Tyrosine hydroxylase 11p15.5
THBS1 Thrombospondin 1 15q14
THRA Thyroid hormone receptor, α-1 17q21.1
TLK2 Tousled-like kinase 2 17q23.2
TLX1 T-cell leukemia homeobox 1 10q24.31
TM4SF20 Transmembrane 4 L6 family, member 20 2q36.3
TMEM231 Transmembrane protein 231 16q23.1
TMLHE Epsilon-trimethyllysine hydroxylase Xq28
TNIP2 TNFAIP3 interacting protein 2 4p16.3
TNRC6B Trinucleotide repeat containing 6B 22q13.1
TOMM20 MAS20P, S. cerevisiae, homolog of 1q42.3
TOP1 Topoisomerase, DNA, I 20q12
TOP3B Topoisomerase, DNA, III, β 22q11.22
TOPBP1 Topoisomerase (DNA) II-binding protein 1 3q22.1
TOPORS Topoisomerase I-binding, arginine/serine-rich, E3 ubiquitin protein ligase 9p21.1
TPH2 Tryptophan hydroxylase 2 12q21.1
TPO Thyroid peroxidase 2p25.3
TRIM33 Tripartite motif containing protein 33 1p13.2
TRIO Trio Rho guanine nucleotide exchange factor 5p15.2
TRIP12 Thyroid hormone receptor interactor 12 2q36.3
TRPC6 Transient receptor potential cation channel, subfamily C, member 6 11q22.1
TRPM1 Transient receptor potential cation channel, subfamily M, member 1 15q13.3
TSC1 Tuberous sclerosis 1 9q34.1
TSC2 Tuberous sclerosis 2 16p13.3
TSN Translin 2q14.3
TSPAN7 Tetraspanin 7 Xp11.4
TTI2 TELO2-interacting protein 2 8p12
TTN Titin 2q31.2
TUBA1A Tubulin, α-1A 12q13.12
TUBGCP5 Tubulin-γ complex-associated protein 5 15q11.2
TYR Tyrosinase 11q14.3
UBE1L2 Ubiquitin-activating enzyme, E1-like 2 4q13.2
UBE2H Ubiquitin-conjugating enzyme E2H 7q32.2
UBE3A Ubiquitin protein ligase E3A 15q11.2
UBE3B Ubiquitin protein ligase E3B 12q24.11
UBE3C Ubiquitin protein ligase E3C 7q36.3
UBL7 Ubiquitin-like 7 15q24.1
UBR5 Ubiquitin protein ligase E3 component N-recognin 5 8q22.3
UBR7 Ubiquitin protein ligase E3 component N-recognin 7 14q32.12
UIMC1 Ubiquitin interaction motif containing 1 5q35.2
UPB1 Ureidopropionase, β 1 22q11.23
UPF2 UPF2, yeast, homolog of 10p14
UPF3B UPF3, yeast, homolog of, B Xq24
USP54 Ubiquitin specific peptidase 54 10q22.2
USP9Y Ubiquitin specific protease 9, Y-chromosome Yq11.21
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VASH1 Vasohibin 1 14q24.3
VCP Valosin containing protein 9p13.3
VIL1 Villin 1 2q35
VIP Vasoactive intestinal peptide (VIP) 6q25.2
VPS13B Vacuolar protein sorting 13, yeast, homolog of, B 8q22.2
VPS4A Vacuolar protein sorting 4 homolog A (S. cerevisiae) 16q22.1
WAC WW domain containing adaptor with coiled-coil 10p12.1
WDFY3 WD repeat and FYVE domain containing 3 4q21.23
WHSC1 Wolf-Hirschhorn syndrome candidate 1 4p16.3
WNK3 Protein kinase lysine deficient 3 Xp11.22
WNT1 Wingless-type MMTV integration site family, member 1 12q13.12
WNT2 Wingless-type MMTV integration site family, member 2 7q31.2
WWC3 WWC family member 3 Xp22.32
XIRP1 Cardiomyopathy-associated protein 1 3p22.2
XPC Xeroderma pigmentosum complementation group C 3p25.1
XPO1 Exportin 1 2p15
XPO5 Exportin 5 6p21.1
YEATS2 YEATS domain containing 2 3q27.1
YTHDC2 YTH domain containing 2 5q22.2

YWHAE Tyrosine 3-monooxygenase, tryptophan 5-monooxygenase activation protein,
epsilon isoform 17p13.3

ZBTB16 Zinc finger- and BTB domain-containing protein 16 11q23.1
ZBTB20 Zinc finger- and BTB domain-containing protein 20 3q13.31
ZC3H12B Zinc finger CCCH domain-containing protein 12B Xq12
ZFPL1 Zinc finger protein-like 1 11q13.1
ZMYND11 Zinc finger, MYND-type containing 11 10p15.3
ZNF18 Zinc finger protein 18 17p12
ZNF365 Zinc finger protein 365 10q21.2
ZNF385B Zinc finger protein 385B 2q31.3
ZNF407 Zinc finger protein 407 18q23
ZNF517 Zinc finger protein 517 8q24.3
ZNF8 Zinc finger protein 8 19q13.43
ZNF713 Zinc finger protein 713 7p11.2
ZNF804A Zinc finger protein 804A 2q32.1
ZNF827 Zinc finger protein 827 4q31.22
ZSWIM5 Zinc finger, SWIM-type containing 5 1p34.1

3. Experimental Section

We used computer-based internet websites and PubMed (https://www.ncbi.nlm.nih.gov/
pubmed) to search key words for genetics and autism. This included the integrated catalogue of
human genetic studies related to autism found at the Simons Foundation Autism Research Initiative
(SFARI) website (https://gene.sfari.org), which currently lists 667 genes reported as of 25 February
2015. This public access initiative is an ongoing curated collection of clinically proven ASD genes
supported by clinical and autism experts, medical geneticists and laboratory specialists in the study of
autism. This site includes gene description and evidence of support for causation with cited literature
reports. We examined peer-reviewed articles found in the medical literature following our search
for genetic evidence (i.e., gene variants, mutations or disturbed gene function) and the involvement
of genetics playing a role in autism. Sources included whole-genome sequencing of ASD families
randomly selected with at least one unaffected sibling [40] or gene expression profiles in ASD [39]
along with other informative websites (e.g., Online Mendelian Inheritance in Man, www.OMIM.org).
We then compiled the list of genes from these major sources for a total of 792 genes, whereby at
least one mechanism was involved for each gene that could lead to ASD, a heterogeneous condition
involving many genes; as our report is focused on the compilation of ASD genes from peer-reviewed
research articles and authoritative computer website genomic databases for autism and not necessarily
related to causal relationships between the individual gene and ASD. Those genes recognized, to date,
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as playing a role in ASD susceptibility and causation generally appear to impact chromatin remodeling,
metabolism, mRNA translation, cell adhesion and synaptic function [39].

SFARI is a publicly available manually curated web-based searchable site of human genes with
links to ASD and includes genes in catalogue form based on five categories—genetic association,
syndromic, rare single-gene variant and functional and multi-genetic copy number variation—
supported by cited research publications for each. Additional literature sources in our study consisted
of both primary research articles and reviews summarizing genetic evidence. Many of the listed genes
were identified in multiple research studies and widely reported in literature reviews, data repositories
and/or computer genomic-based websites for autism (e.g., SFARI). A large number of genes showed a
varied relationship to autism and neurodevelopment, but the mass of the literature surveyed limits the
reliability of our relative strength estimates for the ASD and gene associations. The gene would be
included if cited and recognized in peer-reviewed publications (e.g., PubMed) with supportive genetic
evidence (e.g., genetic linkage, GWAS, functional gene expression patterns, informative SNPs, CNVs
or identified gene mutations). Other supporting genetic evidence can be found at Simons Foundation
Autism Research Initiative (SFARI) at https://sfari.org/sfari-initiatives/simons-simplex-collection,
the National Institutes of Health (NIH) at https://www.ncbi.nlm.nih.gov/gap, the Online Inheritance
in Man (OMIM) at www.omim.org or Genecards at https://www.genecards.org.

4. Conclusions

Readily available tissue sources, such as peripheral blood, established lymphoblastoid cell lines
and saliva, hold promise for more advances in ASD by enabling the identification of new genes and a
better understanding of the causation and disease mechanisms to further stimulate research with the
hope to discover new treatment modalities impacted by the recognition of known disease-causing or
candidate genes for ASD. We illustrated the master list of clinically relevant and known ASD genes in
our summary by plotting individual genes on high-resolution chromosome ideograms and generated
a tabular form to increase the awareness required for genetic testing and counselling purposes for
family members presenting for genetic services. Creating a master list of genes related to ASD is a
complicated process; new genes are continually identified, but not all genes are equally important or
certain to be causative. Additional research is needed to further investigate the causal relationships
between the specific gene and ASD. The authors encourage the use of this collection of known and
clinically relevant candidate genes for ASD in their evaluation of patients and families presenting for
genetic testing options and for accurate genetic counselling.
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Abstract: Mammalian chromosomes are comprised of complex chromatin architecture with the
specific assembly and configuration of each chromosome influencing gene expression and function in
yet undefined ways by varying degrees of heterochromatinization that result in Giemsa (G) negative
euchromatic (light) bands and G-positive heterochromatic (dark) bands. We carried out morphometric
measurements of high-resolution chromosome ideograms for the first time to characterize the
total euchromatic and heterochromatic chromosome band length, distribution and localization of
20,145 known protein-coding genes, 790 recognized autism spectrum disorder (ASD) genes and 365
obesity genes. The individual lengths of G-negative euchromatin and G-positive heterochromatin
chromosome bands were measured in millimeters and recorded from scaled and stacked digital
images of 850-band high-resolution ideograms supplied by the International Society of Chromosome
Nomenclature (ISCN) 2013. Our overall measurements followed established banding patterns based
on chromosome size. G-negative euchromatic band regions contained 60% of protein-coding genes
while the remaining 40% were distributed across the four heterochromatic dark band sub-types.
ASD genes were disproportionately overrepresented in the darker heterochromatic sub-bands,
while the obesity gene distribution pattern did not significantly differ from protein-coding genes.
Our study supports recent trends implicating genes located in heterochromatin regions playing a
role in biological processes including neurodevelopment and function, specifically genes associated
with ASD.

Keywords: G-negative euchromatin; G-positive heterochromatin; chromosome organization;
high-resolution chromosome ideograms; protein-coding genes; obesity genes; autism spectrum
disorder (ASD) genes

1. Introduction

Over the course of evolution, the architecture of chromosome structure has become substantially
complex with the specific assembly and configuration of each chromosome influencing gene expression
and function [1]. There is a need within the field of genetics to better understand chromosome
structure and organization, including factors that influence chromosome function and gene location [2].
One aspect of chromosomal organizational research has sought to understand chromatin architecture,
the combination of DNA and proteins within a nucleosome with condensation of the expansively
long strands of DNA to help store and maintain DNA, the building blocks of genes (e.g., [3,4]).
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The chromatin of eukaryotic chromosomes is divided into two main categories: euchromatin and
heterochromatin. These regions in each chromosome contain different histone modifications that
impact gene expression and DNA packaging styles [5].

Euchromatin chromosome regions tend to be less compact than the more tightly packed
heterochromatin regions [5]. At most times during the cell cycle, the euchromatin region decondenses
during interphase [6], and the less condensed packaging style is associated with greater gene
transcription and activity with early replication [7,8]. Unlike euchromatin, heterochromatin regions
are thought to contain less transcription and gene activity with later replication. Heterochromatin
is further divided into two subtypes with distinct gene activity (expression) profiles: constitutive
and facultative [9–11]. Constitutive heterochromatin is thought to be inactive (not expressed) while
facultative heterochromatin may be either active or inactive [12] and less studied compared to the
euchromatin regions in the genome [5,13,14]. The remodeling of facultative heterochromatin is known
to silence euchromatin-based functional genes due to the gradual gain of lysine methylation in
heterochromatic regions, but DNA sequencing of the heterochromatin regions is challenging due
to the length and repetitive nature of the code [14]. Recent evidence suggests that heterochromatin
may play an important role in development [13,15,16], such as the role of facultative heterochromatin
in transcription-associated chromatin remodeling complexes. Heterochromatin regions were once
thought to be largely inactive and only important in gene-expression silencing, but facultative
heterochromatin is known to change and decondense, thereby allowing for transcription [10,17].
Chromatin remodeling is therefore reversible and dynamic but required for timely activation of
functional genes during development [13]. More research is needed to better understand and elucidate
differences and similarities between euchromatin and heterochromatin regions and their influence on
gene position and activity.

Chromosome-banding methods have been used to visually delineate euchromatin from
heterochromatin regions in the study of human chromosomes for more than 45 years. Chromosome
banding is applied in the clinical setting for identification of structural and numerical anomalies with
an average band accounting for about five megabases of DNA. Chromosome-banding techniques
assimilate the DNA nucleotide sequence, associated proteins and functional organization of the
chromosome through the use of DNA-staining procedures, most commonly Giesma stain. Giemsa
preferentially stains transcriptionally less active, AT-nucleotide-rich sequences associated with
heterochromatin regions, referred to as G-dark or Giemsa-positive, while the relatively active
GC-nucleotide-rich euchromatin regions stain less intensely, leading these locations to be referred to as
G-light or Giemsa-negative [18]. Earlier studies report that GC-nucleotide-poor regions constitute 63%
of the human genome, whereas GC-nucleotide-rich regions make up 37% [19].

Protein-coding genes are responsible for the production of proteins to support cellular growth
and functioning. The number of protein-coding genes has been estimated at 21,000 (e.g., [14]) and
are distributed unevenly among the 24 different chromosomes as represented on high-resolution
Ensembl ideograms (Ensembl, available at: http://uswest.ensembl.org/Homo_sapiens/Location/
Genome?redirect=no) [20]. The greatest number of protein-coding genes are located on chromosomes
1, 19, 11, and 17, respectively, with the least number of protein-coding genes located on chromosomes Y,
21, 13, and 18 [21], not reflecting the size of the chromosome. However, chromosome 1 is considered the
largest chromosome, and chromosome 19 is one of the smallest [21]. The distribution of genome-wide
protein-coding genes among the chromosomes is reported by numerous credited sources, such as
Ensembl [21] and the Genetics Home Reference provided through the National Institutes of Health
(available at: http://ghr.nlm.nih.gov/chromosomes); however, less is known about the distribution
of protein-coding genes among euchromatin and heterochromatin regions of the chromosomes.
Distribution patterns associated with chromosome banding and proximity to fragile sites (regions
susceptible to changes, disturbances and instability) could affect gene function or their location in
relationship to subsets of protein-coding genes impacting different organ systems’ development
and function.
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The current study was set forth to descriptively characterize and advance knowledge on
the distribution of known genome-wide protein-coding genes in relationship to the G-negative
euchromatin, G-positive heterochromatin banding regions and fragile sites, chromosome band
locations and chromosome size and disease states for genes recognized in autism spectrum disorders
(ASD) and obesity [22,23]. Analyzing the distribution and relationship of genome-wide protein-coding
genes in comparison with clinically relevant and associated genes for neurodevelopment and brain
function (e.g., ASD) and those involved in the peripheral system (e.g., obesity) could increase
our understanding of gene location and function influenced by chromosomal euchromatin and
heterochromatin regions in development and disease. Genome-wide protein-coding genes associated
with these two gene disorder groups will encompass the full range of the human genome with a
large number of genes distributed across the 24 chromosomes. ASD is a spectrum of neurological
disorders with known genetic influences and estimated heritability as high as 90% [24], while obesity
is a systemic-based energy imbalanced disorder with an average heritability of approximately 50% [25].
The number of recognized genes and their location in both disease state gene sets have recently been
summarized [26,27]. The functional status of known and candidate ASD and obesity genes could
be implied by their locations within the predominately active G-negative euchromatin or inactive
G-positive heterochromatin bands on high-resolution chromosome ideograms. Hence, the purpose of
the current study is to compile and examine the distribution of all known genome-wide protein-coding
genes from published ideograms among the individual human chromosomes and their location in
euchromatin and heterochromatin regions at each band level. Additionally, we will compare for the
first time the distribution of protein-coding genes with clinically relevant and known ASD and obesity
disease-causing genes to characterize and compare their relationship at the chromosome level and to
recognize any deviation from the total protein-coding gene distribution patterns.

2. Results and Discussion

We conducted a morphometric analysis of published high-resolution chromosome ideograms
to descriptively characterize the distribution and location of currently recognized relevant candidate
or known genes for ASD, obesity and the total number of genome-wide protein-coding genes
(see Figure 1). We measured and recorded the physical size (length in millimeters) of each chromosome
as rendered ideogram representation of metaphase chromosomes along with their gene group status
(i.e., protein-coding [20], ASD [27], or obesity [26]). The location for each gene and distribution
were determined from data collected from authoritative websites or published peer-reviewed
sources. We then determined the location of these genes either on G-negative euchromatin bands or
G-positive heterochromatin bands (and sub-bands) across each chromosome-based ideogram (see
Figure 2). We determined their regional and chromosomal distribution patterns, and studied their
position in relation to the physical size of the G-negative and G-positive chromatin as seen at the
850 high-resolution band level on the ISCN (2013) chromosome ideograms developed and scaled
from cytological data [18] which are mostly equivalent to the high-resolution Ensembl ideograms, or
in relation to the known genome-wide protein-coding, ASD, and obesity gene locations across the
chromosomes. The Ensembl ideograms are based on chromosomes in the uncondensed state and may
not necessarily reflect differential chromatin condensation in the structure of a metaphase chromosome
whereby the heterochromatin may occupy different linear space than the euchromatin. However, a
large positive correlation was found between the number of protein-coding and ASD genes (r = 0.65)
per chromosome and between protein-coding and obesity genes (r = 0.85) per chromosome.
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Figure 1. Sample chromosome ideogram with protein-coding, autism and obesity gene
frequency distributions by Giemsa band. Ideogram representation of chromosome 12
taken from Genome Reference Consortium Ensembl website (http://uswest.ensembl.org/
Homo_sapiens/Location/Genome) [21]. PCG = Protein-coding gene distribution, AG = Autism gene
distribution, OG = Obesity gene distribution. 1 = Example of color 1 (euchromatin), 2 = Example of color
2 (heterochromatin), 3 = Example of color 3 (heterochromatin), 4 = Example of color 4 (heterochromatin),
5 = Example of color 5 (heterochromatin).

 

Figure 2. Sample stacked chromosome ideogram.
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2.1. Gene Distributions

Our overall measurements followed known and established banding patterns based upon
chromosome size (see Table 1 and Figure 3). Chromosomes were arranged in size from number
1 to chromosome Y, except for the X chromosome and when the removal of the qh, centromeric,
and acrocentric chromosome p arm regions altered this pattern. For example, chromosome 1 is the
longest chromosome, but after removal of the qh region, it became shorter in size than chromosome
2. Altogether, G-negative euchromatin regions encompassed 56.4% of the genome (see Table 1),
which contrasts earlier reports of GC-nucleotide-rich regions which only constitute approximately
37% of the human genome [19]. Each chromosome appears to follow this same distribution of
approximately 60% for G-negative euchromatin DNA and 40% for G-positive heterochromatin DNA.
However, chromosomes 16, 17 and 22 deviated from this pattern with >70% G-negative euchromatin
DNA. These chromosomes had at least a threefold difference in euchromatin vs. heterochromatin
DNA with chromosome 22 having the highest G-negative euchromatin/G-positive heterochromatin
ratio of 4.28. This observation deviated considerably from G-negative euchromatin/G-positive
heterochromatin expected ratios based on similarly sized chromosomes (i.e., chromosome 21 (1.80 ratio)
and chromosome Y (2.03 ratio)).

Protein-coding, ASD, and obesity genes followed a similar distributional pattern across the genome
(all 24 chromosomes) based upon the relative length of the individual chromosome (see Table 2) with the
number of genes located on a chromosome proportional to the length of the chromosome. As chromosome
size decreases, the percentage of total genes per chromosome also decreases. For example, chromosome 1
is the largest chromosome, prior to removal of the qh region, and harbors one of the greatest numbers of
protein-coding, ASD, and obesity genes, whereas chromosome 22 is one of the smallest chromosomes
and contains one of the smallest numbers of protein-coding, ASD, and obesity genes. Deviations from
normal patterns were found, e.g., for chromosome 19 which encompassed 2.3% of the total genome size
but contained 7.2% of the total number of protein-coding genes. Chromosome 11 makes up 4.6% of the
genome length but possessed 7.4% of obesity genes. Chromosome X makes up 5.6% of the genome
length but contained 9.1% of the ASD genes reflecting the established gender disparity with male
preponderance seen in ASD (4:1 male:female) [28]. The influence of the observed deviations relative
to the typical distribution pattern is unclear and will require further research.

 

Figure 3. Giemsa band distributions as a proportion of chromosome length. * = Length of qh,
centromeric and/or acrocentric chromosome p arm regions were excluded. Percentage above bar for
each chromosome represents the proportion of G-negative euchromatin per chromosome.

225



Int. J. Mol. Sci. 2016, 17, 673

T
a

b
le

1
.

H
ig

h-
re

so
lu

ti
on

ch
ro

m
os

om
e

id
eo

gr
am

m
ea

su
re

m
en

ts
an

d
G

ie
m

sa
ba

nd
in

g
pa

tt
er

ns
.

C
h

ro
m

o
so

m
e

N
u

m
b

e
r

o
f

B
a

n
d

s
T

o
ta

l
L

e
n

g
th

(m
m

)
%

o
f

T
o

ta
l

L
e

n
g

th
o

f
a

ll
C

h
ro

m
o

so
m

e
s

T
o

ta
l

E
u

ch
ro

m
a

ti
n

L
e

n
g

th
(m

m
)

%
E

u
ch

ro
m

a
ti

n
T

o
ta

l
H

e
te

ro
ch

ro
m

a
ti

n
L

e
n

g
th

(m
m

)
%

H
e

te
ro

ch
ro

m
a

ti
n

R
a

ti
o

o
f

E
u

ch
ro

m
a

ti
n

/H
e

te
ro

ch
ro

m
a

ti
n

1
*

62
17

8.
9

8.
0

10
1.

0
56

.4
78

.0
43

.6
1.

30
2

62
18

2.
0

8.
1

10
6.

3
58

.4
75

.7
41

.6
1.

40
3

59
14

8.
8

6.
6

82
.4

55
.4

66
.4

44
.6

1.
24

4
45

13
9.

5
6.

2
76

.5
54

.9
62

.9
45

.1
1.

22
5

45
13

4.
9

6.
0

82
.8

61
.4

52
.1

38
.6

1.
59

6
48

13
1.

2
5.

9
84

.6
64

.5
46

.6
35

.5
1.

81
7

42
11

8.
9

5.
3

72
.6

61
.1

46
.2

38
.9

1.
57

8
38

10
7.

9
4.

8
67

.5
62

.5
40

.4
37

.5
1.

67
9

*
38

93
.6

4.
2

58
.0

61
.9

35
.6

38
.1

1.
63

10
40

10
2.

9
4.

6
65

.2
63

.4
37

.7
36

.6
1.

73
11

34
10

2.
1

4.
6

63
.7

62
.4

38
.4

37
.6

1.
66

12
39

98
.8

4.
4

62
.3

63
.0

36
.6

37
.0

1.
70

13
*

31
71

.1
3.

2
42

.6
59

.9
28

.6
40

.1
1.

49
14

*
27

68
.6

3.
1

41
.9

61
.1

26
.7

38
.9

1.
57

15
*

27
63

.7
2.

8
41

.2
64

.7
22

.5
35

.3
1.

83
16

*
22

54
.0

2.
4

40
.9

75
.7

13
.1

24
.3

3.
11

17
22

68
.7

3.
1

51
.6

75
.1

17
.1

24
.9

3.
02

18
18

60
.5

2.
7

39
.5

65
.3

21
.0

34
.7

1.
88

19
15

52
.4

2.
3

36
.2

69
.0

16
.3

31
.1

2.
22

20
18

52
.8

2.
4

36
.6

69
.2

16
.3

30
.8

2.
25

21
*

9
25

.9
1.

2
16

.7
64

.3
9.

3
35

.7
1.

80
22

*
11

30
.8

1.
4

25
.0

81
.1

5.
8

18
.9

4.
28

X
38

12
5.

3
5.

6
76

.6
61

.1
48

.7
38

.9
1.

57
Y

*
8

26
.4

1.
2

17
.7

67
.0

8.
7

33
.0

2.
03

To
ta

l/
A

ve
ra

ge
79

8
22

39
.7

10
0.

0
13

89
.1

56
.4

85
0.

7
43

.6
1.

63

C
hr

om
os

om
e

ba
nd

s
an

d
le

ng
th

s
w

er
e

m
ea

su
re

d
fr

om
IS

C
N

(2
01

3)
hi

gh
-r

es
ol

u
ti

on
id

eo
gr

am
s

m
ag

ni
fi

ed
ˆ1

25
%

.M
ea

su
re

m
en

ts
d

o
no

tr
efl

ec
tt

he
ac

tu
al

si
ze

of
hu

m
an

m
it

ot
ic

m
et

ap
ha

se
ch

ro
m

os
om

es
.*

=
Le

ng
th

of
qh

,c
en

tr
om

er
ic

an
d/

or
ac

ro
ce

nt
ri

c
ch

ro
m

os
om

e
p

ar
m

re
gi

on
s

w
er

e
ex

cl
ud

ed
.

226



Int. J. Mol. Sci. 2016, 17, 673

T
a

b
le

2
.

P
ro

te
in

co
d

in
g

ge
ne

d
is

tr
ib

u
ti

on
am

on
g

G
-n

eg
at

iv
e

eu
ch

ro
m

at
in

an
d

G
-p

os
it

iv
e

he
te

ro
ch

ro
m

at
in

ch
ro

m
os

om
e

re
gi

on
s

an
d

re
la

ti
on

sh
ip

to
au

ti
sm

an
d

ob
es

it
y

ge
ne

s.

C
h

ro
m

o
so

m
e

P
C

G
S

u
m

%
o

f
T

o
ta

l
P

C
G

P
C

G
in

E
u

%
o

f
P

C
G

in
E

u
P

C
G

in
H

e
t

%
o

f
P

C
G

in
H

e
t

A
G

S
u

m
%

o
f

T
o

ta
l

A
G

A
G

in
E

u
%

o
f

A
G

in
E

u
A

G
in

H
e
t

%
o

f
A

G
in

H
e
t

O
G

S
u

m
%

o
f

T
o

ta
l

O
G

O
G

in
E

u
%

o
f

O
G

in
E

u
O

G
in

H
e
t

%
o

f
O

G
in

H
e
t

1
*

20
56

10
.1

12
59

61
.2

79
7

38
.8

67
8.

5
32

47
.8

35
52

.2
36

9.
9

19
52

.8
17

47
.2

2
12

55
6.

3
86

7
69

.1
38

8
30

.9
68

8.
6

40
58

.8
28

41
.2

31
8.

5
19

61
.3

12
38

.7
3

10
69

5.
3

62
3

58
.3

44
6

41
.7

55
7.

1
28

50
.9

27
49

.1
18

4.
9

11
61

.1
7

38
.9

4
76

3
3.

8
46

7
61

.2
29

6
38

.8
23

2.
9

16
69

.6
7

30
.4

18
4.

9
12

66
.7

6
33

.3
5

86
4

4.
3

51
3

59
.4

35
1

40
.6

44
5.

6
29

65
.9

15
34

.1
16

4.
4

12
75

.0
4

25
.0

6
10

41
5.

1
52

0
50

.0
52

1
50

.0
36

4.
7

13
36

.1
23

63
.9

25
6.

8
13

52
.0

12
48

.0
7

96
2

4.
7

65
5

68
.1

30
7

31
.9

52
6.

6
27

51
.9

25
48

.1
17

4.
7

10
58

.8
7

41
.2

8
66

2
3.

3
40

9
61

.8
25

3
38

.2
25

3.
2

17
68

.0
8

32
.0

14
3.

8
7

50
.0

7
50

.0
9

*
76

9
3.

8
52

9
68

.8
24

0
31

.2
25

3.
2

17
68

.0
8

32
.0

7
1.

9
5

71
.4

2
28

.6
10

73
7

3.
6

40
1

54
.4

33
6

45
.6

33
4.

2
15

45
.5

18
54

.5
12

3.
3

5
41

.7
7

58
.3

11
12

84
6.

4
59

0
46

.0
69

4
54

.0
39

4.
9

24
61

.5
15

38
.5

27
7.

4
16

59
.3

11
40

.7
12

10
37

5.
1

61
0

58
.8

42
7

41
.2

39
4.

9
25

64
.1

14
35

.9
20

5.
5

14
70

.0
6

30
.0

13
*

31
1

1.
5

18
1

58
.2

13
0

41
.8

12
1.

5
6

50
.0

6
50

.0
6

1.
6

2
33

.3
4

66
.7

14
*

80
7

4.
0

55
0

68
.2

25
7

31
.8

17
2.

2
8

47
.1

9
52

.9
6

1.
6

4
66

.7
2

33
.3

15
*

60
4

3.
0

34
0

56
.3

26
4

43
.7

35
4.

4
20

57
.1

15
42

.9
18

4.
9

12
66

.7
6

33
.3

16
*

85
2

4.
2

62
2

73
.0

23
0

27
.0

34
4.

3
23

67
.6

11
32

.4
22

6.
0

12
54

.5
10

45
.5

17
11

76
5.

8
69

6
59

.2
48

0
40

.8
34

4.
3

26
76

.5
8

23
.5

15
4.

1
13

86
.7

2
13

.3
18

27
8

1.
4

17
0

61
.2

10
8

38
.8

14
1.

8
9

64
.3

5
35

.7
5

1.
4

4
80

.0
1

20
.0

19
14

22
7.

2
70

8
49

.8
71

4
50

.2
20

2.
5

10
50

.0
10

50
.0

17
4.

7
6

35
.3

11
64

.7
20

53
9

2.
7

33
7

62
.5

20
2

37
.5

12
1.

5
6

50
.0

6
50

.0
9

2.
5

5
55

.6
4

44
.4

21
*

22
1

1.
2

15
7

71
.0

64
29

.0
9

1.
1

5
55

.6
4

44
.4

0
0.

0
0

0.
0

0
0.

0
22

*
48

7
2.

5
30

1
61

.8
18

6
38

.2
22

2.
8

17
77

.3
5

22
.7

7
1.

9
2

28
.6

5
71

.4
X

81
1

4.
0

50
3

62
.0

30
8

38
.0

72
9.

1
40

55
.6

32
44

.4
19

5.
2

8
42

.1
11

57
.9

Y
*

13
8

0.
7

75
54

.3
63

45
.7

3
0.

4
2

66
.7

1
33

.3
0

0.
0

0
0.

0
0

0.
0

To
ta

l/
A

ve
ra

ge
20

,1
45

10
0.

0
12

,0
83

60
.0

80
62

40
.0

79
0

10
0.

0
45

5
57

.6
33

5
42

.4
36

5
10

0.
0

21
1

57
.8

15
4

42
.2

*
=

L
en

gt
h

an
d

ge
ne

s
of

qh
,c

en
tr

om
er

ic
an

d
/o

r
ac

ro
ce

nt
ri

c
ch

ro
m

os
om

e
p

ar
m

re
gi

on
s

w
er

e
ex

cl
ud

ed
.P

C
G

=
Pr

ot
ei

n
C

od
in

g
G

en
es

,A
G

=
A

ut
is

m
G

en
es

,O
G

=
O

be
si

ty
G

en
es

,
Eu

=
Eu

ch
ro

m
at

in
,H

et
=

H
et

er
oc

hr
om

at
in

.

227



Int. J. Mol. Sci. 2016, 17, 673

This review of morphometric and Giemsa banding chromosome characteristics with respect to
the distribution of selected gene groups per length of chromosome did find that many chromosomes
possessed a higher proportion of protein-coding genes (e.g., 11, 14, 16, 17 and 22), ASD genes
(e.g., 15, 16, 17 and 22), and/or obesity genes (e.g., 11, 15, 16, 17 and 22) than predicted based on
their chromosome length. However, eight chromosomes (4, 5, 8, 9, 10, 13, 18 and Y) contained
proportionally fewer genes representing the three gene groups than expected based upon their
size. In addition, 13 chromosomes (2, 3, 4, 5, 6, 7, 8, 9, 10, 13, 18, X and Y) contained fewer
protein-coding genes, 11 chromosomes (4, 5, 6, 8, 9, 10, 13, 14, 18, 20 and Y) had fewer ASD genes, and
10 chromosomes (3, 4, 5, 7, 8, 9, 10, 13, 14 and 18) had fewer obesity genes than expected based on size.
The X chromosome had the greatest proportion of ASD genes above the expected level, chromosome
19 had the greatest proportion of protein-coding genes above expected, and chromosome 16 had the
greatest proportion of obesity genes, again above expected based upon the length of the chromosome.

2.2. Chromatin Subtyping by Giemsa Band Intensity and Fragile Sites

2.2.1. Chromatin Subtyping

Analysis of chromatin subtype considered both genome-wide and chromosome-level gene
distributions, and, as may be anticipated, the greatest number of genome-wide protein-coding
(60%), ASD (57.6%) and obesity (57.8%) genes were located in the G-negative euchromatin band
type (see Table 3). No significant differences were found between the proportion of ASD, obesity or
protein-coding genes for euchromatin vs. overall heterochromatin regions (χ2 = 2.4, df = 2, p = 0.29).
However, an asymmetric distribution pattern of ASD, obesity and protein-coding genes over the
range of G-band intensity levels was observed across the genome. Figure 4 shows the proportion of
genes per group by chromatin G-band intensity with light to dark banding scaled numerically by
color from 1 to 5. As shown, the proportion of protein-coding genes progressively decreased from
12.6% to 6.8% as the banding color intensity increased (became darker representing colors 2 through
5) for the heterochromatin regions. However, the ASD and obesity genes appear to cluster more in
the G-positive heterochromatin (colors 2–5) bands, particularly in medium grey (color 3) and dark
grey (colors 4 and 5) as compared to light grey (color 2) and G-negative euchromatin (white, color 1)
bands. The lowest number of ASD genes (i.e., 69) were found in the G-positive heterochromatin band
color 2 and the lowest number of obesity genes were found in the G-positive heterochromatin band
color 5 (see Table 3). This overall difference was statistically significant (χ2 = 31.6, df = 8, p < 0.0001).
Examination of standard residuals for ASD genes showed z = +2.21 (G-positive band color 4) and
z = +3.14 (G-positive band color 5) relative to obesity and protein-coding genes and z = ´2.97 for
G-band color 2 (Table 4).

Table 3. Summary data of chromosome bands and genes by group for each chromatin type.

Chromatin Type
Number
of Bands

PCG
Sum

% of Total
PCG

AG
Sum

% of Total
AG

OG
Sum

% of Total
OG

G-negative Euchromatin (Color 1) 417 12,083 60.0 455 57.6 211 57.8
G-positive Heterochromatin (Colors 2–5) 381 8062 40.0 335 42.4 154 42.2

Heterochromatin-Color 2 89 2547 12.6 69 8.7 40 11.0
Heterochromatin-Color 3 123 2499 12.4 105 13.3 57 15.6
Heterochromatin-Color 4 88 1638 8.1 83 10.5 36 9.9
Heterochromatin-Color 5 81 1378 6.8 78 9.9 21 5.8

Total 798 20,145 100.0 790 100.0 365 100.0

PCG = Protein-coding Genes, AG = Autism Genes, OG = Obesity Genes. Number of bands and genes were
calculated after removal of qh, centromeric and acrocentric chromosome p arm regions.
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Figure 4. Genome-wide distribution of protein-coding, autism and obesity genes by Giemsa
band intensity rating. Calculations excluded genes located in the qh, centromeric and acrocentric
chromosome p arm regions.

Further analysis at the chromosome level (see Figure 5) showed that the X chromosome harbored a
2.28-fold higher proportion of ASD genes in relation to protein-coding genes, followed by chromosome
15 with a 1.5-fold higher portion of ASD genes; chromosome 7 (1.4-fold); chromosomes 2 (1.4-fold);
chromosome 3 (1.3-fold); and chromosome 5 (1.3-fold). Examination of gene distributions for ASD,
obesity and protein-coding genes on the X chromosome did not achieve statistical significance (χ2 = 4.1,
df = 2, p = 0.13). The chromosomes with the highest proportion of ASD genes also had known ASD gene
hotspots, such as: 15q11-q13, 15q13.3, 7q11.23, 7q32.2, Xq28, 22q13 [29], indicating these gene hotspots
are dispersed throughout the genome. Chromosome 19 contained the lowest portion of ASD genes
in relation to the number of protein-coding genes (0.4-fold differences). Unlike the X chromosome
with the highest proportion of ASD genes (i.e., 2.3-fold) in relation to protein-coding genes, the Y
chromosome contained nearly four-fold fewer ASD genes (i.e., 0.6-fold) in relation to protein-coding
genes. Chromosome 15 had the greatest disparity between protein-coding and obesity genes (2.5-fold)
followed by chromosome 9 with a twofold difference and chromosome 19 with 1.53-fold. The least
difference in the proportion of obesity genes relative to protein-coding genes was seen for chromosome
15 (0.6-fold), while excluding chromosome 21 and Y as they did not contain recognized obesity genes.

 

Figure 5. Distribution and proportion of protein-coding, autism and obesity genes by chromosome.
* = Length and genes of qh, centromeric and/or acrocentric chromosome p arm regions were excluded.
Horizontal black line (—) for each chromosome represents the expected proportion of genes based on
chromosome size relative to the total length of all chromosomes summed together.
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To further understand and conceptualize the different gene group distributions across chromosomes,
chromosomes were ranked based on length, number of protein-coding, ASD, and obesity genes from
the longest length or with the most number of genes to the shortest length or with the least number of
genes per each gene group (see Table 5). As previously described, the gene number is generally positively
correlated with the chromosome length which is reflected in the rank designation for the different gene
groups. Deviations from this pattern were found for chromosome 4 with a low ranking for the number of
protein-coding and autism genes compared with a relatively high rank based on length.

Table 5. Chromosome rank order by length and gene frequency distribution for protein coding, autism
and obesity genes.

Chromosome Length Rank
Ratio of Euchromatin/

Heterochromatin
PCG Number

Rank
AG Number

Rank
OG Number

Rank

1 * 2 1.30 1 3 1
2 1 1.40 4 2 2
3 3 1.24 6 4 8
4 4 1.22 15 16 9
5 5 1.59 10 6 13
6 6 1.81 7 9 4
7 8 1.57 9 5 11
8 9 1.67 12 14 15

9 * 13 1.63 14 15 18
10 10 1.73 16 13 16
11 11 1.66 3 7 3
12 12 1.70 8 8 6

13 * 14 1.49 21 21 20
14 * 15 1.57 13 19 21
15 * 17 1.83 18 10 10
16 * 19 3.11 11 11 5
17 16 3.02 5 12 14
18 18 1.88 22 20 22
19 21 2.22 2 18 12
20 20 2.25 19 22 17

21 * 23 1.80 23 23 23
22 * 22 4.28 20 17 19
X 7 1.57 12 1 7

Y * 24 2.03 24 24 24

Chromosomes were ranked from 1 (greatest) to 24 (least) based on either length or number of genes per
chromosome. PCG = Protein Coding Genes, AG = Autism Genes, OG = Obesity Genes. * = Length and genes of
qh, centromeric and/or acrocentric chromosome p arm regions were excluded.

Heterochromatin regions are historically associated with gene silencing or inactivity and areas
of less genomic activity [16], but the distribution of euchromatin and heterochromatin regions is
not uniform across the chromosomes. We found that heterochromatin DNA regions did contribute
genetically with 42.4% of the ASD genes and 42.2% of obesity genes located within the G-positive
heterochromatin regions (colors 2–5). This observation was similar to the distribution patterns seen
in genome-wide protein-coding genes. Furthermore, our results when analyzing the distribution of
genes among G-negative euchromatin and G-positive heterochromatin bands at the chromosomal level
supported that heterochromatin regions are also places of active gene expression and not silenced, with
an average distribution of the three gene groups across each chromosome with 60% for euchromatin
bands and 40% for heterochromatin bands (see Table 2). However, the majority of genes were located
within the heterochromatin DNA regions in several select chromosomes with chromosomes 6, 11 and
19 containing ě50% of the protein-coding genes as opposed to euchromatin DNA regions. Similarly,
chromosomes 1, 6, 10 and 14 contained ě50% of the recognized ASD genes in the heterochromatin
vs. euchromatin regions while chromosomes 8, 10, 13, 19, 22 and X contained ě50% of the recognized
obesity genes in the heterochromatin vs. euchromatin regions.

The G-negative vs. G-positive chromosome banding is based on Giemsa staining patterns. Giemsa
binds to phosphate groups along the chromosome and perhaps more intensely to those phosphate
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groups at regions of DNA where there are high amounts of adenine-thymine bonding and that are
relatively gene poor. In contrast, less condensed chromatin which tends to be rich in guanine and
cytosine (GC-rich) and more transcriptionally active incorporates less Giemsa stain. These regions
appear as light bands of varying intensities depending on the degree of AT/GC distribution pattern
and transcriptional activity within the light banded regions [30–32]. The Giesma banding and splitting
of bands are evident when reviewing the ISCN (2013) ideograms in progression from the 300, 400, 550,
700, and 850-band levels [18]. Giemsa negative and light band(s) appear de novo within Giemsa-positive
(dark), and rarely, Giemsa-positive (dark) finer bands have been depicted as appearing from larger
Giemsa-negative band regions [33]. Hence, the heterochromatic G-positive bands have been shown
to contain long stretches of euchromatin DNA which may become G-negative upon extension of the
chromosome length, as observed in prometaphase or late prophase banding patterns which far exceed
the high-resolution 850-band level [34]. Conversely, as chromosomes condense during early mitosis,
their sub-bands fuse in a highly coordinated fashion [35]. Sub-band fusion occurs when two large
sub-bands flanking one minor sub-band come together to form one band, which takes on the cytological
characteristics of the original flanking sub-bands, when studied from prophase (>1250 bands per
haploid set) to late metaphase (~300 bands). Transcriptionally active autism or obesity-susceptibility
genes located within the dark Giemsa bands at the 850-band level may be explained if the chromatin
is stretched farther (e.g., >2000 band level at the early prophase stage) as narrow, unrecognized
G-negative euchromatin regions are embedded within the larger heterochromatin DNA region [36,37].
Overrepresentation of ASD genes in darker heterochromatin bands may reflect the sequestration of
transcriptionally active neurodevelopmental genes to inactive chromosome regions following their
phase of functional developmental activity.

2.2.2. Fragile Sites

Chromosome fragile sites are also of interest when examining the location or distribution of
protein-coding or disease-causing genes located on chromosome bands within the genome. Fragile
sites are highly susceptible to changes, disturbances, and instability and thus might select against
the location of important protein-coding genes. Analysis of chromosomal fragile sites, specifically
aphidicolin-induced CFSs (aCFSs), has revealed that chromatin band-type coverage was the greatest
predictor of genome-wide chromosomal fragility and that the majority of aCFSs were within
euchromatin regions [38]. Furthermore, Butler [39] also reported on folate-sensitive fragile sites
or lesions located at the 350 (mid-metaphase) chromosome band level from peripheral blood cells in a
cohort of 117 males with intellectual disability. All but three chromosomes (i.e., 19, 21 and Y) contained
fragile sites in cells grown in folate deficient-culture conditions in Medium 199 [39]. Although
chromosome 19 did not show fragile sites, it contained the second highest number of protein-coding
genes in our morphometric study. Recent studies have reported fragile sites on chromosome 19, but at
a lower number in relationship to other chromosomes with a high number of protein-coding genes [40].
One could speculate that a selection against fragile sites on chromosome 19 could exist and is less
likely to be susceptible to chromosome breakage or damage resulting from fragile sites due to the
quality and/or quantity of specific genes (e.g., housekeeping) that are important for survival. Links
have also been reported between autism and fragile sites (e.g., fragile X syndrome) with fragile site
stability involving autism-susceptibility genes impacted by folate levels and metabolism [41]. Folate
has a key role in the synthesis of DNA and control of DNA methylation [42].

Additionally, the study by Butler [39] reported that spontaneous fragile sites were more
concentrated within G-positive heterochromatin bands as compared to G-negative euchromatin bands
(e.g., 157 fragile sites distributed over 171 G-negative euchromatin bands vs. 144 fragile sites distributed
over 127 G-positive heterochromatin bands excluding centromeric, qh and acrocentric chromosome p
arm regions) from 6009 cells grown in folate deficient-culture conditions using Medium 199. There
was a lower ratio for the number of euchromatin fragile sites and chromosome bands (i.e., 0.92) as
compared to the number of heterochromatin fragile sites and chromosome bands (i.e., 1.13). This
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difference may suggest that fragile sites tend to appear in areas that are less gene-rich and thus less
likely to impact genomic function. The ratio of 1.1 was lower for G-negative euchromatin fragile
sites (N = 157) and G-positive heterochromatin fragile sites (N = 144) compared with the ratio of
protein-coding genes at 1.5, ASD genes at 1.4 and obesity genes at 1.4 for G-negative euchromatin and
G-positive heterochromatin bands reported in our morphometric study. A better understanding of the
effects of autism and obesity-susceptibility genes in relation to location of chromatin type and fragile
sites could help researchers in understanding the etiology of autism and obesity, and future studies
could analyze the connection between fragile site and gene location and chromatin type for specific
gene disorder groups beyond autism and obesity. Furthermore, one could determine if chromatin
type has an effect on cancer-susceptibility genes and fragile site location, given the well-documented
connection between cancer and fragile sites [43].

The molecular mechanism initiated to silence or activate heterochromatic genes appears to result
from a balance between negative factors that promote formation of condensed higher-order chromatin
structure and positively acting transcription factors that bind to regulatory sequences which activate
gene expression [44]. In general, the acetylation of histones is linked to transcriptional activation with
histone acetylation decreasing inter-nucleosome interaction, thereby allowing greater accessibility
for gene regulation. Histone methylation of both histones and the DNA molecule further directs
gene control implicated in disease which underscores the importance of the functional relationships
between histone and DNA methylation in maintaining epigenetic traits. Those ASD and obesity genes
that are found to be present in the Giemsa-positive dark regions that are of various shades at the
850-band level are expected to be relatively GC-rich regions in defined euchromatin regions embedded
within the current dark Giemsa bands, and transcriptionally active with H3K79me1-active histone
modifications, and perhaps, acetylation with H3K27ac [45]. At the fiber FISH chromatin level which is
greater than 15-fold magnifications to 850-band ideograms, the so-called heterochromatic—dark
band domains contain approximately 17% of active gene expression [37]. Even during the cell
division at the metaphase stage, one can expect them to contain brief H3K79me1-rich stretches of
nucleosomes/chromatin fiber. Additionally, there are at least 39 histone modifications that are classified
into active histone modifications and repressive histone modifications for use in chromatin domain
prediction. Active modifications are positively correlated with gene expression levels and are known
to mark euchromatin genomic regions, whereas repressive modifications are negatively correlated
with expression levels and marking heterochromatic domains. Given the fact that the functionality
of protein-coding genes is dynamic (euchromatin to facultative heterochromatin status), and the fact
that ASD and obesity-causing genes code for functional proteins—either structural or regulatory
proteins—their apparent cytogenetic location at the Giemsa-facultative heterochromatic-dark banded
regions of varying intensities, cannot necessarily be construed as entirely indicative of their functional
inactivation. Hence, the importance of studying histone modifications is emphasized, as mutations in
this process may affect most gene structure and biological processes [46,47].

The current study at the 850-band level shows a threefold decrease in the number of protein-coding
genes as well as the ASD and obesity genes with an overrepresentation of ASD genes in the
facultative G-positive heterochromatic dark band regions. Our examination of the distribution of
the protein-coding genes, autism and obesity genes per chromosome and assessment of the disease
gene frequency in relation to the chromosome length and G-band characterization was undertaken
to examine for bias or skewness in the distribution of disease genes. It is established that a subset
of current human chromosome arms or segments were derived from acrocentric chromosomes of
ancestral origin including chromosomes 2 and 4 (with relatively recent changes) [48,49]. In addition,
the Y chromosome was recently derived or evolved from the X chromosome through shedding of
duplicated genes and by retaining and amplifying male-specific genes to compensate for the loss of
recombination in order to maintain the integrity of those genes in the absence of recombination with
the X chromosome [50].
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3. Experimental Section

The individual length of each G-negative euchromatin and G-positive heterochromatin
chromosome bands was measured in millimeters and recorded from the 850-band high-resolution
ideograms supplied by the International Society of Chromosome Nomenclature (ISCN) 2013 based on
scaled cytological data [18] then utilized to calculate the ratio of the two band types per chromosome
and chromosome arm. Digital representations were prepared for each chromosome with scaled and
stacked images that summarized euchromatin and heterochromatin band distributions over the length
of each chromosome (see Figure 2). The images were devoid of centromeric regions, constitutive
heterochromatic regions at 1qh, 9qh, 16qh, and Yqh, and acrocentric short (p) arms for chromosomes
13, 14, 15, 21 and 22. To increase size and improve resolution for measurement purposes, each
ideogram was uniformly magnified (ˆ125%) from the original source [18]. Each scaled image of the
summarized euchromatin and heterochromatin chromosome regions was carefully measured using
a battery-operated Pittsburgh 6-inch digital caliper (Harbor Freight Tools, Camarillo, CA, USA) and
recorded to the one-hundredth of a millimeter. In addition, the total length of G-negative euchromatin
and G-positive heterochromatin bands was measured and recorded for each individual chromosome
and summarized over the entire genome. The total length of euchromatin and heterochromatin regions
per chromosome was then used to calculate the percent length for each band type by dividing the
length of each chromatin region for a given chromosome by the overall length of the whole genome.

The location of known genome-wide protein-coding genes was displayed on electronic
high-resolution chromosome ideograms supplied by the Genome Reference Consortium at the public
access authoritative Ensembl website (available at: http://uswest.ensembl.org/ Homo_sapiens/
Location/Genome) via whole-genome location-based displays [21]. The ideograms were last accessed
from the website on 7 December 2014 and updated in August of 2014 using Gencode version
GENCODE 21. The total number of genome-wide protein-coding genes for each band was estimated
based upon the length in millimeters of each histogram bar illustrating the location of protein-coding
genes on the images and arranged perpendicularly to the axis of the high-resolution G-banded
represented chromosome ideograms [21]. Figure 1 provides an example of the images used and
protein-coding gene distribution, along with the distributions and numbers of recognized ASD and
obesity gene sets at the chromosome band level. The total length of the measured histogram bars
representing the number of protein-coding genes was then summarized for each chromosome. This
sum was divided by the number of protein-coding genes for that specific chromosome. The resulting
quotient was used to derive the number of protein-coding genes in each individual histogram bar
unit representing these genes in humans. Protein-coding genes were then counted by rounding to
the nearest number representing a gene. Each horizontal bar was matched with its respective specific
band on the chromosome, showing the distribution and location of the genes. If a band had multiple
protein-coding gene histogram bars, the sum of all the bars for that band was then calculated to identify
the number of genes per high-resolution chromosome band. Because we focused on euchromatin and
heterochromatin chromosome regions, the negligible number of protein-coding genes located at the
centromeric, qh and acrocentric chromosome short (p) arm regions were excluded from data analysis.
The total number of genome-wide protein-coding genes calculated equaled 20,145, in agreement with
the total gene count information from the Ensembl website.

The Ensembl 2014 chromosome ideograms matched the ISCN 2013 chromosome ideograms [18,21],
except for seven locations. In each of these instances, the Ensembl ideogram did not contain sub-bands
as noted in the ISCN ideograms (e.g., the Ensembl 2014 ideogram showed one band at 1q32.1, whereas
the ISCN 2013 ideogram showed three sub-bands at 1q32.11, 1q32.12, and 1q32.13). In these instances,
the total number of protein-coding genes for the band on the Ensembl 2014 ideogram was divided
by three and evenly distributed across the three more specific sub-bands found in the ISCN 2013
ideogram. The fractional number of genes were rounded to the nearest whole number.

The comparison of protein-coding genes was undertaken in the current study with the 792
neurodevelopmental or functional genes currently recognized as playing a role in ASD and their
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known chromosome locations [27]. Two ASD genes were excluded from analysis because of their
location in a qh, centromeric, or acrocentric chromosome p arm region. Locations for the remaining
790 genes were further refined based on their promotor-molecular locations on the chromosome
using website sources such as the Online Inheritance of Man (OMIM) (available at: www.omim.org)
and GeneCards (available at: https://www.genecards.org). Additionally, the recognized genes for
ASD were then identified as either located on the G-negative (light) euchromatin or G-positive (dark)
heterochromatin bands represented in the 850-band chromosome ideograms supplied by ISCN. The
distribution of genes from a second gene group representing the obesity-related genes with metabolic or
systemic function were also evaluated in a similar manner. A list of 365 clinically relevant and candidate
genes for obesity were analyzed (five genes were excluded from the master list of 370 reported obesity
genes [26]) based on their location in the qh, centromeric, or acrocentric chromosome p arm regions,
and their locations were further refined as stated above before being placed on G-negative euchromatin
or G-positive heterochromatin bands on each chromosome.

We further investigated differences among the varying levels of G-positive banding intensity
(coloring) within specific chromosome regions compared with the single level (white color) for G-negative
bands. Adobe Photoshop (2015) (Adobe Systems Incorporated, San Jose, CA, USA) was used to determine
the levels of the G-positive band shading intensity (scaled numerically from 2 to 5 for lightest to
darkest color) patterns within the heterochromatin regions on the high-resolution Ensembl chromosome
ideograms. Each distinct band on the chromosome was scanned and examined using the Color Picker
Tool in Adobe Photoshop to determine the degree of color intensity or darkness. Briefly, the tool pointer
was hovered over the band and the color recorded using a greyscale format from 0% (white) to 100%
(black). There were a total of five different greyscale grades, one for G-negative and four for G-positive
bands. White (color 1) represented the G-negative euchromatin band regions, while 19% were light grey
(color 2), 48% medium grey (color 3), 69% dark grey (color 4), or 100% black (color 5) representing the
G-positive heterochromatin band regions. The short (p) arm of the acrocentric chromosomes (i.e., 13, 14,
15, 21, and 22) and qh regions (i.e., 1, 9, 16, and Y) which lack protein-coding genes were excluded from the
analysis. The Chi-Square test was used to compare the distribution of ASD, obesity and protein-coding
genes among euchromatin vs. heterochromatin regions genome-wide. Due to the known male prevalence
of ASD, ad hoc analyses also considered the relative distribution of ASD, obesity and protein-coding
genes for euchromatin vs. heterochromatin regions of the X chromosome alone.

In review of the literature and our research to address gene-chromosome band relationships (location
and type), we reviewed published resources pertaining to the chromosome distribution and signal patterns
associated with DNA methylation. We previously reported global DNA promoter methylation patterns
from the frontal cortex of alcoholics and controls and found the methylation density patterns targeting
CpG islands of the promoters of genes correlated with recognized chromosome banding patterns [51].
Higher CpG methylation peaks or intensity readings at genes were found in G-negative (more genes)
chromosome bands and decreased size of peaks in the G-positive (fewer genes) bands in alcoholic and
control subjects. For example, we found that 16 of the 20 highest methylation peaks representing CpG
islands at gene promoters on chromosome 6 were located on G-negative bands when superimposed over
the human chromosome 6 ideogram (data not shown). Thus, the results of our methylation signal data
based on global DNA promoter methylation found in high-resolution methylation-specific microarrays
and characterization in alcoholics were similar to the visual chromosome G-positive and G-negative
bands associated with the distribution of protein-coding genes in ideograms.

4. Conclusions

Our study supports recent trends implicating genes located in heterochromatin regions as playing
a role in biological processes including neurodevelopment and function, specifically genes associated
with autism spectrum disorder (ASD). For example, almost one-half of the genome-wide protein-coding
genes and genes associated with ASD and obesity were located in the G-positive heterochromatin
regions. We found a significant overrepresentation of genes contributing to neurological function or
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development (i.e., ASD) in darker G-positive heterochromatin bands relative to protein-coding genes
and those with a systemic basis of function or disease (i.e., obesity). Some genes were overly represented
in specific chromosomes (e.g., X chromosome and ASD genes). One could propose analyzing these
cytogenetic regions (individually and collectively) in the future by examining the ratios between the
protein-coding and ASD genes to further identify ASD gene congregation (if any) in these known
ASD-critical regions (e.g., 15q11-q13, 7q11.23, etc.) in the chromosomes represented in ideograms, and
to simultaneously check for protein-coding gene status at possibly unstable and highly recombinant
chromatin locations. Similar questions could be raised regarding the obesity-related genes and they
could be examined for obesity gene congregation on chromosome ideograms. Our observations
may stimulate future research to analyze the distribution of other gene groups in relationship to
chromatin regions and bands including the examination of epigenetically and bioinformatically defined
methylation domains in chromatin from different tissues (e.g., Schroeder et al., 2011 [52]). In addition,
of interest to genetic researchers would be to investigate genes found in different cell sources with
distinct functions, such as ASD genes expressed in neuron cells and obesity genes in hepatic cells,
and their relationship, if any, between the location and position of genes having different functions
(i.e., ASD genes on behavior/cognition expressed in the central system or brain and obesity-related
genes expressed systemically or in peripheral systems). The study of specific G-band (positive or
negative) patterns and respective histone maps may correlate with different genome-wide expression,
and accessibility could utilize the data from the recently published Epigenome Roadmaps project
(available at: http://www.roadmapepigenomics.org/) and yield new information about clustering
of specific groups of genes at the tissue or organ (brain, liver, blood, adipose) level or disease (ASD,
obesity) state [53]. The above in-depth analysis is beyond the scope of our descriptive approach of
examining the location and interaction of protein-coding, ASD and obesity genes at the chromosome or
chromosome ideogram or band level. Our study may help researchers gain a better understanding of
the foundation of gene clustering and distributions in relationship to chromosome size and proportion
of chromosome banding type, as well as specific gene group distribution with similar or dissimilar
function as a hierarchical arrangement of gene function and dynamics.
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Abstract: Copy number variants (CNVs) detected by chromosomal microarray analysis (CMA)
significantly contribute to understanding the etiology of autism spectrum disorder (ASD) and other
related conditions. In recognition of the value of CMA testing and its impact on medical management,
CMA is in medical guidelines as a first-tier test in the evaluation of children with these disorders.
As CMA becomes adopted into routine care for these patients, it becomes increasingly important
to report these clinical findings. This study summarizes the results of over 4 years of CMA testing
by a CLIA-certified clinical testing laboratory. Using a 2.8 million probe microarray optimized for
the detection of CNVs associated with neurodevelopmental disorders, we report an overall CNV
detection rate of 28.1% in 10,351 consecutive patients, which rises to nearly 33% in cases without
ASD, with only developmental delay/intellectual disability (DD/ID) and/or multiple congenital
anomalies (MCA). The overall detection rate for individuals with ASD is also significant at 24.4%.
The detection rate and pathogenic yield of CMA vary significantly with the indications for testing,
age, and gender, as well as the specialty of the ordering doctor. We note discrete differences in the
most common recurrent CNVs found in individuals with or without a diagnosis of ASD.

Keywords: chromosomal microarray; copy number variants; neurodevelopmental disorders; autism
spectrum disorder; variants of unknown significance; FirstStepDx PLUS

1. Introduction

Neurodevelopmental disabilities, including developmental delay (DD), intellectual disability (ID),
and autism spectrum disorder (ASD) affect up to 15% of children [1]. However, in the vast majority of
cases, a child’s clinical presentation does not allow for a definitive etiological diagnosis.

Autism spectrum disorder is characterized by impairment in three domains with onset of one
or more of these before the age of 3 years: social interaction; communication skills; and restricted,
repetitive, and stereotyped patterns of behavior, interests, and activities. About 40% of individuals with
ASD also have a learning disability, and roughly 30% have other co-morbidities such as seizures [1–3].

The etiology of ASD is complex and prominently involves genetic factors, including single gene
changes, large genomic structural changes (i.e., deletions or duplications) known as copy number
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variants (CNV), and other polygenic conditions often influenced by the environment and epigenetic
changes [2,3]. Genetic testing to pinpoint the underlying cause of ASD is critical to an individual’s
clinical management. Further, chromosomal microarray analysis (CMA) has demonstrated the highest
diagnostic yield for individuals with ASD as compared to other genetic tests. Therefore, along with
previously recognized indications of DD, ID and multiple congenital anomalies (MCA), children and
adults presenting with ASD should be offered CMA as a first tier genetic evaluation based on the
clinical guidelines from multiple professional societies [2–10].

Microarrays that employ a variety of designs and range of coverage for certain genomic regions
have been applied to the clinical testing of individuals with these conditions. Diagnostic yield has
increased over time as such arrays have evolved to include better coverage [7–21]. In 2011 the ACMG
issued a guideline regarding optimal microarray design and recommended inclusion of additional
probe content in areas of known clinical relevance [22]. The following data summarizes our experience
with real-world clinical CMA testing of individuals with a diagnosis of ASD in a CLIA-certified
laboratory over a period of 4.2 years. The microarray platform utilized in this study was specifically
designed to increase detection of CNVs in genomic regions of demonstrated relevance to DD/ID/ASD.
We also compare our experience to a non-ASD population clinically tested in parallel in the same
laboratory and on the same platform.

2. Results

A total of 10,351 custom, ultra-high resolution CMAs optimized for the detection of
neurodevelopmental disorders (FirstStepDx PLUS® (FSDX PLUS®)) were performed over a period
of four years. This testing population had a M:F ratio of 2.5:1 and a mean age of 7.0 years. Based on
ICD-9 and ICD-10 codes at the time of referral, 55% of cases represented patients with a diagnosis of
ASD with or without other features (ASD+ and ASD only, respectively). Tables 1 and 2 show summary
data of our neurodevelopmental patient cohort.

Table 1. Summary data of our neurodevelopmental patient cohort.

Cohort Characteristics Total

Number of Samples 10,351
Number of Males/Females (2.5:1) 7422/2929

Non-ASD * 4657
Any ASD † 5694

ASD+ ‡ 2844 (27.4%)
ASD only § 2850 (27.5%)

* “Non-ASD” represents that portion of the cohort with no testing indication of ASD; † “Any ASD” refers to
the portion of the cohort that has ASD as a sole testing indication, or in combination with any other testing
indications, thus it represents both “ASD only” and “ASD+” cohorts combined; ‡ “ASD+” refers to the portion
of the cohort with an indication of ASD as well as another testing indication, such as MCA, seizures, DD, and/or
ID; § “ASD only” refers to the portion of the cohort with ASD as the only testing indication.

The mean age of testing was younger for the non-ASD group versus the ASD only group or
the ASD+ group (Table 2). Overall, neurologists were the most common referring physicians (36%),
followed by developmental pediatricians (31%), pediatricians (16%), and medical geneticists (14%).
Although psychiatrists referred only 2% of total cases, they had the highest percentage of their referrals
for an indication of ASD (72%) with or without other features, while only 29% of the cases referred by
geneticists had an indication including ASD. Of the total caseload, 74% of the ASD cases were referred
by pediatric neurologists and developmental/behavioral pediatricians.

241



Int. J. Mol. Sci. 2016, 17, 2070

Table 2. Mean age at chromosomal microarray analysis (CMA) testing, grouped by diagnostic
referral codes.

Population Mean Age at Testing (Years) Standard Deviation (Years)

All 7.0 5.6
Non ASD * 6.5 6.0
ASD only † 7.3 5.0

ASD+ ‡ 7.5 5.1

* Non-ASD” represents that portion of the cohort with no testing indication of ASD; † “ASD only” refers to the
portion of the cohort with ASD as the only testing indication; ‡ “ASD+” refers to the portion of the cohort with
an indication of ASD as well as another testing indication, such as MCA, seizures, DD, and/or ID.

Overall, we observe a 28.0% diagnostic yield for potentially abnormal CNVs (Table 3), with an
average of 1.2 reportable CNVs detected per individual. Interestingly, the rate of pathogenic findings
is significantly lower (4.4%) when the diagnostic indication is ASD only compared to diagnostic
indication of DD/ID/MCA without a reported diagnosis of ASD (non-ASD cohort) (12.5%) (p < 0.001).
The pathogenic rate is only slightly higher in the ASD+ group (6.7%). However, VOUS rates are similar
across the ASD only, ASD+, and non-ASD cohorts. The observation of lower rates of reportable CNVs
for the ASD only cohort as compared to the ASD+ cohort, and the non-ASD cohort is maintained when
looking at the overall yields for each group.

Table 3. Diagnostic yields of genetic testing in 10,351 consecutive children with neurodevelopmental
disorders by diagnostic referral codes.

Result All Non-ASD * Any ASD † ASD+ ‡ ASD Only §

Pathogenic 8.6% 12.5% 5.4% 6.5% 4.4%
VOUS 19.4% 20.1% 19.0% 19.4% 18.5%

Overall Yield 28.1% 32.6% 24.4% 25.9% 22.9%

* “Non-ASD” represents that portion of the cohort with no testing indication of ASD; † “Any ASD” refers to
the portion of the cohort that has ASD as a sole testing indication, or in combination with any other testing
indications, thus it represents both “ASD only” and “ASD +” cohorts combined; ‡ “ASD+” refers to the portion
of the cohort with an indication of ASD as well as another testing indication, such as MCA, seizures, DD, and/or
ID; § “ASD only” refers to the portion of the cohort with ASD as the only testing indication.

We stratified our cohort by age to determine whether there were differences in the rate of
pathogenic findings when data were viewed this way, and found that rates were highest in the
non-ASD cohort in the first year of life (18.9%), which then dropped to 10.7%–12.4% during childhood
and adolescence (Table 4). In the ASD cohort, the overall pathogenic rate was slightly higher for
individuals with ASD+ as compared to the overall pathogenic rate for individuals with ASD only.
The pathogenic rate in the ASD+ cohort started at 4.1% in the youngest group and rose to 8.5% in
the 5.5–10 years range (Table 5). The pathogenic rate in the ASD only cohort rose gradually with age
from 3.4% in the youngest cohort (0–3.4 years) to a peak at 7.0% in adolescence (Table 6).

While largely targeting a pediatric population, a subset of 383 patients comprised adults over
18 years of age at the time of testing (parental and sibling studies excluded). Interestingly, in the
non-ASD cohort the pathogenic rate in adults tested was 18.1%, the highest for any age cohort in this
population after the first year of life (Table 4). While the percentage of pathogenic findings in adults
with an indication of ASD (9.8% for ASD+; 5.6% for ASD only) was much lower than in the non-ASD
population. It is worth noting that older age cohorts maintain high diagnostic yields with or without
indications of ASD (Tables 4–6).

242



Int. J. Mol. Sci. 2016, 17, 2070

Table 4. Diagnostic yield by age in patients without autism spectrum disorder (ASD) (1750 (37.6%)
females, 2907 (62.4%) males, Total n = 4657).

Age in Years Number of Tests Pathogenic (% Yield) VOUS (% Yield) Normal (% Yield)

0–1.0 439 83 (18.9%) 84 (19.1%) 272 (62.0%)
1.0–3.5 1407 151 (10.7%) 275 (19.5%) 981 (69.7%)
3.5–5.4 688 81 (11.8%) 147 (21.4%) 460 (66.8%)
5.5–10 1107 132 (11.9%) 244 (22.0%) 731 (66.1%)
10.1–18 834 103 (12.4%) 155 (18.6%) 576 (69.0%)

18+ 182 33 (18.1%) 29 (15.9%) 120 (66.0%)
Total 4657 583 (12.5%) 934 (20.1%) 3140 (67.4%)

Table 5. Diagnostic yield by age in patients with ASD and other indications (610 (21.4%) females,
2234 (78.6%) males, Total n = 2844).

Age in Years Number of Tests Pathogenic (% Yield) VOUS (% Yield) Normal (% Yield)

0–3.4 * 735 30 (4.1%) 156 (21.2%) 549 (74.7%)
3.5–5.4 630 34 (5.4%) 114 (18.1%) 482 (76.5%)
5.5–10 710 60 (8.5%) 132 (18.6%) 518 (72.9%)
10.1–18 657 49 (7.5%) 126 (19.2%) 482 (73.3%)

18+ 112 11 (9.8%) 24 (21.4%) 77 (68.8%)
Total 2844 184 (6.5%) 552 (19.4%) 2108 (74.1%)

* Due to the typical age of clinical recognition and diagnoses for ASD, the range of 0–3.4 years was used for the
youngest grouping in this Table.

Table 6. Diagnostic yield by age in patients with only ASD indicated (569 (20.0%) females, 2281 (80.0%)
males, Total n = 2850).

Age in Years Number of Tests Pathogenic (% Yield) VOUS (% Yield) Normal (% Yield)

0–3.4 * 701 24 (3.4%) 126 (18.0%) 551 (78.6%)
3.5–5.4 661 21 (3.2%) 119 (18.0%) 521 (78.8%)
5.5–10 768 32 (4.2%) 160 (20.8%) 576 (75.0%)
10.1–18 631 44 (7.0%) 110 (17.4) 477 (75.6%)

18+ 89 5 (5.6%) 14 (15.7%) 70 (78.7%)
Total 2850 126 (4.4%) 529 (18.6%) 2195 (77.0%)

* Due to the typical age of clinical recognition and diagnoses for ASD, the range of 0–3.4 years was used for the
youngest grouping in this Table.

The most common pathogenic findings detected in this series of individuals evaluated by CMA are
shown in Figures 1–3. We observed, in some cases, striking differences in the frequencies of pathogenic
findings when patients are grouped by testing indications and/or gender. For example, the 22q11.2
deletion and, to a lesser extent, the proximal 16p11.2 deletion, were far more prevalent in the non-ASD
group than in the combined ASD group, suggesting that indications other than ASD in these patients
are common or that ASD is less readily diagnosed in these subgroups (Figure 1). However, the 15q11.2
BP1–BP2 deletion (also known as the Burnside-Butler susceptibility locus) and the proximal 16p11.2
duplication were equally likely to be detected if ASD was indicated or not (Figure 1). In contrast,
NRXN1 gene deletions were much more common when ASD was indicated in comparison to when
it was not, by a factor of nearly 4-fold (Figure 1). Figure 2 displays some similarities and differences
between the ASD+ and ASD only populations; for example the 15q11.2 BP1–BP2 deletion is the
most common finding for both cohorts, but detection frequencies vary significantly for other findings,
with 47,XXY being the next most common for the ASD-only cohort while the proximal 16p11.2 deletions
and duplications are the next most frequent finding in the ASD+ cohort.

Males outnumbered females in our study population, and the rate of abnormality differed
significantly with females having higher rates of pathogenic findings across all diagnostic groupings
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(p < 0.001 for non-ASD and ASD+ groups as well as overall); ASD only detection rates in females vs.
males were not statistically different (p = 0.22) (Table 7). In the combined ASD group, in addition to
specific sex-limited diagnoses like 47,XXY and 47,XYY, there were excesses by gender in the prevalence
of several common abnormalities, notably with the 15q11.2 BP1–BP2 deletion, 15q duplication, 15q13.3
deletion, proximal 16p11.2 duplication, 16p12.2 deletion, and 22q11.2 deletion all skewed toward a
female preponderance by up to 2–3-fold (Figure 3).

Table 7. Rates of diagnostic findings on CMA by gender and diagnostic referral codes grouping.

CMA Result Type Rates by Gender Non-ASD ASD+ ASD only All

Female
Pathogenic 14.4% 8.5% 5.3% 11.4%

VOUS 20.9% 19.5% 17.2% 19.9%
Normal 64.7% 72.0% 77.5% 68.7%

Male
Pathogenic 11.4% 5.9% 4.2% 7.5%

VOUS 19.6% 19.4% 18.9% 19.3%
Normal 69.0% 74.7% 76.9% 73.2%

3. Discussion

CMA is the guideline-recognized first-tier test in the evaluation of individuals with DD/ID,
MCA, and most recently ASD [4,6–10,15]. CMA yields significant rates of pathogenic or potentially
pathogenic (VOUS) results [2,11–20], which have clinical utility for the case-by-case clinical
management of individuals with these individually rare disorders [23–34].

Since the introduction of CMA technology, the total genomic content with probe coverage has
progressively increased leading to higher diagnostic yields and better resolution of chromosomal
abnormalities. Collectively this trend has resulted in corresponding increases in the clinical value
of CMA testing [11–21,24–34]. In addition to guidelines on the clinical indications for CMA, the
American College of Medical Genetics and Genomics (ACMG) has issued guidance on the appropriate
content and design of such arrays and specifically opined that, “It is desirable to have enrichment
of probes targeting dosage-sensitive genes known to result in phenotypes consistent with common
indications for a genomic screen (e.g., intellectual disability, developmental delays, autism, and
congenital anomalies)” [22]. We report here on over four years of clinical experience with a real-world
referral base for testing on an ultra-high resolution chromosomal microarray specifically designed to
extend the scope of detection for individuals with ASD and other neurodevelopmental disorders. This
microarray was optimized through the addition of probes targeting genomic regions more recently
identified to have pathogenic relevance for DD, ID, and ASD [21,35,36].

The overall detection rate in this series for clinically established pathogenic CNVs of 8.6% is
comparable to other reported series/platforms [2,11–20], despite the inherent bias toward lower rates
based on the real-world referral base and higher percentage of individuals with ASD in this population.
When ASD is not among the testing indications, the rate of pathogenic findings is 12.5% and the
overall diagnostic yield is 32.6%, both of which are at the upper end of reported diagnostic rates.
We have previously shown that diagnostic yield varies significantly on a multivariate basis including
but not limited to: referring physician specialty, age of patient at testing, patient gender, and referring
indication or combination of indications for testing [20]. When we look in this study at the influence of
an ASD diagnosis on pathogenic diagnosis rates by practitioners, geneticists have the highest detection
rate when there is no indication of ASD for testing, but also the lowest rate for individuals with
ASD only.
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The overall detection rate in this series for clinically established pathogenic CNVs of 8.6% is
comparable to other reported series/platforms [2,11–20], despite the inherent bias toward lower rates
based on the real-world referral base and higher percentage of individuals with ASD in this population.
When ASD is not among the testing indications, the rate of pathogenic findings is 12.5% and the overall
diagnostic yield is 32.6%, both of which are at the upper end of reported diagnostic rates. We have
previously shown that diagnostic yield varies significantly on a multivariate basis including but not
limited to: referring physician specialty, age of patient at testing, patient gender, and referring indication
or combination of indications for testing [20]. When we look in this study at the influence of an ASD
diagnosis on pathogenic diagnosis rates by practitioners, geneticists have the highest detection rate
when there is no indication of ASD for testing, but also the lowest rate for individuals with ASD only.

While significantly lower than both the overall population and the ASD-excluded sub-population
(p < 0.0001), the diagnostic yield in all cases including ASD (ASD only and ASD+) are 5.4% pathogenic,
19.0% VOUS, and 24.4% overall. This overall rate exceeds those previously reported [3,14–17] and this
supports the value of incremental targeted content for CMA design.

We detected VOUS at an overall rate of 19.4%. Although earlier literature did not typically consider
VOUS in the diagnostic yield, this was due to inconsistent criteria for reporting, lack of established
databases of normal population variants, and limited sharing of data [10]. Today, it is common and
reasonable to consider VOUS in the overall diagnostic yield [3,14,15]. Many VOUS results will evolve
into clearly pathogenic findings based on emerging clinical evidence [37]. The excess of males to
females in our overall and combined ASD cohorts are consistent with previous reports. In addition,
we confirmed the higher rates of abnormalities in the tested female populations in comparison to
males, which has been previously observed [3,14].

A recent report by one of us (MGB) on CMA use in individuals with DD and ASD at a single
midwest genetics center using relatively low resolution (<180 K) oligonucleotide arrays found 6
of 65 patients with ASD (9%) to have a pathogenic finding and 20% overall (13/65) had a reportable
CNV. This is higher than the rate of pathogenic findings in our ASD population (6.7% ASD+; 4.4% ASD
only); however, this was a much smaller total population and in addition was a closely-studied cohort
within an academic medical center where all patients had complete clinical genetics evaluations [3].
The overall diagnostic yield of 20% in that study was similar to rates reported by Shen et al. [14] (18.2%
in 932 patients with ASD) and Schaefer et al. [15] (21% or 14 patients 68 with ASD) but is lower than
the 24.4% observed with the optimized array in this series.

Numerous studies have now demonstrated the clinical actionability and utility of CMA
testing [23–28,38,39], and increased yield as described here will extend the range and scope of this
utility. The increased rate of CNVs classified as VOUS is therefore of potential clinical importance in
this setting and consideration of location, gene content, and other factors may help clinicians with such
patients despite the complexities of interpreting them and counseling families as to their potential
significance. Of critical importance is the ongoing evaluation of novel methods to assess the potential
role of VOUS in the underlying pathology of individual patients. This process will allow us as a
community to realize the maximum benefit of the increased detection rate achieved through array and
interpretation optimization. Furthermore, VOUS results have been clearly demonstrated to be of great
importance to parents of patients with DD/ID/ASD [34,40–43].

It is estimated that at least 20% of individuals with ASD have an underlying genetic syndrome,
but a survey of a large autism center showed that less than 10% of their population had received any
form of genetic evaluation [44]. The evidence here also supports that patients with a diagnosis of
ASD remain under-tested overall. The fact that the age of CMA diagnosis in those with ASD is a full
standard deviation greater than the potential age of clinical diagnosis speaks to the delay or reticence
in taking critical steps to better medically manage these patients. The direct correlation between higher
rate of detected abnormalities and age in the ASD cohort suggests that earlier use of CMA and perhaps
other genetic testing methods may be important for early intervention.
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While still a relatively small sub-cohort, it is remarkable that adults (>18 years old) tested also
have the highest pathogenic CNV rate of all diagnostic groups examined. This could be reflective of
severity in that particular age group. For example, clinicians/families might believe that testing isn’t as
valuable for adults but perform it anyway when the individual is considered to be relatively severely
impaired. In addition, this may also reflect the desire for adults (or adult siblings of the individual
with clinical features) to define recurrence risk to their potential offspring.

Even before prior CMA was introduced into clinical use, the most common chromosome
abnormalities associated with apparently isolated ASD were duplication of the 15q11–q13 region
(typically of maternal origin) [45] and large microdeletions in the chromosome 16p11.2 and 22q regions
reportedly accounting for as many as 1%–5% of ASD related abnormalities each [3,23]. Although these
well-described recurrent abnormalities were prominent and relatively more abundant in our ASD
cohorts, their prevalence was not as high as predicted by the literature; however, some of the reports
suggesting high rates may have been biased by multiplex families.

Partial deletions involving the NRXN1 gene are now well-described abnormalities, and
impairment of the function of the synaptic adhesion protein it encodes, leading to a potential loss of
synaptic integrity, is thought to be central to the pathogenesis of ASD [46,47]. NRXN1 gene deletions
were significantly over-represented in both our ASD+ and ASD only groups but were also observed at
least occasionally in the non-ASD group. The latter may be due to either early testing for some other
clinical feature prior to the formal recognition of ASD-related features, the indubitable inadequacies
of relying on physician coding on test requisitions for phenotypic data, or true overlap into other
neurodevelopmental conditions without ASD.

The observational study of a large consecutive series of genetic testing for neurodevelopmental
disorders, over half of which had feature of ASD highlights the significant value of CMA in defining not
merely the underlying etiology but in directing future research into the underlying pathophysiology
for improved and ultimately targeted treatments. While it is not ideal to rely on ICD-9/10 coding on
test requisitions to define the phenotypic sub-groups of this population and parse the results relevant
to ASD, the comparability and trends of this large data set suggest that the conclusions are neither
random nor merely directional, and likely reflects a reasonable picture of the scope of abnormalities
in these populations. Improved diagnostic tools will lead to increased clinical utility and in the end
better clinical management.

4. Materials and Methods

4.1. Patient Ascertainment

A consecutive series of 10,351 real-world samples referred for CMA to a CLIA-licensed clinical
laboratory for etiological diagnosis of DD/ID/ASD and MCAs between July 2012 and September 2016
was reviewed for clinical characteristics and related diagnoses. The overwhelming majority of samples
were buccal swabs, however 1037/10351 (~10%) cases were conducted on blood specimens. Testing
indications were delineated based on International Classification of Diseases, Clinical Modification,
Revisions 9 or 10, (ICD-9, ICD-10) (Centers for Medicare & Medicaid Services (cms.gov)).

4.2. Microarray Design

The FSDX PLUS® microarray utilized in this study, and its analytical and clinical validation, have
been described in detail elsewhere [21]. It is an expanded whole genome chromosome microarray
(CMA) built upon the ultra-high resolution Affymetrix CytoscanHD® platform (Santa Clara, CA, USA)
plus 88,435 custom probes targeting genomic regions strongly associated with DD/ID/ASD [14–24].
Both copy number (CNV) and single nucleotide polymorphic (SNP) probes are included in the array,
which is consistent with the ACMG guideline for CMA design, as is the “enrichment of probes
targeting dosage-sensitive genes known to result in phenotypes consistent with common indications
for a genomic screen” [22]. Such critical regions that did not contain >1 probe/1000 bp on the baseline
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array were supplemented with additional probe content to provide improved detection of smaller
deletions and duplications. Additional probe enrichment was of genomic regions identified by our
prior studies and elsewhere in the medical literature of published copy number variants and individual
genes associated with DD/ID/ASD [23–36]. The increase in analytical sensitivity resulting from this
additional 3.3% probe content has been calculated to be 2.6% [21].

4.3. CMA Performance and Interpretation

CMA was routinely performed on DNA extracted by standard methodologies from buccal
swab samples (ORAcollect®) in a CLIA-certified laboratory. CMA reagents and equipment were as
specified by Affymetrix. Established cytogenetic criteria for interpretation were routinely applied with a
minimum of 25-consecutive impacted probes as the baseline determinant for deletions and 50 probes for
duplications [35]. Rare CNVs (<1% overall population frequency) were determined to be “pathogenic”
if there is sufficient published clinical evidence (at least two independent publications) to indicate that
haploinsufficiency or triplosensitivity of the region or gene(s) involved is causative of clinical features.
If only preliminary evidence for a causative role for the region or gene(s) therein was found, they were
classified as variants of unknown significance (VOUS) as were areas of absence of heterozygosity (AOH)
which may increase the risk for conditions with autosomal recessive inheritance or conditions with
parent-of-origin/imprinting effects. Cases with only CNVs contained in databases such as the Database
of Genomic Variants (DGV) [39] that document presumptively benign CNVs were reported as normal.

4.4. Statistical Methods

Chi-square tests for independence and 2-sided t-tests for normal distribution were applied to the
data for determination of significance of findings.

5. Conclusions

Ultra-high resolution CMA has demonstrated great value in the clinical assessment of
neurodevelopmental disorders. The diagnostic yield of the optimized CMA platform described
here is dependent on many factors, including patient gender, age at testing, clinical presentation, and
specialty of the ordering physician. Pathogenic findings give insights into the etiology of patients’
neurodevelopmental conditions, and in many cases positively impact medical management decisions.
The development of novel and accurate methods to interpret the potential pathenogenicity of VOUS
will further enable patients and their physicians to realize the maximum benefits of genetic testing for
clinical care.
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Abstract: In recent decades it has become clear that Autism Spectrum Disorder (ASD) possesses a
diverse and heterogeneous genetic etiology. Aberrations in hundreds of genes have been associated
with ASD so far, which include both rare and common variations. While one may expect that
these genes converge on specific common molecular pathways, which drive the development of
the core ASD characteristics, the task of elucidating these common molecular pathways has been
proven to be challenging. Several studies have combined genetic analysis with bioinformatical
techniques to uncover molecular mechanisms that are specifically targeted by autism-associated
genetic aberrations. Recently, several analysis have suggested that particular signaling mechanisms,
including the Wnt and Ca2+/Calmodulin-signaling pathways are often targeted by autism-associated
mutations. In this review, we discuss several studies that determine specific molecular pathways
affected by autism-associated mutations, and then discuss more in-depth into the biological roles of
a few of these pathways, and how they may be involved in the development of ASD. Considering
that these pathways may be targeted by specific pharmacological intervention, they may prove to be
important therapeutic targets for the treatment of ASD.

Keywords: ASD; autism; networks; genetics; Fragile-X Syndrome; Wnt; mTOR; Calmodulin; Calcium;
NGF

1. The Genetic Basis of Autism

Autism Spectrum Disorder (ASD) is a developmental disorder characterized by persistent deficits
in social communication, as well as restricted and repetitive patterns of behavior. It has been well
characterized that genetic aberrations have a prominent role in the etiology of ASD [1]. Among the
first studies to support a genetic etiology were twin studies published in the 1970s by Folstein and
Rutter [2,3]. A recent meta-analysis by Rutter, encompassing a total of 6413 twins, showed that the
heritability rate in families with an autistic proband was in the range of 64–91% [4]. Furthermore,
it has been well-established that ASD overlaps at both the behavioral and genetic levels with other
disorders such as social anxiety, Attention Deficit and Hyperactivity Disorder (ADHD), Intellectual
Disability (ID), bipolar disorder and schizophrenia [5–8]. For example, Khazanda et al. discovered
23 genes, many of which are involved in circadian entrainment, that are associated with ASD, bipolar
disorder and schizophrenia, therefore demonstrating shared genes and genetic pathways between
various psychiatric disorders [7]. As such, common behavioral phenotypes of these disorders may
have a root in shared genetic etiology.

A heterogeneous genetic etiology for ASD has been firmly established. Historically, some of the
first genes that were successfully associated to autism were those responsible for syndromic forms
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of autism. Thus far, approximately 35 such syndromes have been documented [9]. A sub-group of
these syndromic autisms are mendelian monogenic, and consistently develop due to rare mutations.
For example, in the case of Fragile-X Syndrome (FXS), which develops due to aberrations in the
Fragile-X Mental Retardation 1 (FMR1) gene, up to 30% of these male patients also develop ASD [10].
Cortical Dysplasia-focal Epilepsy (CDFE) syndrome is caused by mutations in Contactin Associated
Protein 2 (CNTNAP2), where a subgroup of patients express autistic behavior [11]. Tuberous sclerosis is
caused by mutations in either Tuberous Sclerosis 1/2 (TSC1/TCS2), where up to 61% of patients express
autistic behaviors [12]. Rett syndrome, which includes autistic behavior, is caused by mutations in the
Methyl CpG binding protein 2 (MECP2) [13]. Another group of syndromic autisms arise from Copy
Number Variations (CNV) [14], which contain large duplication/deletion loci that usually encompass
several genes, yet the causative gene is often not known. One such example is Phelan-McDermid
syndrome where up to 9 Mb are deleted at Chr22q13 encompassing up to 130 genes [15]. The most
notable gene in this CNV is SHANK3/PROSAP2, where mutations in this gene alone have been shown
to be associated with ASD [16,17]. Additional CNVs include the 15q11-13 deletion or duplication
syndromes [18], the chromosome 16p11.2 deletion or duplication syndromes [19,20] and the 2q23.1
microdeletion syndrome [7]. Most syndromic autisms, such as CDFE, TSC or the 2q23.1 microdeletion
syndrome are considered extremely rare, however the highest discovery rate observed in FXS accounts
for no more than 2% of autistic cases [9].

A wider search for ASD’s genetic etiology started with linkage studies, which uncovered several
candidate loci, including 2q, 3q 7q and 20p. However, it was primarily through Next Generation
Sequencing (NGS) technologies that majority of genes were discovered, and by 2012, 10–20% of ASD
cases had a known genetic link [9]. One approach for locating new genetic candidates involved in ASD
development is to determine de-novo mutations in gene coding regions, usually found in sporadic
familial cases. In 2011, O’Roak et al. conducted the first exome-wide sequencing study in ASD on
20 sporadic cases, revealing de-novo mutations in FOXP1, GRIN2B, SCN1A and LAMC3 [21]. In 2012,
in an effort to discover de-novo mutations, the Simons Simplex Collection conducted three large
exome-sequencing trails which included approximately 750 families with affected and unaffected
siblings. Many promising genes were identified, including SCN2A, CHD8 and NTNG1 [22–24]. By that
time, it had become increasingly clear that genetic mutations involved in ASD do not fall into one
particular biological category, but seem to be found in genes involved in several different biological
systems. In recent years, whole genome sequencing studies are also beginning to appear, which aim to
discover genetic aberrations in both coding and noncoding regions. One such study, by Yuen et al.,
found genetic aberrations in STXBP1, UBE3A, KATNAL2, THRA, KCNQ4, MYH14, GJB6 and COL11A1,
some of which have been previously associated with ASD and some with overlapping conditions such
as hearing loss [25]. In addition, several Genome-Wide Association Studies (GWAS) emphasized the
significance of common genetic variation to the inheritance of autistic traits [26].

To this day, over 800 genes have been identified and associated with ASD development [27].
Given this heterogeneous genetic reality, it has been hypothesized that the multitude of genetic
aberrations are affecting specific molecular pathways that might be in common across the autistic
spectrum, and are responsible for dysregulated neurodevelopment [28]. Discovering such common
pathways has proven to be challenging. To address this difficulty, it is appropriate to perform
network-based analysis of autism associated genes [29]. In the following chapters, we will discuss
attempts at using network-based approaches to discover candidate signaling pathways that are
effected by ASD-associated genetic aberrations, and how these signaling pathways may be involved in
dysregulated neurodevelopment and the phenotypes of ASD.
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2. Searching for Common Molecular Targets of Autism Mutations

2.1. Protein–Protein Network Analysis and Pathways Enrichment Tools

One approach to discovering molecular pathways that are commonly targeted by autism-associated
mutations is to perform Protein-Protein Interaction (PPI) network analysis to identify groups of proteins
within a given list of proteins that physically interact with each other. This analysis uses different
databases that curate experimentally validated or predicted protein-protein interactions [29]. PPI also
identifies hubs, highly interconnected proteins, which might prove to be central in the molecular
pathway. However, this approach has some disadvantages and biases. First, tissue specific PPI
databases are scarce, which are necessary to understand protein interactions in specific tissues, such as
the brain. A very partial solution to this problem is to combine PPI databases with RNA expression from
the specific tissue, therefore making sure that you only take into account proteins which are found in that
specific tissue. Additional tools used to reveal biologically-relevant pathways within a gene list are gene
ontology databases and signaling pathway enrichment tools. The Gene Ontology project initiated by the
Gene Ontology Consortium (GOC) strives to provide a unifying vocabulary to genes and their biological
roles [30]. In addition, there is a growing number of signaling pathway enrichment tools available
for free or through commercial license [31]. There are several differences that should be considered
when using these tools, such as method of data curation (manually and computerized), algorithms used
to generate signaling pathway maps, types of pathway maps (e.g., disease specific, kinase signaling,
hormone mediated) and breadth of knowledgebase. For example, in the next section, we mention
studies which used KEGG and IPA pathway enrichment tools to generate pathways that might be
affected in ASD. Due to the fact that IPA is a commercial tool, it is difficult to thoroughly compare it
to other tools, and thus, reviews conducting such comparisons lack information about IPA. However,
one important difference between KEGG and IPA is the size of their knowledgebase. KEGG mainly
curates interaction and reactions of molecular pathways from the literature, while IPA also imports data
from several external databases, which increases its knowledgebase substantially [32,33]. Therefore,
it is necessary to integrate knowledge from several different pathway analysis tools in order to discover
biological pathways that are commonly targeted by autism-associated mutations.

2.2. Autism-Associated Signaling Pathways Discovered Using Network Analysis and Pathway
Enrichment Tools

As part of the effort conducted by the SSC in 2012, O’Roak et al. sequenced the exome of 209 families
with sporadic cases of ASD, revealing 126 genes which had truncation or missense mutations,
followed by PPI analysis, to determine if these genes form a biologically-relevant network [23].
They discovered one highly interconnected cluster of mutated genes, which included genes involved
both in chromatin-binding and β-catenin function. An additional network analysis conducted with the
IPA tool enriched 8 Wnt-signaling regulators, which are involved in the regulation of β-catenin, as we
will explain later. Therefore, combination of exome sequencing with downstream network analysis
revealed an autism-associated molecular pathway, the Wnt-β-catenin pathway. This was not the first
study to suggest the involvement of Wnt-signaling in ASD [34,35], however it strongly demonstrated
that network analysis may reveal pathways that are highly important for further research. In a 2014
follow up bioinformatics study which included the combined data for the O’Roak et al. study, and two
other de-novo ASD mutation studies that were published in the same issue of Nature, a subset of these
de-novo mutations were enriched for genes involved in chromatin-binding [36]. A separate study
collected genome association data of rare CNVs from 6742 ASD patients, and constructed PPI networks
based on the genes deleted or duplicated due to the CNVs. Calmodulin1, which is a major regulator of
Calcium-signaling, was found as a central hub in the PPI network [37]. An additional network analysis
of autism-associated genes has suggested a role for both Wnt and calcium pathways in ASD. Wen et
al. performed KEGG pathway analysis on the SFARI annotated list of autism-associated genes. They
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found that these genes were particularly enriched for biological pathways including Calcium-signaling,
Wnt-signaling, mTOR, and cellular adhesion molecules [38].

A different strategy to identify molecular pathways that are dysregulated by autism-associated
mutations is to use publicly available data of gene expression patterns in the human brain to build gene
expression networks and PPI networks that are found in specific brain regions, and then to probe if any
of these networks are enriched for autism-associated genes, and are therefore likely to be perturbed by
autism-related mutations. Lin et al. used such an approach to identify PPI networks in the brain that
are effected by the autism-associated CNV at chromosome 16p11.2 [39]. Using published databases of
gene expression and protein interaction data, the authors built protein interaction networks that appear
in specific brain regions, and at specific developmental time points. The authors then discovered
that four of these protein interaction networks would be disrupted by the CNV, particularly during
mid-fetal stage and in early childhood. Gene ontology analysis of these protein networks showed
enrichment for Wnt-signaling and NGF-signaling. A similar method was used to discover human
brain protein networks dysregulated by rare or common variants associated with autism. Ben-David
et al., built brain-region specific gene co-expression modules using WGCNA [40]. They found that a
co-expression module that was highly effected by both rare and common autism-associated variants
was enriched for genes involved in synaptic transmission and the Calmodulin-binding pathway.
To summarize, these studies used different methodologies to uncover molecular pathways targeted by
ASD mutations and implicated the Wnt-signaling and Ca2+/Calmodulin-signaling [37–40]. Therefore,
we will focus on defining these two specific pathways and how they may be related to the autism
phenotype, followed by a short discussion of some of the other pathways identified.

3. Wnt-Signaling

3.1. Roles for Wnt-Signaling in Neurodevelopment and Adult Brain

Wnt-signaling pathways orchestrate cellular proliferation, polarity and differentiation; processes
that are crucial for healthy tissue morphogenesis, especially in the embryonic stage [41]. Dysregulation
of these pathways have been implicated in a wide variety of cancers, as well as in other pathologies,
such as type II diabetes, osteoporosis and heart conditions [41,42]. In humans there are 19 Wnt
glycoprotein ligands, which activate signal transduction pathways through binding to one of the
10 Frizzled receptors. As of today, there are two extensively researched Wnt pathways; a canonical
pathway and a non-canonical pathway. In the canonical pathway the secreted Wnt glycoproteins bind
to Frizzled receptors, as well as either the LRP6 or LRP5 co-receptors, to initiate a signaling cascade.
The activated receptor recruits the scaffolding protein Dishevelled, which recruits and sequesters the
Axin-GSK3β-APC destruction complex, thus preventing its role in phosphorylating β-catenin, leaving
it stable for downstream activity. Stabilized β-catenin is transported to the nucleus where it fulfills its
role as a co-transcription factor by binding to the TCF/LEF transcription factors, or it relocates to the
cellular membrane where it maintains cell-cell adhesion complexes [41,42]. The two non-canonical Wnt
pathways are independent of β-catenin, and include the Wnt/JNK pathway, which drives polarized
cell movements such as neuronal crest migration, as well as the Wnt/Calcium pathway that has been
shown to be involved in cardiac development [43].

Canonical Wnt-signaling has a pivotal role both in the developing and mature brain. Much evidence
has indicated that during development the Wnt pathway regulates the balance between proliferation and
differentiation of neuronal progenitor and precursor cells, as was recently reviewed by Noelanders and
Vleminckx [44]. In transgenic mice with overexpression of stabilized β-catenin, neuronal precursor cells
in the ventricular zone continue to divide beyond their natural timeframe, resulting in enlarged brains
and deeper sulci folds that resemble higher mammals [45]. Concurrently, inhibition of β-catenin during
embryonic development leads to premature differentiation of precursors to neurons [46]. These studies
suggest that Wnt-signaling promotes proliferation of neuronal precursors and delays their differentiation.
There is some evidence suggesting Wnt-signaling may inhibit proliferation in certain circumstances.
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For example, as shown in developing zebrafish, induced activation of Wnt8 reduced the population
of neuronal progenitor in the hypothalamus; reduction in neuronal progenitors was also induced by
the canonical Wnt pathway activator, BIO [47]. These studies suggest that Wnt-signaling can regulate
neuronal precursor proliferation in a manner that is either species-specific, or cell type-specific.

In addition to its roles in development, Wnt-signaling also affects Neuronal Stem Cell (NSC)
proliferation and differentiation in the mature brain. One study of Wnt-signaling in NSCs used
mice which express lacZ under the control of a TCF transcription response [48]. These mice received
intraventricular infusions of the mitotic inhibitor Ara-C, which kills the dividing progenitor cells
and decreases NSCs; followed with BrdU infusions, which allows the tracking of the regeneration of
NSCs in the Subventricular Zone (SVZ). 30% of the BrdU positive cells displayed active Wnt-signaling
(LacZ); and when Wnt-signaling was pharmacologically blocked, the number of neurospheres in the
SVZ significantly decreased. Wnt-signaling has also been shown to induce NSC proliferation after
injury [48]. Mice subjected to a stroke-inducing surgery (Pial Vessel Disruption, or PVD) displayed
an increase in lacZ expressing neuronal stem cells of the SVZ after seven days. Other studies
showed that Wnt-signaling is also involved in the differentiation of NSCs in the mature brain.
For example, in adult NSCs of the SVZ, Wnt-signaling induces cell-cycle exit in the presence of
Hipk1, an interactor of β-catenin. Furthermore, when overexpressing β-catenin and Hipk1, an increase
of the cell-cycle inhibitor P16Ink4 was observed [49]. Therefore, Wnt has a role both in the proliferation
and differentiation of NSCs cells in the adult brain.

Apart from its role in NSCs, Wnt-signaling has a positive developmental role in the maturation
of dendrites and spines. The α-catenin/β-catenin/N-cadherin complex acts as a scaffold between
intracellular actin and extracellular cadherin-dependent interactions [50,51]. This role is important
for dendrite arborization in the developing brain, as demonstrated by the fact that overexpression
of β-catenin, α-catenin and N-cadherin individually, and co-expression of β-catenin and N-cadherin
in vitro, both induce increased dendritic branching [52]. In addition, β-catenin has also been implicated
in spine pruning and maturation as part of the β-catenin/N-cadherin complex. By inducing a
conditional knockout of β-catenin in the cerebral cortex and hippocampus of mice, spine density
is increased and is comprised mostly from immature spines [53]. This suggests that pruning of
immature spines may be dependent on β-catenin function.

In addition to the roles in neuronal differentiation and morphology, β-catenin has been suggested
to have an additional role in neurotransmission through two distinct mechanisms. First, translocation
of β-catenin to spines may increase the size of the post synaptic density (PSD) which leads to
increased synaptic transmission [54]. This was shown by inducing a point mutation, which prevents the
phosphorylation of Tyr654 in β-catenin, and results in its increased localization to spines. Considering
the role of β-catenin in the α-catenin/β-catenin/N-cadherin complex, and the complex’s importance
in inducing cell-cell contacts [55], the authors deciphered if increased presence of β-catenin in spines
might increase synaptic contacts, and affect other properties such as postsynaptic morphology and
neurotransmission. Interestingly, they observed more intense and larger PSD-95 puncta and increased
mEPSCs. Second, in the presynaptic neuron, β-catenin has been shown to have a role in recruiting
vesicles to the presynaptic membrane: β-catenin has a PDZ domain used to recruit PDZ domain
containing proteins such as Veli and Cadherin clusters [56]. Veli has been shown to create a tripartite
complex with CASK and Mint1, which binds Munc18-1. This complex is essential for vesicle docking
to the plasma membrane [57,58]. It has also been shown that regulation of synaptic vesicle release
into the synaptic cleft is important for healthy development of synaptic plasticity in 4–8 day old
rats [59]. In that regard, β-catenin is suggested to have an essential role. This has been shown by
siRNA-mediated knockdown of synaptic β-catenin, which increased spillage of vesicle content into the
synaptic cleft in nascent presynaptic terminals [60]. An additional study revealed that neuronal cultures
treated with Wnt8A-conditioned media displayed increased PSD95 puncta, and that the co-receptor
LRP6 selectively localizes to excitatory synapses where it takes part in regulating excitatory synaptic
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development [61]. These studies show that Wnt-signaling, and in particular β-catenin, is essential for
normal brain development as well as adult brain performance.

3.2. How Wnt-Signaling May Be Involved in ASD

From the known roles of Wnt-signaling in neuronal differentiation, morphology,
and neurotransmission, we can propose possible roles for dysregulated Wnt-signaling in the
processes that are dysregulated in the brain of individuals diagnosed with ASD. Numerous studies
have witnessed differences in cortical patterning or spine morphology in the brain of individuals
with ASD. In some cases, it has been shown that cortical dendritic spine density is increased in the
brain of individuals with autism [62]. This matches the phenotype of the β-catenin knockout mice,
which displays increased spines [53]. However, it is not clear if the increase in spine density in the
ASD brain is due to an increase in immature spines, as is in the case of the knockout mice. In addition,
studies have shown dysregulation of cytoarchitecture in the cortex and in the architecture of the
microcolumns in the cortex of individuals diagnosed with ASD [63,64]. A separate study, using the
three dimensional imaging technique CLARITY, determined abnormal connections between axons
in the brain of individuals with ASD [65]. Considering that dysregulation of Wnt-signaling affects
development of normal cortical architecture, as well as neuronal morphology, it is possible that
dysregulated Wnt-signaling is involved in these dysregulations in the ASD brain.

Experimentation in mouse models have also given more insight into the possible roles of Wnt in the
development of ASD. Interestingly, a conditional knockdown of β-catenin in Parvalbumin (PV) neurons
in mice induced increased repetitive behaviors and anxiety, decreased social interaction, and an increase
in PV neuron density in the prefrontal cortex [66]. An additional Wnt-signaling component, Glycogen
Synthase Kinase-3 (GSK3) was recently reviewed as a key driver of ASD development, as well as
a therapeutic target for FXS [67,68]. GSK3 is hyperactive in several brain regions of the FXS mouse
model [69] and impaired social preference and exaggerated anxiety during social interaction have
been recorded in a GSK3 knockin mouse model [35]. So using this model, researchers inhibited GSK3
functioning in the hippocampus to explore how its hyperactivity contributes to FXS phenotypes. Both
novel object detection and hippocampal learning, which are deficient in this mouse model, were
rescued [70,71]. These studies suggest a direct link between Wnt-signaling and autism-like behavior in
autism mouse models.

In addition, recent studies in mouse models have determined how autism-related mutations may
induce autism-related behaviors through the dysregulation of Wnt-signaling. One such example is CHD8,
a gene that was recently found to be strongly associated to ASD and encodes for a chromatin-binding
protein. One of the first studies on CHD8 in the brain shows that it acts as a positive regulator of the Wnt
pathway in the brain [72]. CHD8 binds to the promoter regions of Fzd1, Dvl3 and β-catenin. Knockdown
of CHD8 during cortical development results in their downregulation, leading to the reduction of the
TCF/LEF transcription factor family and ultimately defective brain development. By expressing a
degradation-resistant β-catenin construct in CHD8-downregulated embryos, researchers rescued the
aberrant dendritic arborization as well as increased spine density in the CHD8-downregulated mice.
In addition, the study showed that inducing stable β-catenin restores the aberrant social and anxiogenic
behaviors to the levels seen in control mice. The Shank scaffolding family is an additional group of
high-risk ASD genes that have been suggested to interact with Wnt-signaling components. In a
recent publication by Harris et al., a Shank-knockout drosophila model was used to study of the
potential molecular pathways that the Shank family of genes regulate [73]. Surprisingly, the study
revealed that the non-canonical Wnt-Frizzled Nuclear Import (FNI) pathway was affected. In this
pathway, Wnt binding induces internalization of the Fz2 receptor, followed by proteolytic cleavage
of the receptors’ N-terminus to form Fz2-C, which translocates into the nucleus, where it regulates
transcription necessary for synaptic development [74,75]. By knocking out Shank family genes, Harris
et al. revealed reduction of the Fz2 internalization into the post-synaptic membrane, reduction of
Fz2-C presence in the nucleus, and abnormal synaptic development. Therefore, there is accumulating
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evidence that autism-associated mutations affect abnormal cortical patterning, synaptic development,
and autism-like behaviors through modulation of Wnt-signaling pathway.

4. Calcium and Calmodulin Signaling

4.1. Roles of Calcium-Signaling and the Calmodulin-Binding Pathway in the Brain

Shifts in Calcium (Ca2+) concentrations have been shown to affect the function of several tissues
and organs such as the heart, pancreas and components of the Central Nervous System (CNS).
Therefore, it is of no surprise that disequilibrium in signaling leads to pathology [76]. In the brain,
Ca2+ performs specific functions in the presynapse and postsynapse. In the presynapse, arrival
of action potentials induce an increase of presynaptic Ca2+ levels through activation of the N and
P/Q-voltage-gated channel. The influx of Ca2+ leads directly to the release of neurotransmitters [77].
However, the role of Ca2+ in postsynaptic signal transduction pathways has been found to be
dysregulated in the autism genetic studies discussed previously.

Ca2+-induced effects in postsynaptic neuronal function and excitability are mediated through
its binding with the protein Calmodulin (CaM; Ca2+-Modulated protein), which induces signaling to
additional downstream CaM Kinases [77,78]. Glutamic acid induces Ca2+ influx at the postsynapse by
binding to N-methyl-D-aspartate receptors (NMDARs) and metabotropic glutamate receptors such
as mGlur1, which initiates the release of internal Ca2+ stores [77]. After binding Ca2+, CaM may
induce the activation of CaMKII or CaMKK2. CaMKII is a dodecamer holoenzyme which has
28 isoforms composed of four different subunits (CaMKIIα through δ), and resides mostly in spines
and dendritic shafts of excitatory neurons [79–81]. The mandatory role of CaMKII in synaptic
function has been well described [82]. Active CaM binds to CaMKII subunits and relieves them
from autoinhibition, which leads to autophosphorylation and kinase activity [78]. CaMKIIα kinase
activity is mandatory for long-term potentiation (LTP), the main electrophysiological determinant of
experience-dependent synaptic strengthening, and is highly involved in behavioral processes, such as
learning and memory. Deletion of CAMKIIA, or inhibiting the binding of CaM and Ca2+ to CaMKII,
inhibits LTP induction [83]. CaMKIIβ has been shown to interact with cytoskeleton subunits such as
F-actin, α-catinin and the PSD protein Densin-180 for the purpose of spine size regulation, as well
as to affect long-term synaptic plasticity by binding and regulating receptors such as GluN2B and
GluA1 [80,82]. Furthermore, accumulating evidence show that CaMKII phosphorylates the GABAA β,
γ2 and α1 subunits, and regulates GABAA trafficking to the synaptic membrane [84]. Since GABA is
the major inhibitory neurotransmitter, these findings highlight that CaMKII plays important roles in
both excitatory and inhibitory neurotransmission.

CaM also activates CaMKK2, whose activity is crucial for spatial memory formation, and the
downstream activation of additional kinases: CaMKI is a positive transducer of growth cone motility
which is essential for neurite elongation and arborization [85]; phosphorylation of CaMKIV increases
gene expression and protein synthesis, and is also necessary for contextual fear [86]. CaMKK2 also
phosphorylates other kinases such as the AMP-activated Protein Kinase (AMPK) who’s activity is
essential for regulating the energy intake necessary for typical brain function [87]. Interestingly,
CAMKIG and CAMKIV are among the genes which were enriched in the Calmodulin-binding pathway
in the Ben-David et al. publication, which looked for common molecular pathways affected by rare
and common variations in ASD [40]. Overall, this data provides compelling evidence of how Ca2+

signaling and the CaM pathway are involved in neurological functions by affecting a variety of synaptic
characteristics, neurotransmission via excitatory and inhibitory receptor regulation and important
biological functions such as LTP and LTM. Deficits in the CaM pathway and its branching cascades
have the potential to be involved in many neuropsychiatric conditions due to their broad influence
on many biological systems, and more specifically by the way it regulates neurotransmission and
synaptic characteristics.
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4.2. How Calcium-Signaling and the Calmodulin-Binding Pathway May Be Involved in ASD

Considering the central role of Ca2+ and CaM signaling in synaptic function and neuronal
connectivity, it is reasonable to presume that dysregulation of this pathway could lead to autism-related
symptoms. However, it is technically challenging to decipher if there are any dysregulation in synaptic
functions such as LTP in humans diagnosed with ASD, while evidence for such dysregulation have
been frequently observed in several ASD mouse models [88,89]. Therefore, our understanding of the
possible role of Ca2+ signaling in autism is still at its infancy, compared to more established role of the
Wnt pathway. Of great interest, one human study has used Transcranial Magnetic Stimulation (TMS)
to study changes in long term potentiation-like synaptic plasticity in humans diagnosed with ASD [90].
In this study, the researchers performed TMS in cortical regions followed by motor-evoked potentials.
Individuals with ASD did not show any changes in motor-evoked potentials after TMS, unlike
neurotypical controls. This study suggests deficits in plasticity that resemble deficits in LTP. Additional
human studies have verified similar deficits in neuronal network connectivity in ASD patients, as has
been recently reviewed [91]. These studies have often found changes in electroencephalographic
signals after different sensory stimuli in ASD patients. Overall, these studies suggest deficits in
synaptic and network activity that may be related to Calcium-signaling.

While studies of Ca2+ signaling in the human brain remains challenging, recent studies have
determined disturbances in Ca2+ signaling in cells derived from individuals with ASD. Agonist-evoked
Ca2+ signaling has been shown to be dysfunctional in skin fibroblasts derived from individuals
diagnosed with autism [92]. An elegant study was performed on induced Pluripotent Stem Cells
(iPSC) derived from individuals diagnosed with Timothy syndrome [93], a syndromic autism where
80% of individuals are diagnosed with ASD. These iPSCs were differentiated into neurons in vitro
and displayed dysregulated Ca2+ signaling and changes in activity-dependent gene transcription.
While these studies suggest that Ca2+ signaling and CaM may be involved in the biology of ASD,
technological improvements of Ca2+ imaging in the human brain, and more high-throughput studies in
individuals diagnosed with ASD, are necessary to understand the role of Ca2+ in the specific behaviors
and brain regions that are particularly relevant to ASD.

Animal models and in vitro studies have given some additional insights into how dysregulation of
Ca2+ and Calmodulin-binding may be involved in abnormal neurodevelopment. For example, CaMKIV
positively regulates the transcription of FMRP (Fragile-X Mental Retardation Protein), the causative
gene of FXS [94]. A follow-up study found that a Single Nucleotide Polymorphism (SNP) in the gene
CaMKIV (rs25925) is associated with higher risk for ASD development in a European cohort. This SNP
appears to be located on a splicing factor binding site, and is predicted to alter the balance of CaMKIV
isoforms [95]. In addition, CaMKIIα has been shown to regulate the activity of mGluR5, which is a
potential target in FXS treatment [96]. It is still unclear how CaMKIIα perturb mGluR5 activity in FXS,
however one proposed mechanism suggests that CaMKIIα is significantly elevated in the synapse of
FXS mouse models, which might cause the hyperphosphorylation of the Homer 1 (H1) and 2 (H2)
scaffolding proteins, resulting in their dissociation from mGluR5. This dissociation allows the short
Homer 1 isoform, H1α, to bind mGluR5 and induce ligand-independent activity of the receptor [97].
Inhibition of mGluR5 in FMR1 knockout mice improved learning and memory, which highlighted this
therapy as a promising pharmaceutical treatment [98]. However, clinical trials that were designed
to inhibit mGluR5 and its downstream pathways in FXS patients described only partial success,
as extensively reviewed by Schaefer, Davenport and Erickson [99]. In one clinical study, the mGluR5
selective antagonist fenobam induced improvement in prepulse inhibition, but had no effects on the
excessive impulsivity observed in FXS patients [100]. In another clinical study, treatment of a small
cohort of FXS patients with Lithium—which mitigates signaling pathways activated via mGluR5
signaling—resulted in significant behavioral improvements such in hyperactivity and inappropriate
speech, however induced only a tendency for improvement in irritability, lethargy and repetitive
behaviors [101].
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An additional syndromic autism linked with Ca2+ signaling dysregulation is Angelman Syndrome
(AS), which is characterized by the deletion of the maternal allele of 15q13-11, including the gene UBE3A.
In the UBE3A maternal allele null mouse model, disruptions in the autophosphorylation of CaMKIIα,
which is essential for its kinase activity, is responsible for LTP deficits of the hippocampus [102]. CaMKIIα
has also been found to interact directly with scaffolding proteins associated with ASD development.
Specifically, using immunoprecipitation to pull-down CaMKII from different neuronal cell fractions of
the forebrain, it was determined that CaMKII binds Shank3, Dlgap2 and Syngap1 in the synapse [103].
In summary, various studies have identified CaMKIV and CaMKIIα as the two main Ca2+ signaling
enzymes that are most likely to be involved in ASD. On one hand the Ca2+ and Calmodulin-binding
pathways may be interesting targets for therapeutic interventions. However, future studies in mouse
models, and electrophysiology studies in humans, are necessary to understand how and why the Ca2+

signaling pathway is involved in ASD. Further studies are particularly needed to clarify the potential
roles of Ca2+ signaling in social behaviors or repetitive behaviors, which form the core features of ASD.

5. Additional Signaling Pathways

Thus far, we have discussed the Wnt-signaling and Calmodulin-binding pathways as potential
molecular mechanisms that are involved in ASD, due to the fact that these pathways have been
found to be enriched for ASD-associated genes in multiple network-based analysis. In addition to
these pathways, the mTOR-signaling and NGF-signaling pathways have also appeared in some of
the discussed bioinformatic publications, although not quite as often as the Wnt and Calmodulin
pathways. The mTOR pathway has already gained significant attention in connection to autism due
to its significant involvement in syndromic autisms, as explained below. There is yet little known
connection between NGF and ASD, however it is worth shortly considering the possible connections,
considering its roles in brain development and function.

5.1. The PI3K/Mtor-Signaling Pathway

Mammalian Target of Rapamycin (mTOR) is a serine/threonine kinase, which is considered a
central kinase in organism development. Therefore it is of no surprise that ablation of mTOR results in
in-utero death a short time after the implantation stage of the embryo in the uterus endometrium [104].
The mTOR pathway regulates brain development through two main cascades driven by two complexes:
mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). In the developing brain each cascade
seems to take part in unique developmental duties [105]. The mTORC2 cascade facilitates growth cone
motility through its interaction with actin filaments. This role is essential for pathfinding dynamics
of the neurite in the developing brain. Additionally, mTORC2 has an indirect influence on neuron
size and morphology by regulating mTORC1 through RAC-alpha serine/threonine-protein kinase
(AKT) activity. AKT activates mTORC1 which in turn phosphorylates p70 ribosomal protein S6
kinase (p70S6K) and eukaryotic Initiation Factor 4E (eIF4E)-binding protein (4EBP), which enhance a
downstream cascade necessary for both protein synthesis and lipid synthesis. The products are used
for plasma membrane expansion that is required for neurite elongation and arborization, and dendrite
formation. This developmental mechanism driven by mTORC1 may also be directly activated by
extracellular stimulation such as growth factors and neurotransmitters.

There is an abundance of publications linking mTOR-signaling to ASD, and it is considered
to be one of the most promising converging signaling pathway candidates for ASD development.
The involvement of mTOR-signaling in ASD and other neuropsychiatric conditions has been thoroughly
reviewed previously [106]. However, unlike the previously described pathways in this review, and to the
best of our knowledge, only one publication has described a link between the mTOR-signaling pathway
and ASD using a network analysis-based approach [38]. Rather, the evidence for mTOR-signaling
as a promising common ASD pathway candidate arise mostly from in vivo research into syndromic
autisms such as Tuberous Sclerosis (TS), PTEN-related syndrome, Neurofibromatosis Type 1 (NF-1)
and FXS [12,107–109]. In TS, the TSC1/2 complex has an inhibitory role on mTORC1, and knockdown
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of TSC2 results in over-activation of mTORC1 and mTORC2, leading to an increase in neuronal cell
size of the fetal brain [110]. Interestingly, blocking mTOR activity in TSC2-haploinsufficient mice using
rapamycin reversed social deficits, suggesting that mTOR-signaling has a role in the manifestation
of overall autistic behaviors, and in TSC particularly [111]. PTEN is a phosphatase which also acts
as a negative regulator of the mTOR-signaling pathway by reducing the activity of the PI3K/AKT
pathway. As previously mentioned, AKT activates mTORC1 which is essential for protein synthesis of
the developing neurite. Therefore, PTEN dysfunction might lead to increased protein synthesis and
abnormal brain growth. Indeed, it has been shown that PTEN mutations in a subset of ASD cases
are co-morbid with overgrowth and macrocephaly [112]. Mouse models with conditional knockout
of PTEN in mature neurons of the cerebral cortex and hippocampus display axonal overgrowth,
ectopic axonal projections, and abnormal synapses, as well as reduced social interaction, increased
anxiety, and hyperexcitability [113]. In a recent publication by Cupolillo et al., conditional knockout
of PTEN in cerebellar Purkinje cells led to a reduction in social interaction and repetitive behavior,
paralleled with structural abnormalities in cerebellar axons and dendrites [114]. Neurofibromin (NF),
a tumor suppressor through its GTPase-activating function, is an additional negative regulator of
mTOR-signaling via TSC2 [115]. It is the key inducer of the familial cancer syndrome, NF-1, a pathology
where autism-like social dysfunction has also been observed [108]. It is still unclear exactly how NF is
specifically involved with the ASD-like phenotype observed in NF-1. However, considering that the
disequilibrium of the negative regulation of mTOR-signaling both by TSC1/2 and PTEN has been shown
to be impaired in syndromic autisms, it is possible to claim that NF has a role in ASD-like phonotype
development through its regulation of mTOR. In the case of FXS, increased phosphorylation of mTOR
and p70S6K was observed both in lymphocytes and brain samples of FXS patients, which suggest
increased protein synthesis, which is the main avenue by which mTOR dysregulation is believe to
induce ASD development [109].

In all of the examples given above, inability to downregulate mTOR-signaling is associated with
the autism phenotype. In fact, studies determined that blocking mTOR through the use of Rapamycin
improves social deficits in the TS and BTBR mouse models [111,116] which implies that Rapamycin
might be a possible therapy for the social deficits in ASD.

5.2. Nerve Growth Factor

Nerve Growth Factor (NGF) is a primary neurotrophin for peripheral organ innervation and
sensory neuron development. As the nervous system develops, target-organs secret NGF that is
detected by elongating axons, and through receptor-mediated endocytosis it enhances survival, neurite
outgrowth and synaptic plasticity and connectivity [117]. A role for NGF in the CNS was initially
observed in the developing rat forebrain, as researchers injected exogenous NGF intraventricularly to
neonatal rats, which resulted in an increase of Choline Acetyltransferase (ChAT) [118]. Further studies
of NGF in the rat forebrain showed that NGF regulates cholinergic development and differentiation
by binding Tropomyosin receptor kinase A (TrkA), which by a positive feedback loop, increases
TrkA expression as well as ChAT in cholinergic neurons [119]. Since then, NGF, together with BDNF,
have been shown to play an important role in orchestrating neuronal plasticity important for sociability
in mice [117].

Given its important role in nervous system development, it is not surprising that dysregulation in
NGF-signaling has been implicated in psychiatric disorders such as depression, schizophrenia and
Alzheimer’s disease [117]. Nevertheless, the number of publications linking NGF to ASD is scarce.
In fact, some publications have shown that NGF levels in cerebral spinal fluid (CSF) and blood is
typical in children with ASD [120,121]. However, more recent publications begin to present a different
picture. A study analyzing Differential Alternative Splicing (DAS) in the blood mRNA of 2–4 year
old boys diagnosed with ASD showed there was a significant difference in DAS for several genes
involved in NGF-signaling, including the NGF receptors, Nerve Growth Factor Receptor (NGFR)
and Neurotrophic Receptor Tyrosine Kinase 1 (NTRK1) [122]. A different study showed that SNPs
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in NTRK1 associated with ASD behavioral traits measured by the Empathy Quotient (EQ) and the
Autism Spectrum Quotient (AQ) [123]. In an interesting study by Lu et al., researchers conducted a
genome-wide Quantitative Trait Loci (QTL) study and found that several SNPs in NGF are significantly
associated with deficits in non-verbal communication, which is an autistic trait [124]. The reasoning for
the QTL approach was to focus on a specific trait and find the genetic loci associated to it and reduce
some of the genetic heterogeneity that usually complicates ASD genetic research. Therefore, while there
is scarce evidence for the role of NGF-signaling in ASD from animal studies, human genetic studies
have actually found associations between the NGF pathway and behaviors that are dysregulated in
ASD. Therefore, further research into the possible mechanistic roles for NGF in social behavior are
needed [39].

6. Conclusions

ASD’s elusive genetic etiology imposes a great challenge to our understanding of the disorder’s
pathology. The growing number of genes associated with ASD, both rare and common variants,
and the fact that these genes are involved in a variety of biological processes, makes it difficult for the
research community to find a specific target for therapy. Taking into account that there are currently
no pharmacological agents that treat the core symptoms of ASD, there is great need to understand
the biological pathways that are targeted by ASD-mutations, which can be novel pharmacological
targets. Both Wnt and the Ca2+ signaling pathways that we discussed in-depth in this review are
potential targets for pharmacological intervention. However, while these pathways have been well
characterized, there is still a great need to understand exactly how dysregulation of these pathways
are involved in the core characteristics of ASD, including social and repetitive behaviors. A more clear
understanding of the specific roles of these pathways in specific brain region is also likely to shed some
light into this issue.

Up until now, the only way to find common pathways affected by ASD-associated genes was by
in-silico network analysis. However, with the creation of multiple mouse models based on these genetic
aberrations, a current method can be to decipher common molecular dysregulations found in these
multiple autism mouse models, and to correlate these dysregulations with the animal’s behavioral and
neurodevelopmental phenotypes. For example, Ellegood et al. revealed that autism mouse models
can be clustered according to neuroanatomical differences such as changes in the volume of different
brain regions [125]. In a recent review, Kim et al., compared publications on multiple mouse models,
and searched for physiological dysregulations underlying the variety of repetitive behavior types
observed in ASD mouse models. While Kim et al. deciphered that it is difficult to link repetitive
behavior types to specific brain regions, they discovered a few common pathways that are often
involved in ASD phenotypes [126]. One example is involvement of glutamatergic connections from
the frontal cortex to the midbrain, involved in repetitive behaviors. Therefore, the spatial and temporal
resolution of ASD-related molecular pathways cannot be determined by network analysis of genetic
data, but rather through the analysis of in vivo models. Therefore, parallel investigation of molecular
mechanisms dysregulated in multiple mouse models of autism genes is likely to reveal important
mechanisms and novel therapeutic targets.
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ADHD Attention Deficit Hyperactivity Disorder
AKT RAC-alpha serine/threonine-protein kinase
AMPK AMP-activated Protein Kinase
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AQ Autism Spectrum Quotient
AS Angelman Syndrome
ASD Autism Spectrum Disorder
BDNF Brain-derived Neurotrophic Factor
BIO (2′Z,3′E)-6-Bromoindirubin-3′-oxime
CaM Calmodulin
CAMK Ca2+/calmodulin-dependent protein kinase
CASK Calcium/Calmodulin Dependent Serine Protein Kinase
CDFE Cortical Dysplasia-focal Epilepsy
ChAT Choline Acetyltransferase
CHD8 Chromodomain Helicase DNA Binding Protein 8
CNS Central Nervous System
CNTNAP2 Contacting Associated Protein 2
CNV Copy Number Variation
COL11A1 Collagen Type XI Alpha 1 Chain
DAS Differential Alternative Splicing
Dlgap2 DLG Associated Protein 2
Dvl3 Dishevelled Segment Polarity Protein 3
eIF4E Eukaryotic Translation Initiation Factor 4E
EQ Empathy Quotient
FMR1 Fragile-X Mental Retardation 1
FNI Frizzled Nuclear Import
FOXP1 Forkhead Box P1
FXS Fragile-X Syndrome
Fzd1 Frizzled Class Receptor 1
GABA Gamma-Aminobutyric
GJB6 Gap Junction Protein Beta 6
GOC Gene Ontology Consortium
GRIN2B Glutamate Ionotropic Receptor NMDA Type Subunit 2B
GSK3β Glycogen Synthase Kinase 3 Beta
GWAS Genome Wide Association Study
H1 Homer 1
H2 Homer 2
Hipk1 Homeodomain Interacting Protein Kinase 1
ID Intellectual Deficiency
IPA Ingenuity Pathway Analysis
iPSC induced pluripotent stem cells
KATNAL2 Katanin Catalytic Subunit A1 Like 2
KCNQ4 Potassium Voltage-Gated Channel Subfamily Q Member 4
KEGG Kyoto Encyclopedia of Genes and Genomes
LAMC3 Laminin Subunit Gamma 3
LEF Lymphoid Enhancer Binding Factor
LRP5 LDL Receptor Related Protein 5
LRP6 LDL Receptor Related Protein 6
LTP Long Term Potentiation
MECP2 Methyl CpG binding protein 2
mGluR5 Glutamate Metabotropic Receptor 5
mTOR Mammalian Target of Rapamycin
mTORC1 Mammalian Target of Rapamycin complex 1
mTORC2 Mammalian Target of Rapamycin complex 2
MYH14 Myosin Heavy Chain 14
NF Neurofibromin
NF-1 Neurofibromatosis Type 1
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NGF Nerve Growth Factor
NGFR Nerve Growth Factor Receptor
NGS Next Generations Sequencing
NMDAR N-methyl-D-aspartate receptors
NSC Neuronal Stem Cell
NTNG1 Netrin G1
NTRK1 Neurotrophic Receptor Tyrosine Kinase 1
p70S6K p70 ribosomal protein S6 kinase
PI3K Phosphatidylinositol-4,5-Bisphosphate 3-Kinase
PPI Protein-Protein Interaction
PROSAP2 Proline Rich Synapse Associated Protein 2
PSD Post Synaptic Density
PTEN Phosphatase And Tensin Homolog
PV Parvalbumin
PVD Pial Vessel Disruption
QTL Quantitative Trait Loci
SCN1A Sodium Voltage-Gated Channel Alpha Subunit 1
SCN2A Sodium Voltage-Gated Channel Alpha Subunit 2
SFARI Simmons Foundation Autism Research Initiative
SHANK3 SH3 And Multiple Ankyrin Repeat Domains 3
SNP Single Nucleotide Polymorphism
STXBP1 Syntaxin Binding Protein 1
SVZ Subventricular Zone
Syngap1 Synaptic Ras GTPase Activating Protein 1
TCF Transcription Factor
THRA Thyroid Hormone Receptor, Alpha
TMS Transcranial Magnetic Stimulation
TrkA Tropomyosin receptor kinase A
TSC1 Tuberous Sclerosis 1
TSC2 Tuberous Sclerosis 2
UBE3A Ubiquitin Protein Ligase E3A
WGCNA Weighted Gene Co-expression Network Analysis
Wnt Wingless-type
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Abstract: Bipolar disorder (BPD) and schizophrenia (SCH) show similar neuropsychiatric behavioral
disturbances, including impaired social interaction and communication, seen in autism spectrum
disorder (ASD) with multiple overlapping genetic and environmental influences implicated in risk
and course of illness. GeneAnalytics software was used for pathway analysis and genetic profiling
to characterize common susceptibility genes obtained from published lists for ASD (792 genes),
BPD (290 genes) and SCH (560 genes). Rank scores were derived from the number and nature of
overlapping genes, gene-disease association, tissue specificity and gene functions subdivided into
categories (e.g., diseases, tissues or functional pathways). Twenty-three genes were common to all
three disorders and mapped to nine biological Superpathways including Circadian entrainment
(10 genes, score = 37.0), Amphetamine addiction (five genes, score = 24.2), and Sudden infant
death syndrome (six genes, score = 24.1). Brain tissues included the medulla oblongata (11 genes,
score = 2.1), thalamus (10 genes, score = 2.0) and hypothalamus (nine genes, score = 2.0) with six
common genes (BDNF, DRD2, CHRNA7, HTR2A, SLC6A3, and TPH2). Overlapping genes impacted
dopamine and serotonin homeostasis and signal transduction pathways, impacting mood, behavior
and physical activity level. Converging effects on pathways governing circadian rhythms support a
core etiological relationship between neuropsychiatric illnesses and sleep disruption with hypoxia
and central brain stem dysfunction.

Keywords: mental illness; genetic profiling; GeneAnalytics molecular pathway analysis; circadian
entrainment

1. Introduction

Severe neuropsychiatric disorders collectively present with similar behavioral, social, cognitive
and perceptual disturbances including autism spectrum disorder (ASD). ASD includes classical autism,
Asperger syndrome and pervasive developmental disorder with problems in social interaction and
communication or repetitive behavior. Schizophrenia (SCH) presents with delusions, hallucinations,
disorganized thinking and behavior with negative symptoms. Bipolar disorder (BPD) is considered a
developmental disorder characterized by progressive cognitive impairment, residual symptoms, sleep
disturbance, and emotional dysregulations with cycles of depression and mania. Schizophrenia and
bipolar disorders share many common traits with ASD, including social and cognitive dysfunction and
impaired ability to function, live and work independently [1]. Considerable overlap has been identified
between the molecular mechanisms implicated in the etiology of schizophrenia, bipolar disorder, and
autism, suggesting similar root causes [2]. Up to 30% of patients diagnosed with ASD during childhood
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will develop schizophrenia during adulthood [3]. Further, the presence of schizophrenia or bipolar
disorder in first-degree relatives is a consistent and significant risk factor for ASD [4]. These three
neuropsychiatric illnesses have complex inheritance patterns with >80% estimate for each disorder
with multiple genetic and environmental factors influencing disease risk and course [2,4].

A recent large collaborative genetic study of families with schizophrenia and ASD showed
significant overlap in candidate genes and susceptibility regions for both disorders using traditional
karyotyping, genome-wide association studies (GWAS) and comparative genome hybridization (CGH)
analyses by identifying chromosomal deletions and duplications in individuals with ASD [5–8].
ASD and SCH risk alleles appear to impact growth-signaling pathways with autism associated with
loss of function in many genes [9–11], whereas schizophrenia tends to be associated with reduced
function or activity of genes that up-regulate growth-related pathways [12–16].

Cytogenetic, linkage and association studies have identified common copy number variants
(CNVs, deletions, duplications) between ASD and SCH which may produce dosage-dependent gain or
loss of expression of genes contributing to phenotypic variation in presentation and course of illness.
A large number of autism-specific CNVs have been found but with low recurrence (<1%) and they
show a high level of genetic heterogeneity. For example, when the 15q11.2 BP1–BP2 region or 15q13.3
band contains a deletion or duplication in patients, then autism or a variety of neuropsychiatric traits
including schizophrenia are identified [3,17–19]. Gene expression disturbances were found using
postmortem cortical brain tissue from patients with autism, schizophrenia and bipolar disorder and
they have shown a high correlation between the transcriptomes of ASD and schizophrenia, but not in
BPD [5]. Hence, a large number of possible genetic and environmental factors do influence disease
risk, expression and treatment.

Herein, we use the GeneAnalytics [20] program pathway analysis to further profile and
characterize the underlying molecular architecture of clinically and etiologically relevant genes
common to ASD [21], bipolar disorder [22] and schizophrenia [23] and associated diseases.

2. Results

The original gene lists reported in the literature included 792 genes for ASD [21], 290 genes for
bipolar disorder [22] and 560 genes for schizophrenia [23], and of these, 23 genes were found in common
in all three conditions (see Table 1). Functional analysis of the 23 genes identified from the submitted
list of genes showed a high match for schizophrenia (17 genes, score = 15.1) with medium-match
scores representing 25 other disorders including bipolar disorder (nine genes, score = 9.6) and autism
spectrum disorder (10 genes, score = 9.1). Additional diseases identified were related to disorders of
mental health including mood and personality disorders (see Table 2A). Tissues and cell types profiled
for these 23 overlapping genes identified five common types of brain tissues which achieved high
match scores (see Table 2B). These included the medulla oblongata (11 genes, score = 2.1), thalamus
(10 genes, score = 2.0), hypothalamus (nine genes, score = 2.0), hippocampus (nine genes, score = 1.9)
and cerebellum (eight genes, score = 1.9). Six (BDNF, DRD2, CHRNA7, HTR2A, SLC6A3, and TPH2) of
the overlapping genes were matched to all five tissues types. Sixteen of the overlapping genes matched
to a total of 36 Biological Superpathways with a total of nine Superpathways achieving significantly
high match scores according to the GeneAnalytics pathway analysis and algorithm [20]. The Circadian
entrainment pathway showed the highest match score involving 10 genes (score = 37.0), followed by
Amphetamine addiction involving five genes (score = 24.3) and Sudden infant death syndrome (SIDS)
susceptibility pathways (six genes, score = 24.1) (see Table 3).
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Table 1. Twenty-three clinically relevant genes common to ASD, BPD and schizophrenia.

Gene Symbol Gene Name Chromosome Location

BDNF Brain-derived neurotrophic factor 11p14.1
ANK3 Ankyrin 3 10q21.2

CACNA1C Ca2+ channel, voltage-dependent, L type, α1C subunit 12p13.33
CACNB2 Ca+ channel, voltage dependent, β2 subunit 10p12.33
CHRNA7 Cholinergic receptor, nicotinic, α7 (neuronal) 15q13.3

CNTNAP5 Contactin associated protein-like 5 2q14.3
CSMD1 CUB and sushi multiple domains 1 8p23.2
DISC1 Disruption in schizophrenia 1 1q42.2
DPP10 Dipeptidyl-peptidase 10 (non-functional) 2q14.1
DRD2 Dopamine receptor D2 11q23.2
FOXP2 Forkhead box P2 7q31.1
GSK3B Glycogen synthase kinase 3β 3q13.33
HTR2A 5-Hydroxytryptamine (serotonin) receptor 2A, G-protein-coupled 13q14.2
MAOA Monoamine oxidase A Xp11.3
MTHFR Methylenetetrahydrofolate reductase 1p36.22
NOS1AP Nitric oxide synthase 1 (neuronal) adaptor protein 1q23.3

NRG1 Neuregulin 1 8p12
PDE4B Phosphodiesterase 4B, CAMP-specific 1p31.3
SLC6A3 Solute carrier family 6 (neurotransmitter transporter, dopamine), member 3 5p15.33

SYN3 Synapsin III 22q12.3
TCF4 Transcription factor 4 18q21.1
TPH2 Tryptophan hydroxylase 2 12q21.1

ZNF804A Zinc finger protein 804 A 2q32.1

Table 2. GeneAnalytics program mapping of diseases, tissues and cells that were significantly matched
to 23 overlapping genes for autism spectrum disorder, bipolar disorder and schizophrenia.

A. Diseases Genes Matched to Disease Type (Highmatch Score)
No. of Genes in

Disease Type
Score

Schizophrenia
ANK3, BDNF, CACNA1C, CHRNA7, DISC1, NRG1, DRD2,

GSK3B, HTR2A, MAOA, MTHFR, NOS1AP, PDE4B,
SLC6A3, SYN3, TPH2, ZNF804A

249 15.1

(Mediummatch scores > 6.0)

Bipolar disorder BDNF, DISC1, DRD2, GSK3B, HTR2A, MAOA, NRG1,
SLC6A3, ZNF804A 39 9.6

Autism spectrum disorder BDNF, CHRNA7, DISC1, DRD2, FOXP2, HTR2A, MAOA,
MTHFR, SLC6A3, TPH2 103 9.1

Disease of mental health BDNF, DISC1, DRD2, HTR2A, MAOA, NRG1,
SLC6A3, ZNF804A 57 8.0

Attention deficit
hyperactivity disorder

BDNF, CHRNA7, DRD2, HTR2A, MAOA, SLC6A3,
TPH2, ZNF804A 63 7.8

Mood disorder BDNF, CACNA1C, DISC1, DRD2, HTR2A, MAOA, TPH2 31 7.7

Psychotic disorder BDNF, CHRNA7, DISC1, DRD2, HTR2A, NRG1, SLC6A3 37 7.5

Anxiety disorder BDNF, DRD2, HTR2A, MAOA, SLC6A3, TPH2 21 7.1

Obsessive compulsive disorder BDNF, DRD2, HTR2A, MAOA, SLC6A3, TPH2 29 6.8

Personality disorder DRD2, HTR2A, MAOA, SLC6A3, TPH2 14 6.4

B. Tissues and Cells Genes Matched to Tissues and Cells
No. of Genes in

Tissues And Cells
Score

Medulla oblongata BDNF, CHRNA7, DRD2, FOXP2, HTR2A, MAOA, NRG1,
PDE4B, SLC6A3, TCF4, TPH2 2179 2.1

Thalamus BDNF, CHRNA7, DRD2, HTR2A, MTHFR, PDE4B,
SLC6A3, TCF4, TPH2 1736 2.0

Hypothalamus BDNF, CHRNA7, DRD2, FOXP2, HTR2A, MTHFR, PDE4B,
SLC6A3, TCF4, TPH2 1666 2.0

Hippocampus ANK3, BDNF, CHRNA7, DISC1, DRD2, FOXP2, HTR2A,
SLC6A3, TPH2 3335 1.9

Cerebellum ANK3, BDNF, CHRNA7, DRD2, FOXP2, HTR2A,
SLC6A3, TPH2 2609 1.9
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Table 3. GeneAnalytics program mapping of superpathways with high match scores for 23 overlapping
genes for autism spectrum disorder, bipolar disorder and schizophrenia.

Superpathways Genes Matched to Superpathways
No. of Genes in
Superpathways

Score

Circadian entrainment SLC6A3, GSK3B, HTR2A, MAOA, NOS1AP, PDE4B,
TPH2, CACNA1C, CHRNA7, DRD2 390 37.0

Amphetamine addiction SLC6A3, MAOA, BDNF, CACNA1C, DRD2 87 24.3

SID susceptibility pathways HTR2A, MAOA, NOS1AP, TPH2, BDNF, CHRNA7 185 24.1

Selective serotonin reuptake inhibitor pathways HTR2A, MAOA, TPH2 29 17.5

Monoamine transport SLC6A3, MAOA, TPH2 36 16.6

Transmission across chemical synapses SLC6A3, MAOA, SYN3, CACNB2, CHRNA7 316 15.2

CREB pathways HTR2A, NRG1, BDNF, CACNA1C,
CACNB2, CHRNA7 562 14.9

Neurotransmitter clearance in the synaptic cleft SLC6A3, MAOA 8 14.6

CAMP signaling pathways PDE4B, BDNF, CACNA1C, DRD2 211 13.4

The remaining Superpathways identified did emphasize monoamine signaling and cellular
re-uptake/transport. There was little intrinsic overlap between the 36 biological Superpathways with
only one gene (DRD2) common to all nine Superpathways.

Examination of gene ontology pathways identified 17 genes that matched to a total of
32 GO-molecular functions but high match scores were found for only three molecular functions involving
six genes: Serotonin binding with two genes (HTR2, MAOA) out of nine total pathway genes, score = 14.3;
Dopamine binding with two genes (SLC6A3, DRD2) out of 10 total pathway genes, score = 14) and
High Voltage-gated Calcium Channel Activity with two genes (CACNA1C, CACNB2) out of 10 total
pathway genes, score = 14. The 23 overlapping genes mapped to a total of 55 GO-biological processes
with high match scores identified for 16 biological processes involving 19 genes (see Table 4). These
processes involved a variety of behavioral constructs including axon guidance, synaptic transmission,
and particularly the activity of ion channels and dopamine homeostasis.

Table 4. GeneAnalytics program mapping of gene ontology (GO) biological processes with high match
scores to 23 overlapping genes for autism spectrum disorder, bipolar disorder and schizophrenia.

GO-Biological Processes
Genes Matched to GO-Biological

Processes
No. of Genes in

GO-Biological Processes
Score

Startle response NRG1, CSMD1, DRD2 20 19.1

Positive regulation of axon extension GSK3B, NRG1, DISC1 30 17.4

Cellular calcium ion homeostasis HTR2A, CACNA1C, CHRNA7, DRD2 107 17.2

Synaptic transmission SLC6A3, HTR2A, MAOA, CACNA1C,
CACNB2, CHRNA7 432 17.0

Dopamine catabolic process SLC6A3, MAOA 5 16.0

Axon guidance GSK3B, NRG1, ANK3, BDNF,
CACNA1C, CACNB2 537 15.3

Synapse assembly NRG1, BDNF, DRD2 52 15.0

Regulation of high voltage-gated calcium
channel activity NOS1AP, PDE4B 7 15.0

Regulation of potassium Ion transport ANK3, DRD2 7 15.0

Response to hypoxia MTHFR, BDNF, CHRNA7, DRD2 180 14.3

Negative regulation of synaptic
transmission, glutamatergic HTR2A, DRD2 9 14.3

Adenohypophysis development SLC6A3, DRD2 9 14.3

Regulation of synaptic transmission, GABAergic SYN3, DRD2 10 14.0

Behavioral response to ethanol CHRNA7, DRD2 11 13.7

Regulation of dopamine secretion SLC6A3, CHRNA7 11 13.7

Dopamine biosynthetic process HTR2A, DRD2 12 13.4
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A total of 106 phenotypes were mapped to the 23 overlapping genes with 36 phenotypes involving
18 genes having high match scores (see Table 5). The highest-matched phenotypes were behavioral despair
(four genes, score = 24.8), hypoactivity (seven genes, score = 24.4), abnormal serotonin levels (four genes,
score = 24.1) and abnormal response to novel objects (four genes, score = 22.2). Additionally, phenotypes
impacted GABAergic neuron morphology, synaptic transmission and response to hypoxia and risk of death.

Table 5. GeneAnalytics profiling of high match score phenotypes to 23 overlapping genes for autism
spectrum disorder, bipolar disorder and schizophrenia.

Phenotypes Genes Matched to Phenotypes No. of Genes Score

Behavioral despair GSK3B, CACNA1C, CSMD1, DISC1 28 24.8

Hypoactivity MAOA, FOXP2, ANK3, BDNF, CACNA1C, CHRNA7, DRD2 314 24.4

Abnormal serotonin level MAOA, FOXP2, TPH2, BDNF 32 24.1

Abnormal response to novel object SLC6A3, FOXP2, TPH2, DISC1 44 22.2

Abnormal GABAergic neuron morphology BDNF, CHRNA7, DRD2 11 21.7

Abnormal prepulse inhibition NRG1, DISC1, DRD2 14 20.7

Abnormal social Investigation MAOA, SYN3, CACNA1C, DISC1 14 20.7

Increase aggression towards males MAOA, TPH2, BDNF 64 20.1

Small cerebellum MTHFR, FOXP2, ANK3, DISC1 67 19.8

Decrease exploration in new environment GSK3B, FOXP2, BDNF, CACNA1C 79 18.9

Abnormal CNS synaptic transmission SLC6A3, BDNF, CACNA1C, DRD2 79 18.9

Premature death SLC6A3, MTHFR, FOXP2, ANK3, TPH2, BDNF,
CACNA1C, DRD2 830 18.6

Decrease startle reflex FOXP2, CSMD1, DISC1, DRD2 84 18.6

Decrease anxiety-related response HTR2A, CHRNA7, DISC1, DRD2 89 18.2

Increase dopamine level SLC6A3, MAOA, FOXP2 31 17.2

Abnormal vocalization FOXP2, CACNA1C, DRD2 37 16.5

Hyperactivity SLC6A3, NRG1, BDNF, CSMD1, DISC1 272 16.3

Increased thigmotaxis SLC6A3, CACNA1C, CSMD1 45 15.6

Abnormal serotonergic neuron morphology TPH2, BDNF 6 15.4

Abnormal response to novel odor SLC6A3, DRD2 6 15.4

Abnormal latent inhibition of conditioning DISC1, DRD2 6 15.4

Impaired coordination SLC6A3, FOXP2, BDNF, CACNA1C, DRD2 309 15.4

Abnormal learning/memory/conditioning GSK3B, CACNA1C, DISC1 49 15.3

Limp posture NRG1, DRD2 7 15.0

Decreased serotonin Level TPH2, DISC1 7 15.0

Postnatal growth retardation SLC6A3, MTHFR, FOXP2, TPH2, BDNF, DRD2 581 14.6

Abnormal pituitary gland physiology SLC6A3, DRD2 8 14.6

Abnormal inhibitory postsynaptic currents SLC6A3, SYN3, BDNF 60 14.4

Small nodose ganglion NRG1, BDNF 9 14.3

Complete postnatal lethality FOXP2, ANK3, TCF4, BDNF, CACNA1C 375 14.1

Small petrosal ganglion NRG1, BDNF 10 14.0

Decreased somatotroph cell number SLC6A3, DRD2 11 13.7

Abnormal grooming behavior SLC6A3, MAOA 11 13.7

Abnormal excitatory postsynaptic currents NRG1, SYN3, DRD2 72 13.6

Decreased left ventricle systolic pressure MAOA, NRG1 12 13.4

Hunched posture MAOA, BDNF, DRD2 78 13.3

3. Discussion

The molecular and genetic architecture of ASD, BPD and SCH with the identified 23 overlapping
candidate susceptibility genes common to the three neuropsychiatric illnesses were analyzed
to assess shared etiological factors and phenotypes to facilitate mechanistic understanding and
potential development of new treatment approaches. Interestingly, the genetic architecture of the
overlapping genes for the three disorders converged on brain structures (e.g., medulla oblongata,
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thalamus), neurotransmitter systems (e.g., dopamine, serotonin) and signal transduction pathways
primarily involved in the regulation of circadian oscillations and sleep disturbances. GO-molecular
processes were mapped to the neurotransmitter pathways (dopamine, andserotonin) and ion channels
(high voltage–gated calcium channels) implicated in mood, addiction and psychotic disorders with
regulatory function and expression in brain centers controlling Circadian entrainment.

The human thalamus, hypothalamus and hippocampus have been extensively targeted in relation
to relaying and processing sensory and motor information, as well as regulating consciousness and
sleep [24]. The central and peripheral circadian molecular clock is entrained through a complex and
highly regulated molecular cascade in the suprachiasmatic nuclei (SCN) of the hypothalamus driven
by the cyclical expression of PER and CRY [25–27]. The master lists of susceptibility genes for BPD and
SCH contain CLOCK, an integral part of the Circadian entrainment pathway, and the identified
ASD master gene list contains additional circadian-regulatory genes (e.g., PER1, PER2, NPAS2,
MTNR1A, and MTNR1B). The master clock located in the suprachiasmatic nuclei of the hypothalamus
synchronizes mainly by light signals, and releases glutamate and pituitary adenylate cyclase-activating
polypeptide (PACAP) with the activation of signal transduction cascades, including nNOS activity,
cAMP- and cGMP-dependent protein kinases. Additionally, multiple entrainment pathways converge
to phosphorylate CREB and to activate CLOCK gene expression [25–27] (see Figure 1 for circadian
pathways and related features).

Figure 1. Circadian entrainment is an intrinsic, internal biological clock entrained by exogenous signals,
such as endocrine and behavioral rhythms synchronized to environmental cues. The master clock
located in the suprachiasmatic nuclei (SCN) of the hypothalamus synchronizes circadian oscillators in
peripheral tissues. The main photic input to the suprachiasmatic nuclei comes from the retinal ganglion
cells which use glutamate and PACAP, which leads to activation of AMPA and NMDA receptors.
The release of glutamate and PACAP triggers the activation of signal transduction cascades including
CamKII and nNOS activity, cAMP- and cGMP-dependent protein kinases and mitogen-activated
protein kinase (MAPK). Also, melatonin affects non-photic entrainment by inhibiting light-induced
phase shifts through inhibition of adenylate cyclase (AC). Additionally, multiple entrainment pathways
converge to phosphorylate CREB and to activate CLOCK gene expression [28–31]. Solid and dotted
lines indicate direct and indirect relationships, respectively.
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Arousal and cortical responsiveness are modulated by a complex regulatory network including
serotonergic feedback from the median raphe nuclei involved in the regulation of rapid eye movement
(REM) sleep patterning [24]. Depletion of serotonin receptors and feedback are implicated in the
pathology of Sudden infant death syndrome (SIDS), a secondary Superpathway identified in our
study [32]. BDNF, a neurotrophic factor, and CHRNA7 genes involved in the SIDS Superpathway
were also implicated in the biological processes impacting the response to hypoxia and may reflect
underlying vulnerability to neurological/physiological injury secondary to apnea, thereby influencing
neurocognition and/or behavior. Mesencephalic dopaminergic neurons from the ventral tegmental
area also project to the thalamic nuclei to directly modulate sleep induction and wakefulness through
opposing effects of DRD1 and DRD2 receptors on adenylyl cyclase activity.

Neuronal activity and plasticity during brain development is sensitive to both neurotransmitter
signaling of serotonin and dopamine and responsive to common genetic and environmental factors
influencing brain maturation. Monoamine-sensitive periods also modulate select neurodevelopmental
processes (e.g., neuron division, migration and dendritic connectivity) involved in the development
of behavioral regulation and control as well as sleep patterns, which may reflect core etiological
relationships linking neuropsychiatric illnesses to sleep disruption and hypoxia [28,33–38].
Additionally, the homeostatic value of sleep and circadian rhythmicity impact physiology and
behavior in important ways, including the response to stress. Rhythmic circadian oscillations in
glucocorticoid levels can modulate adult hippocampal growth and functioning through inhibitory
effects of glucocorticoid hormones on neural stem cell and progenitor cell proliferation [39]. Thus,
the disruption of circadian entrainment or loss of circadian regulation of glucocorticoid release could
directly influence hippocampal neuroplasticity, learning and memory throughout life, which may play
a role in psychopathology such as schizophrenia [40,41].

Our analyses are limited by the current status of research and availability of published literature
reports on candidate genes as well as the reliability of the curated databases and integrated
pathway analyses produced by the GeneAnalytics algorithms. Advances in genomic technology
and bioinformatics will continue to identify and characterization new candidate genes, but not all
identified genes will be equally important or certain to be causative. The relative contributions of any
individual gene to the general disease prevalence must be assessed individually. Further, intrinsic bias
in the curated literature may result from imbalances in the allocation of resources for study which may
overemphasize some disease states or scientific disciplines over others (e.g., genetics of cancer over
psychiatry). Nevertheless, the convergence of these model systems and overlaid genetic mechanisms
provides relevant insight into the key macro systems involved in pathogenesis and the overlap of these
three severe neuropsychiatric disorders.

4. Materials and Methods

We used recently published list of genes found to be clinically relevant and known to play a
role in ASD [21], bipolar disorder [22] and schizophrenia [23] for molecular profiling and pathway
analysis of genes common to all three neuropsychiatric conditions with similar features. GeneAnalytics
(http://geneanalytics.genecards.org/ [20]) computer program and genomic databases are part of the
GeneCards Suite developed by LifeMap Sciences (http://www.lifemapsc.com/products/genecards-
suite-premium-tools/) and were used to map the resultant list of common genes to characterize
molecular pathways, biological processes, molecular functions, phenotypes, tissues and cells, diseases
and compounds affected by overlapping neuropsychiatric genes.

GeneAnalytics is powered by GeneCards, LifeMap Discovery, MalaCards and PathCards, which
combine >100 archived data sources [20]. The databases contain gene lists for tissues and cells, diseases,
phenotypes pathways and compounds curated from published literature reports to develop the best
matched list of genes, scored and subdivided into their biological categories such as diseases or
pathways. These applications are integrated with GeneCards human gene database, Malacards human
disease database, PathCards, human biological pathways database, and LifeMap Discovery tissues
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and cells database in order to provide an extensive universe of data from human genes, proteins,
cells, biological pathways, diseases and their relationships with integration valuable for research and
discovery purposes.

Disease matching scores were derived based upon the number of overlapping genes found and the
nature of the gene-disease associations. Tissues and cells were scored using a matching algorithm that
weighs tissue specificity, abundance and function of the gene. Related pathways were then grouped
into Superpathways to improve inferences and pathway enrichment, reduce redundancy and rank
genes within a biological mechanism via the multiplicity of constituent pathways with the methodology
and algorithm generated by the GeneAnalytics computer-based program. Superpathways were scored
based upon transformation of the binomial p-value which was equivalent to a corrected p-value with
significance defined at <0.0001.

5. Conclusions

Genetic overlap among autism spectrum disorder, bipolar disorder and schizophrenia was most
strongly mapped to Superpathways and brain tissue types guiding Circadian entrainment. The results
illustrate the converging effects of dopamine, serotonin and the signal transduction pathways involved
in mood, behavior, cognition and impaired social functions; learning and memory are affected in these
neuropsychiatric disorders which also guide brain development and sleep patterning disturbances.
Thus, under-recognized sleep dysregulation as a common component of psychiatric illness appears to
reflect the underlying molecular and genetic architecture of disease pathology in psychiatric illnesses.
The convergence of pathways governing circadian rhythms supports the existence of a common core
etiological relationship between neuropsychiatric illness and sleep disruption possibly related to
central brain stem dysfunction impacting the presentation and underlying pathology and course of
illness. This observation opens a new avenue to pursue for treatment modalities in order to change
the clinical outcome and natural history of those affected with these relatively common mental health
disorders in our current society.
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Abstract: Classical autism or autistic disorder belongs to a group of genetically heterogeneous
conditions known as Autism Spectrum Disorders (ASD). Heritability is estimated as high as 90%
for ASD with a recently reported compilation of 629 clinically relevant candidate and known genes.
We chose to undertake a descriptive next generation whole exome sequencing case study of 30
well-characterized Caucasian females with autism (average age, 7.7 ± 2.6 years; age range, 5 to 16
years) from multiplex families. Genomic DNA was used for whole exome sequencing via paired-end
next generation sequencing approach and X chromosome inactivation status. The list of putative
disease causing genes was developed from primary selection criteria using machine learning-derived
classification score and other predictive parameters (GERP2, PolyPhen2, and SIFT). We narrowed the
variant list to 10 to 20 genes and screened for biological significance including neural development,
function and known neurological disorders. Seventy-eight genes identified met selection criteria
ranging from 1 to 9 filtered variants per female. Five females presented with functional variants of
X-linked genes (IL1RAPL1, PIR, GABRQ, GPRASP2, SYTL4) with cadherin, protocadherin and ankyrin
repeat gene families most commonly altered (e.g., CDH6, FAT2, PCDH8, CTNNA3, ANKRD11). Other
genes related to neurogenesis and neuronal migration (e.g., SEMA3F, MIDN), were also identified.

Keywords: whole exome sequencing; females; autism spectrum disorder; genetic variants; X
chromosome inactivation

1. Introduction

Classical autism or autistic disorder belongs to a group of genetically heterogeneous conditions
known as Autism Spectrum Disorders (ASD) characterized by three clinical features: (1) marked
impairments in verbal and non-verbal communication; (2) impairments in social interactions; and
(3) restricted repetitive behaviors and interests [1,2]. Additional findings include lack of eye contact,
tactile defensiveness and sleep disturbances with diagnosis validation at a young age requiring
test instruments such as Autism Diagnostic Observation Schedule (ADOS) and Autism Diagnostic
Interview-Revised (ADI-R) [3–5]. Latest estimates reveal that ASD affects about 1 of every 68 children
by 8 years of age with a predominant male to female (4:1) ratio [6]. This occurrence rate is higher than
that of epilepsy or Down syndrome. Congenital anomalies, intellectual disability, growth retardation
and/or seizures can occur in a subset of children presenting with features related to autism. Regression
of skills is observed in about 30% of cases with ASD and about 60% show intellectual disabilities [7,8].
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Small or large head size is seen in about 30% of affected children with ASD with extreme macrocephaly
associated with mutation of the PTEN tumor suppressor gene [9]. Heritability studies to identify the
contribution of genetic factors in autism have shown an estimate as high as 90%. Recognized single
gene conditions such as fragile X syndrome, Rett syndrome or tuberous sclerosis account for less than
20% of all cases with ASD [10].

Standard routine chromosome studies in individuals with ASD have shown abnormalities of over
one dozen chromosomes. Various cytogenetic findings are reported including deletions, duplications,
translocations and inversions often involving the chromosome 15q11-q13 region or the 22q11.2
band [10,11]. More advanced chromosome microarray studies are more powerful in finding cytogenetic
abnormalities than routine chromosome studies. High resolution microarrays have detected recurrent
small submicroscopic deletions or duplications in individuals with ASD indicating the presence of
hundreds of candidate and/or known ASD genes localized to each human chromosome. In addition,
there are numerous submicroscopic copy number changes, more often of the deletion type, seen in
greater than 20% of patients with ASD using microarray analysis [11]. Many of these chromosome
abnormalities contain genes playing a causative role in ASD. In a recent review of genetic linkage
data, candidate genes and genome-wide association studies along with further advances in genetic
technology including high resolution DNA microarray and next generation sequencing have led to a
compilation of 629 clinically relevant candidate and known genes for ASD [12].

Given the fact that females with ASD are historically understudied, we performed whole exome
sequencing of well-characterized females with classical autism from multiplex families in the search for
existing or potentially new candidate genes for autism. We utilized a cohort of affected females recruited
by the Autism Genetic Research Exchange (AGRE), a gene bank housing data and biospecimens from
over 2000 families (www.AGRE.autismspeaks.org). Most families had two or more affected children
with autism. Identification of causative mutations (e.g., serotonin-related gene mutations and disturbed
biology) could be important to guide selection of treatment options and medication use as well as to
manage medical co-morbidities such as seizures, developmental regression (e.g., MECP2 gene) or for
cancer (e.g., PTEN gene). A cursory autism data base search revealed a large body of publications,
particularly since 2008, linking autism to a wide range of genetic and environmental factors found
only 3 (0.48%) clinically relevant ASD genes to be located on the Y chromosome while 68 (10.81%)
clinically relevant ASD genes were recognized on the X-chromosome [12].

The preponderance of males with ASD may be attributable to the single X chromosome in males
depriving the normal allelic pair of genes due to the XY sex chromosome constitution. Hence, sex
chromosomes illustrate the most obvious genetic difference between men and women. All female
mammals have two X chromosomes and achieve a balanced X chromosome gene expression with males
by inactivating one of their X chromosomes, a process known as X chromosome inactivation (XCI) [13].
This process occurs randomly and very early in embryonic development. Once an X chromosome
is “selected” for inactivation within a cell, then the same X chromosome remains inactivated in each
subsequent daughter cell. Therefore, females have a mixture of cells with random expression of genes
on a single X chromosome. Occasionally, XCI represents a nonrandom pattern or high skewness which
is usually defined by at least 80% preferential inactivation of one of the two X chromosomes [14,15].
Skewed XCI appears to play a role in the increased incidence and presentation of diseases in females
with known X-linked gene involvement such as Rett syndrome [16], X-linked intellectual disability [14],
X-linked adrenoleukodystrophy [17] and possibly autism [15]. Skewed XCI may also reflect an early
disruption in the developing embryo causing cell death followed by a small number of dividing cells
repopulating the embryo [18–20]. XCI can be measured by using the androgen receptor (AR) gene
located at chromosome Xq13 which contains a highly polymorphic CAG repeat region and normally
inactivated on one of the X chromosomes in females. The AR gene is used most often to determine
the XCI status [21,22]. Disorders with an imbalance in the number of males versus females affected
as in autism become a likely condition to study XCI and its impact on X-linked genes in females.
We suspect additional autosomal and/or sex chromosome based ASD gene(s) that either overwhelms
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the protective normal alleles of the second X chromosome among females, or preferentially silences
them due to a plausible skewed X chromosome inactivation among neural cell lineages. Therefore,
the whole exome sequence of females with ASD from multiplex families having more than one family
member affected was analyzed in our study with next generation sequencing and bioinformatics with
a novel machine-learning classification engine applied to identify the contributing ASD genes and the
proportion of disease contributing alleles from the X chromosomes versus autosomes. The inactivation
status of the two X chromosomes was determined to identify significant deviation from randomness,
taking into consideration whether the X chromosome gene is known to escape inactivation, or known
to act as a dominant gene.

2. Results

Whole exome sequencing from DNA of 30 females with autism spectrum disorders from AGRE
identified between 100 and 300 genes showing genomic variants of novel or candidate genes for
autism per subject with an initial classification score >0.5. To further narrow the list of putative disease
causing genes, we increased the level of selection criteria by adding cutoff levels for other predictive
parameters (GERP2, PolyPhen2 and SIFT) and specifically increased the classification score from >0.5
to a more stringent score of >0.7. For example, the initial list of genes and genomic variants for Subject
HI2898 consisted of 245 genes when using a classification score >0.5 alone and then reduced to 22 genes
when the cutoff levels of other predictive parameters (GERP2, PolyPhen2 and SIFT) were included at
the chosen final selection criteria level. Finally, the classification score was raised to >0.7 to generate
the master list of 14 genes. For the 30 females with autism, the number of genes identified based on
the final selection criteria ranged between 8 to 23 genes with 10 females presenting with an X-linked
gene in the list of selected genes meeting the final selection criteria. The putative candidate genes and
genomic variants were then subjected to further screening for biological significance and relevance for
neural development, function and for causation of known neurological disorders based on published
medical literature. In so doing, we identified two potentially causative genes for autism for Subject
HI2898. See Table 1 for the list of genes meeting or exceeding the established final selection criteria
level and screening for biological significance. Identical genomic variants were recognized for several
subjects even after increasing the final level of selection criteria required to reduce the number of
candidate genes and considered artifactual findings. These genes with identical genomic variants
included KCNJ12, MLL3, OR9G1 and PCMTD1 with different mutations reported in other disease
states and appeared to reflect artifacts in the present analysis of autism.

We report genomic coordinates, previously recognized SNPs (and their ID numbers), reference
base to alternate base sequences (e.g., G→A), variant call format (VCF) information, SNP effects
(synonymous vs non- synonymous), SNP codons, and GERP2, PolyPhen2, SIFT, Blosum, Blosum62
and the classification scores for each genomic variant identified per affected female (Table 1). Our
analysis identified a total of 79 different genes containing variants (both known and novel) consisting
of 12 (15%) known candidate genes for ASD, 24 (30%) paralogues of known candidate ASD genes
and 43 (54%) novel genes with functional roles in nerve cell growth, adhesion and neurodevelopment
or function as putative candidate ASD genes (See Table 2). The identified candidate ASD genes and
paralogues were distributed across 11 (37%) and 16 (53%) of the females with autism, respectively.

Four females (HI0555, HI0890, HI1402 and HI2126) possessed a single variant of significance in
clinically relevant candidate or known ASD genes considered conclusive for causality. Seventy-seven
percent of subjects (N = 23) possessed multiple variants with possible influences on causation
of ASD. Two (9%) of the 23 females (7% of the total sample population) possessed more than
five variants/mutations of known candidate ASD genes, paralogues or other functionally relevant
genes with presumed influence over the development of ASD. Three (10%) of the total females
(HI1143, HI1884 and HI2278) possessed a single gene variant with possible functional relevance
toward the development of ASD but no known candidate ASD genes or paralogues identified to be
considered conclusive.
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Table 2. Summary of Putative Disease Causing Gene Variants Identified by Exome Sequencing.

Gene Variant Category Number of Subjects (%) Number of Genes (%) Range

Known ASD Genes 11 (37%) 12 (15%) 0–2
Paralogues of Known ASD Genes 16 (53%) 23 (30%) 0–2

Neurodevelopmental Function Genes 23 (77%) 43 (54%) 0–7

Six females (HI0605, HI2898, HI1739, HI2172, HI2244 and HI2879) possessed a single variant
of a known candidate ASD gene meeting our final selection criteria for pathogenicity in addition to
one or more paralogues of ASD genes or gene variants with functional influence over cell growth
and neurodevelopment. Fourteen females (HI0714, HI0751, HI0765, HI0855, HI0868, HI1157, HI1228,
HI1305, HI1375, HI1422, HI1433, HI1954, HI2215 and HI2843) possessed 2 to 4 variants of ASD
gene paralogues or variants with functional roles of influence over ASD but without a conclusive or
definable causal mutation. Variants of multiple putative candidate genes for ASD were identified for
Subjects HI0405, HI0558 and HI0793.

Using XCI data, we found that eight of the 30 females had high skewness (XCI > 80%:20%) and
an additional six females showed moderate skewness (XCI 65%:35% to 80%:20%). Two of the eight
females with high skewness and two females with moderate skewness possessed an X-linked gene
variant meeting the final selection criteria. When considering the 78 total genes identified meeting
our final selection criteria, X-linked gene variants were disproportionally more likely to be found
among the females with autism spectrum disorder who exhibited moderate to high level XCI skewness
than females without XCI skewness (OR = 6.4, 95% CI: 0.68, 60.5, p = 0.1) but this relationship did not
achieve statistical significance. Similarly, females who exhibited XCI skewness were more likely to
possess an X-linked gene variant than females without XCI skewness, (OR = 6.0, 95% CI: 0.58, 61.8,
p = 0.132).

3. Discussion

We chose females with ASD to study from the age of 5 to 16 years from multiplex families with
more than one affected family member in order to increase the likelihood of identifying a single gene
as a causative factor using a descriptive case study approach. The females were selected from the
AGRE, a biorepository of specimens and clinical data from well-characterized families with children
with ASD enrolled for genetic research studies. Females with ASD from multiplex families were also
examined to determine whether an overabundance of X-linked genes could be identified contributing
to ASD by using whole exome sequencing and XCI assays and if X-linked genes were more frequently
disturbed in those females with XCI skewness.

3.1. Single Gene Variants

Our investigation identified four females (HI0555, HI0890, HI1402 and HI2126) with single gene
variants of clinically relevant candidate or known genes for ASD with a high likelihood of causality.
Subject HI0555 possessed a non-synonymous, missense mutation of the SETD2 gene located on
chromosome 3 with high likelihood to have a deleterious effect on gene expression and/or function.
The SETD2 encodes a Huntingtin-interacting protein B related to Huntington disease and known
expression in the brain [27,28]. The SETD2 gene is known as an autism susceptibility gene reported
in autism [12] and was the highest rated and most likely candidate gene in this case. Subject HI0890
possessed a non-synonymous, missense mutation of the BTAF1 gene located on chromosome 10
which is implicated as a helicase and sequence-specific binding transcription factor activity [63].
Subject HI2126 possessed a non-synonymous, missense mutation in a known candidate gene for ASD,
ANKRD11 which is located on chromosome 16 and likely to be causative in this case. The ANKRD11
gene encodes an ankryin repeat domain-containing protein which inhibits ligand-dependent activation
of transcription with mutations causing the KBG syndrome characterized by craniofacial features,
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short stature, skeletal anomalies, seizures and intellectual disability [90,91]. No physical examination
or cognitive data were available from AGRE on this 12 year old female diagnosed with autism.

3.2. Involvement of Skewness of X Chromosome Inactivation and Putative Disease Causing Genes

High XCI skewness (>80%:20%) was observed for eight of our females with autism and two of
these females possessed putative variants of X-linked genes (HI1402 and HI2898) which may contribute
to the phenotype. Skewing of X-chromosome inactivation may increase expression of recessive disease
causing variants on the X-chromosome. Subject HI1402 with an XCI status of 85%:15% indicating
high skewness also possessed a non-synonymous, missense mutation of an X-linked gene (IL1RAPL1)
which is a recognized candidate gene for ASD [12]. IL1RAPL1 had the highest criteria selection score
of the four genes meeting initial selection criteria and the most likely cause of ASD in this female. The
IL1RAPL1 gene encodes a protein with the highest expression in brain neurons and participates in
the regulation of neurite outgrowth via interaction with neuronal calcium sensors thereby regulating
synaptic formation and modulation of synaptic transmission [74].

Subject HI2898 with an XCI status of 85%:15% showing high skewness possessed a variant of
the X-linked gene (GABRQ) found to be in the top two genes in the selection process. The GABRQ
(gamma-aminobutyric acid A receptor theta) gene encodes a receptor protein for GABAergic
neurotransmission in the mammalian central nervous system [107]. GABA is a major inhibitory
neurotransmitter. GABRQ expression is distributed in the amygdala, hippocampus, anterior hypothalamus
and cortex [107]. Subject HI2278 with an XCI status of 8%:92% possessed an X-linked gene (PAK3) in
the top 25 genes but was excluded due to strict filtering requirements (i.e., PolyPhen 2) and a correct
classification score of >0.50. However, the DCHS1 gene was identified which encodes a transmembrane
cell adhesion molecule that belongs to the protocadherin superfamily and acts as a ligand for FAT4,
another protocadherin protein. Both DCHS1 and FAT4 form an apically located adhesive complex in
the developing brain [39].

The five remaining females (HI0751, HI1143, HI1375, HI1433 and HI2879) with high XCI skewness
ranging from 93%:7% to 82%:18% showed no X-linked gene variants meeting the final selection
criteria for pathogenicity. Other variations of possible clinical relevance in autosomal chromosomes
were observed for these subjects. Subject HI1433 with an XCI status of 93%:7% indicating extreme
skewness possessed a variant of the FAT2 gene located on chromosome 5 which is a member of the
cadherin-related FAT tumor suppressor homolog 2 (Drosophila) [77–79]. Subject HI2879 with an
XCI status of 18%:82% showing high skewness possessed a variant of the SOX7 (SRY-Box 7) gene
which encodes a SOX protein, acting as a transcription factor regulating diverse developmental
processes [104]. Based upon our investigation, XCI skewness in these females did not contribute to the
presentation of autism.

Moderate skewness (65%:35% to 80%:20%) was observed for six females (HI0765, HI1305, HI1739,
HI1954, HI2244 and HI2843). Two of these females possessed putative variants of X-linked genes
that may have contributed to their phenotype. Subject HI1305 with an XCI status of 73%:27%
possessed a variant for PIR, a highly conserved X-linked iron-binding nuclear protein gene which
functions as a transcriptional co-regulator and contributes to regulation of cellular processes and may
promote apoptosis when over expressed [70]. An associated disorder for this gene when disturbed is
extratemporal epilepsy. Three genes were identified for Subject HI0765 with an XCI status of 77%:23%
with moderate skewness including GPRASP2 located on the X chromosome which encodes a protein
that may regulate a variety of G-protein coupled receptors associated with autism spectrum disorders
and schizophrenia [48], as an X-linked gene approaching high skewness becomes an important
candidate for causation of ASD in this female. The KCNC2 and ASPM genes were the highest rated
and became likely candidates
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3.3. Other Autosomal Putative Disease Causing Genes

The cadherin, protocadherin and ankyrin repeat gene families were the most commonly altered
putative disease causing gene variants identified in our study. Subject HI0558 possessed a variant of
PCDH8, a member of the cadherin superfamily of genes and functions in cell adhesion in a CNS-specific
manner possibly playing a role in activity-induced synaptic reorganization underlying memory with
down-regulation of dendritic spines, primarily in the hippocampal area [35]. In addition this affected
female possessed a variant of the CTNNA3 gene which is located on chromosome 10 and encodes
an alpha-t-catenin which plays a role in functional cadherin-mediated cell adhesion. A possible
association of this gene in Alzheimer disease has been proposed [36]. Subject HI0855 possessed a
variant of CDH6 located on chromosome 5 encoding a known cadherin playing a role in cell-cell
adhesion and implicated in autism [60]. Subject HI0605 possessed a non-synonymous, missense
mutation of the CCDC64 (coiled-coil domain containing, 64), a recognized ASD gene on chromosome
12 [12,38]. CCDC64 is a component of the secretory vesicle machinery in developing neurons that acts
as a regulator of neurite outgrowth in the early phase of neuronal differentiation which when disturbed
is associated with neuronitis [38]. Subject HI1739 possessed a non-synonymous missense mutation
of the ASB3 gene located on chromosome 2 and related to the ankryin repeat gene family known
to play a role in brain development and function including autism [88]. GRM4 (glutamate receptor,
metabotropic, 4) is a known ASD gene involved with glutamate, a major excitatory neurotransmitter
in the central nervous system [86]. Subject HI2172 possessed a non-synonymous, missense mutation of
the CYFIP1 (cytoplasmic FMRP-interacting protein 1) gene located on chromosome 15 which encodes a
protein that interacts with the familial mental retardation protein (FMRP) that when disturbed, causes
the fragile X syndrome by impacting on development and maintenance of neuronal structures [108,109].
Individuals with the 15q11.2 BP1-BP2 microdeletion or Burnside-Butler syndrome are known to have
developmental and speech delay involving the CYFIP1 gene with an increased rate of aberrant behavior
and autism [95].

4. Experimental Section

4.1. Samples from Females with Autism

Thirty Caucasian females (average age, 7.7 ± 2.6 years; age range, 5 to 16 years) were selected with
confirmed diagnosis of autism. We chose to undertake whole exome sequencing from well-characterized
females with autism with a positive family history (e.g., affected brothers) classified as multiplex families
with autism and having a high probability of causation due to gene disturbances. We selected affected
females from the Autism Genetic Research Exchange (AGRE) repository (www.agre.autismspeaks.org)
for a descriptive next generation whole exome sequencing case study. The family members with
autism in the AGRE were recruited and enrolled after screening and diagnostic assessments were
performed with autism-related testing instruments (e.g., ADOS). Medical examinations and neurology
evaluations were undertaken to collect family, pregnancy and medical history data along with physical
and anthropometric measures and neurological recordings. Blood was also collected at AGRE for
lymphoblastoid cell line development, plasma storage and DNA isolation. Normal chromosome
analysis (karyotype) and fragile X syndrome DNA testing were completed previously in all female
subjects selected from AGRE. DNA from parents or other family members were not analyzed as a
component of our study.

4.2. Whole Exome Sequencing

4.2.1. Exome Sequencing Methods

Genomic DNA (5 μg) samples were sent to the Silicon Valley Biosystems, Foster City, CA, USA for
whole exome sequencing via paired-end next generation sequencing (NGS) approach using standard
protocols with the Illumina HiSeq2000 platform (http://www.service.Illumina.com) and Agilent
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SureSelect Human All Exon v4–51Mb (http://www.genomics.agilent.com). The primary sequence raw
data produced by the sequencing phase of our study was aligned to reference, the variants called and
functional significance of each variant determined and rank-ordered into a list of functional variants
(in order of decreasing pathology) that were correlated with or causative for the autism phenotype.
The raw data was in the form of fastq files, containing the sequence reads and quality scores of the NGS
sequencing runs. The individual reads were initially aligned by mapping to the reference genome using
Burrows-Wheeler aligner (BWA), a software program for mapping low-divergent genomic sequences
of up to 100 base pairs against a large reference genome (http://www.bio-bwa.sourceforge.net).
Variant calling procedures then identified genomic sequence variants from the NGS sequencing runs
or the absence of variants in the sample of interest relative to a reference sequence. The platform
used to produce variant calls was an amalgamation of tools and methods uniquely combined and
specifically calibrated for enhanced performance incorporating Genome Analysis Toolkit (GATK) V2.39
(https://www.broadinstitute.org/gatk/). A number of intermediate steps were applied to improve
the quality/accuracy of the alignment and variant calling results prior to the creation of the final
list of variants. Sequence reads that were likely to represent duplicates were marked to be ignored
by the downstream variant-calling tools. Additionally, realignment around known insertions and
deletions was performed, and quality scores recalibrated based upon the number of reads. The list
of variants was produced in the form of a .vcf file annotated to reflect the results of quality control
filters. This established and calibrated alignment and variant calling platform performs well and can
reliably predict calls for single insertion and deletion events (up to 50 bp with between 97% and 99.9%
sensitivity and specificity). The average number of reads per generated fragment was 64 for each of
the 30 females with autism.

4.2.2. Data Analysis

The resulting .vcf file contained annotated variants with scientific features, including sequence,
gene-, variant-, and transcript-level annotations. Annotations include characteristics of the observed
variant such as the genomic coordinates or the variant’s genomic region (e.g., exonic, upstream etc.),
predicted effects on the various transcripts (e.g., missense, frame-shift, etc.), observed frequencies of
the variant in control populations and affected individuals, curated knowledge from both proprietary
and public databases, and pathogenicity predictions (e.g., Polyphen and SIFT). The machine learning
tool utilized both the 2012 April 1K Genome release reflecting the frequency at the position and
variant levels and the European Exome Sequencing Project (ESP6500) (https://esp.gs.washington.
edu/drupal/) at the variant level which reflects the frequency of variants as observed in the ESP6500
dataset of healthy individuals in generating the correct classification score. The regulatory significance
of variants were derived from ENCODE data. A classification engine developed by Silicon Valley
Biosystems was used to create a pathogenicity score based on a machine learning technique approach.
The model is trained and validated using 150,000 gene polymorphisms and mutations from a large
set of variants with known pathogenicity. The classification accuracy exceeds 99% and thus the score
provides the probability that a particular variant has an effect on gene expression or protein structure.
The classifier was trained using known disease-causing mutations and known benign polymorphisms,
each of which was annotated with attributes such as location relative to splice junctions, type of
non-synonymous amino acid substitution and allele frequency in the population. The classifier was
validated on a similarly sized set of variants and was shown to perform with 93% sensitive and
97% specificity. Prioritization of putative functionally relevant variants based on the classification
score was performed and these variants were additionally classified with other means of determining
pathogenicity such as SIFT, PolyPhen2, Blosum and Blosum62. The variants that were the most highly
predicted to be functionally significant were examined across the study cohort for clustering within
and around genes hypothesized as relevant to the phenotype.
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4.2.3. Gene Filtration/Selection Parameters

A high filter system was utilized whereby the indels and quality disqualified (QD) parameters
were identified and removed based on the bioinformatics outlined in our study approach. The
classification score (range 0 to 1) was generated as our primary delimiting factor in identifying novel
or candidate genes for autism in the affected females. The classifier uses machine learning algorithms
to predict a variant’s functional impact on a gene with higher scores for genomic variants considered
more pathogenic or disease-causing changes at the gene level. Thus, we applied an initial classification
cutoff of >0.5 with final selection criteria >0.7. Genomic Evolutionary Rate Profiling (GERP2), an
indicator of the prevalence of the genomic variants in the general population, was assigned a cutoff
value of <0.01 and remained at <0.01 as final selection criteria. GERP2 identifies constrained elements
in multiple alignments by quantifying substitution deficits. These deficits represented substitutions
that would have occurred if the element was neutral DNA, but did not occur because the element was
under functional constraint. The initial Polymorphism Phenotyping v2 (PolyPhen2) cutoff value was
>0.85 with the final selection criteria >0.9 and the initial Sorts Intolerant From Tolerant (SIFT) cutoff
valuewas <0.05 with a final selection criteria <0.03 were predictors of pathogenicity or disease causing
changes. The Blosum (BLOcks SUbstitution Matrix) score reports the ratio between the frequency
of an amino acid substitution in the Human Gene Mutation Database (HGMD) to the frequency of
this amino acid substitution in known polymorphism data sets. Numbers greater than 1 indicate this
variant was observed more in diseased individuals than in controls and less likely to be tolerated. We
also used the Blosum62 matrix to score alignments between evolutionarily divergent protein sequences
based on local alignments. Blosum62 is a log-odds score for each possible substitution of the 20
standard amino acids. Higher Blosum62 numbers represent more closely related species comparisons
and provide a general indication of frequency of the substitution. Negative numbers indicate less
frequent substitutions and a lower likelihood to be tolerated (e.g., negative values = unexpected or
rare substitutions).

The list of disease causing genes were developed using the primary selection criteria (i.e.,
classification score) and then adding cutoff levels for other predictive parameters (GERP2, PolyPhen2,
and SIFT). The initial list of genes and genomic variants used the classification score >0.5 alone and then
the cutoff levels of the other predictive parameters (GERP2, PolyPhen2 and SIFT) were included. The
classification score was then raised to >0.7 to generate the final list of genes. These putative candidate
genes and genomic variants were then subjected to further screening for biological significance for
neural development, function and known neurological disorders using Online Mendelian Inheritance
in Man (OMIM, http://www.ncbi.nlm.nih.gov/omim), GeneCards (http://www.genecards.org/),
PubMed and other online websites and databases.

4.2.4. Clinical Relevance to ASD

Following the recommendations of the American College of Medical Genetics and Genomics
(ACMGG) in reporting clinical exome and genome sequencing data, we analyzed only the primary
findings, in depth, which is termed as the pathogenic alteration in a gene or genes relevant to the
diagnostic indication for sequencing study, i.e., causation of autism in females. Only clinically relevant
candidate or known existing genes for autism were included for extended analysis. Incidental findings
are those pathogenic or likely pathogenic alterations in genes that are disease associated or causing
but not apparently relevant to a diagnostic indication for which sequencing was undertaken (i.e.,
in our study on autism [12]) and were not further investigated in our study. We did not include
mutations of recognized autosomal recessive genes causing human disorder (e.g., GJB2 or GJB6, gene
mutations causing hearing loss). It is estimated that about 1% of sequencing reports would include an
incidental variant.
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4.3. X Chromosome Inactivation in Females with Autism

Genomic DNA isolated from blood was used as a template for polymerase chain reaction
(PCR) amplification, to identify the CAG polymorphic region of the AR gene. Prior to the PCR
amplification, 200 ng of genomic DNA was digested with the methyl-sensitive restriction enzyme
HpaII [21]. Approximately 50 ng of digested or undigested genomic DNA was used as a template
for PCR amplification to determine the peak height of the polymorphic PCR fragment of the AR
gene using the following primers: forward 5' TCCAGAATCTGTTCCAGAGCGTGC 3' and reverse 5'
GCTGTGAAGGTTGCTGTTCCTCAT 3' with the forward primer fluorescently labeled with 6-FAM.
The lengths and peak heights of the resulting PCR fragments are determined with the use of capillary
electrophoresis and fragment separation software with the ABI 3100 DNA sequencer (Applied
Biosystems, Carlsbad, CA, USA) using established protocols [18,22].

The digestion process preferentially degrades activated (unmethylated) over inactivated
(methylated) DNA. Undigested DNA is preferentially amplified and produces larger peak heights. The
peak height values for digested DNA is normalized using peak height values for the undigested DNA
for each subject. The percentage of XCI for each AR allele was then calculated using the following
formula: (d1/u1)/[(d1/u1) + (d2/u2)]; d1 = peak height of digested DNA from the first allele and u1
= peak height of undigested DNA from the first allele; d2 = peak height of digested DNA from the
second allele and u2 = peak height of undigested DNA from the second allele. Highly skewed XCI is
defined as >80% calculated ratio for either one of the AR gene alleles in the digested DNA sample. To
ensure the reproducibility of XCI results and equal amplification of both alleles, the digestion, PCR
amplification, and genotyping were repeated up to three times in several samples.

XCI status for each subject was assigned to one of the three mutually exclusive categories: (i)
randomly selected inactivation of either allele from each X chromosome (XCI = 50%:50% to 64%:36%);
(ii) moderately skewed inactivation favoring 1 allele of one of the X chromosomes (XCI = 65%:35%
to 80%:20%); and (iii) highly skewed inactivation of a single allele representing one X chromosome
(XCI > 80%:20%). The relative frequency of random, moderate, and highly skewed XCI categories was
determined for the females with autism. The binomial frequency distribution of X-linked gene variants
(present or absent) among females with autism spectrum disorder exhibiting moderate and high levels
of XCI skewness were approximated using Yates’ chi-squire test and odds ratios were calculated with
95% confidence intervals.

The top genes chosen were based on the final selection criteria identified for each female and
evaluated for biologic function and whether each gene was previously reported as a clinically relevant
candidate or known gene for autism [12]. The X chromosome inactivation data and XCI status on each
female were used to support whether an X-linked gene played a role in the causation of autism in the
affected female if XCI skewness was found.

5. Conclusions

In summary, we shared our experience using a descriptive next generation whole exome
sequencing case study approach examining 30 well-characterized Caucasian females with autism
between 5 and 16 years of age recruited from multiplex families enrolled at the AGRE for research
purposes. Interpretation of DNA findings are limited due to an inability to study other affected and
non-affected family members to determine whether the gene variants were de-novo or inherited in
origin for correlation with clinical phenotypes and lack of Sanger sequencing confirmation. Using
strict selection criteria, four females (13%) were found to possess single gene variants of known
candidate genes for ASD with a high likelihood of causality. We also identified multiple plausible
candidate genes [some known (e.g., CCDC64 in subject HI0605) and some novel (e.g., CHAC1 in subject
HI0855)] in 77% of the remaining females. In most females, we found more than one gene that could
contribute to the causation of autism. This compares with a recent report of molecular findings among
2000 consecutive patients (primarily pediatric age) referred for clinical whole exome sequencing for
evaluation of suspected genetic disorders at a large USA medical center in which 25% received a

295



Int. J. Mol. Sci. 2015, 16, 1312–1335

molecular diagnosis. About 60% of the diagnostic mutations were not previously reported [110]. By
phenotypic category, 36% of those presenting with neurological involvement were found to have a
molecular diagnosis while 20% of those from the non-neurological group had a diagnosis. We not only
performed whole exome sequencing in our females with autism but also performed X chromosome
inactivation (XCI) studies for evidence of X-linked genes in the females showing non-random XCI
skewness. Moderate and high XCI skewness was seen in 14 of the 30 females and those with skewness
were 4 times more likely to show a gene variant on the X chromosome.
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Abstract: Rubinstein-Taybi syndrome (RSTS) is a rare condition with a prevalence of 1 in
125,000–720,000 births and characterized by clinical features that include facial, dental, and limb
dysmorphology and growth retardation. Most cases of RSTS occur sporadically and are caused by
de novo mutations. Cytogenetic or molecular abnormalities are detected in only 55% of RSTS cases.
Previous genetic studies have yielded inconsistent results due to the variety of methods used for
genetic analysis. The purpose of this study was to use whole exome sequencing (WES) to evaluate
the genetic causes of RSTS in a young girl presenting with an Autism phenotype. We used the
Autism diagnostic observation schedule (ADOS) and Autism diagnostic interview revised (ADI-R) to
confirm her diagnosis of Autism. In addition, various questionnaires were used to evaluate other
psychiatric features. We used WES to analyze the DNA sequences of the patient and her parents and
to search for de novo variants. The patient showed all the typical features of Autism, WES revealed
a de novo frameshift mutation in CREBBP and de novo sequence variants in TNC and IGFALS genes.
Mutations in the CREBBP gene have been extensively reported in RSTS patients, while potential
missense mutations in TNC and IGFALS genes have not previously been associated with RSTS. The
TNC and IGFALS genes are involved in central nervous system development and growth. It is
possible for patients with RSTS to have additional de novo variants that could account for previously
unexplained phenotypes.

Keywords: Rubinstein-Taybi syndrome (RSTS); Autism spectrum disorder (ASD); de novo variants;
Tenascin C (TNC) gene; insulin-like growth factor-binding protein; acid labile subunit (IGFALS) gene;
CREB (cAMP response element binding protein) binding protein (CREBBP) gene
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1. Introduction

Rubinstein-Taybi syndrome (RSTS, OMIM 180849, 613684), also known as the broad thumb-hallux
syndrome, is a rare condition with a prevalence of 1 in 125,000–720,000 births [1,2]. The syndrome
is characterized by a group of well-defined clinical features including characteristic facial, dental,
and limb dysmorphology, and growth retardation [3]. RSTS can also affect multiple internal organs
including the heart, kidney, eyes, ears, and skin [4]. Patients are known to have an increased risk of
developing non-cancerous and cancerous tumors, leukemia, and lymphoma [5]. Mental retardation
and learning difficulties are other typical findings of RSTS. The average IQ of the patients is 35–50,
although cognitive functioning outside this range has also been documented [6].

The diagnosis of RSTS is essentially a clinical diagnosis based on the features described above [7].
Most RSTS cases are sporadic and are caused by de novo mutations [8]. Cytogenetic or molecular
abnormalities can be detected in only 55% of patients with RSTS [9]. Missense/non-sense mutations in
genes encoding the CREB-binding protein (CREBBP) or the E1A-binding protein (EP300) are the most
common, although micro-deletions in chromosome 16p13.3 and other rare mutations have also been
reported as genetic causes of this condition [8,10–15]. Nevertheless, genetic analyses for identifying
mutations in RSTS have often yielded inconsistent results, probably because of inadequacies in the
methods used for the analyses, and many mutations remain unconfirmed. Previous studies examining
genetic mutations in RSTS have mainly used fluorescence in situ hybridization (FISH) [16,17] or
comparative genomic hybridization (CGH) array analyses [14]. Whole genome or exome sequencing
(WES) methods have rarely been used. The purpose of this study was to use WES to evaluate the
genetic causes of RSTS in a young girl presenting with RSTS and Autism spectrum disorder (ASD).

2. Results

2.1. Physical Characteristics

The typical dysmorphic features of RSTS were observed in the patient’s face and mouth:
Microcephaly (head circumference of 32 cm (approximately 3rd to 5th percentile) at birth and 47.8 cm
(below the 3rd percentile) at her current age (6.75 years), highly arched eyebrows, long eyelashes,
downward-slanting palpebral fissures, a broad nasal bridge, a beaked nose with the nasal septum
extending well below the alae, a pouting lower lip, mild micrognathia, and dental crowding.

The patient had big toes that were short and broad, and mild clinodactyly of the fifth digits of
both hands. The second, third, and fourth digits of the right hand had short distal phalanges, and the
third and fourth digits of the left hand had broad distal phalanges. She also had a curly toe on the
fourth digit of both feet and hallux valgus in the right foot. X-ray radiographs showed bilateral pes
varus deformities and bilateral big-toe soft tissue thickening. There were abnormal accessory physes
on the side of the distal phalanx, as well as other abnormalities in the physes of the big toes of both
feet. Hand X-ray radiographs showed delayed carpal bone ossification in both hands and prominent
thickening of the soft tissue of all fingers.

Marked growth retardation and poor weight gain were prominent in this patient from birth until
her latest evaluation. Her height was 106.3 cm (below the 3rd percentile) and her weight was 17.2 kg
(3rd percentile). A videofluoroscopic swallowing study revealed difficulty in swallowing. Furthermore,
serum prealbumin and zinc levels were low. Other physical findings in the patient included anomalies
of the eye (congenital cataract and nasolacrimal duct obstruction) and skin (pilomatrixoma on the
left periauricular area, hypertrichosis on the forehead, anterior chest, and back, as well as nevus
depigmentosus on the right calf). Gross hematuria had previously been found at five years of age,
although a kidney ultrasound examination showed no abnormal findings. Results of cardiac evaluation
were within normal limits. The characteristic physical features and growth curve of the patient are
shown in Figure 1.
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2.2. Neuropsychiatric and Behavioral Features

The patient showed pronounced developmental delay with no meaningful vocabulary. She also
showed moderate mental retardation with a full-scale intelligence quotient (IQ) score of 37 on the
Korean Wechsler Preschool and Primary Scale for Intelligence (K-WPPSI) and a score of 45 on the
Leiter International Performance Scale. Her adaptive functioning level was equivalent to a child of
approximately 3–5 years of age. She had shown the typical behavioral characteristics of Autism from
early infancy, including abnormalities in communication and social interaction, along with repetitive
behavior and restricted interests. Her scores surpassed the diagnostic thresholds on all categories
of both the ADOS and ADI-R. She presented the distinctive mannerism of repetitively waving her
hand whenever emotionally disturbed. Scores for other questionnaires also supported the diagnosis of
Autism including a score of 15 on the social communication questionnaire (SCQ) and a score of 113
on the social component of the social responsiveness scale (SRS). Further behavioral characteristics
included marked hyperactivity, short attention span, withdrawal, and poor motor coordination.
Frequent snoring was reported, although the possibility of obstructive sleep apnea was deemed low.
Brain magnetic resonance imaging (MRI) showed mild pachygyria. Electroencephalogram (EEG)
showed intermittent diffuse high-amplitude semirhythmic 1–1.5-Hz delta activity and one episode of
diffuse 1.5-Hz rhythmic, synchronous bifrontal δ/ζ activity lasting up to 20 s.

Figure 1. Cont.
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Figure 1. Physical characteristics of the proband. Patient’s eyes are covered for reasons of confidentiality.
Typical facial dysmorphic features can be observed in (A,B), including highly arched eyebrows, a broad
nasal bridge, beaked nose with the nasal septum extending well below the alae, a pouting lower lip,
and mild micrognathia. Dental crowding is shown in (C); The hand and feet abnormalities are shown
in (D,E), showing short and broad big toes and thumbs, as well as mild clinodactyly on the 5th digit of
both hands. The 2nd, 3rd, 4th digits of the right hand had short distal phalanges and the 3rd, 4th digits
of the left hand had broad distal phalanges. The X-ray of the left hand shows delayed carpal bone
ossification and prominent thickening of the soft tissue of all fingers (F); The X-ray of the feet shows
bilateral pes varus deformities and abnormalities in the physes of big toe metatarsal bones (G); Growth
curve (H) shows marked growth retardation in the proband (blue dot) superimposed on the normal
growth curve of Korean girls of age 2 to 18 (black line). The growth curve shows the height and weight
changes of the patient over time. These values never exceeded the third percentile since birth. Data for
normal growth curve came from the Korea Center for Disease Control and Prevention.

2.3. Genetic Variants

Cytogenetic analyses showed normal karyotypes in the proband and both parents. Using in-depth
statistics, we obtained a mean read-depth coverage of 120× over the targeted exome. Each exome
contained more than 120,000 total variant calls. An average of 111 million individual paired-end reads
of 100 bp were aligned to the human reference genome. More than 94% of targeted exon regions were
covered with at least 10× depth, which is sufficient for variant discovery.

We found three de novo variants after filtering for all common variants in the dbSNP (except
clinically associated variants) and an in-house control database comprising normal healthy individuals.
We performed a visual inspection of read alignments using the Integrative Genomics Viewer (IGV)
browser, and then removed “Benign” and “Likely Benign” variants after classification. A summary of
the detected variants is described in Table S1.
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Three de novo variants were validated by Sanger sequencing: a frameshift mutation in CREBBP
(c.2199delG), and missense mutations in TNC (c.323G > A) and IGFALS (c.1415C > T). The results
of family sequencing analyses are shown in Figure 2 and the properties of the de novo variants are
summarized in Table 1 and Figure 2. The genetic variants of the proband and both parents are shown
in Figure 3.

Figure 2. Cont.
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Figure 2. Schematic of de novo variants of CREBBP, IGFALS, and TNC in RSTS. (A) Genomic
alterations and schematic drawing of proteins showing the predicted effects of selected missense
mutations identified in CREBBP. The p.Thy1174Cys and p.Thr910Ala substitutions predicted by
missense mutations do not affect known functional domains and are associated with a mild
phenotype compared with the classic phenotype expected for mutations at other sites. The frameshift
mutation p.Gln733Hisfs*5 is predicted to interrupt all of the following functional domains: BAD,
CH2, HAT, CH3, and CTAD; (B) The IGFALS mutation site affects the LRR domain and (C) the
TNC mutation one of the EGF-like repeats. The de novo variants are shown in red. CREBBP:
CREB (cAMP response element-binding protein) binding protein; IGFALS: Insulin-like growth
factor)-binding protein, acid labile subunit; TNC: Tenascin C; Protein domain names: (A) NHRD:
Nuclear receptor-binding and receptor-interacting domain; NTAD: Amino-terminal transactivation
domain; CH1: Cys/His-rich region; CREB/KIX: CREB-binding domain; BROMO/BRD: Bromo domain;
HAT: Histone acetyltransferase domain; CH2: Cys/His-rich region 2; CH3: Cys/His-rich region 3;
CTAD: C-terminal transactivation domain; (B) NH2: N-terminal; CH1: Cys-rich region 1; LRR: Leucine
rich repeats; CH2: Cys-rich region 2; COOH: C-terminal; (C) TA: N-terminal tenascin assembly domain;
EGF-like repeats: Epidermal growth factor-like repeats; FNIII repeats: Fibronectin type III-like repeats;
FN Globe: C-terminal fibrinogen globe

Table 1. The three de novo variants validated by Sanger Sequencing.

Gene TNC IGFALS CREBBP

Chromosome chr9 chr16 chr16
Position 117852975 1841118 3823901

Reference Allele C G C
Alternative Allele T A –

Mutation Type Missense Missense Frameshift
Sequence Variant c.323G>A c.1415C>T c.2199delG

Protein Variant p.Arg108His p.Ala472Val p.Gln733Hisfs*5
phyloP Score 2.369 0.598 1.492
GERP Score 1200.8 2536.4 476.2
SIFT Score 0 0.30 –

Mutation Assessor 1.87 0.995 –
Classification 1 Likely pathogenic 2 Variants of unknown significance Pathogenic

1 Variant Classification is based on the recommendations of Ambry Genetics, but pathogenicity of de novo variants in
TNC and IGFALS are not certain; 2 TNC c.323G>A is reported in dbSNP as rs151119387, but MAF/MinorAlleleCount
= 0.0002/1. Overall MAF in 1000 genomes, ESP6500, ExAc database is less than 0.0003. TNC: Tenascin C; IGFALS:
Insulin-like growth factor-binding protein, acid labile subunit; CREBBP: CREB (cAMP response element-binding
protein) binding protein; phyloP: Phylogenetic p-values; GERP: Genomic evolutionary rate profiling; SIFT: Sorting
intolerant from tolerant.
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Figure 3. Sequences of CREBBP, IGFALS, and TNC for the family trio. A downward arrow indicates the
mutated residue and nucleotides are shown in colored, single-letter codes. The black circle indicates
the proband.

None of the observed sequence changes were observed in normal Korean subjects. The validation
results from the normal population are shown in Figure 4.
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Figure 4. Validation results for de novo variants in CREBBP, IGFALS, and TNC in 80 normal Korean
subjects. The downward arrow indicates the residue of de novo variants.

3. Discussion

We have shown that de novo variants in the CREBBP, TNC, and IGFALS genes are potential
causes for RSTS by analyzing the whole genome of a female patient with RSTS. In WES analyses,
we observed de novo variants in the CREBBP, TNC, and IGFALS genes. The girl showed typical
morphological findings of RSTS, including abnormal features of the face, fingers, and toes, as well
as growth retardation. Major characteristics of this patient were severe developmental/behavioral
problems together with ASD with typical features that fulfilled the diagnostic criteria in multiple
domains including communication, social interaction, specialized interests, and repetitive behavior.

Developmental/behavioral problems are common in patients with RSTS, with the most typical
symptoms being moderate to severe mental retardation and language impairment [8,18]. There are
no definitive reports regarding the specific frequency of psychiatric disorders in RSTS due to its low
prevalence. In terms of autistic behavior, only a few reports have described this specific psychopathology
associated with RSTS. In one relatively large-scale study exploring the socio-behavioral characteristics
of RSTS, this syndrome was associated with behavioral problems such as a short attention span, motor
stereotypies, and poor coordination [19]. These can also be part of the behavioral phenotype of ASD.
The studies that have reported Autism-like phenotypes in patients with RSTS describe milder and
atypical forms of ASD (i.e., pervasive developmental disorder not otherwise specified; PDD NOS) in
only a small proportion (8%) of the subjects [20–23].

Mutations in the CREBBP gene are one of the most commonly reported genetic etiologies of RSTS
(Table S2). CREBBP mutations are found in 50%–60% of RSTS cases, whereas EP300 (OMIM 602700)
mutations are found in 5% of the cases [7,8]. RSTS is assumed to be a genetically heterogeneous
disorder which is caused by mutations in the CREBBP gene as well as in other genes in up to 50% of
cases [2]. The CREBBP mutations are heterogeneous, as 160 different mutations have been identified
(Leiden Open Variation Database v.2.0 Build 35) [24]. The CREBBP gene is ubiquitously expressed
and is involved in the transcriptional co-activation of many transcription factors [25]. CREBBP is
also involved in multiple signaling pathways and in other cellular functions such as DNA repair,
cell growth, differentiation, apoptosis, and tumor suppression [26]. The CREBBP protein plays an
important role in regulating cell growth and division and is essential for normal fetal development.
If one copy of CREBBP is deleted or mutated, cells make only half the normal amount of CREBBP
protein. This reduction in the amount of this protein is thought to disrupt normal development before
and after birth. The CREBBP mutation is known to be associated with more severe symptomatology
than the EP300 mutations [24]. Based on previous studies, the severe cognitive symptomatology of the
subject of this study, including the ASD phenotype, could be attributed to the CREBBP mutation.
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We can infer that the de novo sequence changes of the TNC and IGFALS genes, featuring as missense
mutations observed in our study could potentially explain any additional phenotypes in patients
with RSTS, but experimental validation is required to establish disease causation. Tenascin C (TNC),
encoded by TNC, is a glycoprotein expressed in the extracellular matrix of various tissues during
development, disease, or injury, as well as in restricted areas of the central nervous system involved in
neurogenesis [27]. TNC expression changes during development until adulthood. In the developing
central nervous system, it is involved in regulating the proliferation of both oligodendrocyte precursor
cells and astrocytes [28]. TNC expression by radial glia precedes the onset of gliogenesis, and is
thought to drive astrocyte differentiation. In the adult brain, TNC expression is downregulated in all
areas except the hypothalamus and areas that maintain neurogenesis into adulthood [28]. Male-specific
association signals have been found in the intronic region of the TNC gene [29]. A missense mutation
c.5317G>A (p.V1773M) in exon 19 of the TNC gene was recently reported as a causative gene for
nonsyndromic hearing loss in family-based exome sequencing and linkage analyses [30]. Based on the
fact that pronounced-to-profound bilateral hearing loss or deafness is diagnosed more commonly in
ASD than in the general population, the causality of deafness and ASD might have a partial overlap [31].
This study suggests that mutations in the TNC gene could contribute to sensory impairment in ASD,
including hearing loss. The patient with RSTS in this study showed slight hearing problems (data now
provided), but it is still not clear which specific aspect of the patient’s phenotype can be attributed to
the missense mutations in TNC.

To date, the presence of a genetic mutation in CREBBP has been linked with the behavioral
phenotype in RSTS. For example, poor coordination is more prevalent in patients with RSTS and in
subjects with genetic abnormalities in CREBBP than in those who have no abnormalities in this gene [19].
Severe cognitive impairments and autistic features have been reported in patients with large deletions
in CREBBP [32]. This can be explained by the involvement of CREB-dependent gene transcription in
long-term memory formation through signaling pathways that include multiple important kinases
(protein kinase A, mitogen-activated protein kinase, and calcium/calmodulin-dependent kinase IV
(CaMKIV)) in the nervous systems of many species [2]. The mental retardation and cognitive phenotype
in patients with RSTS may be derived from impairments to the function of CREB-binding protein [2,13].
The role of the CREBBP mutation in long-term memory formation is supported by experiments
showing that memory impairments in a CREBBP+/– mutant mouse model were ameliorated by
phosphodiesterase 4 inhibitors [33]. Our observations suggest that de novo variants can have an
additive effect and produce more severe and defined neurological/cognitive aberrations in subjects
with RSTS.

The acid-labile subunit of insulin-like growth factor-binding protein (IGFALS) encoded by the
IGFALS gene, is a serum protein that binds to IGFs. The IGFALS protein interacts with growth hormones
to increase their half-life as well as their vascular localization [34]. IGFALS-dependent growth changes
related to sex-specific body characteristics and bone size have been reported previously [35,36]. Defects
in this gene cause acid-labile subunit deficiency which manifests as delayed and slow development
during puberty [37]. The growth retardation in our patient, which has been present from birth until
her current age, might be enhanced by the variants in the IGFALS gene.

One limitation of our study is that the analysis was restricted to only a single case. Validation of
our results was also performed using relatively small samples from the general population. The precise
function of the mutations and variants needs to be validated in future studies.

In conclusion, using WES, we observed de novo variants in the CREBBP, TNC, and IGFALS genes
in a female patient with RSTS. To our knowledge, this is the first report suggesting that variants in the
TNC and IGFALS genes can produce additional phenotypic effects. We assume that de novo variants in
the TNC gene are related to the neurological phenotype and those in the IGFALS gene are related to
growth retardation.
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4. Methods

4.1. Ethics Statement

This study was approved by the Institutional Review Board (IRB) of the Seoul National University
Bundang Hospital (Seongnam, Gyeonggi, Korea). Written informed consent was obtained from both
parents of the patient.

4.2. Subject

The patient, a girl aged 6 years and 8 months, was examined in the child psychiatry clinic of the
Seoul National University Bundang Hospital. She was thoroughly evaluated to assess problems related
to delayed development and dysmorphology. A genetic assessment to diagnose RSTS, a possibility
indicated during a previous diagnosis process, was also performed. The patient was the only child of a
healthy non-consanguineous couple. Both biological parents were healthy with no clinically significant
medical, developmental, or neuropsychological illnesses.

4.3. Clinical Evaluation

Thorough physical and laboratory evaluations were performed to confirm the diagnosis of
RSTS and obtain detailed clinical and behavioral features. Physical, dental, ophthalmologic, and
dermatologic examinations were performed. Chest and limb/digit X-ray radiography, urine and
blood tests, a videofluoroscopic swallowing study, kidney ultrasonography, echocardiography, and
electrocardiography were all performed as part of the laboratory analyses. Intelligence and adaptive
functioning were assessed using the Korean version of the Wechsler preschool and primary scale of
intelligence (K-WPPSI), the Leiter international performance scale [6,38], and the Vineland Adaptive
Behavior scale (VABS) [39,40]. Two board-certified child psychiatrists evaluated the autistic symptoms.
The Autism diagnostic observation schedule (ADOS), Module I [41,42], and the Autism diagnostic
interview-revised (ADI-R) [43,44] were used, as well as the social communication questionnaire
(SCQ) and social responsiveness scale (SRS) [45,46]. We measured the patients sleep quality using
the Pittsburgh sleep quality index (PSQI) [47] and the “STOP” questionnaire (snoring, tiredness
during daytime, observed apnea, high blood pressure) [48]. Brain magnetic resonance imaging (MRI)
and electroencephalography (EEG) were performed to elucidate potential structural and functional
abnormalities in the brain.

4.4. Genetic Analyses Using Bioinformatics Tools

Blood samples were drawn from the patient and both biological parents. Genomic DNA was
extracted using the DNeasy Blood & Tissue kit (QIAGEN, Valencia, CA, USA). Raw reads in FASTQ
format from exome sequencing were aligned to the hg19 reference genome from the UCSC genome
browser using the Burrows–Wheeler Aligner (BWA) [49] with default parameters. Aligned reads
were processed and polymerase chain reaction (PCR) duplicates were removed with SAMtools [50].
Single-nucleotide variants (SNVs) and insertions/deletions (indels) were identified using the Genome
Analysis Toolkit (GATK) [51]. Regions near short indels were realigned using the IndelRealigner
function in GATK according to default parameters. SNVs and indels affecting coding sequences or
splicing sites were annotated by an in-house custom-made annotation system. All genomic changes
were filtered against the Single Nucleotide Polymorphism Database (dbSNP; build 141) and the
in-house control database comprising 54 Korean individuals.

We classified the de novo variants using the recommendations of Ambry Genetics (Scheme for AD
and XD Mendelian disorders) into five categories: Benign, VLB (Variant, Likely benign), VUS (Variant,
Unknown significance), VLP (Variant, Likely pathogenic), and Pathogenic mutation. Variants classified
as VUS, VLP, and Pathogenic mutation were also confirmed using an IGV browser. To evaluate the
mutations in the general population, we also applied Sanger sequencing for these mutations to 80
normal subjects belonging to the Korean ethnic group.
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5. Conclusions

RSTS is a rare disorder characterized by facial, dental, and limb dysmorphology, growth
retardation, and developmental disorders including intellectual disability and Autism spectrum
disorder. Although many de novo mutations have been proposed as the genetic cause of RSTS, genetic
analyses to identify mutations have often yielded inconsistent results due to inadequacies in the
analysis methods, and many mutations are yet to be confirmed. The objective of this study was to
investigate the genetic background of a young girl with RSTS presenting with an Autism phenotype,
using whole exome sequencing (WES). We observed de novo variants in the CREBBP, TNC, and IGFALS
genes. As far as the authors know, this is the first report to suggest that the TNC and IGFALS genes
might contribute to clinical signs that are uncommon in RSTS patients.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/16/03/
5697/s1.
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Abstract: Childhood autism is a severe form of complex genetically heterogeneous and behaviorally
defined set of neurodevelopmental diseases, collectively termed as autism spectrum disorders (ASD).
Reverse transcriptase quantitative real-time PCR (RT-qPCR) is a highly sensitive technique for
transcriptome analysis, and it has been frequently used in ASD gene expression studies. However,
normalization to stably expressed reference gene(s) is necessary to validate any alteration reported
at the mRNA level for target genes. The main goal of the present study was to find the most stable
reference genes in the salivary transcriptome for RT-qPCR analysis in non-syndromic male childhood
autism. Saliva samples were obtained from nine drug naïve non-syndromic male children with
autism and also sex-, age-, and location-matched healthy controls using the RNA-stabilizer kit from
DNA Genotek. A systematic two-phased measurement of whole saliva mRNA levels for eight
common housekeeping genes (HKGs) was carried out by RT-qPCR, and the stability of expression
for each candidate gene was analyzed using two specialized algorithms, geNorm and NormFinder,
in parallel. Our analysis shows that while the frequently used HKG ACTB is not a suitable reference
gene, the combination of GAPDH and YWHAZ could be recommended for normalization of RT-qPCR
analysis of salivary transcriptome in non-syndromic autistic male children.

Keywords: childhood autism; non-syndromic; transcriptome; saliva; reverse transcriptase
quantitative real-time PCR (RT-qPCR); housekeeping genes (HKGs); reference gene; stability of
expression; geNorm; NormFinder

1. Introduction

Autism spectrum disorders (ASD) are serious, lifelong pervasive neurodevelopmental disorders
characterized by impairments in reciprocal social interaction, including verbal and non-verbal
communication, and also repetitive stereotyped behavioral patterns [1]. Childhood autism, which is
the most severe form of ASD with an early life onset, is typically diagnosed between the ages of 2 and
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3 years [2] and a male to female ratio of about 4:1 [3]. There is no doubt that genetic components play
a key role in the pathogenesis of ASD with a high heritability index. However, the genes that have
been associated with ASD only relate to only a small portion of the cases [4].

Due to the wide range of genetic heterogeneity reported in ASD, it is quite possible that different
causes and various underlying molecular mechanisms may lead to a common set of changes in
the brain resulting in a similar behavioral profile [5,6]. Nonetheless, analysis of the transcriptome,
as an intermediate phenotype, still could provide valuable insights for investigation of such complex
cases. Careful comparison of the gene expression profiles in autistic patients with normal subjects
could provide important clues for the development of autism and also the molecular mechanisms
and crossroads involved. Reverse transcriptase quantitative real-time PCR (RT-qPCR) is a highly
sensitive technique for investigation of gene expression profile, and it is also used for confirmation of
microarray results [7,8]. However, accurate analysis of gene expression with RT-qPCR requires proper
normalization to stably expressed internal control or reference gene(s) [9]. An important caveat to
consider for selection of reference genes, which are typically selected from housekeeping genes (HKGs),
is that expression of HKGs could vary significantly under different biological conditions including
disease states, age, sex, drug treatment. Furthermore, the stability of expression for a particular
HKG could also be dependent upon the tissue type/source used for RNA isolation and experimental
design [10,11]. Therefore, selection of appropriate reference genes for a complex neurodevelopmental
disorder such as autism requires very careful design and planning.

A review of the literature shows that no single gene or particular set of genes has been used
consistently as reference in gene expression studies in ASD, using either the brain or blood as the main
RNA source (Table 1) [12–34]. Surprisingly, as we will further outline in the discussion, almost none
of these studies have embarked on a systematic validation of the reference gene(s) prior to the start
of the experiment. In the present study, we: (1) propose using saliva as a readily available biofluid
and an alternative noninvasive sampling source for transcriptome analysis in childhood autism;
and (2) provide a systematic evaluation for the expression levels of eight commonly used HKGs in
whole saliva samples in drug naïve non-syndromic autistic male children, as a highly important yet
defined subset of ASD patients, and healthy sex-, age-, and location-matched controls.

Table 1. Internal control genes used in ASD gene expression studies.

Reference RNA/Protein Source Reference Gene(s) Age (Year) N Sex

Purcell et al. (2001) [12]
Brain tissue ACTIN WB

5–54 10 M/F 1
Cerebellum GAPDH RP

Fatemi et al. (2001) [13]
Brain tissue

ACTIN WB 23.5 ± 4.8 5 MCerebellum

Araghi-Niknam et al. (2003) [14] Brain tissue
ACTIN WB 23.8 ± 4.9 5 MCerebellum, Frontal Cortex

Samaco et al. (2004) [15]
Brain tissue TFRC and ACTIN IF

2–32 13 M/F 8
Frontal Cortex GAPDH, H1, and TFRC FISH

Hu et al. (2006) [16] LCL 18s rRNA qP 6–16 10 M

Nishimura et al. (2007 [17]) LCL HPRT1 qP AGRE 42 M

Garbett et al. (2008) [18]
Brain tissue

ACTB MA−qP 4–30 6 M/F 2
Sup. temporal gyrus

Gregg et al. (2008) [19] Whole blood
DDR1, RPL37A, and

CHARGE 35 M/F 6
SMARC2 MA−qP

Enstrom et al. (2009) [20] PBL, Natural killer cells DDR1, RPL37A, and
SMARC2 MA−qP 2.3–5.6 52 M

Hu et al. (2009a) [21] LCL MDH1, ARF1, ACSL5 MA−qP 12.3 ± 3.7 116 M

Hu et al. (2009b) [22] LCL 18s rRNA MA−qP 7.8 ± 3.4 20 NA

Sheikh et al. (2010) [23]
Brain tissue

ACTIN WB 8.9 ± 3.2 9 M/F 4
Frontal Cortex

Malik et al. (2011) [24] PBL ACTIN WB, NB 8.4 ± 0.3 6 NA

Kuwano et al. (2011) [25] Whole blood GAPDH and HDAC1 MA−qP 26.7 ± 5.5 21 M/F 4
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Table 1. Cont.

Reference RNA/Protein Source Reference Gene(s) Age (Year) N Sex

Ghahramani Seno et al.
(2011) [26] LCL TMEM32 qP TUBB WB 2–18 20 M/F 7

Luo et al. (2012) [27] LCL GAPDH MA−qP SSC 42 NA

Chow et al. (2012) [28]
Brain tissue ACTB, TBP, and

2–56 20 MPrefrontal Cortex RPL13A MA−qP

Kong et al. (2012) [29] Whole blood GAPDH MA−qP 8.2 ± 3.0 170 M

Griesi-Oliveira et al. (2012) [30] Dental pulp stem cells GAPDH, HPRT1, SDHA, and
HMBS qP 10 1 F

Anitha et al. (2012) [31]
Brain tissue GAPDH WB

8–29 8 M/F 2Anterior cingulated gyrus,
Motor Cortex, thalamus

B2M, HPRT1, RPL13A,
GAPDH, and ACTB qP

Ginsberg et al. (2012) [32]
Brain tissue

GAPDH qP 2–60 9 M/FOccipital and cerebellar
hemispheric cortices

Choi et al. (2014) [33]
Brain Tissue

GAPDH qP 4.5–82 29 M/F 8
Cerebellum

Nardone et al. (2014) [34]
Brain Tissue

GAPDH, HPRT1, POLR2α,
and SDHA qP 18–51 13 M/F 2Anterior cingulated gyrus

Prefrontal Cortex

N, number of ASD samples; NA, not available; F N, number of female ASD samples; Regular capitalized
abbreviations under the Reference Gene(s) columns are indicative of proteins, whereas the italicized ones denote
RNA or mRNA. Sample sources: AGRE, Autism Genetic Resource Exchange; CHARGE, Childhood Autism
Risks from Genetics and Environment; SSC, Simon Simplex Collection. Cell lines: LCL, Lymphoblastoid
Cell Line; PBL, Peripheral Blood Lymphocyte. Techniques: FISH, Fluorescence in situ Hybridization;
IF, Immunofluorescence; MA-qP, Microarray-RT-qPCR; qP, Reverse transcriptase quantitative real-time PCR;
NB, Northern Blot; RP, semi-quantitative RT-PCR; WB, Western Blot.

2. Results

2.1. Selection of Candidate Reference Genes and Initial Screening

The present study was prompted by an earlier experiment, during which saliva samples were
obtained from five lab members and β-actin gene (ACTB) mRNA levels were measured for RNA
quality analysis. It should be noted that ACTB has been used previously by other investigators for
RNA quality and transcriptome analysis by RT-qPCR in saliva [35–38], and that it also has been used
as a common internal control for gene expression studies in ASD (Table 1). Interestingly, while ACTB
Cq values were stable in the salivary transcriptome derived from the lab members (i.e., adults), the Cq
values varied when examined in five samples (one autistic and four healthy control subjects) taken
from children (Table S1).

There were limited amounts of saliva samples taken from our clinical groups, collected within
a two-year period, available for future studies. Thus, in order to systematically evaluate potential
reference genes for normalization of gene expression levels in whole saliva collected from patients
with non-syndromic childhood autism and the healthy controls, a two-phase analysis was performed.
In the first phase, for initial screening, mRNAs levels of eight candidate HKGs (Table 2) were examined
by RT-qPCR using equal amounts of RNA templates extracted from four saliva samples: two samples
taken from autistic patients, and two from healthy controls. The RT-qPCR procedures were designed
and performed in line with the Minimum Information for Publication of Quantitative Real-Time PCR
Experiments (MIQE) guidelines [10]. The mean Cq values ± SD (n = 2–4) for each candidate gene
are presented on Table 3 (see Table S2 for detailed individual average Cq values of replicate qPCR
reactions ± SD).
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Table 2. List of the housekeeping genes evaluated as candidate reference genes during the first phase.

Gene Name Function Gene Symbol
mRNA

Accession No.
Amplicon 2

Length (bp)

18S ribosomal RNA Ribosomal RNA Subunit 18s rRNA M10098 1 99 *

β-actin Cytoskeletal structural protein ACTB NM_001101 94

Glyceraldehyde-3-phosphate
dehydrogenase Glycolytic enzyme GAPDH NM_002046 142 *

Ribosomal protein L13a Structural component of large
subunit of Ribosome RPL13A NM_012423 223 *

Succinate dehydrogenase complex
subunit A, flavoprotein

Electron transporter in the
Krebs cycle SDHA NM_004168 154 *

Transferrin receptor Cellular iron uptake TFRC NM_003234 134

Ubiquitin C Protein degradation UBC NM_021009 192 *

Tyrosine 3 monooxygenase activation
protein, zeta polypeptide Signal transduction YWHAZ NM_003406 150 *

1 Non-coding RNA; 2 The numbers with asterisks given for 18s rRNA, GAPDH, RPL13A, SDHA, UBC, and
YWHAZ do not reflect exact Amplicon sizes. They are indicative of the “context sequence length” [39]
information provided by PrimerDesign Ltd. (Southampton, UK).

To analyze the stability of expression for the candidate HKGs, the Cq values of each data set were
exported to a Microsoft Office Excel sheet and then imported into the geNorm (qbasePLUS software
v2.2, Biogazelle, Ghent, Belgium) and also NormFinder (Molecular Diagnostic Labrotory, Department
of Clinical Biochemistry Molecular Medicine, Aarhus University Hospital, Skejby, Aarhus, Denmark)
software. GeNorm, which is a strong algorithm for small sample sizes and also the most widely used
algorithm to determine the most stable reference gene, calculates an expression normalization factor
for each sample set by geometric averaging of a number of user-defined candidate reference genes.
For each candidate gene, the geNorm algorithm determines an internal control stability measure (M),
which is defined as the average pairwise variation of a particular gene compared with all other test
genes. The lowest M value indicates the most stable gene [40]. By contrast, NormFinder that is also
a visual basic application for Microsoft Excel focuses on the expression variation of each gene with
the least intra- and inter-group values in a model-based approach. In addition to giving a direct
measure for the estimated expression variation, the NormFinder algorithm evaluates the systematic
error introduced when using the HKG of interest as internal control [41].

Table 3. The mean Cq values (±SD, n = 2–4) of samples studied in phase I.

Gene Symbol
Control Autism

Overall SD
Mean SD N Mean SD N

18s rRNA 16.06 1.78 2 14.58 0.66 2 1.04
ACTB 25.87 0.38 2 29.18 1.77 2 2.34

GAPDH 26.27 0.29 2 27.01 0.44 2 0.52
RPL13A 31.09 0.89 2 32.72 NA 1 1.15
SDHA 33.73 NA 1 28.93 0.32 2 3.40
TFRC 31.14 1.73 2 33.22 1.58 2 1.47
UBC 30.22 0.62 2 32.23 0.59 2 1.42

YWHAZ 27.54 0.61 2 28.07 1.11 2 0.37

N, number of samples (from independent individuals) with valid signals; NA, not applicable;
SD, standard deviation.

According to the geNorm algorithm, the M values below the cut-off value of 1.5 (the recommended
threshold) are acceptable in the selection of internal controls for normalization in RT-qPCR [40]. As it
can be seen from Figure 1A, the data output from geNorm for the first phase of evaluation indicated
that glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH) was the best HKG in our panel of
candidate reference genes followed by succinate dehydrogenase complex subunit A, flavoprotein
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(SDHA), tyrosine 3 monooxygenase activation protein, zeta polypeptide (YWHAZ), and ubiquitin
C (UBC). ACTB, a traditionally common reference gene in normalization of RT-qPCR data in ASD
studies (Table 1) and salivary transcriptome analysis [35,37,38], was ranked among the least stable
genes. The number of reference genes needed for optimal normalization was determined by geNorm
based on the average pairwise variation (Vn/n + 1) below the recommended cut-off point value of
0.15. At this phase, the geNorm output indicated that the combination of the best three reference genes
would be sufficient for normalization of RT-qPCR data (Figure S1).

The ranking of the best candidate genes by NormFinder algorithm in phase I was somewhat
similar to the geNorm output. GAPDH, YWHAZ, and UBC were ranked as the best candidates,
respectively (Figure 1B). However, SDHA was demoted to the 6th rank, while ACTB was promoted
two steps from low to the intermediate ranking. It should be noted that, in phase I, the clinical identifier
value was not included in the NormFinder analysis due to the small number of samples, and thus
analysis was performed as a single clinical group. In both algorithms, two of the candidate genes,
encoding for ribosomal protein L13a (RPL13A) and transferrin receptor (TFRC), were ranked as the
least stable HKGs based on their high variation of relative expression values.

2.2. Expression Profiling and Validation of Candidate Reference Genes

Three of the candidate HKGs that had the best scores in phase I based on both geNorm and
NormFinder algorithms (GAPDH, YWHAZ, and UBC) were selected for the second phase of analysis.
Despite its low-intermediate ranking in phase I, ACTB was also taken for further analysis because of
its common usage as an internal control HKG in saliva [35,38,42] and ASD studies (Table 1). In this
phase, the expression levels of the final four candidate HKGs were examined in saliva samples from
a panel of nine autistic and healthy boys (average age: 47.6 ± 21.9 vs. 41.2 ± 26.7 months, respectively).
The amplification efficiency for each gene and linear regression coefficient (R2) values were calculated
by performing standard curves (Table 4). The scatter plot representations of the Cq values recorded
for the final four candidate HKGs in the autistic and healthy clinical groups are shown in Figure 2
(Table S3 for detailed average Cq values for replicate qPCR reactions ±SD).

Figure 1. Expression stability analysis of the candidate reference genes in phase I. The stability of
expression for 8 housekeeping genes tested in saliva is ranked (left to right) based on the least stable to
the most stable gene by: (A) geNorm; and (B) NormFinder algorithms.
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Table 4. Amplification efficiency data for candidate reference genes tested in phase II.

Gene Symbol Slope R2 Efficiency (%)

ACTB −3.400 0.981 96.8
GAPDH −3.303 0.989 100.9

UBC −3.747 0.974 84.8
YWHAZ −3.398 0.984 97.2

Standard curves were used to calculate the reaction efficiency for each gene, using a five-point serial dilution
made from pooled stock cDNAs. The amplification efficiency percentage for each gene was calculated using the
equation E = 10 (−1/Slope) − 1 multiplied by 100, where E stands for the efficiency and slope is the gradient of
the best fit line. R2: linear regression coefficient.

Figure 2. Scatter plot representations of the Cq values measured for the final four candidate genes.
Filled squares and circles represent the control and autistic groups, respectively. The vertical bars
indicate the median and interquartile range. The bottom and top of each bar represent the 25th and
75th percentiles, respectively, and the line bisecting each bar shows the median Cq value.

Noticeably, geNorm once again ranked GAPDH as the most stable HKG, and it ranked ACTB
as the least stable gene (M values: 1.29 vs. 1.84, respectively). However, after the pairwise analysis,
the combination of GAPDH and YWHAZ was selected as the best pair with an M-value of 1.02, followed
by UBC and ACTB with M-values of 1.45 vs. 1.67, respectively (Figure 3A). An optimal number for
reference genes was not determined by geNorm algorithm because the V-value was higher than
recommended threshold (0.15). Similar to the geNorm analysis, NormFinder evaluated GAPDH as the
most stable HKG, followed by YWHAZ, UBC, and ACTB (Stability values: 0.35, 0.60, 1.18, and 1.40,
respectively). However, when the clinical subgroups were included in the analysis, the GAPDH and
YWHAZ set was recommended as the best combination of two genes by NormFinder, followed by
UBC (ranked third) and ACTB, ranked as the least stable gene once again (Figure 3B).

Figure 3. Cont.
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Figure 3. Expression stability analysis for the final four candidate reference genes in phase II. Expression
of each candidate gene was examined in a total of 18 saliva samples (nine with childhood Autism and
nine healthy controls) ranked compared with the rest by (A) geNorm and (B) NormFinder algorithms
based on their stability of expression values; when the clinical group’s identifier was included in the
NormFinder analysis, GAPDH and YWHAZ were selected as the best genes combined, in agreement
with the geNorm pair-wise ranking.

2.3. Relative Expression Levels of Candidate Reference Genes in Autistic vs. Healthy Subjects

Using GAPDH, the most stable HKG ranked by both geNorm and NormFinder algorithms,
as reference, and employing an improved 2−ΔCt method [43] (by taking into account the amplification
efficiencies), the relative expression levels of other three genes were compared in the autistic children
vs. the control group (Figure 4A). The results demonstrate that although ACTB shows a higher
degree of variation compared with UBC and YWHAZ (p-values: 0.26, 0.45 and 0.82, respectively),
as expected, there are no significant differences in the expression levels of any of these HKGs between
the two clinical groups. By contrast, when ACTB, which was ranked as the least stable, was used as
reference, the expression levels of GAPDH, UBC, and YWHAZ did not follow a normal distribution
pattern, and in particular, the UBC expression levels and median values were significantly different
(p = 0.03) between the autistic and control groups (Figure 4B).

The above observations are in support of the ranking validity of the candidate reference genes by
geNorm and NormFinder algorithms, and they clearly demonstrate how selection of an inappropriate
HKG as reference can bias interpretation of RT-qPCR data. Interestingly, examination of the Cq values
obtained for the candidate HKGs using a third statistical algorithm applet, called BestKeeper [44],
produced a similar ranking for the candidate reference genes, in particular for Phase II (Table S4).
It should be noted that the BestKeeper algorithm works by calculating the SD for each gene of interest
and Pearson’s coefficient of correlation for each pair of the candidate genes. Thus, it would be best
suited for our Phase II analysis, as BestKeeper cannot provide significant p-values for small sample
sets (Table S4A,B). Nonetheless, based on the intra-variations for each candidate gene, the Phase I
ranking by BestKeeper is not that far off from those produced by geNorm and NormFinder.

Figure 4. Cont.
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Figure 4. Comparison of the relative expression levels of candidate reference genes between the
two groups. Colored and white boxes represent the autistic and control groups, respectively.
The relative expression level for each gene was calculated by using either: (A) the GAPDH
(glyceraldehyde-3-phosphate dehydrogenase); or (B) ACTB (β-actin) gene as the reference. Statistical
analysis comparing the expression levels are done with Mann-Whitney U test (two-tailed), and the
data are presented as the mean and interquartile range, with vertical bars representing the total range
(B). p-values: (A) ACTB (p = 0.26), UBC (p = 0.45), YWHAZ (p = 0.82); and (B) GAPDH (p = 0.26),
UBC (p = 0.03), YWHAZ (p = 0.26).

3. Discussion

To our knowledge, this is the first systematic evaluation of HKGs as reference for RT-qPCR analysis
of salivary transcriptome in patients with autism reported so far. ASD encompass a heterogeneous
set of complex and pervasive behaviorally-defined neurodevelopmental disorders, which brings up
the possibility of different causes leading to similar brain deficits and behavioral patterns. In fact,
there is a strong consensus on the involvement of various genetic and environmental components in
the etiology of ASD [1,6]. Nonetheless, because of the high heritability reported in ASD, it should
be quite plausible to search for a “common signature” at the level of gene expression profile. Thus,
analysis of the transcriptome, as an intermediate phenotype for investigation, could provide insights
into the molecular mechanism/s involved [5]. However, despite enormous number of research and
concerted efforts at the international level during the past decade, as evident on Table 1, there is still
an incoherent picture of a common gene expression profile signature/s for ASD, and the underlying
molecular mechanisms are poorly understood.

A recent highly in depth meta-analysis of ASD gene expression data, taken from 12 independent
studies in blood and brain tissues, by Ch’ng et al. conclude that constructing a somewhat consistent
transcriptome signature might be possible in the studies using a small number of brain samples.
By contrast, the outcomes of the studies using blood cells are highly heterogeneous and rather
inconsistent [5]. As pointed out by the investigators, part of the inconsistency in these studies could
be due to the variation in their inclusion and exclusion criteria, which include variations in the scope
of the ASD patients studied, differences in gender and age groups, and differences in sampling and
experimental procedures. A review of the information presented on Table 1 supports the notion of such
variations in different ASD studies. Another important factor to note, however, is the inconsistency in
the use of reference genes in different studies, even in cases where the type of tissue/cells used for
transcriptome analysis were the same or very similar.

Selection of appropriate reference gene(s) plays an essential part in proper normalization of
RT-qPCR assays and comparison of gene expression profiles between different samples and clinical
groups. It is also essential that validity and stability of expression for the candidate or intended
internal control HKG/s is experimentally examined for particular source/s of RNA, disease status,
and experimental design prior to the start of each experiment [10,40,41]. Surprisingly, a careful
examination of the ASD gene expression studies listed on Table 1, however, reveals that the HKGs used
as internal controls were not systematically evaluated for their stability of expression for the particular
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tissue/cell type, and biological and experimental conditions. Perhaps, the only one exception on that
list is the case report study by Griesi-Oliveira et al. using dental pulp stem cells for their main RNA
source. Aside from the fact that the particular female patient in this study suffered from a craniofacial
dysmorphism in addition to ASD phenotype, it should be noted that because of the very small and
restricted sample size (only one patient and two controls from the same family), validation of the
reference genes in this study has a very low power. It is also interesting to note that even with such
a small and restricted sample size, when the investigators used the geNorm applet for selection of
the reference genes, they ended up with a set of four HKGs in order to generate a normalization
factor [30]. The study by Nardone et al., using postmortem brain tissues, used a set of four HKGs based
on a geNorm evaluation of candidate reference genes by a separate group of investigators on suicide
subjects [34,45]. Finally, the study by Garbett et al., using a small set (six; four male and two female
subjects) of postmortem brain tissue samples, selected only one HKG, ACTB, for validation of their
microarray results based on the previous works by the same lab [18] on small numbers of postmortem
brain samples from schizophrenic and epileptic patients [46,47].

An ideal reference gene should maintain a stable mRNA level in all sample groups under different
experimental conditions. It might not be possible to find a “universal” reference gene or set of genes in
different tissues for various biological and experimental conditions. However, it is quite feasible to find
the most appropriate HKGs for normalization of gene expression profiling if one limits the type and
number of tissues tested under a well-defined experimental setting [40,41]. As mentioned several times
already, ASD encompass a heterogeneous and complex set of neurodevelopmental disorders. In the
present study, in an effort to limit the number of confounders and heterogeneity, we confined the scope
of the ASD subjects to drug naïve non-syndromic autistic male children and age-, and sex-matched
healthy children picked from the same neighborhoods as the patients (average ages: 47.6 ± 21.9 vs.
41.2 ± 26.7 months, respectively). Considering the severity of childhood autism and also the high
ratio of male children affected, the autistic patients used in this study represent a highly important yet
defined subset of ASD patients. We also used saliva as an alternative “noninvasive” sampling source
for RNA instead of the blood. As the most available and portable biofluid, saliva contains a wealth of
information regarding the physiological states of the body and is a good indicator of the plasma levels
of hormones, drugs, immune system, and neurological conditions [48,49]. In recent years, saliva has
been used a valid source of biomarkers and transcriptome analysis for a number of systemic human
diseases including sleep disorder [38] and breast cancer [50].

Saliva has also been used as a DNA source for epigenetic analysis in bipolar disorder and
schizophrenia [51], for genetic analysis and investigation of the impact of nutritional intake and
environmental toxins in ASD [52]. Most recently, Frank Middleton and colleagues used the salivary
microRNA profiles for identification of children with ASD [53]. Here, we present the first systematic
evaluation of HKGs in the salivary transcriptome to be used for normalization of RT-qPCR data in ASD
research. Based on our analysis of gene expression stability using geNorm and NormFinder algorithms
in parallel, GAPDH was determined as the most stable HKG to be used as an internal control for
salivary transcriptome analysis and/or validation of microarray results by RT-qPCR in male childhood
autism. By contrast, ACTB was evaluated as unsuitable to be used as a reference gene. It should be
noted, however, that GAPDH does not appear to be stable enough to be used as a single reference
gene for normalization of RT-qPCR data in this setting. Both geNorm and Normfinder analyses
recommend combination of GAPDH and YWHAZ as the best option. However, the V value given by
the geNorm algorithm in our second phase of study is above the ideal 0.15. A simple interpretation
of the results from geNorm’s point of view would entails using all four candidate genes as internal
controls. However, considering the high variation of ACTB expression, and significantly low levels of
UBC expression between the autistic and control samples (Figure S1 and Figure 4), it would not be
advisable to add either of them to the GAPDH and YWHAZ combination.

The poor evaluation of ACTB as a reference gene in saliva samples, in a sharp contrast to GAPDH,
initially came to us as a surprise. However, a careful review of the literature revealed this to be
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a well-supported outcome by various lines of evidence. While ACTB was traditionally used as
a reference gene in saliva [38], even pioneer labs specializing in saliva work have recently switched to
using GAPDH instead [50,54]. In contrast to this notion, in a recent report by Pandit and colleagues
on a high-yield RNA-extraction protocol for saliva, the investigators used ACTB in combination with
the saliva-specific histatin 3 gene (HTN3) for validation of the quality and quantity of their isolated
RNA samples. They also used ACTB alone as their reference HKG for analysis of 2 cell lines and
a cohort of cancer patients and controls [35]. However, a review of the Cq values listed for ACTB
in their Table 1, shows a very high variation in the Cq values (18 Cq differences for all samples,
and 13 Cq differences within the clinical samples only) for ACTB, making it unsuitable to be used as
a reference gene. Furthermore, it should be kept in mind that the saliva samples taken in our study
were obtained from young children (average age for both groups: 44.4 ± 23.9 months) that are going
through a highly significant growth period. A key developmental and cytoskeletal protein coding gene
like ACTB may not be suited as a reference gene for this age period. In support of this line of reasoning,
a recent investigation of HKGs in leukocyte subpopulations from children by Yu and colleagues found
that GAPDH had the most stable expression in children (five samples: 1, 3, 6, 9, and 12 years old).
By contrast, the ACTB protein levels were inconsistent. The investigators reported that ACTB mRNA
levels were not significantly different across their samples and propose a difference at the level of
post-translational regulation. However, there is no mention of the ACTB Cq values/variation provided
in the article [55].

In contrast to our findings indicating ACTB as an unsuitable internal control for RT-qPCR analysis
in childhood autism, the study by Garbett and colleagues gives ACTB a high praise as a reference gene
for transcriptome analysis in postmortem brain tissue samples from ASD patients [18]. Aside from
the fact that we have used a different source for RNA, a close inspection of the report by Garbett et
al. reveals some interesting points. The authors provide several reasons for why they chose ACTB
as the reference gene for RT-qPCR verification of their microarray results, including that it had been
previously established as a stable HKG in the literature (referring to a study by Chen et al. on the
primary human skin fibroblasts [56]); and in two previous studies on human postmortem brain tissues
by the same lab, one in subjects with schizophrenia [46] and one in epilepsy [47]. Aside from the
fact that we have used a different source of RNA in the present study compared with the studies
noted above, the reasoning outlined by Garbett et al. for selection of their internal control HKG is not
convincing. The fact that ACTB has been previously used as an endogenous reference gene in primary
human skin fibroblasts (a different tissue type), and that it has been used in the brain tissue samples
in schizophrenia and epilepsy (different disease types), are not valid justifications for using ACTB as
a reference gene in brain tissue samples for ASD studies. Two recent systematic evaluations of HKGs,
with both studies including ACTB and GAPDH, for RT-qPCR in postmortem human brain tissues
came up with entirely different sets of reference genes. While Silberberg and colleagues found TFRC
and RPLP0 as the most stable reference genes in schizophrenia and bipolar disorders [57], Penna and
colleagues found CYC1 and EIF4A2 as the best reference genes in Alzheimer’s disease [58]. Finally,
it is interesting to note that a review of the reference genes used in ASD studies shows a noticeable
shift from ACTB to GAPDH during the past 15 years (Table 1).

4. Materials and Methods

4.1. Subjects and Sampling Procedure

Participants recruited to this study included nine drug naïve non-syndromic male children
diagnosed with autism (47.6 ± 21.9 months) and nine age-, gender-, and location-matched typically
developing healthy controls (41.2 ± 26.7 months). Children with autism were diagnosed according to
the Diagnostic and Statistical Manual of Mental Disorders fourth edition, Text Revised (DSM-IV-TR)
criteria by two qualified clinicians, a child neurologist and a child and adolescent psychiatrist.
The diagnosis of autism was confirmed by Autism Diagnostic Interview-Revised (ADI-R), which is
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a standardized semi-structured diagnostic algorithm for autism based on the definitions set by DSM-IV
and International Statistical Classification of Diseases and Related Health Problems 10th Revision
(ICD-10) [59,60]. Exclusion criteria for patients included any other medical disorder and/or diagnosis
including significant neurological problems such as depression, epileptic seizures, and genetic
syndromes such as tuberous sclerosis, Angelman, and Fragile-X. Sex-matched healthy control children
were picked from the same neighborhood locations as the autistic subjects. All healthy controls were
screened by the Strengths and Difficulties Questionnaire (SDQ) [61]. The study was conducted in
accordance with the Declaration of Helsinki, and it had the approval of the ZUMS Ethics Committee
(ZUMS.REC.1392 97; 13 October 2013). All subjects had signed informed consent, provided by their
parents, for inclusion before participating in the study.

Two mL of whole saliva was collected from each child who was able to provide sputum into the
Oragene RNA collection kit RE-100 (DNA Genotek Inc., Ottawa, ON, Canada). Saliva sampling was
supervised and collected by trained personnel according to the instructions provided in the collection
kit. In the case of children unable to spit voluntarily, sampling was done by a 2-mL syringe from under
the tongues and gingival crevices, mainly with the help of the participating parents and/or caregivers.
Briefly, children were recommended to refrain from eating and drinking for 1 h prior to sampling and
also wash their mouths with drinking water at least 15 min before providing a sample. Once collected,
the tube containing the sample was covered by placing the cap securely and inverting the container
vigorously by hand vortexing for approximately 10 s, in order to allow the saliva to mix well with
the Oragene RNA solution. Samples were then stored at −20 ◦C and subsequently transferred to the
central laboratory at the Zanjan University of Medical Science (ZUMS) for further processing.

4.2. Total RNA Preparation and cDNA Synthesis

Total RNA was extracted from whole saliva samples using a combination of two protocols:
Oragene RNA collection kit RE-100 (DNA Genotek Inc., Ottawa, ON, Canada) and RNX-Plus solution
(SinaClone BioScience, Tehran, Iran) with some modifications to the manufacturers’ instructions.
Briefly, the saliva collected in the Oragene RNA collection kit was incubated in a water bath at 50 ◦C
for 1 h. A 500-μL aliquot was then transferred into a 1.5-mL microcentrifuge tube and incubated in
a water bath at 90 ◦C for 15 min. Twenty μL of the Neutralizer solution was added to the sample
and vortexed for a few seconds, incubated on ice for 10 min, and centrifuged at 15,000× g for 3 min.
The clear supernatant was then transferred into a new microcentrifuge tube, 2 volumes of cold 95%
ethanol was added to the sample and mixed vigorously by hand. The sample was incubated at −20 ◦C
for 30 min followed by centrifugation at 15,000× g for 3 min. The supernatant was discarded and
the pellet was dissolved in 750 μL of RNX-Plus solution (SinaClone BioScience, Tehran, Iran) by
vortexing, followed by incubation at room temperature for 5 min. A 200-μL volume of Chloroform was
added to the solution and centrifuged for 15 min at 12,000× g. The upper phase was then transferred
to a new microcentrifuge tube and an equal volume of isopropanol was added into the tube. The
mixture was centrifuged for 15 min at 12,000× g and the resulting pellet was washed in 70% ethanol,
air dried for 10 min, and dissolved in DEPC-treated ddH2O. The quality and quantity of extracted RNA
samples were analyzed by fiber optic spectrophotometry using a NanoDrop 2000c (Thermo Scientific,
Waltham, MA, USA). While RNA quantity was measured using the A260 absorbance in DEPC-treated
ddH2O, the RNA purity was monitored by A260/A280 absorbance ratios of sample dilutions in Tris
pH 7.4. RNA samples with A260/A280 ratios of 1.8–2.1 were used for cDNA in the study. The average
concentration of the RNA samples used in the study was 220 ± 132 ng/μL. Potential residual genomic
DNA was eliminated with RNase-free DNase I digestion (Thermo Scientific). Complementary DNA
(cDNA) was synthesized from 500-ng total DNase I treated RNA per reaction using the PrimScriptTM
Reagent Kit (Takara Inc., Shiga, Japan) following the manufacturer’s instructions. Briefly, in a 10-μL
reaction with 1× reaction buffer including MgCl2 inside an RNase-free tube, the appropriate volume
of RNA sample was first treated with 0.5 μL of DNase I (1 U/μL) by gently mixing the reaction and
incubating it at 37 ◦C for 30 min, followed by inactivation of DNase I with addition of 1 μL of 50 mM
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EDTA and incubation at 65 ◦C for 10 min. This DNase I treated RNA sample (11 μL) was then used for
cDNA synthesis in a 20-μL reaction containing 4 μL of 5× PrimeScriptTM buffer, 1 μL of PrimeScriptTM

RT Enzyme mix I, 1 μL of 50 μM Oligo dT primer, 1 μL of 100 μM Random 6 mers, and 2 μL of
RNase-free ddH2O. The RT reaction was mixed well and incubated at 37 ◦C for 15 min, followed by
inactivation of the RT enzyme at 85 ◦C for 5 s. The cDNA samples were kept at −20 ◦C for further use.

4.3. Candidate Reference Gene Selection

A total of 8 commonly used housekeeping genes with a wide range of biological functions were
used in this study (see Table 2 for details). Six of the eight genes were picked from the internal
control panel of genes offered by PrimerDesign Ltd. (Southampton, UK) with the following “anchor
nucleotide” and “context sequence length” [39] information for the primer sets: 18s rRNA (235, 99 bp),
GAPDH (1087, 142 bp), RPL13A (727, 223 bp), SDHA (1032, 154 bp), UBC (452, 192 bp), and YWHAZ
(2585, 150 bp). The remaining two genes included ACTB, and TFRC with the following forward
and reverse primer sequences: ACTB_F, 5′-CGAGCACAGAGCCTCGCCTTTGCC-3′, ACTB_R,
5′-TGTCGACGACGAGCGCGGCGATAT-3′; and TFRC_F, 5′-ACCGGCACCATCAAGCT-3′, TFRC_R,
5′-TGATCACGCCAGACTTTGC-3′.

4.4. Quantitative Real-Time PCR

The mRNA levels of the potential reference genes were quantified using Micro Amp Optical
8-Cap Strips (Life Technology, Pittsburgh, PA, USA) with an ABI 7300 Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA). Each 20-μL reaction contained 10 μL of RealQ Plus 2× PCR
Master Mix Green, High ROX TM (Ampliqon Inc., Odense, Denmark), 25 ng of cDNA, and 300 nM of
forward and reverse primers. PCR amplifications were performed in triplicates with an initial enzyme
activation step at 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 15 s (template denaturation),
and 60 ◦C for 1 min (annealing and data collection). No-template controls (NTC) were included in
each run. The inter-run technical variation was calculated as SD for three HKGs Cq values for a fixed
repeated cDNA sample dilutions: ACTB, ±0.13; GAPDH, ±0.15; YWHAZ, ±0.14.

4.5. Gene Expression Stability Analysis

Analysis of expression stability for the candidate reference genes was initially carried out by
using two commonly used statistical algorithms, geNorm (qbasePLUS software v2.2, Biogazelle) [40]
and NormFinder (an Excel Add-in, provided by Molecular Diagnostic Labrotory, Dept. of Molecular
Medicine, Aarhus University Hospital, Skejby Sygehus, Denmark) [41], both of which are Visual Basic
Applications for Microsoft Excel, in parallel. The raw Cq values in an Excel spread sheet were also fed
into the BestKeeper applet (verison 1, http://www.gene-quantification.com/bestkeeper.html) [44] for
additional analysis.

5. Conclusions

To our knowledge, the present study is the first systematic evaluation of candidate HKGs as
internal controls for normalization of gene expression profiles in autistic children. Based on the analysis
of eight commonly used HKGs by geNorm and NormFinder algorithms in parallel, a combination of
the top two most stable candidate reference genes, GAPDH and YWHAZ, could be recommended for
normalization of RT-qPCR analysis of salivary transcriptome in drug naïve non-syndromic autistic
male children. We hope that the information presented here paves the way for: (1) systematic
evaluation of reference genes in ASD studies under different experimental settings; and (2) using saliva
as an alternative source of RNA, instead of the brain and blood, for transcriptome analysis in ASD
research. As a readily-available and resourceful biofluid, saliva could open a noninvasive window
to the complex molecular world of autism not only for diagnosis but also for surveillance of disease
status and treatment.
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Abstract: Since involved in synaptic transmission and located on X-chromosome, neuroligins 3 and
4X have been studied as good positional and functional candidate genes for autism spectrum disorder
pathogenesis, although contradictory results have been reported. Here, we performed a case-control
study to assess the association between noncoding genetic variants in NLGN3 and NLGN4X genes and
autism, in an Italian cohort of 202 autistic children analyzed by high-resolution melting. The results
were first compared with data from 379 European healthy controls (1000 Genomes Project) and then
with those from 1061 Italian controls genotyped by Illumina single nucleotide polymorphism (SNP)
array 1M-duo. Statistical evaluations were performed using Plink v1.07, with the Omnibus multiple
loci approach. According to both the European and the Italian control groups, a 6-marker haplotype
on NLGN4X (rs6638575(G), rs3810688(T), rs3810687(G), rs3810686(C), rs5916269(G), rs1882260(T))
was associated with autism (odd ratio = 3.58, p-value = 2.58 × 10−6 for the European controls; odds
ratio = 2.42, p-value = 6.33 × 10−3 for the Italian controls). Furthermore, several haplotype blocks
at 5-, 4-, 3-, and 2-, including the first 5, 4, 3, and 2 SNPs, respectively, showed a similar association
with autism. We provide evidence that noncoding polymorphisms on NLGN4X may be associated to
autism, suggesting the key role of NLGN4X in autism pathophysiology and in its male prevalence.

Keywords: autism; genetics; neuroligins; SNPs; haplotype analysis; noncoding regions

1. Introduction

Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder with an early
onset, typically prior to age 3, characterized by impaired social interactions, absent or limited verbal
communication, and stereotyped and restricted pattern of interests [1]. Considering the great variability
of clinical presentations, the definition of ASD includes autism, Asperger’s syndrome, and pervasive
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developmental disorder not otherwise specified (PDD-NOS) [2]. A combination of both genetic and
environmental causes, such as pesticides, heavy metals, dysbiosis, and mycotoxins, has been suggested
for ASD pathogenesis but, despite approximately 5%–15% of ASDs cases being due to identified genetic
or chromosomal alterations, the ASD etiology is still largely unknown [3–8]. Considering the higher
occurrence of ASD in males than in females, with a ratio of roughly 4:1, a role for the X-chromosome
in the ASD etiology has been also suggested [7,9]. In this regard, cytogenetic abnormalities highlight
the putative involvement of the loci from Xq12 to Xq21 and Xp22 in autism pathogenesis [10,11],
as well as associations with structural variants that have been reported for some X-chromosomal genes,
such as NLGN4X and MECP2 genes [12–15]. Since located on the X-chromosome and involved in
synaptic plasticity, both Neuroligin3 (NLGN3) and Neuroligin4X (NLGN4X), mapped at Xq13.1 and
Xp22.31, respectively, were extensively studied as good positional and functional candidates for ASD
predisposing. Neuroligins are postsynaptic cell-adhesion molecules that interact with the presynaptic
cell-surface receptors neurexins. Neurexins contain a single transmembrane domain, and together
with neuroligins they form Ca2+-dependent neurexin/neuroligin complexes. These transsynaptic
complexes play a crucial role in modulating neurotransmission and differentiation [16–18]. Several
ASD genetic studies have identified mutations affecting neuroligin proteins and influencing synaptic
function [19–21]. The involvement of neuroligins in ASD has been firstly confirmed in two Swedish
families by a de novo missense mutation (R451C) in NLGN3 and a frameshift mutation (1186insT) in
NLGN4X causing premature protein termination (D396X), respectively associated with typical autism
and Asperger’s syndrome [12]. Both these mutations resulted in an intracellular retention of the mutant
proteins, with a consistent loss of the synaptic activity, leading to neurodevelopmental defects and
mental retardation [22,23]. In mouse models, autism-associated NLGN3 mutations induced repetitive
behaviors, and R451C mutant mice showed impaired social interactions, but enhanced spatial learning
abilities [24–26]. A loss-of-function mechanism has also been suggested for the point mutation R87W
in NLGN4X, found in two brothers with classical ASD [27]. Recently, missense variations in NLGN3
(G426S) and NLGN4X (G84R, Q162K, and A283T) in Chinese ASD patients have been associated to
ASD predisposing, by causing abnormal synaptic homeostasis [28]. Deletion of exons 4, 5, and 6 in
NLGN4X have been also found in autistic children, suggesting that alternative splicing variants might
lead to abnormal neuroligin function in ASD [29,30]. Moreover, several noncoding genetic variants
have been specifically found in ASD patients [31–37]. All these variations often segregate into ASD
families [12,13] and can also be associated with different cognitive phenotypes, such as intellectual
and language disabilities [32,37], highlighting the role of neuroligins in the ASD pathogenesis. In
this regard, a de novo base pair substitution (−335G>A) in the promoter region of NLGN4X, has
been found in one autistic child with nonsyndromic mental retardation (NSMR) [32]. Since associated
with an increased level of NLGN4X transcripts, this variation probably affects the binding sites of
transcription factors in the mutated promoter sequence [32]. Four novel synonymous substitutions,
specific to ASD, have been reported in the coding sequences of the NLGN3 (p.K566K) and NLGN4X
(p.G99G; p.I172I; p.F530F) [34]. Despite the uncertainty of the physiological and clinical relevance,
they might affect the protein structures by altering splicing sites [34] or affecting gene regulation,
as they are located in conserved regulatory regions, such as enhancer- and promoter-associated
histone modification sites [33]. Moreover, a positive association with ASD has been identified in
a homogeneous autistic Chinese cohort (made of patients with typical phenotype), for a common
intronic variant in NLGN3 (rs4844285(G)) [6]. A three-marker haplotype (rs11795613(A), rs4844285(G),
rs4844286(T)), with a significant male bias, has been suggested, supporting the hypothesis that defects
of the synapse might have a role in ASD pathogenesis [6]. In addition, three haplotype sets in
NLGN4X (rs3810686(T), rs1882260(C)), (rs6638575(G), rs3810686(T), rs18882260(T)) and (rs6638575(A),
rs3810686(C), rs18882260(C)), have been positively associated with nonspecific mental retardation
(Intelligence Quotients IQs < 70) and social disability scores ≤ 8 [36] and genetic variants in NLGN4X
also have a significant effect on male cognitive abilities, highlighting the role of neuroligins in
psychiatric conditions [37].
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However, contradictory results have been also provided in validating the relevance and frequency
of neuroligin genetic variants in ASD [38–41]. Wermenter and coworkers failed to find an involvement
of NLGN3 and NLGN4X with ASD in a study group of 107 probands with autistic disorders at a
high-functioning level [40], and similar results have been reported in the Quebec population, after
screening for neuroligin mutations in 96 individuals diagnosed with ASD [41]. Lastly, no association
was found between NLGN3/NLGN4X alterations and ASD in a Chinese cohort [38]. However, the
genetic heterogeneity of ASD, as well as differences in the ethnicity background of ASD samples, make
it difficult to elucidate the involvement of neuroligin genes in autism pathogenesis.

Considering all these evidences and starting from an Italian ASD sample set, we assessed the
effects of three noncoding genetic variants in NLGN3, already reported as associated with ASD in
a Chinese cohort [6], and six common single nucleotide polymorphisms (SNPs) in NLGN4X, only
partially described in literature [36], with the final aim to validate the selected genetic variants as
susceptibility loci for ASD.

2. Results

2.1. Single-Locus Analysis

Association analyses have been performed considering SNPs located in the intronic and 3′

UTR regions of NLGN3 and NLGN4X, considering both the European (EUR) population (1000
Genomes Project, Phase 2) [42] and the Italian population. Genotype counts of SNPs and results
of the Hardy–Weinberg statistics, which do not present any significant disequilibrium, are shown
in Tables S1 and S2. As shown in Table 1, a moderate statistical significance difference (odds ratio
(OR) = 1.453, p = 0.0456) was identified in the single-locus analysis only for SNP rs3810688, with the
minor allele T having frequency slightly lower in ASD cases in comparison to EUR controls (separate
results for male and female analysis are provided in Tables S3 and S4). However, this association lost its
significance after False Discovery Rate (FDR) correction for multiple testing (Table 1). As the number of
samples was quite limited, Fisher’s exact test has been chosen for comparing SNP allelic frequencies
between cases and unrelated controls, always using the genetic data from the 1000 Genomes Project
(Phase 2) as reference population [42]. We also verified that the allelic frequencies for all the SNPs
analyzed do not statistically deviate in our control data set from those reported in the 1000 Genomes
Project EUR population. The moderate statistical association of rs3810688(T) with autism disappeared
when comparing ASD data with those from Italian controls.

Table 1. Single locus analysis for all the single nucleotide polymorphisms (SNPs) genotyped in NLGN3
and NLGN4X (EUR control population).

Gene ID SNP ID Minor Allele MAF Controls MAF Case p-Value OR 95% CI p-Corr

NLGN3
rs11795613 G 0.481 0.515 0.398 1.144 0.816–1.617 0.701
rs4844285 A 0.4741 0.4895 0.701 1.064 0.755–1.496 0.701
rs4844286 T 0.505 0.481 0.5396 0.908 0.646–1.280 0.701

NLGN4X

rs6638575 A 0.266 0.301 0.303 1.193 0.856–1.663 0.404
rs3810688 T 0.2176 0.288 0.0456 1.453 1.018–2.074 0.152
rs3810687 T 0.1086 0.1339 0.3369 1.269 0.805–2.000 0.404
rs3810686 T 0.4466 0.4561 0.817 1.039 0.768–1.407 0.817
rs5916269 A 0.1086 0.1339 0.3369 1.269 0.805–2.000 0.404
rs1882260 C 0.2655 0.3347 0.0505 1.392 1.005–1.928 0.152

Statistical significance, for the single locus association analysis, was tested at p < 0.05, after Fisher’s exact
test. The p-values have been adjusted by false discovery rate (FDR) correction for multiple test analysis. MAF
controls, frequency of the minor allele in controls (n = 379); MAF case, frequency of the minor allele in case
(n = 202); OR, odds ratio; CI, confidence interval; p-corr, corrected p-value after FDR test.
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2.2. Haplotype Analysis (EUR Control Population)

A 6-SNPs haplotype block in NLGN4X showed a strong significant association with ASD cases
(odds ratio = 3.58, p-value = 2.58 × 10−6), also after logistic regression and 100,000 permutation tests
(empirical p-value < 1 × 10−5, empirical q-value < 1 × 10−5) (Table 2). This block (rs6638575(G),
rs3810688(T), rs3810687(G), rs3810686(C), rs5916269(G), rs188260(T)) includes the SNP rs3810688(T),
moderately associated with ASD in the single-locus analysis. Indeed, haplotypes on NLGN4X
have been also analyzed as 5-, 4-, 3-, or 2-loci blocks, as reported in Table 2. A good statistical
significance was obtained with blocks including the SNP rs3810688(T), especially together with
the haplotype sets also including the SNPs rs3810687(G) and rs3810686(C)—both located in the 3′

UTR of NLGN4X—and with rs6638575(G), in the intron 5 of NLGN4X (Table 2). These variants
are part of two 5-loci (rs6638575(G), rs3810688(T), rs3810687(G), rs381086(C), rs5916269(G)) and
(rs3810688(T), rs3810687(G), rs381086(C), rs5916269(G), rs1882260(T)), two 4-loci (rs6638575(G),
rs3810688(T), rs3810687(G), rs381086(C)) and (rs3810688(T), rs3810687(G), rs3810686(C), rs5916269(G)),
two 3-loci (rs6638575(G), rs3810688(T), rs3810687(G)) and (rs3810688(T), rs3810687(G), rs3810686(C))
and two 2-loci (rs6638575(G), rs3810688(T)) and (rs3810688(T), rs3810687(G)) combinations, all with
strong statistical association with ASD. Moreover, despite the single-locus analysis not showing any
statistical difference for the SNPs rs1882260 and rs5916269, haplotype analysis showed that two
2-blocks (rs5916269(G), rs1882260(T)) and (rs3810686(C), rs5916269(G)), two 3-blocks (rs3810686(C),
rs5916269(G), rs1882260(T)) and (rs3810687(G), rs3810686(C), rs5916269(G)) and one 4-block loci
(rs3810687(G), rs3810686(C), rs5916269(G), rs1882260(T)), respectively, have also a very strong
significant association with ASD (Table 2). Similar results have been obtained also comparing the
ASD haplotype frequencies of NLGN4X with our unrelated controls, suggesting the reliability of the
selected control population for the statistical analysis (EUR Phase 2, 1000 Genomes Project).

Table 2. Haplotype association analysis in NLGN4X (EUR control population).

N SNPs in Haplotypes
Control

Frequency
Case

Frequency
Haplotype p-Value

Emp.
p-Value

Emp.
q-Value

6 rs6638575-rs3810688-rs3810687-
rs3810686-rs5916269-rs1882260 0.0335 0.1799 GTGCGT 2.58 × 10−6 <1 × 10−5 <1 × 10−5

5 rs6638575-rs3810688-rs3810687-
rs3810686-rs5916269 0.0805 0.1799 GTGCG 7.60 × 10−6 <1 × 10−5 <1 × 10−5

5 rs3810688-rs3810687-rs3810686-
rs5916269-rs1882260 0.0335 0.1799 TGCGT 2.58 × 10−6 <1 × 10−5 <1 × 10−5

4 rs6638575-rs3810688-
rs3810687-rs3810686 0.0805 0.1799 GTGC 7.6 × 10−6 <1 × 10−5 2 × 10−5

4 rs3810688-rs3810687-
rs3810686-rs5916269 0.0801 0.1793 TGCG 7.6 × 10−6 <1 × 10−5 2 × 10−5

4 rs3810687-rs3810686-
rs5916269-rs1882260 0.0943 0.1793 GCGT 1.3 × 10−5 <1 × 10−5 2 × 10−5

3 rs6638575-rs3810688-rs3810687 0.3538 0.4463 GTG 8.16 × 10−6 <1 × 10−5 <1 × 10−5

3 rs3810688-rs3810687-rs3810686 0.0701 0.1793 TGC 7.6 × 10−6 <1 × 10−5 <1 × 10−5

3 rs3810687-rs3810686-rs5916269 0.4062 0.4445 GCG 8.16 × 10−4 6.99 × 10−4 3.2 × 10−3

3 rs3810686-rs5916269-rs1882260 0.0943 0.1793 CGT 1.3 × 10−5 <1 × 10−5 3 × 10−4

2 rs6638575-rs3810688 0.2109 0.2854 GT 1.08 × 10−4 7 × 10−5 8.3 × 10−4

2 rs3810688-rs3810687 0.0943 0.1793 TG 1.3 × 10−5 2 × 10−5 1.5 × 10−4

2 rs3810687-rs3810686 0.4062 0.4445 GC 8.16 × 10−4 7.3 × 10−4 5 × 10−3

2 rs3810686-rs5916269 0.4062 0.4445 CG 8.16 × 10−4 7.3 × 10−4 5 × 10−3

2 rs5916269-rs1882260 0.4314 0.6259 GT 2.4 × 10−8 <1 × 10−5 <1 × 10−5

Haplotype combinations with significant p-values (p < 0.05), using the EUR control population, after permutation
test, have been reported for all the SNPs located on NLGN4X. Empirical p-values and empirical q-values after
100,000 permutations are reported. Only haplotypes having case frequency >0.05 have been presented.
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No statistically significant haplotypes have been found in the NLGN3 after logistic regression and
permutation analysis.

2.3. Haplotype Analysis (ITA control Population)

The analysis was then repeated comparing the frequencies of NLGN4X SNPs between ASD
cases and 1061 healthy controls collected during the Hypergenes project [43]. The association with
the 6-marker haplotype remained, although weaker than the EUR population (odds ratio = 2.42,
p-value = 6.33 × 10−3, empirical p-value = 6.79 × 10−3, empirical q-value < 2.73 × 10−2). A weaker
association was also found for most of the 5-, 4-, 3- and 2-SNP haplotypes identified considering the
EUR population. Data are reported in Table 3.

Table 3. Haplotype association analysis in NLGN4X (ITA control population).

N SNPs in Haplotypes
Control

Frequency
Case

Frequency
Haplotype p-Value

Empirical
p-Value

Empirical
q-Value

6 rs6638575-rs3810688-rs3810687-
rs3810686-rs5916269-rs1882260 0.0678 0.1799 GTGCGT 6.33 × 10−3 6.79 × 10−3 2.73 × 10−3

5 rs6638575-rs3810688-rs3810687-
rs3810686-rs5916269 0.1349 0.1799 GTGCG 1.9 × 10−2 1.87 × 10−2 4.47 × 10−2

5 rs3810688-rs3810687-rs3810686-
rs5916269-rs1882260 0.0678 0.1799 TGCGT 6.33 × 10−3 5.39 × 10−3 2.78 × 10−2

4 rs6638575-rs3810688-
rs3810687-rs3810686 0.1189 0.1799 GTGC 1.66 × 10−2 1.62 × 10−2 4.41 × 10−2

3 rs6638575-rs3810688-rs3810687 0.3782 0.4463 GTG 1.56 × 10−2 1.29 × 10−2 4.37 × 10−2

3 rs3810688-rs3810687-rs3810686 0.0801 0.1793 TGC 1.17 × 10−2 1.26 × 10−2 4.78 × 10−2

3 rs3810687-rs3810686-rs5916269 0.3360 0.4445 GCG 3.99 × 10−3 4.10 × 10−3 1.98 × 10−2

2 rs3810687-rs3810686 0.3160 0.4445 GC 3.50 × 10−3 3.20 × 10−3 2.20 × 10−2

2 rs3810686-rs5916269 0.3360 0.4445 CG 3.99 × 10−3 3.70 × 10−3 2.53 × 10−2

Haplotype combinations with significant p-values (p < 0.05), using the ITA control population, after permutation
test, have been reported for all the SNPs located on NLGN4X. Empirical p-values and empirical q-values after
100,000 permutations are reported. Only haplotypes having case frequency >0.05 have been presented.

2.4. Linkage Disequilibrium Analysis

The results for linkage disequilibrium (LD) analysis for the considered SNPs in NLGN4X are
presented in Figure 1. Panel (a) represents the LD for SNPs in the EUR control populations; panel (b)
shows the LD scores for the ITA control population patients; panel (c) reports the results achieved for
ASD patients.

 

Figure 1. Cont.
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Figure 1. Linkage disequilibrium (LD) for the SNPs analyzed in NLGN4X calculated using Haploview:
in panel (a) for the EUR population (1000 Genomes Project, Phase 2); in panel (b) for the Italian control
population; and in panel (c) for the autistic patients enrolled in our study.

3. Discussion

According to our results, common noncoding variants in NLGN4X may play a role in ASD
susceptibility. Starting from a relatively homogenous sample and a case-control study design, our
results suggest that some SNP marker haplotype blocks, located in the 3′ UTR of NLGN4X, might be
associated to ASD. After a first statistical analysis, referring to EUR 1000 Genomes Project population
as control, the 3′ UTR of NLGN3 did not show any association with ASD, nor at single SNP or at
haplotype blocks. On the other hand, the 3′ UTR of NLGN4X displayed statistical association with the
disease at single SNP rs3810688(T), which is the minor allele (Table 1), although this significance was
lost after FDR correction. Indeed, although the frequency of this allele is higher in the ASD population
in comparison to EUR and ITA controls, the allele is still present in 21% of EUR population, thus
producing only a modest effect by itself.

To confirm the statistical association of the haplotype blocks with ASD, (Table 2), we repeated
the same statistical analyses, referring to the ITA healthy population, and confirmed the association,
although weaker, between some SNP marker haplotypes in the 3′ UTR of NLGN4X and ASD. Indeed,
the haplotype analysis revealed a 6-SNPs haplotype block (rs6638575(G), −rs3810688(T), −rs3810687(G),
−rs3810686(C), −rs5916269(G), −rs1882260(T)) with a significant association with ASD, even after
correction by permutation both referring to EUR (Table 2) and ITA control cohort populations (Table 3).
In particular, in the region spanning from SNPs rs6638575 to rs3810686, several multiloci haplotype
blocks were found to be associated with ASD (Tables 2 and 3). Within the haplotype blocks containing
rs3810687 and rs3810686, both SNPs always displayed the G allele. Interestingly, considering the
LD analysis, we notice that the considered SNPs on NLGN4X are more in linkage than in control
populations (Figure 1).
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These results might imply that an approximately 4 kb region in the 3′ UTR of NLGN4X, spanning
from SNPs rs66385775 to rs1882260, could be involved in autism susceptibility. This regulatory region
in NLGN4X might have a role in modulating neuroligin biological function and, therefore, in causing or
predisposing to neurological disorders. Since NLGN4X is involved in synaptic plasticity and X-linked,
it might be a key gene in ASD pathogenesis and in its sex bias.

On the other hand, no associations were found for variants located on NLGN3 at the single
locus and haplotype analysis, despite Yu and coworkers (2011) reporting a positive association for
the variants rs11795613(A), rs4844285(G), and rs4844286(T) with ASD [6]. Differences in sample
ethnicity and size, as well as the ASD heterogeneity, might be taken into account for explaining such
different results. Further studies, performed on a greater number of patients and with different genetic
backgrounds, will be required to elucidate the role of NLGN3 in autism susceptibility.

Nonetheless, our results are partially in agreement with Qi and collaborators (2009) that reported
a positive association between SNPs in NLGN4X (rs6638575, rs3810686, rs1882260) and NSMR
in a Chinese population [36]. In this regard, four putative haplotype combinations (rs3810686(T),
rs1882260(T)), (rs3810686(C), −rs1882260(C)) and (rs6638575(G), rs3810686(T), rs18882260(T)) and
(rs6638575(A), rs3810686(C), rs18882260(C)), in the sixth exon of NLGN4X have been reported as
positively associated to NSMR in this Chinese cohort [36]. This genomic region, in fact, plays a
crucial role for the biological function of NLGN4X, encoding for the transmembrane domain and
postsynaptic density 95-disc large zone occludens-1 binding domain, both necessary for N-methyl
aspartate receptors and downstream signal-transducing proteins. Furthermore, it has been reported
that a target haplotype composed of the SNPs rs5916271(C) and rs6638575(A) had a significant effect in
improving the general cognitive ability and especially verbal comprehension in male children, although
further studies are required to highlight the role of these polymorphisms in ASD susceptibility [37].

As none of the analyzed SNPs on NLGN4X produce amino acid changes, two possible explanations
should be taken into account for their association with ASD. First, considering the regulatory role of the
3′ UTR regions in modulating gene expression, the SNPs located in this region, correlated with ASD,
might affect miRNA-binding sites, leading to impairments in NLGN4X expression. In this regard, the
SNPs analyzed in this study might be located in or very close to putative miRNA regulatory regions,
breaking or creating miRNA-binding sites with a possible effect on NLGN4X expression and thus on
synaptic transmission. To this respect, it has been reported that a single nucleotide variant located in
the 5′ UTR of NLGN4X is able to affect neuroligin expression [32], but further studies are required
to validate if such a regulatory mechanism might also occur for the genetic variants in the 3′ UTR of
neuroligin genes. Second, it might be also possible that other genetic variants, as putative predisposing
loci or causative mutations, could exist in close linkage with the SNPs analyzed on NLGN4X, leading
to differences in NLGN4X expression through alternative splicing or amino acid variations since each
of these conditions can alter the biological function of NLGN4X.

Considering that males have higher predisposition in ASD etiology, an involvement of the
X-chromosome in autism susceptibility has been suggested by genetic and cytogenetic studies [9–13]
and several putative candidate genes, including neuroligins, have been largely investigated [7,8,23–37].
Nonetheless, taking advantages of the new sequencing technologies, further insights might be provided
in discovering new X-linked genetic variants associated with ASD predisposition or its etiology.

Although the sample size of patients is quite limited for a genetic association study, statistical
association between marker haplotype blocks located at 3′ UTR of NLGN4X and ASD was found
referring both to EUR and ITA populations. Indeed, despite the stronger statistical significance found
in reference to EUR controls, similar results were obtained in reference to ITA controls.

After all, considering the heterogeneity of ASD, in terms of symptoms, severity, and comorbidities,
it sounds reasonable that several genes might be involved in ASD predisposition, as well as epigenetics
or environmental factors. For this reason, a single genetic variant or haplotype, even if in a regulatory
region or in a candidate gene, seems unlikely to be playing a major role in ASD predisposition. Thus,
further functional and genetic studies coupled to these SNP profiles in a larger ASD cohort would be
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the next steps to elucidate the role of neuroligins and genetic variants in ASD etiology. Indeed, these
SNPs could be the markers of other genetic variations or associated to specific phenotypes. Moreover,
as gene–environment interaction has also been proposed for autism pathogenesis, further studies
considering both the genetic and environmental risk factors should be designed.

As for clinical application, the relation between these genetic risk factors and symptoms or ASD
characteristics could suggest molecular and epigenetic mechanisms triggering the disease and suggest
possible preventive or therapeutic intervention.

In our study we found and discussed the association of several noncoding genetic variants in the
NLGN4X gene with ASD in an Italian cohort. This implies that neuroligins and, therefore, impairments
at the synaptic transmission, might play a role in ASD susceptibility and pathophysiology. To date, no
other works have investigated the role of neuroligin noncoding variants in ASD susceptibility in an
Italian autistic population, although Blasi and coworkers (2006) failed to find a significant association
with ASD in neuroligin coding variants [39] when analyzing Italian ASD patients. Taking into account
the contradictory results in validating the role of neuroligins in ASD predisposition as well as the
complex etiology of this disease, our findings can be important for the characterization of this disease,
although they need to be confirmed and replicated in different ethnic groups and to be associated with
phenotypic and epigenetic data.

4. Materials and Methods

4.1. Subjects

The sample-sets consist of: 202 ASD patients (165 (81.7%) males; 37 (18.3%) females), recruited by
IRCCS Eugenio Medea-La Nostra Famiglia in two different and far areas of Italy: Bosisio Parini (Lecco,
Italy) in the North and Ostuni (BR, Italy) in the South. Patients had an age ranging between 2 and
12 years. Demographic characteristics are summarized in Table 4.

Table 4. Demographic data and diagnosis of autistic patients.

Patients: 202; Age: 2–12; Males: 165; Females: 37

Patients from North Italy: n = 157

Males: 131, 83.44%
Young autism: 93 (71%)

PDD-NOS: 34 (26%)
Asperger’s Syndrome: 4 (3%)

Females: 26, 16.56%
Young autism: 18 (69.2%)

PDD-NOS: 7 (27%)
Asperger’s Syndrome: 1 (3.8%)

Patients from South Italy: n = 45

Males: 34, 75.55%
Young autism: 24 (70.6%)

PDD-NOS: 9 (26.5%)
Asperger’s Syndrome: 1 (2.9%)

Females: 11, 24.45%
Young autism: 8 (72.7%)

PDD-NOS: 3 (27.3%)
Asperger’s Syndrome: 0

The diagnosis for young autism (70.3%), Asperger’s syndrome (3.5%), or PDD-NOS (26.2%) were
performed according to DSM-IV TR (APA, 2000) and by the Autism Diagnostic Observation Scale
(ADOS) and ADI-R. IQ, cognitive tests, and behavioral analyses were also done in all the patients,
but 20, and are summarized in Table 5. Patients with genetic syndromes, epilepsy, and neuroradiological
confirmed disorders were excluded.

One thousand sixty one healthy controls, collected during the Hypergenes Project [43] (European
Network for Genetic-Epidemiological Studies; www.hypergenes.eu) were included in the study. These
controls were from the same two areas of Italy from which patients were recruited and in similar
proportion. The healthy subjects were genotyped at the University of Milan, using the Illumina

340



Int. J. Mol. Sci. 2016, 17, 1765

1M-duo array (San Diego, CA, USA) and imputed with Minimac software [44], a low-memory, fast,
flexible, computationally efficient implementation of the Markov chain haplotyping method, using the
haplotypes from the 1000 Genomes Project (March 2012) as reference [42].

Table 5. Cognitive and behavioral characteristics of autistic patients.

IQ Hyperactivity Language and Communication

>70 n = 71 (35.1%)
Level 1: IQ > 101; n = 15 (7.4%)

Level 0: n = 136; (67.3%)
Level 1: n = 7 (3.5%)

Level 2: 100 > IQ> 70; n = 56 (27.7%) Level 2: n = 48 (23.7%)

≤69 n = 131
(64.6%)

Level 3: 69 > IQ > 50; n = 79 (39.1%)
Level 1: n = 53 (26.2%)

Level 3: n = 65 (32.2%)
Level 4: 49 > IQ > 35; n = 28 (13.9%) Level 4: n = 64 (31.7%)

Level 5: 34 > IQ> 20; n = 17 (8.4%)
Level 2: n = 13 (6.5%)

Level 5: n = 3 (1.5%)
Level 6: IQ < 19; n = 7 (3.5%) 15 patients not evaluated (7.4%)

The data relative to the SNPs considered in the statistical analyses were obtained directly from
genotyping for rs5916269, rs3810686, rs3810687, and rs663857 and by imputation for rs1882260
and rs3810688.

The Ethical committees of IRCCS Eugenio Medea-La Nostra Famiglia and of Hypergenes project
approved the study.

Moreover, genotype data from the 1000 Genomes Project (Phase 2) [42] were also used as control
cases, considering the 379 individuals with EUR genotype.

4.2. Selection of SNPs

The NCBI Accession Numbers, used as reference sequences for NLGN3 and NLGN4X were,
respectively, NG_015874 and NG_008881. Relying on literature [6,36], a selection of SNPs located in
the intronic or 3′ UTR regions of both NLGN3 and NLGN4X were genotyped. Furthermore, three
additional SNPs, located in the 3′ UTR of NLGN4X, have been included since they are located in a
putative regulatory region and have a close map distance with the previously selected SNPs. In this
regard, the inter-SNP distance, for the SNPs analyzed in NLGN3 and NLGN4X, was less than 5 kb.
All the studied SNPs have a minor allele frequency (MAF) >0.05—as reported by the 1000 Genomes
Project (Phase 2) in the EUR population—and are listed in the Table 6. Linkage disequilibrium for
SNPs considered in this study has been calculated using Haploview [45], and the most relevant LD
scores for these data are displayed in Figure 1. Figure S1 represents the LD scores (derived from the
1000 Genomes Project EUR population) of all the SNPs located in NLGN4X, including those selected
for our analyses and the related TAG SNPs.

Table 6. List of SNPs analyzed in NLGN3 and NLGN4X.

Genes SNPs Alleles MAF Position in Gene References

NLGN3
rs11795613 (A/G) G: 0.49 Intron 1

Yu et al., Behav. Brain Funct. 2011, 7, 13 [6]rs4844285 (A/G) A: 0.48 Intron 2
rs4844286 (T/G) T: 0.49 Intron 2

NLGN4X

rs6638575 (A/G) A: 0.28 Intron 5
Qi et al., Psychiatr. Genet. 2009, 19, 1 [36]rs3810686 (T/C) T: 0.44 3′ UTR

rs1882260 (C/T) C: 0.27 3′ UTR

rs3810687 (T/G) T: 0.11 3′ UTR
–rs3810688 (T/C) T: 0.29 3′ UTR

rs5916269 (A/G) A: 0.11 3′ UTR

All the SNPs analyzed as well as their position along the NLGN3 and NLGN4X genes and MAF, are listed. MAF
is referred to that reported for the EUR population (1000 Genomes Project, Phase 2). According to literature, their
association to autism or psychiatric conditions, has been also reported. SNP: Single Nucleotide Polymorphism;
MAF: Minor Allele Frequency; UTR: Untranslated Region.
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4.3. SNPs Screening and Genotyping

Genomic DNA was extracted from peripheral blood samples, using commercial kit
(Macherey-Nagel GmbH & Co. KG, Düren, Germany). SNPs located on both NLGN3 and NLGN4X were
amplified and genotyped by high-resolution melting analysis (HRM) (Rotor-Gene® Q-Pure detection,
Qiagen, Venlo, The Netherlands). For each sample a total of 20 ng of genomic DNA was amplified in a
20 μL reaction mixture Phusion Flash High Fidelity PCR Master Mix (Thermo Fisher Scientific, Waltham,
MA, USA), Stati Uniti of primer mix (0.7 each) and 5% of the intercalating dye EvaGreen (Biotium
Inc., Fremont, CA, USA), with 1.4, as final concentration. HRM analysis primers were designed by
PRIMER3plus software (http://bioinfo.ut.ee/primer3-0.4.0/primer3/). All samples were analyzed in
duplicates, and for each selected SNP three internal controls—resembling all three possible genotypes,
previously characterized by Sanger-sequencing—have been included. The temperature raising for
the HRM analysis was of 0.1 ◦C/s. Normalized melting curves and differential graphs have been
compared for the genotype analysis. Primers and amplification details are shown in the Table S5.

4.4. Statistical Analysis

A first screening was performed comparing the data obtained from ASD patients with those
from the European subset of the 1000 Genomes Project (EUR Phase 2 population). SNP association
analyses were performed first using Plink v1.07 [46] to test for possible associations between all the
SNPs identified in NLGN3 and NLGN4X and ASD. The two-tailed Fisher’s exact test was chosen
to compare the polymorphisms’ distributions (cases vs. controls) and testing their significance at
p < 0.05, under the null hypothesis of no association between each SNP and ASD. The p-values have
been adjusted by false discovery rate (FDR) correction for multiple test analysis.

Using the same control data, haplotype tests were also performed using Plink v1.07. Omnibus
multiple loci analyses were carried out for all the SNPs included in this study regarding NLGN3 and
NLGN4X, using logistic regression under the null hypothesis of no association between haplotypes
and ASD. Permutation tests (100,000 permutations) were used to correct the p-values. Haplotypes with
p-values equal or below the α threshold of 0.05 were considered as statistically significant.

The same statistical analyses were performed on SNPs in NLGN4X, which revealed a significant
correlation with ASD, considering two groups of Italian healthy controls recruited in the same two
areas of Italy in which patients were recruited.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/17/10/1765/s1.
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Abstract: Autism Spectrum Disorder (ASD) is a group of neurodevelopmental disorders with complex
genetic etiology. Recent studies have indicated that children with ASD may have altered folate or
methionine metabolism, suggesting that the folate–methionine cycle may play a key role in the
etiology of ASD. SLC19A1, also referred to as reduced folate carrier 1 (RFC1), is a member of the
solute carrier group of transporters and is one of the key enzymes in the folate metabolism pathway.
Findings from multiple genomic screens suggest the presence of an autism susceptibility locus on
chromosome 21q22.3, which includes SLC19A1. Therefore, we performed a case-control study in a
Japanese population. In this study, DNA samples obtained from 147 ASD patients at the Kanazawa
University Hospital in Japan and 150 unrelated healthy Japanese volunteers were examined by the
sequence-specific primer-polymerase chain reaction method pooled with fluorescence correlation
spectroscopy. p < 0.05 was considered to represent a statistically significant outcome. Of 13 single
nucleotide polymorphisms (SNPs) examined, a significant p-value was obtained for AA genotype
of one SNP (rs1023159, OR = 0.39, 95% CI = 0.16–0.91, p = 0.0394; Fisher’s exact test). Despite some
conflicting results, our findings supported a role for the polymorphism rs1023159 of the SLC19A1
gene, alone or in combination, as a risk factor for ASD. However, the findings were not consistent after
multiple testing corrections. In conclusion, although our results supported a role of the SLC19A1 gene
in the etiology of ASD, it was not a significant risk factor for the ASD samples analyzed in this study.

Keywords: autism spectrum disorder; reduced folate carrier; single nucleotide polymorphism

1. Introduction

Autism spectrum disorder (ASD) is a devastating neurodevelopmental disorder with a complex
biological basis and is thought to involve multiple and variable gene–environment interactions. ASD is
characterized by social impairments, communication problems, and restricted repetitive behaviors [1].
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Most candidate genes currently implicated in ASD are involved in neurodevelopmental pathways,
social-emotional behavior, or sex or neuropeptide hormonal signaling [2].

The SLC19A1 gene on human chromosome 21q22.3 [3] encodes one of the key enzymes in the
folate metabolism pathway. SLC19A1, also referred to as reduced folate carrier 1 (RFC1), functions
as a bidirectional anion exchanger, accepting folate cofactors and exporting various organic anions.
SLC19A1 has five exons that contain the total open reading frame (ORF) [4–6]. The ORF of human
SLC19A1 cDNA encodes a protein with 12 transmembrane domains and a single N-glycosylation
site [3,7–9]. SLC19A1 mRNA is detectable in all human tissues [10].

Recent studies indicated that children with ASD may have changed folate or methionine
metabolism, suggesting that the folate–methionine cycle may play an important role in the etiology of
ASD [11]. Many important genes, including SLC19A1, are involved in the folate metabolism pathway
and their roles in human diseases, such as gastric and esophageal cancers, have been studied in
depth [12,13]. A marginal association with ASD was identified for a 19-bp deletion in the dihydrofolate
reductase (DHFR) gene (odds ratio (OR): 2.69; 95% CI: 1.00–7.28; p < 0.05), which is involved
in folate metabolism [14]. Common variants of the decreased folate carrier (RFC) and methylene
tetrahydrofolate reductase (MTHFR) genes conferred increased susceptibility to ASD, suggesting
a potential etiological role of impaired folate-dependent one-carbon metabolism in susceptibility
to ASD [15].

However, the findings for genes involved in folate transport have been inconsistent between
reports. Although the largest study to date found an important association between the SLC19A1 gene
and ASD [15], a subsequent study failed to replicate this finding [16]. Other studies have not identified
any mutations in genes included in folate transport in ASD populations [17–19].

Here, we hypothesized that genetic variants in SLC19A1 may play a role in the pathways that
are altered in ASD and can therefore be considered candidate genes for testing in ASD patients.
We performed a case-control study of 13 genetic variations to assess the involvement of SLC19A1
in ASD. The study was performed in a Japanese population, in which genetic variants of CD38 and
BST-1/CD157 were reported to be associated with increased risk of ASD [20,21].

2. Results

Thirteen SNPs were analyzed in this study, five of which (rs914232, rs3788205, rs1023159, rs944423,
and rs9979087) were located in the SLC19A1 gene region; these were subjected to statistical analysis.
The eight other SNPs (rs1888533, rs11700708, rs12627639, rs2838965, rs6518253, rs9974061, rs9980967,
and rs2838968) were located in the adjacent region. Two SNPs (rs9980967, rs9979087) were excluded
due to insufficient genotyping data. However, there were no significant associations between any
of these SNPs and ASD, with the exception of rs1023159. As the results suggested a role (p = 0.0394;
Table 1) of this polymorphism alone or in combination with others as a risk factor for ASD, this SNP
was subjected to further analysis. No association was found after multiple testing corrections. Tests
of Hardy–Weinberg equilibrium deviations were performed for each marker in two groups of case
and control individuals, and polymorphisms showed evidence of deviation from Hardy–Weinberg
equilibrium. The genotyping rate was above 95%. LD analysis of these SNPs identified three haplotype
blocks, one of which (Block 1; Figure 1) consisted of two SNPs including one (rs1023159) with the
lowest p-value (p = 0.0394; Table 1) among those analyzed.
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(A) 

Figure 1. Cont.

*

 
(B) 

Figure 1. The genomic structure of SLC19A1 (A). Bars, exons. Arrows, positions of single nucleotide
polymorphisms (SNPs). Linkage disequilibrium plot of SNPs in the samples studied (B). Numbers
in squares indicate D1 values. Reference Number (rs) with asterisk indicates the SNP with p < 0.05.
The blocks are defined following the four-gamete rule [22]. Explanation of color scheme: If D1 < 1 and
LOD (log of the likelihood odds ratio) <2, the cell color is white; if D1 = 1 and LOD < 2, the cell color is
blue; if D1 < 1 and LOD ě 2, the cell color is shades of pink/red; if D1 = 1 and LOD ě 2, the cell color
is bright red.

Table 1. Genotype and allele frequencies of rs1023159 at Kanazawa University Hospital for autism
spectrum disorder (ASD).

rs1023159 Cases Control Odds Ratio (95% CI) p

Genotype (n = 144) (n = 146)
G/G 72 (50.0%) 62 (42.5%) Reference
A/G 63 (43.8%) 64 (43.8%) 0.85 (0.52–1.4) 0.5368
A/A 9 (6.3%) 20 (13.7%) 0.39 (0.16–0.91) 0.0394

Allele (n = 288) (n = 292)
G 207 (71.9%) 188 (64.4%) Reference
A 81 (28.1%) 104 (35.6%) 0.71 (0.50–1.0) 0.0613

CI, confidence interval; p-values obtained by Fisher’s exact test are given; p < 0.05 is indicated in bold.
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3. Discussion

In this population-based case-control study, we investigated the relationship between
polymorphisms in the SLC19A1 gene and risk of ASD in a Japanese population. We identified no
significant associations between SNPs of the SLC19A1 gene and ASD, with the exception of one SNP,
although the results eventually did not support a role of the SLC19A1 gene in the etiology of ASD in
our sample.

We have also calculated the genotype and allele frequencies of rs1023159 in Autism Genome
Resources Exchange (AGRE) samples (Table 2). The frequency (15.5%) of the AA genotype in AGRE
group of ASD cases, although with different ethnicity, was similar to the frequency (13.7%) observed
in the group of Japanese controls.

Table 2. Genotype and allele frequencies of rs1023159 in KU samples and AGRE samples for autism
spectrum disorder (ASD).

rs1023159 KU AGRE

Genotype (n = 144) (n = 191)
G/G 72 (50.0%) 63 (31.4%)
A/G 63 (43.8%) 104 (53.1%)
A/A 9 (6.3%) 30 (15.5%)

Allele (n = 288) (n = 394)
G 207 (71.9%) 230 (58.4%)
A 81 (28.1%) 164 (41.6%)

KU, Kanazawa University; AGRE, Autism Genome Resources Exchange.

Recent genetic studies recognized the contribution of the SLC19A1 gene to neural tube defects
(NTD) [23–28]. It was suggested that the maternal G allele may be a causative genetic risk factor for
having a child with ASD independent of the child’s genotype [29]. In case-control analysis, a significant
increase in the SLC19A1 G allele frequency was discovered among mothers of children with ASD,
but not among affected children, and analysis of the SLC19A1 A80G genotype within family trios
discovered that the maternal G allele was allied with a significant increase in risk of ASD, whereas the
inherited genotype of the children was not [29].

Evidence indicates that expression of SLC19A1 in the intestine is subject to adaptive regulation
in response to folate status [30]. Folic acid is the inactive, oxidized form of folate compounds that is
important for many physiological systems of the body. Folate is the major one-carbon donor for de novo
nucleotide synthesis for DNA replication and also for remethylation of homocysteine to methionine for
essential methylation reactions [29]. The folate cycle interacts with the methionine cycle as well as the
tetrahydrobiopterin construction and salvage pathways. Insufficiencies in folate can lead to anomalies
in these pathways [31]. The methionine cycle is important for DNA methylation [15], a process that is
important in regulating gene expression. Folate deficiency during various significant stages of fetal
and infantile development upsets structural and functional alteration of the brain [32].

The reduced folate carrier is the principal mechanism by which folates and antifolates are delivered
to mammalian cells and tissues [33]. As folate transport across cell membranes is mediated in part by the
RFC, variants within this gene may affect the disease risk via an effect on folate and/or homocysteine
levels [34]. Low levels of RFC could result in a number of pathophysiological states associated with
folate deficiency, including cardiovascular disease, fetal anomalies, and neurological disorders [33].
Moretti et al. reported a 6-year-old girl with developmental delay, psychomotor regression, seizures,
mental retardation, and autistic features associated with low cerebrospinal fluid (CSF) levels of
5-methyltetrahydrofolate, the biologically active form of folate in the CSF and blood [35]. Several
studies reported considerably low CSF folate concentrations together with normal serum folate
concentrations in children with autism [18,19,35–37].
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SLC19A1 is situated on the CSF side of the choroid plexus, where it enables transport of
concentrated folate into the CSF [11]. Taken together, variation in SLC19A1 expression may involve both
neuronal structures and metabolism in the Central Nervous System (CNS). Defective transport of folate
into the CNS is related to cerebral folate deficiency (CFD), a neurological disorder that is important in
diagnosis of children with unexplained neurodevelopmental symptoms, which suggests the possible
involvement of the folate-methionine pathway in ASD [31]. Further, early-onset low-functioning
autism with neurological deficits has been suggested as a characteristic of children with both autism
and CFD [18,19,35,38].

The major limitation of this study was the small sample size, resulting in deviation from
Hardy–Weinberg equilibrium and limited power (68%) to reliably detect the role of SLC19A1 in
ASD. We did not recognize any population stratification, admixture, and cryptic relation among the
subjects in the present study, which may have contributed to the lack of association in this small
sample. Another limitation was the lack of a replication cohort. Further studies with larger sample
sizes and/or family-based association testing are needed to clarify the precise role of this gene in
ASD. However, our findings were consistent with reports that SLC19A1 may not contribute to genetic
susceptibility to ASD in some populations.

4. Materials and Methods

4.1. Study Population

The study population consisted of 147 ASD subjects (113 males, 34 females; 15.6 ˘ 0.6 years
old, mean ˘ s.e.m.) from the Outpatient Psychiatry Department of Kanazawa University Hospital,
as described previously [20,39]. All subjects satisfied the Diagnostic and Statistical Mannual of Mental
Disorders-IV (DSM-IV) criteria for pervasive developmental ailment and Childhood Autism Rating
Scale. Two experienced child psychiatrists established the diagnosis of ASD in all patients based
on semi-structured behavioral observations and conversations with the subjects and their parents.
The interview structure and clinical records were described previously [20]. One of the following
methods was used as an aid to evaluate the autism-specific behaviors and symptoms during interviews
with parents: the Asperger Syndrome Diagnostic Interview [40], Autism Diagnostic Interview-Revised
(ADI-R) [41], Pervasive Developmental Disorders Autism Society Japan Rating Scale [42], Diagnostic
Interview for Social and Communication Disorders [43], or Tokyo Autistic Behavior Scale [44]. A total
of 150 individuals were recruited as controls (115 males, 35 females; 23.8 ˘ 0.3 years old). All patients
and controls were Japanese with no non-Japanese parents or grandparents. These controls were part of
a stock used frequently for single nucleotide polymorphism (SNP) analysis of ion channels related to
arrhythmia at Kanazawa University Heart Center. This study was approved by the ethics committee
of Kanazawa University School of Medicine (July 2015), and all participants and/or their caregivers
provided informed consent. The study protocol was performed in accordance with the Declaration
of Helsinki.

4.2. Genotyping

Genomic DNA was extracted as described previously [39] from venous blood samples using a
commercial kit (Wizard Genomic DNA Purification kit; Promega, Madison, WI, USA) or from nails
using an ISOHAIR DNA extraction kit (Nippon Gene, Tokyo, Japan). The genomic DNA samples
were subjected to whole-genome amplification, and SNPs were determined by the sequence-specific
primer-polymerase chain reaction (SSP-PCR) method followed by fluorescence correlation spectroscopy
as described by Bannai et al. [45]. We selected a set of tagging SNPs that capture common variations
and linkage disequilibrium (LD) structures across the SLC19A1 gene using the Tagger program
incorporated with Haploview v4.2 software(Broad Institute of MIT and Harvard, Cambridge, MA,
USA). The data source for tagging SNPs was the dbSNP database [46] and the HapMap genome
browser, release 27 (operated by the National Institutes of Health (NIH), Bethesda, MD, USA) in the
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JPT (Japanese individuals from Tokyo, Japan), CHB (Han Chinese individuals from Beijing, China),
ASW (African ancestry in Southwest USA), and CEU (Utah residents of northern and western European
ancestry) populations. Selection of tagging SNPs was based on pairwise tagging only and the minor
allele frequency was ě5% in any one of the different ethnicities.

4.3. Statistical Analysis

Genotype and allele frequencies were examined using a contingency table and Fisher’s exact test
(GraphPad Prism 6; GraphPad Software, San Diego, CA, USA), and p < 0.05 was taken to indicate
statistical significance. We also used the method of Nyholt [47], which estimates an “effective number”
of independent tests and then adjusts the smallest observed p-value using simulation based on this
number of tests. In our samples, the estimated effective number for independent tests was 9 and the
p-value was 0.005. The observed genotype frequency distributions were compared with those expected
from the Hardy–Weinberg equilibrium and analyzed by the chi “χ” squared test.

Statistical power was calculated using the Genetic Power Calculator [48,49] assuming a population
prevalence of 0.015 for ASD [50], and a D’ value of 1 between the marker and disease with a false
positive rate of 5%.

5. Conclusions

This study showed no evidence supporting a role of the SLC19A1 gene in the etiology of ASD.
The ethnic and cultural background may have influenced the results of our study. However, these
findings warrant additional discussion and confirmation in subsequent studies. Further cellular and
molecular studies are required to elucidate the precise role of this gene in ASD.
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Abstract: The insulin-like growth factor (IGF) pathway is thought to play an important role in brain
development. Altered levels of IGFs and their signaling regulators have been shown in autism spectrum
disorder (ASD) patients. In this study, we investigated whether coding region single-nucleotide
polymorphisms (cSNPs) of the insulin receptor substrates (IRS1 and IRS2), key mediators of the
IGF pathway, were associated with ASD in Korean males. Two cSNPs (rs1801123 of IRS1, and rs4773092
of IRS2) were genotyped using direct sequencing in 180 male ASD patients and 147 male control
subjects. A significant association between rs1801123 of IRS1 and ASD was shown in additive (p = 0.022,
odds ratio (OR) = 0.66, 95% confidence interval (CI) = 0.46–0.95) and dominant models (p = 0.013,
OR = 0.57, 95% CI = 0.37–0.89). Allele frequency analysis also showed an association between rs1801123
and ASD (p = 0.022, OR = 0.66, 95% CI = 0.46–0.94). These results suggest that IRS1 may contribute to
the susceptibility of ASD in Korean males.

Keywords: autism spectrum disorder; insulin receptor substrate; single nucleotide polymorphism;
insulin-like growth factor

1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by deficits in
social communication, impaired reciprocal social interaction, and repetitive patterns of behaviors or
interests [1]. ASD has been reported to occur in approximately six out of 1000 births, affecting males
and females in a ratio of 4:1 [2]. ASD has been found throughout the world across all racial, ethnic
and social backgrounds. Although the cause of ASD remains elusive, accumulating evidence suggests
that genetic factors play a prominent role in this disease. Heritability is estimated to be above 90% [3].
Inherited copy number variations (CNVs) and chromosomal abnormalities have shown to contribute
to genetic vulnerability to ASD [4,5]. In addition, recent multiple genome-wide association studies
suggest several common single-nucleotide polymorphisms (SNPs) as markers of ASD [6–8].

Previous studies have revealed the importance of the insulin-like growth factor (IGF) pathway in
the development and maintenance of the central nervous system (CNS). During both development and
adulthood, increased IGF1 and IGF2 levels were associated with increased neuronal complexity and
impaired learning, suggested that IGFs support the activity-dependent neuronal plasticity underlying
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cognitive processes [9,10]. Moreover, recent studies have highlighted a significant role for IGF1
in complex social interactions [11,12]. It has been reported that levels of IGF1, IGF2, and IGF
binding protein 3 (IGFBP3) were significantly increased in patients with ASD [13]. Furthermore,
both cross-sectional and longitudinal studies have reported that a subset of ASD patients show
age-dependent brain overgrowth [14,15]. Brain overgrowth at an early age could be caused by
conditional overexpression of IGF1 in the brain, which is responsible for significant increases in brain
volume during the embryonic and early postnatal period [16]. Indeed, the significant correlation
between head circumference and IGF1 levels was also shown in ASD patients, but not in the
controls [13]. On the other hand, other studies reported lower IGF1 levels in the cerebrospinal
fluid (CSF) of autistic patients [17,18]. In addition, it was proposed that a reduced peripartum level of
IGF1 due to genetic, epigenetic, or environmental factors may be a sentinel biomarker of increased
probability of the later development of autism [19].

Although little is known about the biological function of the IGF pathway molecules in ASD,
given the previous reports, we speculated that IGFs and their signaling regulator genes might be
candidate genes involved in ASD. However, to our knowledge, there have not been any studies on
the possible genetic association of IGFs or IGF signaling regulator genes with ASD. In this study,
we focused on key molecules of the IGF pathway, insulin receptor substrate 1 (IRS1) and IRS2, which
are the major cytosolic substrates of the IGF receptors and mediators for the downstream pathway
processes [20,21].

Insulin has been regarded as primarily a metabolic signal, while IGFs has been implicated as an
important mitogen and cell differentiation factor [22,23]. The IRS family contains several members
(IRS1-6), of which IRS1 and IRS2 have been most widely studied. IRS1 and IRS2 regulate body weight
control and glucose homeostasis [24]. They could also control body growth and peripheral insulin
action. Thus, they have been suggested as markers of an active IGF pathway within tumors [25,26],
although they are involved in insulin signaling. Indeed, polymorphisms of IRS1 and/or IRS2 have
shown the significant associations with diabetes, glucose levels [27], and obesity [28], as well as with
cancers, along with IGF signaling regulator genes [29–31]. Herein, we investigated the association of
the coding region single-nucleotide polymorphisms (cSNP) of IRS1 and IRS2, active markers of the
IGF pathway, with ASD in Korean males.

2. Results

Two cSNPs of IRS1 and IRS2 were polymorphic, and the genotype distributions of the SNPs
were in Hardy-Weinberg equilibrium (HWE) (p > 0.05; data not shown). We calculated the power
of the sample size to verify our data using a genetic power calculator [32]. Considering a two-fold
genotype relative risk, the sample powers of the SNPs were 0.900 (rs1801123, number of effective
samples for 80% power = 148) and 0.967 (rs4773092, n = 110), respectively (α = 0.05). In addition, the
sample powers of rs1801123 were 0.841 (n = 175) and 0.761 (n = 213) for a 1.9- and 1.8-fold relative
risk, respectively. The sample powers of rs4773092 were 0.938 (n = 128) for a 1.9-fold relative risk,
0.889 (n = 154) for a 1.8-fold relative risk, and 0.889 (n = 189) for a 1.7-fold relative risk. Therefore,
the results of our study had a significant power and sample size to detect the genotype relative risks
up to 1.9-fold on rs1801123 and 1.8-fold on rs4773092.

As shown in Table 1, rs1801123 of IRS1 was associated with ASD in additive (AG vs. GG vs. AA,
p = 0.022, odds ratio (OR) = 0.66, 95% confidence interval (CI) = 0.46–0.95) and dominant models
(p = 0.013, OR = 0.57, 95% CI = 0.37–0.89). The frequency of the genotypes containing the G allele
(AG/GG, 36.7%) was decreased in the ASD patients compared to the control subjects (50.3%). In allele
frequency analysis, we also found that rs1801123 was associated with ASD (p = 0.022, OR = 0.66, 95%
CI = 0.46–0.94). The frequency of the G allele was lower in ASD patients (21.1%) than in control subjects
(28.9%). This significance remained after the Bonferroni correction.

Interestingly, when we analyzed the differences between patients with autistic disorder and
healthy individuals, rs1801123 of IRS1 showed a statistically more significant association (Table 2).
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The association was revealed in the additive (p = 0.0037, OR = 0.56, 95% CI = 0.37–0.83) and dominant
models (p = 0.0041, OR = 0.50, 95% CI = 0.31–0.81). Allele frequency analysis also revealed a stronger
association between rs1801123 and autistic disorder (p = 0.004, OR = 0.56, 95% CI = 0.38–0.84).
The frequencies of the AG/GG genotypes (33.6% and 50.3% in patients with autistic disorder and
control subjects, respectively) and the G allele (18.6% and 28.9%) were more remarkably decreased in
patients with autistic disorder compared to control subjects.

Table 1. Multiple logistic regression analysis of IRS1 and IRS2 polymorphisms in autism spectrum
disorder (ASD) patients and control subjects.

SNP Model/Allele Genotype
Control ASD

OR (95% CI) p
n (%) n (%)

rs1801123 Additive AA 73 (49.7) 114 (63.3) 1
Ala804Ala AG 63 (42.9) 56 (31.1)

IRS1 GG 11 (7.5) 10 (5.6) 0.66 (0.46–0.95) 0.022
Dominant AA 73 (49.7) 114 (63.3) 1

AG/GG 74 (50.3) 66 (36.7) 0.57 (0.37–0.89) 0.013
Recessive AA/AG 136 (92.5) 170 (94.4) 1

GG 11 (7.5) 10 (5.6) 0.73 (0.30–1.76) 0.48
Allele A 209 (71.1) 284 (78.9) 1

G 85 (28.9) 76 (21.1) 0.66 (0.46–0.94) 0.022
rs4773092 Additive AA 41 (27.9) 51 (28.3) 1

Cys816Cys AG 76 (51.7) 95 (52.8)
IRS2 GG 30 (20.4) 34 (18.9) 0.96 (0.70–1.32) 0.8

Dominant AA 41 (27.9) 51 (28.3) 1
AG/GG 106 (72.1) 129 (71.7) 0.98 (0.60–1.59) 0.93

Recessive AA/AG 117 (79.6) 146 (81.1) 1
GG 30 (20.4) 34 (18.9) 0.91 (0.53–1.57) 0.73

Allele A 158 (53.7) 197 (54.7) 1
G 136 (46.3) 163 (45.3) 0.96 (0.70–1.31) 0.8

Bold characters represent statistically significant values (p < 0.025). ASD, autism spectrum disorder. 1—It is a
statistical reference in our genetic analysis.

Table 2. Multiple logistic regression analysis of IRS1 and IRS2 polymorphisms in patients with autistic
disorder and control subjects.

SNP Model/allele Genotype
Control Autistic Disorder

OR (95% CI) p
n (%) n (%)

rs1801123 Additive AA 73 (49.7) 91 (66.4) 1
Ala804Ala AG 63 (42.9) 41 (29.9)

IRS1 GG 11 (7.5) 5 (3.6) 0.56 (0.37–0.83) 0.0037
Dominant AA 73 (49.7) 91 (66.4) 1

AG/GG 74 (50.3) 46 (33.6) 0.50 (0.31–0.81) 0.0041
Recessive AA/AG 136 (92.5) 132 (96.3) 1

GG 11 (7.5) 5 (3.6) 0.47 (0.16–1.38) 0.16
Allele A 209 (71.1) 223 (81.4) 1

G 85 (28.9) 51 (18.6) 0.56 (0.38–0.84) 0.004
rs4773092 Additive AA 41 (27.9) 36 (26.3) 1

Cys816Cys AG 76 (51.7) 70 (51.1)
IRS2 GG 30 (20.4) 31 (22.6) 1.08 (0.77–1.51) 0.64

Dominant AA 41 (27.9) 36 (26.3) 1 0.76
AG/GG 106 (72.1) 101 (73.7) 1.09 (0.64–1.83)

Recessive AA/AG 117 (79.6) 106 (77.4) 1 0.65
GG 30 (20.4) 31 (22.6) 1.14 (0.65–2.01)

Allele A 158 (53.7) 142 (51.8) 1
G 136 (46.3) 132 (48.2) 0.96 (0.70–1.31) 0.8

Bold characters represent statistically significant values (p < 0.025). 1—It is a statistical reference in our
genetic analysis.
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3. Discussion

In our study, we found that rs1801123 of IRS1 was significantly associated with ASD in
Korean males. The G allele of rs1801123 contributed to a decreased risk of ASD and, particularly,
the contribution was potently shown in patients with autistic disorder.

The IGF pathway plays an important role in regulating cell proliferation, differentiation and
apoptosis, and, thus, IGFs and their signaling regulators have been studied in growth-, weight gain- ,
and obesity-related diseases [20,28,33–35]. IRS1 and IRS2 are key mediators of the IGF pathway [20,21].
Binding of IGFs to IGF receptors phosphorylates IRSs and triggers downstream cascades such as MAPK
and PI3K/AKT signaling, which finally leads to cell proliferation and differentiation [20,21]. Thus, IRS1
and IRS2 together with IGFs and IGFRs have been involved in obesity, birth weight, diabetes mellitus,
insulin sensitivity and cancer, showing the genetic associations of their polymorphisms [28–31,33,34].

In ASD patients, increased head growth, and particularly brain overgrowth in early life, has
been reported with or without higher weights and body mass indexes (BMIs) Thus, several studies
have suggested the involvement of growth-related hormones such as IGFs and their regulators, which
lead to increased head growth and higher weights and BMIs, in the pathophysiology of autistic
disorder/ASD [13,17,18]. Indeed, Mills et al. [13] reported increased levels of IGF1, IGF2, IGFBP3 and
GHBP in the plasma of autistic disorder/ASD patients, and also showed a positive correlation between
IGF1 level and head circumference in autistic disorder/ASD patients.

On the other hands, IGFs and their regulators have been also reported to play a role in growth
retardation. Indeed, transgenic mice lacking IRS1 showed prenatal and postnatal growth retardation [36,
37]. In mice lacking IRS2, growth retardation was also observed, although it was minimal compared
to mice lacking IRS1 [36]. Moreover, in the brain, IGFs and their regulators are essential factors for
normal brain growth and development, as well as synaptogenesis and myelination [16,19,38]. They
directly affect the rate that oligodendrocytes promote myelination, and thus factors which relatively
reduce the production or availability of IGFs could retard normal nerve programming [19]. Indeed,
in early laboratory embryos, the addition of IGF-receptor inhibitors blocked the normal formation of
midbrain neurons [39]. IGF1 knockout mice had defective neurologic development [40]. Moreover,
other studies on the relationship between IGF1 level and autistic patients reported lower IGF1 levels in
the cerebrospinal fluid (CSF) of autistic patients, although the IGF1 levels of patients were compared
to abnormal controls instead of normal controls due to ethical reasons that do not allow researchers
to obtain CSF from normal control subjects [17,18]. Thus, relatively low activities of IGF pathway
molecules such as IGF1, IRS1 and IRS2 may play a role as risk factors in the pathophysiology of autistic
disorder/ASD, leading to the growth and development retardation. Hence, it is controversial which
one among excessive activations and reduced availabilities of IGF-related factors is involved in the
pathology of autistic disorder/ASD.

In the present study, we found that rs1801123 of IRS1 was associated with ASD, and the association
was shown more strongly in patients with autistic disorder. In particular, our results showed that the
frequency of the minor G allele of rs1801123 was decreased in patients with autistic disorder/ASD;
thus, the G allele of rs1801123 may contribute to a decreased risk of autistic disorder/ASD as a
protective factor. In a previous study, carriers of the minor allele of rs1801123 (TG/GG) were reported
to be associated with higher fasting plasma glucose and insulin levels [27]. Furthermore, the G allele
of rs1801123 was associated with an increased risk of breast cancer in women carrying the BRCA1
mutation [30], although in a recent study of the same group using a large set of BRCA1 and BRCA2
mutation carriers, its lack of association was revealed [41]. Moreover, the G allele of rs1801123 was
significantly associated with lymph node involvement in estrogen-receptor-positive primary invasive
breast cancer patients, who were treated with surgery and tamoxifen [29]. These reports indicated that
the minor allele of rs1801123 may be involved in the increased product and ability of the IGFs, along
with the activation of the insulin-related signaling pathway. Therefore, the decreased frequency of the
minor allele of rs1801123 in autistic disorder/ASD patients in our study may contribute to relatively
low activation of the IGF pathway molecules. Taken together, we postulated that the activation of IGF
pathway molecules may be reduced in autistic disorder/ASD patients, although it is controversial
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as mentioned above. Also, the G allele of rs1801123 may play a role as a protective factor against
the decreased activity of the IGF pathway in autistic disorder/ASD. Further studies are needed to
determine how rs1801123 and the IGF pathway affect the pathophysiology of autistic disorder/ASD.

Our study is the first pilot to report an association of the IRS1 with autistic disorder/ASD.
The limitation of our study is that only one SNP of each IRS1 and IRS2 was selected and analyzed.
Replication studies are needed to determine the association between the IRS1 and autistic disorder/ASD,
as well as the lack of association of IRS2, analyzing more polymorphisms in addition to rs1801123 and
rs4773092. Moreover, as shown in our sample power analysis, our results have statistical confidence,
only assuming a genotype relative risk up to 1.9-fold on rs1801123. Thus, the relatively small sample
size limits the generalizability of the findings from the present study. Our findings are preliminary
and need to be validated in further studies with larger sample sizes. Our work provides evidence that
the IRS1 gene may play a role in the pathophysiology of ASD.

4. Experimental Section

4.1. Subjects

One hundred eighty male ASD patients (mean age ˘ standard deviation (SD), 15.5 ˘ 4.8 years)
and 147 healthy male individuals (39.9 ˘ 5.8 years) were enrolled in this study. ASD patients were
diagnosed with ASDs by well-trained psychiatrists, child and adolescent specialists according to
Diagnostic and Statistical Manual of Mental Disorders, 4th ed (DSM-IV) criteria [42], using available
historical information from interviews and clinical records. Each ASD patient was also evaluated using
the Childhood Autism Rating Scale (CARS) [43], one of the most widely used instrument to evaluate
the developmental degree of autism, applying cut-off score of 30. The average of CARS score was
38.6 ˘ 5.8 (mean ˘ SD). The ASD group consisted of 137 patients with autistic disorder, 11 patients with
Asperger’s disorder, and 32 patients with Pervasive Developmental Disorder-Not Otherwise Specified
(PDD-NOS). A summary of clinical characteristics of ASD patients is provided in Table 3. The healthy
adult controls were recruited from subjects who visited the hospital for routine health checkups.
Controls were investigated to determine whether they or their first-degree relatives had psychiatric
disturbances or previous psychiatric treatment through personal interviews. Only unaffected subjects
with no psychiatric disorder or family history were included in this study.

Table 3. Clinical characteristics of ASD patients and control subjects.

Characteristics ASDs Control

Total no. of subject 180 147
Age (mean ˘ SD, years) 15.5 ˘ 4.8 39.9 ˘ 5.8

CARS score 38.6 ˘ 5.8
Autistic disorder (n = 137) 41.1 ˘ 4.3

Asperger‘s disorder (n = 11) 30.7 ˘ 0.4
PDD-NOS (n = 32) 30.9 ˘ 1.0

ASD, autism spectrum disorder; CARS, Childhood Autism Rating Scale; PDD-NOS, Pervasive Developmental
Disorder-Not Otherwise Specified.

All the ASD patients and control subjects were of Korean background. The present study was
conducted in accordance with the guidelines of the Helsinki Declaration and was approved by the
Ethics Review Committee of Medical Research Institute, Kyung Hee University Medical Center
on 15 September 2004 (2004-09-15). Written informed consents were obtained from the parents or
guardians of ASD patients and control subjects.

4.2. Single-Nucleotide Polymorphism (SNP) Selection and Genotyping

Of SNPs in the IRS1 and IRS2, cSNPs were targeted and selected from the National Center for
Biotechnology Information SNP database [44]. Some cSNPs alter a functionally important amino
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acid residue, and these are of interest for their potential links with phenotype. Other cSNPs may
prove useful for their potential links to functional cSNPs via linkage disequilibrium mapping [45,46].
We selected common SNPs with a minor allele frequency of >0.1 in Chinese and Japanese populations,
excluding SNPs without data on genotype frequency. Finally, we selected two cSNP (rs1801123
(Ala804Ala) of IRS1, and rs4773092 (Cys816Cys) of IRS2).

Genomic DNA was extracted from the whole blood of each subject using the High Pure PCR
Template Preparation kit (Roche, Mannheim, Germany) following the manufacturer’s protocol.
SNP genotyping was conducted with direct sequencing using the following primers for each SNP:
rs1801123 in IRS1 (sense, 51-TCCTACTACTCATTGCCAAGATC-31; antisense, 51-CTATTGGTCTGA
GCAGCTGTGT-31), and rs4773092 in IRS2 (sense, 51-ATGTGGTGCGGTTCCAAGCTGT-31; antisense,
51-GCCAAAGTCGATGTTGATGTACT-31). The PCR products were sequenced using the ABI PRISM
3730XL analyzer (PE Applied Biosystems, Foster City, CA, USA), and sequence data were then analyzed
using SeqManII software (DNASTAR Inc., Madison, WI, USA).

4.3. Statistical Analysis

SNPStats [47] and SPSS 18.0 software (SPSS Inc., Chicago, IL, USA) were used to analyze the
genetic data and the HWE. The association between SNP genotypes and ASD were estimated by
computing the ORs and their 95% CIs with logistic regression analyses. In the logistic regression
analysis for each SNP, the following models were used: codominant inheritance (that is, where the
relative hazard differed between subjects with one minor allele and those with two minor alleles),
dominant inheritance (subjects with one or two minor alleles had the same relative hazard for the
disease), or recessive inheritance (subjects with two minor alleles were at increased risk of the disease).
The chi-square test was used to compare allele frequencies between groups. To avoid chance findings
due to multiple testing, a Bonferroni correction was applied by lowering the significance levels to
p = 0.025 (p = 0.05/2) for two SNPs.
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Abstract: Diverse environmental factors have been implicated with the development of autism
spectrum disorders (ASD). Genetic factors also underlie the differential vulnerability to environmental
risk factors of susceptible individuals. Currently the way in which environmental risk factors
interact with genetic factors to increase the incidence of ASD is not well understood. A greater
understanding of the metabolic, cellular, and biochemical events involved in gene x environment
interactions in ASD would have important implications for the prevention and possible treatment
of the disorder. In this review we discuss various established and more alternative processes
through which environmental factors implicated in ASD can modulate the genome and epigenome
of genetically-susceptible individuals.
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1. Introduction

Autism spectrum disorders (ASD) are a collection of neurodevelopmental disorders typically
diagnosed in the first three years of life, characterized by deficits in verbal and nonverbal communication,
repetitive behaviors, and impairments in social interactions [1]. ASD is caused by the genetic or epigenetic
disruption of genes that are essential for normal neurodevelopment, with hundreds of candidate
susceptibility genes identified so far. Genetic variations associated with ASD include large chromosomal
abnormalities, copy number variants (CNV), indels/deletions, and single nucleotide variants (SNV). The
genetic variants implicated in ASD are either inherited from parents to affected individuals or form de novo
in the patients. Inherited genetic factors (both common and rare variants) have been estimated to explain
~40% of ASD risk [2], while de novo mutations are thought to contribute to 15%–20% of cases [3]. Recurrent
mutations found in ASD patients implicate disruption of certain biological pathways as particularly
important in ASD, such as post-synaptic density [4], phosphoinositide 3-kinase (PI3K)-mammalian
target of rapamycin (mTOR) [5], and ubiquitin processing [6].

Strong evidence now also implicates epigenetic dysregulation with ASD development.
For example, the epigenetic regulator methyl CpG binding protein 2 (MECP2) is well established as
being implicated in ASD [7], while altered DNA and histone epigenetic markers have been identified
in brain tissue and immune-cell derived cells from autistic patients [8–11]. The biological significance
of the observed epigenetic alterations in ASD is supported by the observation that they affect the
expression of genes implicated in ASD such as MECP2, retinoic acid related orphan receptor A (RORA),
and engrailed-2 (EN-2) [8–11].
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Of particular interest to both researchers and the general public is the substantial evidence linking
exposure to environmental agents with the incidence of ASD. Epidemiological studies have associated
diverse prenatal and perinatal environmental exposures to an increased risk of ASD [12–14], while
discordance between monozygotic twins in the incidence of the disorder also supports the importance
of environmental influences [15]. Additionally, the largest genetic study reported so far also indicated
a large influence of environmental factors on the development of ASD [2]. A sensible hypothesis,
based on the importance of both genetic and environmental factors on ASD, is that the interactions
between these two components influence the incidence of the disorder. Indeed, a number of recent
reviews have discussed the evidence from genetic, epidemiological, and animal studies that support
the influence of gene x environment interactions on ASD [16–19]. However, our understanding of the
biological mechanisms underlying genotype-environment interactions in ASD is currently inadequate.

2. Disruption of the Genome and Epigenome of Genetically Susceptible Individuals by ASD
Environmental Risk Factors

Environmental ASD risk factors are those non-genetic factors that can influence the development
of the disorder in genetically-susceptible individuals. These have been suggested to include dietary
factors, maternal diabetes, pre-and-perinatal stress, parental age, medications, zinc deficiencies,
supplements, pesticides, and infections. Ultimately the environmental risk factors act by disrupting
the genome/epigenome of developing neurons. This review will not aim to provide an overview
of the numerous proposed environmental ASD risk factors. Rather here we will focus on how
environmental factors can modulate the genome and epigenome of individuals susceptible to develop
ASD. An increased understanding of this gene-environment interaction would have great implications
for the prevention and treatment of the disorder. For example, identifying genetically vulnerable
individuals would allow targeted strategies for reducing their exposure to ASD risk factors. Taking
into account genotype-environment interactions could also improve the consistency and interpretation
of association and epidemiological studies, which often fail to replicate. Finally, elucidating the
mechanisms of genotype-environment interactions could also inform the identification of novel
therapeutic targets in ASD patients.

2.1. Defective Xenobiotic Metabolism of ASD Environmental Risk Factors

The initial interaction between environmental toxins and biological organisms involves xenobiotic
metabolic enzymes, specialized systems responsible for detoxifying and removing harmful chemicals
from the body. Although the liver is considered the primary organ where xenobiotic metabolism
takes place, detoxification in the brain is also known to occur [20]. Xenobiotic metabolic enzymes
are also involved with the biochemical processing of neurotoxicants and environmental ASD risk
factors. For example, 2,2',4,4'-tetrabromodiphenyl ether (BDE-47), a main component of the flame
retardant polybrominated diphenyl ethers (PBDE) linked to ASD [21], is metabolised to its more
harmful metabolites by action of CYP2B6 [22]. It is also the case that several environmental risk factors
associated with ASD risk are established mutagens, possibly acting by increasing the incidence of
mutations in key neurodevelopmental genes [23]. The majority of mutagenic compounds have to be
metabolically converted from non-mutagenic to mutagenic forms by the action of cytochrome p450
(CYP450) enzymes, thus are also strongly affected by the functioning of xenobiotic metabolic activity.

Xenobiotic enzymes display extensive variation in copy number between individuals and
ethnic groups. Additionally, SNVs are also known to affect the activity of xenobiotic enzymes.
Polymorphisms in xenobiotic enzymes are an important source of individual variability in the response
to environmental agents. Indeed, such a mode of action is widely accepted to influence individual
susceptibility to environmental carcinogens [24]. A reasonable hypothesis then is that genetic variability
that affects the metabolism of environmental ASD risk factors can render subsets of the population
particularly vulnerable to environmental chemicals that modulate the genome or epigenome. However,
so far few studies have examined the association between polymorphisms affecting xenobiotics
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metabolic enzymes and ASD incidence. One interesting case involves paraoxonase (PON1), a gene
involved in the removal from the body of organophosphate pesticides. D’Amelio et al. [25] reported
that variants of the PON1 gene were associated with increased incidence of ASD in USA populations,
but not in Italian populations. The authors interpreted these observations as relating to the higher
levels of organophosphate to which the USA population is exposed. A second study reported an
association between PON1 polymorphisms and neurodevelopment in children exposed in utero
to organophosphate pesticides [26]. Five studies have examined the association between PON1
polymorphisms and ASD. These studies have had mixed results, with only three out of the five studies
finding an association between the genetic variants and the disorder [27].

A study by Serajee et al. [28] examined the association between polymorphisms affecting six
xenobiotic metabolism genes and ASD in 196 families and reported a significant association for a
polymorphism affecting the metal-regulatory transcription factor 1 (MTF1). Buyske et al. [29] examined
the association between deletions of the glutathione S-transferase M1 (GSTM1) allele and autism.
This enzyme is involved in the detoxification of electrophilic compounds. In this study a significant
association was found for homozygous deletion of GSTM1 and ASD risk. In conclusion, genetic
variability affecting the functioning of xenobiotic enzymes can render individuals more sensitive
to environmental ASD risk factors. Taking into account exposures to environmental factors and
variants affecting xenobiotic enzymes might potentially improve the design and interpretation of
epidemiological studies, as demonstrated by D’Amelio et al. [25].

2.2. Increased Sensitivity to Endocrine-Disrupting Chemicals

Increasing evidence indicates that defects in the physiological sex hormone-dependent processes
can influence ASD development [30,31]. Diagnosis of ASD is four times more frequent in males
compared to females, which might be partly attributed to hormonal involvement in the development
of the disease. Fetal testosterone affects brain organization [32] and investigation of amniotic fluid
found elevated levels of sex steroid hormones in boys diagnosed with autism [33]. Importantly for
our purposes, diverse environmental agents (including plasticizers, flame retardants, drugs, and
pesticides) are acknowledged to be able to block or mimic normal hormone signaling by affecting
the synthesis of hormones or by interacting with their receptors. Such environmental agents, termed
endocrine-disruptor chemicals (EDC), have been implicated with the development of diverse human
diseases, including ASD [34]. In support of the influence of EDC on ASD, epidemiological studies have
linked gestational exposure to EDC with behavioral problems relating to ASD development [35,36].

Vulnerability to EDC exposures is known to be highly dependent on individual genotype. For
example, disruption of male reproductive development in juvenile mice following EDC exposure
varied more than 16-fold between mouse strains [37]. Individual variability in sensitivity to EDC
can arise by various means, for example different basal levels of sex hormones or binding affinity
of hormone receptors. Genetic variants affecting the sex hormones signaling axis in the developing
brain could render individuals more susceptible to low EDC doses that induce abnormal brain
development and ASD. One study has reported an association between polymorphisms of the
androgen receptor and ASD [38]. A second recent study examined the association between 29 single
nucleotide polymorphisms (SNP) in genes relating to sex steroids and ASD-like traits belonging to a
subset (n = 1771) from The Child and Adolescent Twin Study in Sweden (CATSS) [39]. The authors
reported two SNPs to be associated with autism-like traits, one located in the 3'UTR of the estrogen
receptor and the other a non-synonymous variant affecting the 3-oxo-5-α-steroid 4-dehydrogenase 2
(SRD5A2) enzyme that is involved in testosterone metabolism. Another interesting observation is the
reduced expression of RORA, a gene involved in the transcriptional regulation of genes that convert
male to female hormones, in the brain and lymphocytes of ASD patients [9]. Nevertheless there is
inadequate understanding at present of how abnormal sex hormone signaling can disrupt normal
neurodevelopment and neurobiology in order to contribute to ASD.
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2.3. Increased Susceptibility to Agents that Induce Oxidative Stress

Oxidative stress refers to an imbalance between the generation and removal of reactive oxygen
species (ROS) in biological systems. Accumulating evidence supports that oxidative stress is also
implicated with the development of ASD [40–42]. ROS can directly attack and damage DNA, thus
increasing the incidence of mutations that can potentially contribute to ASD. A second possible
consequence of oxidative stress is destabilization of the epigenome. In conditions of oxidative stress the
enhanced requirement for the antioxidant glutathione can impair synthesis of S-adenosyl methionine
(SAM), the major methyl donor used for DNA methylation, thus diminishing the available pool of
methyl donors used for methylating DNA. The subsequent loss of normal methylation patterns results
in the loss of normal regulation and aberrant gene expression. In addition, DNA hypomethylation
can also lead to genomic instability [43]. A third detrimental consequence of ROS is the induction of
mitochondrial dysfunction, which can initiate vicious cycles of increased ROS generation from the
damaged mitochondria. Mitochondrial dysfunction can affect biological functions of the organelle that
are important in normal neuronal functioning, such as regulation of neurotransmission [44]. The brain
is considered to be particularly vulnerable to ROS due to the fact that it contains non-replicating cells
that can become permanently dysfunctional or undergo necrotic or apoptotic cell death.

Increased oxidative stress has been reported in autistic patients [45] and a more oxidized
microenvironment is associated with a more favourable development [40]. Additionally, mitochondrial
disease and markers of mitochondrial dysfunction are much higher in ASD population compared
to control populations [41]. A recent study has also found decreased tryptophan metabolism in
lymphoblastoid cells from ASD patients [42]. Aberrant tryptophan metabolism is important because
this amino acid is the precursor of molecules that are important for mitochondrial energy generation
and anti-oxidant defenses [46]. Tryptophan metabolism is involved in the generation of NAD+ involved
in mitochondrial energy generation through oxidative phosphorylation. Tryptophan is also ultimately
involved in the generation of melatonin, which acts as a scavenger of free radicals [46].

Importantly, diverse types of environmental factors can act to either augment or protect against
oxidative stress. Subsets of individuals with inherently higher rates of ROS formation or reduced
anti-oxidative capabilities would therefore be more vulnerable to environmental conditions that
favor a pro-oxidant microenvironment that can contribute to ASD development. Recently published
studies have reported that oxidative stress induces more prominent mitochondrial dysfunction in
lymphoblastoid cells derived from subsets of ASD patients [47,48]. Damage in the mitochondria can
also lead to even greater oxidative stress as ROS are released from the damaged mitochondria. In an
interesting recent study it has been reported that exposure of lymphoblasts to bisphenol A results
in greater levels of oxidative stress and mitochondrial dysfunction in ASD individuals compared to
unaffected siblings [49].

At present the greatest effort to identify the underlying genetic basis for an increased vulnerability
of ASD patients to environmental agents has been carried out in relation to ROS and mitochondrial
dysfunction [40–42,42,45,45,47,47–49]. Work in animal models also supports that genes implicated
with ASD affect ROS and mitochondria. Examples are conditional phosphatase and tensin homolog
(Pten) haplo-insufficient mice which display aberrant social behavior coupled with mitochondrial
dysfunction [50] and neuroligin knockout Caenorhabditis elegans that show both abnormal behavior and
increased sensitivity to oxidative stress [51]. However, since these two proteins have multiple biological
functions it is not possible to exclude that loss of these genes contributes to ASD development through
alternative mechanisms. Association studies have revealed an increased frequency of genetic variants
affecting Methylenetetrahydrofolate reductase (MTHFR) [52] and superoxide dismutase 1 (SOD1) [53],
enzymes that affect cellular anti-oxidative machinery, in ASD patients. MTHFR is a crucial enzyme of
the folate pathway and is involved in the generation of the anti-oxidant glutathione and in generating
methyl units that are used for repairing genetic and epigenetic damage caused by ROS. Intriguingly, a
SNP that results in reduced activity of the MTHFR was associated with greater incidence of autism,
but only in countries with low levels of folate fortification during pregnancy [51]. SOD1 is a member
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of the superoxide dismutase family that are important participants in antioxidant defense mechanisms.
Researchers have recently reported the presence of rare variants within the non-coding potentially
regulatory regions of the SOD1 gene. Although not verified experimentally, the authors consider a
plausible hypothesis to be that these variants will affect the regulation of this gene and subsequently
the ability of individuals to respond to oxidative stress [53].

A number of recent studies have also identified increased frequencies of genetic variants that affect
mitochondrial functions in ASD patients. Smith et al. [54] found an increased presence of CNV affecting
genes involved in mitochondrial oxidative phosphorylation. Nava et al. [55] identified mutations affecting
trimethyllysine dioxygenase (TMLHE), an enzyme catalyzing the first step of carnitine biosynthesis,
in ASD patients. Carnitine is a molecule that is essential for mitochondrial fatty acid metabolism, as
well as having anti-oxidant functions. Dysfunction in the mitochondrial aspartate/glutamate carrier
(AGC1) involved in calcium homeostasis has also been reported in autism [56]. Another alternative
mechanism that could render individuals more sensitive to environmental inducers of oxidative stress
is the presence of persistent inflammation and immune dysregulation. In these individuals the immune
system would result in the continuous generation of excess ROS that will act to drain the available
anti-oxidative defenses of cells, rendering them more vulnerable to environmental agents [57].

2.4. Susceptibility to Epigenomic Dysregulation

Epigenetic markers such as DNA methylation and histone modifications regulate gene expression
in eukaryotic cells. The proper epigenetic marking of DNA is crucial for the normal development of
human tissues and organs. Studies of ASD patients have found aberrant patterns of epigenetic regulation,
both in the brain and in lymphoblastoid cells [8–11,58]. Aberrant epigenetic mechanisms can contribute
to ASD development by causing abnormal gene expression patterns or due to increased genomic damage
occurring subsequent to DNA hypomethylation. By their very nature epigenetic mechanisms are at
the interface between the genome and environmental factors. A variety of environmental factors can
affect the epigenome, such as exposure to heavy metals and levels of dietary folate. Genetic factors
that influence the interaction between environmental factors and the epigenome could therefore be
important in determining the risk of ASD developing in exposed individuals. In one interesting study
it was shown that mice with a truncated version of Mecp2, a regulator of the epigenome in neuronal
cells, demonstrated social behavioral defects when exposed prenatally to the organic pollutant PBDE.
Decreased sociability was associated with reduced global DNA methylation in the female but not in the
male mice [21]. As mentioned previously, SNPs that reduce activity of MTHFR have been associated
with increased risk of ASD in countries with low fortification [52]. One of the effects of reduced MTHFR
activity is lower generation of methyl groups by the folate cycle that can be used for methylating DNA.
An increased propensity towards a dysregulated epigenome could also arise due to an inherently
higher baseline level of ROS, which use one-carbon units for the generation of glutathione, in ASD
patients (discussed in Section 2.3).

An alternative mechanism that would render individuals more susceptible to environmental
modulators of the epigenome has been proposed by La Salle [16]. According to this hypothesis
large-scale genomic differences between individuals in the size of their repetitive regions can affect
their vulnerability to environmental factors that influence the epigenome. It is being increasingly
recognized that large-scale genomic differences exist between individuals. Polymorphic regions in
the human region include duplications, deletions, inversions, microsatellite repeats, ribosomal DNA
repeats, and interstitial telomeric repeats. Since the repetitive regions of the genome act as major drains
of methyl donors, it is suggested that individuals with greater genomic size of repetitive elements will
be more vulnerable to environmental factors that interact with the DNA methylome [16].

2.5. Hyperactive Transposable Elements

Transposable elements are DNA sequences that can mobilize themselves to new regions of the
genome, thus acting as mutagens. Long interspersed element-1 (L1) is the most abundant autonomous
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transposable element in the human genome. Importantly, the L1 retrotransposition is active in neural
progenitor cells [59]. Additionally, L1 retrotransposition is enhanced by a large variety of chemical
treatments [60]. Intriguingly, reduced activity of Mecp2, a gene implicated in Rett syndrome and
ASD, is associated with a higher occurrence of L1 retrotransposition [61]. Therefore, a propensity
to a hyperactive mobility of L1 elements in neurons in response to environmental exposures is a
plausible mechanism that can drive the incidence of the pathogenic mutations that in turn drive
the development of the disease. The precise mechanisms by which environmental agents activate
L1 retrotransposition are diverse and probably differ between environmental agents. For example,
heterocyclic amines activate L1 mobility through activation of ligand-bound transcription factors [62]
and alcohol affecting methylation [63]. As of yet, clear experimental evidence for an increased
susceptibility to L1 retrotransposition hyperactivity caused by environmental agents in ASD remains
to be reported.

2.6. Increased Genomic Instability

Genomic rearrangements lead to the formation of CNV through deletions, duplications, inversions,
and complex rearrangements. Importantly, genes involved in neurodevelopmental disorders including
ASD are often flanked by segmental duplications or repetitive elements which drive genomic
rearrangements and disruption of gene function [64]. An interesting observation is that ASD patients
possess significantly elevated CNV load, even when removing rare and pathogenic events [65]. This
finding suggests that beyond the sampling bias this population is also characterized by an increased
rate of genomic rearrangements [65]. Environmental agents such as ionizing radiation and genotoxic
chemicals are known to be able to initiate genomic rearrangements which subsequently lead to CNV
formation. An increased genomic instability in individuals following exposure to such environmental
agents could contribute to ASD by enhancing the rate of genomic rearrangements that involve genes
implicated in the disorder. Increased genomic instability could be the result of defects in the machinery
involved in DNA repair and recombination [65]. So far one study has suggested a link between
defective DNA repair and ASD development. Fanconi-associated nuclease 1 (FAN1) is a relatively
recently identified nuclease involved in the repair of DNA inter-strand cross-links. In a recent study
rare variants affecting the FAN1 have been suggested to be candidate drivers of ASD [66]. A decreased
ability to repair DNA damage caused by environmental agents could also arise due to the presence in
the genome of susceptible individuals of regions with significant sequence homology that flank genes
important for normal neurodevelopment. Such genomic regions can act as substrates to allow improper
chromosomal recombination (non-allelic homologous recombination or microhomology-mediated
break-induced replication) to occur, resulting in loss or gain of the intervening genes.

2.7. Abnormal Immune Activation

Several studies have reported abnormalities in the peripheral immune system of ASD individuals
and a number of genes that are frequently mutated in ASD relate to immune function [67]. Additionally
recent epidemiological reports link infections in early pregnancy to an increased incidence of
autism [12]. Increased neuronal inflammation is also observed in the central nervous system of
ASD patients [67]. Consequently, it is firmly established that the immune system is dysregulated in
autism and it has been suggested that this could be a contributing factor to the development of the
disorder [67,68]. Cytokines receptors are expressed in the brain and cytokines released by immune
cells are able to affect both the development and function of the neuronal system. Imbalanced cytokine
release can therefore disrupt physiological neurodevelopment [69]. Prenatal maternal inflammation
can also disrupt global and gene-specific methylation patterns in the brain [70]. Chronic inflammation
can also be a source of ROS contributing to oxidative stress [40,41] which has been implicated in ASD
(see Section 2.3).

Environmental exposures that trigger immune responses include infections, toxins that impact
the immune system, and allergens. An increased propensity to immune dysregulation predisposing
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to ASD could be due to inappropriate activation of immune responses, prolonged and persistent
immune responses, and autoimmunity [67,68]. Abnormal immune activation can also occur due to
defective clearance of environmental toxicants by xenobiotic metabolic enzymes. In one interesting study
Ashwood et al. [71] showed that peripheral blood mononuclear cells from control and autistic individuals
resulted in qualitatively different profiles of secreted cytokines following bacterial lipopolysaccharide
(LPS) exposure when pre-treated with environmental toxins PBDEs. This experiment suggested an
inherently different immune response of ASD individuals to PBDE exposure compared to controls.
Evidence in support of genotype-environment interactions for the immune system is also available
from animal studies. Mouse research has shown a link between maternal immune activation and
ASD behavior [67]. In a recent interesting study comparing two mice strains, C57BL/6J and Black and
Tan BRachyury T + tf/J (BTBR), it was shown that the immune responses and their propensity for the
development of ASD-like phenotypes in the offspring differed following exposure to viral mimics,
with the BTBR strain displaying a greater susceptibility [72]. Consequently, this study supports the
importance of gene x environment interactions in the development of immune system dysregulation
and ASD. The genetic factors associated with the greater susceptibility of the BTBR strain were not
clarified in this study, although Disrupted in Schizophrenia 1 (Disc1), a gene that this strain lacks
and is involved in immunological responses, has been suggested as a potential candidate. In another
recent study researchers showed that haploinsufficiency of tuberous sclerosis complex (TSC), a gene
for which mutations are associated with a greatly increased risk of ASD development, interacted
with infection to disrupt social behavior in adult mice [73]. In this case specific gene x environment
interactions and their effects on normal behavior, at least in adult mice, were demonstrated.

2.8. Gut Microbiota

Gut microbiota are the collection of thousands of microbial species that are found within the
intestine. The gut microbiota affects multiple biological systems such as gut permeability, immune
system, and metabolism. Gut microbiota can also affect neuronal development, functioning, and
signaling by interacting with the immune system, neural, and hormonal pathways [74]. As discussed
in Section 2.7 abnormal immune system activation has been associated with ASD development. The
gut microbiota also induce the generation of ROS in epithelial cells which can contribute to immune
dysfunction and to oxidative stress [75]. Studies have reported differences in the gut microbiota
between ASD patients and control cohorts [76,77]. In an intriguing recent study it was reported
that in a mouse model of ASD altering the gut microbiota ameliorates behavioral abnormalities [78].
Importantly the gut microbiome is highly flexible and is affected by a person’s age, geographic region,
environment, health, and genotype [79]. Studies in mice support that the genotype of animals is a
strong determinant of the type of microbial species present in the animals guts [80,81]. Differences
in the composition of the gut microbiota in humans could therefore potentially render them more
susceptible to ASD environmental factors through distinct mechanisms e.g., increased sensitivity to
environmental agents that disrupt the immune system. Currently we are not aware of any published
studies that have investigated whether an individual’s gut microbiota can render them more or less
susceptible to environmental risk factors for autism.

2.9. Transgenerational Environmental Effects

The transmission of the effects of environmental exposures across generations has been suggested
to be involved in various human diseases, including autism and other behavioral disorders [82,83].
There is considerable debate about the mechanisms by which transgenerational information can
be transmitted, although miRNA, DNA methylation, and histone modification are considered as
primary candidates. Although highly speculative at present, it is possible that defects in epigenetic
machinery could render individuals more susceptible to transgenerational epigenetic defects caused
by environmental exposures. In one study gestational exposure to bisphenol A was linked to
transgenerational behavioral abnormalities in mice [82]. A second study found that exposure to valproic
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acid in utero was associated with abnormal gut microbiome across multiple generation, as well as
with immune and neurological abnormalities [83,84]. By causing transgenerational epigenetic effects,
environmental factors could interact with genetic factors to promote ASD in individuals that were not
exposed to the environmental agents directly.

2.10. Exacerbation of Environmental Effects by Seizures

Seizures are the result of abnormal electrical activity in the brain and can result in loss of
consciousness and involuntary muscle contractions. Importantly, there is evidence for a link between
seizures and ASD. There is a much higher prevalence of epilepsy in ASD children compared to
controls [85]. Seizures are also associated with the exacerbation of ASD clinical features [86,87]. The
interaction between seizures and autism could be important for two different reasons. First, seizures
can modulate the incidence and clinical features of ASD associated with a given genotype. Second,
seizures could render individuals more susceptible to environmental agents that disrupt normal
neurodevelopment to promote ASD development. One proposed mechanism by which seizures can
affect ASD is the downregulation of the Fragile X mental retardation protein (FMRP). It has long been
known that Fragile X syndrome (FXS) is associated with increased incidence of ASD [88]. In recent years
post-mortem examination of brain tissue from idiopathic ASD patients has also found deregulated
FMRP [89,90]. Interesting research has found that seizures disrupt the normal functioning of the FMRP.
In a rat model of seizures it has been found that this results in abnormal FMRP phosphorylation,
localization, and function of the protein [91].

3. Conclusions

So far substantially more research effort has been invested into cataloging the presence of genetic
and epigenetic aberrations in ASD individuals compared to how and why these emerge in the first
place. We have presented here a number of processes through which environmental ASD risk factors
can modulate the genome and epigenome of genetically-susceptible individuals (Table 1). Some of
these mechanisms have currently more supportive evidence (for example oxidative stress and immune
dysregulation) while others are more speculative (for example transgenerational inheritance). Crucially,
these different mechanisms do not act in isolation but can interact to enhance their detrimental
effects. In Figure 1 we present examples of how different genetic and environmental factors and
biological processes can interact to produce the genetic and epigenetic aberrations that promote ASD
development. For example we have previously discussed the potential contribution of oxidative
stress to ASD (Section 2.3). Defective one-carbon metabolism or dysfunctional mitochondria can
increase the susceptibility of individuals to pro-oxidant diet or toxin exposures. Aberrant immune
responses can also contribute to oxidative stress through the generation of ROS as a consequence of
inflammation. Altered gut microbiota which disrupt the immune system could also possibly contribute
to the generation of a state of oxidative stress. An integrative analysis of the multiple mechanisms of
gene x environment interactions will be required to understand the development of ASD.

The susceptibility of individuals to environmental ASD risk factors is restricted to the early stages
of life, especially during embryonic and fetal life, when the developing brain is uniquely sensitive
to environmental agents [92,93]. The biological mechanisms described here should therefore only be
relevant to ASD if they affect normal neurodevelopment in utero or possibly during very early post-natal
stages. This observation raises the possibility that the genetically-susceptible individuals on which
environmental risk factors act may not be the ASD patients themselves but their parents. For example
an increased mutation rate as a consequence of environmental exposures (due to an inherently greater
genomic instability or oxidative stress) could act to increase the presence of pathogenic mutations in
the gametes and offspring. In this case mutations occurring in somatic tissues post-natally will not be
relevant to ASD development. For many of the proposed mechanisms it is not clear at present whether
environmental factors act on the ASD patients themselves or on their parents, a question of potential
clinical significance.
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It is important to remember when interpreting studies examining the association between
exposure to environmental agents and ASD development that correlation does not necessarily imply
causation. This is especially the case when the mechanisms through which environmental factors
increase ASD risk are of a more speculative nature. Moreover, it is possible that environmental agents
associated with ASD act to increase the incidence of the disorder through different mechanisms than
the ones considered to be the primary candidates. Finally, in cases where environmental agents may
act through multiple distinct mechanisms it can be difficult to determine which are the most relevant.
For example, in conditions of low dietary folate MTHFR variants that affect the activity of the enzyme
could increase the incidence of ASD by affecting oxidative stress, the epigenome or mutation rates
(or all three). Uncovering the implicated mechanism could be of great therapeutic importance since
epigenetic aberrations, unlike genetic aberrations, are in principle reversible.

Table 1. Mechanisms modulating the genome and epigenome of susceptible individuals.

Mechanisms
Effects on Genome and

Epigenome
Environmental Factors Genetic Factors

Oxidative stress

DNA damage;
Mitochondria

dysfunction; Disruption
of the epigenome;
Deregulated gene

expression

Pro-oxidant toxicants;
Diet low in one-carbon
donors; Immunogens

Defective one-carbon
metabolism; Defective
anti-oxidant defenses;

Abnormal immune
activation; mitochondrial

dysfunction

Abnormal immune
activation

Autoantibody
generation; CNS

inflammation; Cytokine
secretion; Gut
permeability

Infections; Allergens;
Immunogens

Defective xenobiotic
metabolism;

Autoimmune diseases;
Hypersensitivity to

immunogens

Genomic instability
Increased incidence of

mutations predisposing
to autism

DNA damaging agents;
Diet low in one-carbon

donors

Defective DNA repair;
Defective xenobiotic

metabolism; Genomic
architecture

Epigenome
dysregulation

Loss of normal gene
regulation; Genomic

instability

Heavy metals and toxins;
CNS inflammation; Diet

low in one-carbon
donors

Defective one-carbon
metabolism; Genomic

architecture

Altered gut microbiome
Gut permeability;

Neurotransmitter release;
Immune dysfunction

Infections; Diet
composition

Interaction of immune
system with microbiota

Hyperactive
transposable elements

Mutations affecting
genes implicated in ASD

Chemicals activating
retrotransposition Reduced Mecp2 activity

Transgenerational
inheritance

Abnormal gene
expression patterns

during
neurodevelopment in

unexposed generations

Perinatal stress;
Endocrine disruptors;

Effects on gut
microbiome

Mechanisms are
currently controversial

Elucidating the relevance of the candidate mechanisms by which environmental agents affect the
genome and epigenome will require the usage of diverse research strategies. Family and population
association studies that specifically examine genotype-environment interactions can provide strong
evidence for the importance of such mechanisms in the disorder and identify genetic factors that
increase individual susceptibility. We have previously discussed how variants affecting MTHFR
have been associated with ASD risk according to folate fortification [52]. Another recent study
reported that variants in the MET gene interact with air pollution exposure to increase ASD risk [94].
However, association studies examining genotype-environment interactions have low statistical power,
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necessitating very large study populations. Consequently, such studies are difficult to set up. A
second limitation is that even when statistically significant gene x environmental factor interactions
are detected by association studies, it can still be difficult to pinpoint the biological mechanisms by
which these occur.

Figure 1. The figure illustrates the complex interactions between environmental and genetic factors
that modulate the genome and epigenome of susceptible individuals. Environmental factors are
shown in grey boxes, genetic factors in orange boxes, and the biological mechanism in blue boxes.
The biological mechanisms shown in this figure are abnormal immune activation, oxidative stress,
and genomic instability. The solid, colored arrows indicate interactions between environmental and
genetic factors that eventually contribute to genomic instability, oxidative stress or immune activation.
Orange colored lines indicate the effects of genotoxic agents, blue lines the effects of diets that are
low in sources of one-carbon units, green lines indicate environmental agents, light gray lines indicate
environmental immunogens, dark gray maternal infection, and red lines indicate allergens. Solid
black lines link genomic instability, oxidative stress, and immune dysregulation to processes which
contribute to ASD development. Dashed lines indicate interactions between biological processes
involved in ASD e.g., DNA damage caused by oxidative stress also contributes to genomic instability
and ROS generated by the immune system contribute to oxidative stress. As can be seen not only are
multiple genotype-environmental interactions implicated in modulating the genome and epigenome
of susceptible individuals, but interactions also occur between the different biological mechanisms.

Highly useful for studies investigating the mechanisms of genotype-environment interactions
in ASD are the repositories of biomaterials and phenotypic and genotypic data for ASD patients
and unaffected relatives, such as the AGRE and SFARI depositories. Patient-derived lymphoblastoid
cells can be highly informative as gene expression profiles of immune cells reflect to a surprising
extent those of human tissues, including the brain [95]. Additionally, the utilization of induced
pluripotent stem cells (iPSC) is becoming an increasingly more powerful methodology for simulating
neurodevelopmental disorders in patients. The lymphoblastoid and iPSC from ASD patients and
controls can be used to investigate differences in the vulnerabilities of ASD patients to environmental
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factors. Cell line based investigations can be performed much cheaper and quicker than association
studies that require the recruitment of large numbers of patients. An additional advantage is that cell
lines can be easily genetically manipulated, something that can be used for examining the biological
mechanisms by which environmental agents interact with genetic factors. An example of a recent
study using this approach to investigate a potential inherent susceptibility of autistic individuals was
conducted by Main et al., 2013 [96]. In this study the researchers compared the effects of treatment
with hydrogen peroxide and S-nitroprusside on lymphoblastoid cell lines from six ASD-normal sibling
pairs. They reported finding that the autistic individuals were more sensitive to necrotic death but not
to DNA damage induced by this treatments. Although innovative this study was limited in its use of a
very small sample size and in not examining the epigenetic susceptibilities of the cell lines derived
from ASD individuals (for example by determining disruption of global and gene specific patterns of
DNA and histone methylation).

A big limitation of in vitro methods is that they are not applicable to the study of neurodevelopmental
or behavioural processes. Consequently a variety of animal models have been developed for use in
ASD research, with different advantages and disadvantages. Lower order species such as C. elegans and
zebrafish can be genetically manipulated relatively quickly and at a lower cost, while using mammalian
models is trickier and more expensive, but can better replicate human neurobiology and complex
social behavior. Animal models also provide powerful tools for investigating genotype X environment
interactions in ASD. For example, studies have demonstrated that neuroligin-deficient C. elegans are
more vulnerable to oxidative stress [51] and hippocampal-slices from Mecp2 mice are more sensitive to
hypoxia [97]. A large number of animal models for ASD have already been developed, which can be
used in the future for studies investigating gene X environment interactions.

An increased understanding of genotype-environment interactions in ASD is important for
identifying key genetic variants and environmental risk factors, reducing the exposure of vulnerable
individuals to environmental risk factors, increasing the power and efficacy of epidemiological and
clinical traits, and could facilitate the development of personalized treatments. A priority of autism
research in the coming years should therefore be to increase the investment of time and resources into
elucidating the nature, extent, and importance of genotype-environment interactions in autism. This
will require the systematic application of research approaches that will facilitate progress in the field of
genotype-environment interactions in ASD.
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Abstract: Autism spectrum disorders are a group of mental illnesses highly correlated with
gastrointestinal dysfunction. Recent studies have shown that there may be one or more microbial
“fingerprints” in terms of the composition characterizing individuals with autism, which could be
used for diagnostic purposes. This paper proposes a computational approach whereby metagenomes
characteristic of “healthy” and autistic individuals are artificially constructed via genomic information,
analyzed for the enzymes coded within, and then these enzymes are compared in detail. This is a
text mining application. A custom-designed online application was built and used for the comparative
metabolomics study and made publically available. Several of the enzyme-catalyzing reactions involved
with the amino acid glutamate were curiously missing from the “autism” microbiome and were coded
within almost every organism included in the “control” microbiome. Interestingly, there exists a leading
hypothesis regarding autism and glutamate involving a neurological excitation/inhibition imbalance;
but the association with this study is unclear. The results included data on the transsulfuration and
transmethylation pathways, involved with oxidative stress, also of importance to autism. The results
from this study are in alignment with leading hypotheses in the field, which is impressive, considering
the purely in silico nature of this study. The present study provides new insight into the complex
metabolic interactions underlying autism, and this novel methodology has potential to be useful for
developing new hypotheses. However, limitations include sparse genome data availability and
conflicting literature experimental data. We believe our software tool and methodology has potential
for having great utility as data become more available, comprehensive and reliable.

Keywords: autism; metabolomics; comparative; microbial; computational; bioinformatics; biomarkers;
gut; gastrointestinal; microbiome

1. Introduction

Autism spectrum disorders are a category of mental illnesses characterized by social cognitive
impairments and stereotyped behaviors [1]. Autistic individuals often have trouble fitting into society
and put a financial burden on their families, lifelong. Autism diagnosis has been steadily on the rise in
the past decade or so, affecting one in every 88 children according to a source in 2012 [1] and one in
every 68 children from current data (2015) from the Centers for Disease Control and Protection [2].
There are most likely many adults suffering from autism that have never been diagnosed. This is
because there is as of yet no clear method to diagnose autism; diagnosis is purely based on making
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qualitative observations of an individual. This is why there is a pressing need to find reliable methods
for autism diagnosis and for treatment, as well.

Recent research suggests that individuals with autism often suffer from gastrointestinal
dysfunction, as well [3,4]. Rather than focusing on the illness by way of human genetics, many scientists
are now exploring the impact of microbial genetics. There exists a full isolated ecosystem of microbial
lifeforms that inhabit the human gastrointestinal tract. These microbes have a profound impact on the
health and disease of the human host and in general have a symbiotic co-existence with the host [5].
Microbial species or strain composition is believed to largely contribute to homeostasis or abnormality
in humans. While each person’s microbial “fingerprint” is unique, there are specific patterns seen
in those that are healthy and those that have specific illnesses [6,7]. Remarkably, autism has been
correlated with the overgrowth of certain types of bacteria, such as certain species of Clostridia [8,9]
and Desulfovibrio [9,10], and there is some preliminary evidence that Sutterella may be implicated,
as well [11]. Data from the pyrosequencing study by Finegold et al. [9] suggested that several other
organisms may be implicated in autism, as well, but these results were less significant than those
implicating Clostridia and Desulfovibrio.

Nonetheless, one organism, Akkermansia, was chosen from among these organisms to be included
in the study, to see how much of an impact these less significant organisms might have. Akkermansia is
part of the Verrucomicrobia phylum. According to a study by Williams et al. [12] where live intestinal
biopsies were taken to measure bacterial composition, Verrucomicrobia made up approximately 1%
of the total bacterial composition in individuals with autism and only 0.5% in healthy age-matched
controls. This was another leading factor for the decision to include Akkermansia in the present study.

As one might expect, as bacterial composition has an effect on health and disease, the molecular
metabolites that these microbes produce are the “tools” that carry out these biological changes. For
example, individuals with autism have been cited as having sulfur metabolic deficiencies, to suffer
from elevated oxidative stress and to have trouble detoxifying xenobiotic compounds and heavy
metals [13–15]. It is therefore important to analyze the metabolome of these individuals and that of
healthy individuals (for control) in order to identify useful biomarkers and perhaps even gain a greater
understanding of the disorder. Knowledge may be gained about other related illnesses, as well, such
as others related to gastrointestinal dysfunction.

Metagenomics is the study of the genetic content contained in whole microbial ecosystems isolated
from natural environments [16,17]. In contrast, the more traditional genomics is the study of only
DNA from a single, isolated species or strain of organism. Metagenomics therefore brings with it new
challenges in bioinformatics. This is because before regular genomics can be applied to each organism,
the key organisms need to be identified by aligning sample DNA reads to reference sequences contained
in curated databases [18]. Of course, the environment that this study focuses on is the human gut
microbiome. This study does not use the conventional methods of metagenomics, but rather simplifies
the problem by constructing artificial metagenomes based on genomes of organisms already known to
be contained in the target environment. There are numerous pieces of literature already describing
the composition of microbes contained in autistic individuals and “healthy” individuals. The present
study constructs a metagenomics “model”, rather than conducting a pure metagenomics study.

2. Methods

The literature suggests that there are distinct microbiomes characteristic of a “healthy” individual
and that of an autistic individual [4]. Therefore, the first step was to choose the microorganisms to
represent these microbiomes. It was the intended goal to be as comprehensive as possible with this
step, so that all possible enzymes and metabolites that are possible to exist in urinary or stool samples
are covered. Choosing the correct microorganisms can be tricky, as sometimes there are conflicting data
or interpretations of data in different literature [19]. Another quandary is whether to include the more
common organisms in both microbiomes studied or to only include the “problem” organisms; that is,
the microorganisms thought to cause the main differences between the two microbiomes. In the latter
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case, the autistic microbiome could be represented with just a few species of microbe. The end goal is to
find the key enzymes and metabolites expressed that are entirely different in the autistic individual. Of
course, autism is a complex disorder with multiple different pathways for pathogenesis, so the autistic
microbiome chosen will try to represent all cases of autism arising from gut microbiological origin.

Only those microorganisms thought to be represented in significantly higher amounts
(proportionally) in the guts of autistic individuals were chosen for the autistic microbiome, with the
core microorganisms representative of a healthy human gut for the control microbiome. However, there
is still no consensus on what defines a typical “healthy” gut microbiome, so the “control” microbiome
was chosen based on a few key steps. First, those microbes that have been reported to be in decreased
quantities in autism were included in the “control” microbiome [9,12,20]. Next, those reported to
have no change in composition were included. Finally, other organisms that are normally found in
the human gut, but that had very little discussion in related autism literature were included in the
“control” microbiome. To facilitate this final step, we have unpublished work where the MEtaGenome
Analyzer (MEGAN software) [21,22] was used to analyze three sets of metagenomic data from the
Human Microbiome Project’s collection of human stool samples [6,23]. These design criteria may
seem confusing at first if we take into consideration that those microorganisms that are decreased in
autism are nonetheless still implicated in autism, just like those organisms that are found in increased
amounts. However, our design considerations are predicated on the assumption that those organisms
that are found in decreased numbers in autism are in fact usually beneficial for the host in otherwise
“healthy” microbiomes. There is at least some evidence for two such cases: Lactobacillus species and
Bifidobacterium species [24]. We can therefore justify stratifying gut microbes into two groupings based
on a simple binary distinction: those microbes that are found in increased numbers in autism and those
microbes that are not found in increased numbers in autism. Comparing these two groups should reveal
key differences in expressed enzymes. Thus, finding enzymes that are expressed in the “autism” group
and not in the “control” group may identify metabolites indicative only of our “problem” organisms
and thus may serve as potential biomarkers for autism. On the other hand, finding enzymes that are
expressed by the “control” group and not the “autism” group may also identify key biomarkers, except
in this case, clinicians may be able to look for decreased quantities of such molecules instead.

Enzyme Commission (EC) numbers were used for the comparative analysis. EC numbers are
a standardized way to identify enzymes, much like CAS numbers (Chemical Abstracts Service) for
common chemicals. GenBank files for each microbe were downloaded from the National Center for
Biotechnology Information (NCBI) [25]. The limitations of this study occurred at this stage. Not all
microbes known have a completely sequenced genome uploaded to NCBI, and even less still have
their protein products annotated with EC numbers. This greatly limited which organisms could be
used in the study. The following list organizes microorganisms into three categories: those included in
the first software query, those additional organisms that were able to be included in Query 2 after de
novo EC number annotations were made (more detail later) and those organisms that were desired to
be included, but in the end were not.

The usual approach for metagenomics presents significant bottlenecks for analysis and data
storage. This is why the idea came about that there may be another approach that is more efficient in
very specific circumstances. Instead of using metagenomic data, this study attempts to construct an
artificial metagenome by carefully choosing the microorganisms to include in the model and using
the curated database of GenBank files to analyze the full spectra of enzymes coded in the genomic
DNA of these organisms. This study is differentiated from a proteomics study, because we are only
interested in proteins that have been assigned a standardized Enzyme Commission (EC) number, so
that there is no ambiguity between gene products. Two enzymes from two different organisms may
have the same EC number, but slightly different amino acid sequences or slightly different protein
names in the GenBank annotation files. Using EC numbers will allow automated programs to match
identical enzymes correctly. The enzymes are correlated with their associated chemical reactions and
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the implicated metabolites. This method of intentionally leaving out some information and looking at
the bigger picture on more of a systems level could be classified as systems biology [26].

A personal computer was used for all programming and analysis. A simple, personally-designed
online application was used for all analysis. This software can be found at the web link [27]. Full
instructions on how to use the software can be found in a link to the readme file on the main program
interface linked above. The software utilizes a relational database system using MySQL to store and
query information from the GenBank annotation files from NCBI and information from an EC number
database [28]. The EC number data file was parsed for inserting data into a personally-designed
database table. The following example (Figure 1) shows the type of information contained in the data
file that was parsed for EC numbers.

Figure 1. Example data extracted from The ENZYME Database in 2000, Bairoch [28].

The web application allows its user to choose two groups of microbiomes for metabolomics
comparison. The program was designed with the intent to be used for any microbial metabolomics
study between two microbiomes, two small alterations of the same microbiome or even simply between
two single organisms. The application allows the user to upload a new genome file in GenBank format.
Initially, the application could only accept GenBank files with EC number annotations present, but
now, there does not need to be any EC number annotations in the original file. However, inserting EC
number annotations with automation has certain limitations. Database queries fall into three categories
for each comparison: no matches, one unique match or more than one match. In the event that there
is more than one match, manual curation will be necessary. In the meantime, the program instead
prints the first three matches to the GenBank file and makes a designation within the file and within
the associated database that says that the information may be less reliable than unique matches or the
data that was already annotated in the original file.

The application returns output directly to the screen within the web browser. The output consists
of a data table, where each row contains columns showing the GI accession number (from NCBI) of
the organism that the data come from, the organism’s common name, an EC number, the predominant
name associated with that EC number, the associated biochemistry, a “reliability factor” and a keyword
describing which microbiome the data are associated with (default “Microbiome 1” and “Microbiome
2”, or custom names supplied by the user on the form page). The table is broken up into three
major sections: those enzymes that are identical between the two microbiomes and those enzymes
that are unique for each microbiome. For this study (and likely others that might benefit from this
software package), the sub-tables showing the unique results are most useful. An example partial
result (Figure 2) might be as follows.

In Figure 2, GI accession is the unique identifier for that GenBank record within NCBI, and
the reliability column differentiates between new annotations with multiple EC number matches
(reliability = 0) and new annotations with unique matches and old annotations (reliability = 1).
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Figure 2. Example extract from the original software results page.

Three queries total were made with the web application. The first involved the organisms from
the top section of Table 1. The second added the five organisms from the middle section of Table 1. In
the third query, we tried to filter our results to just the organisms that are thought to be most important
in each microbiome. These microbiomes consisted of those in Table 2. Table 1 is also available in the
Supplemental Material as Table S1.

Table 1. Microorganisms chosen for the comparative metabolomics study. Organisms included in
Query 2 had de novo Enzyme Commission (EC) number annotations.

Query “Healthy” Microbiome “Autism” Microbiome

Included in Query 1

Bacteroides fragilis Desulfovibrio desulfuricans
Bifidobacterium longum Clostridium perfringens
Ruminococcus bromii Clostridium difficile
Roseburia intestinalis Akkermansia muciniphila
Faecalibacterium prausnitzii
Eubacterium rectale
Alistipes putredinis
Alistipes shahii
Weissella koreensis
Prevotella ruminicola
Odoribacter splanchnicus
Methanobrevibacter smithii
Clostridium leptum
Lactobacillus acidophilus
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Table 1. Cont.

Query “Healthy” Microbiome “Autism” Microbiome

Additional organisms includedin Query 2
Bacteroides thetaiotaomicron Sutterella wadsworthensis
Bacteroides caccae Clostridium bolteae

Bacteroides vulgatus

Desired, but not included

Bacteroides finegoldii Desulfovibrio piger
Bacteroides ovatus Desulfovibrio intestinalis
Bacteroides uniformis Clostridium butyricum
Bifidobacterium adolescentis Clostridium paraputrificum
Bifidobacterium pseudolongum Clostridium subterminale
Eubacterium siraeum Clostridium tertium
Dorea Clostridium bifermentans
Veillonella Clostridium glycolicum
Turicibacter Bacteroides stercoris
Barnesiella intestinihominis Parabacteroides distasonis
Odoribacter laneus Parabacteroides merdae
Dialister invisus Paraprevotella xylaniphila

Eubacterium eligens
Prevotella oulorum

Table 2. Selected organisms for Query 3 of the Metabolomics Software.

Organisms in Control:

392623967 Bacteroides caccae CL03T12C61
60495220 Bacteroides fragilis ATCC 25285 = NCTC 93
29342100 Bacteroides thetaiotaomicron VPI-5482

666001751 Bifidobacterium longum BXY01
488447870 Lactobacillus acidophilus La-14
148552872 Methanobrevibacter smithii ATCC 35061; PS; DSMZ

Organisms in Autism:

149935097 Bacteroides vulgatus ATCC 8482
480704622 Clostridium bolteae 90A9
110676061 Clostridium perfringens ATCC 13124
219869941 Desulfovibrio desulfuricans ATCC 27774
115252745 Peptoclostridium difficile 630
512689910 Sutterella wadsworthensis HGA0223

The organisms chosen for each query were input into the program and the results copied and
pasted into an Excel file (available as the Supplemental Material, Tables S2–S7: each query is separated
into two worksheets, one for complete raw data, and one for filtered data of interest). The “unique”
results were looked through manually and considered on a case by case basis, with literature data
in mind. Special attention was paid to those enzymes and metabolites found in the methionine
and cysteine metabolic pathways and those involved with oxidative stress [13] and amino acid
metabolism [29–31].

3. Results

The full results will not be reproduced here, but can easily be reproduced using the online software
and the methods detailed above. The full results for each query are available as the Supplemental
Material, Tables S2, S4, and S6. Additionally, the full results have been filtered for the most meaningful
results and pasted within the Supplemental Material, Tables S3, S5, and S7. The first query resulted in
the most meaningful results. It had 19,959 identical enzyme matches between the two microbiomes
tested, 834 unique enzymes for the “control” microbiome and 161 unique enzymes for the “autism”
microbiome. Gene copies are included in this count, so these numbers are a bit inflated. The identical
enzymes are meaningless for this study, so we direct our attention to the tables of “unique” enzymes.
Any meaningful results must be found manually. Table 3 below shows the differences in match
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statistics between each query. The majority of the results found with Query 1 were also found in
Queries 2 and 3, with possibly a few minor differences. Judging by the quantity of the results, these
minor differences were assumed to be near negligible. Therefore, when comparing Queries 1 and 2,
we can come up with an approximate difference in the number of unique results by subtracting the
statistics. Therefore, for instance, Query 2 only had 19 new results unique to the “control” microbiome
and 34 new results unique to the “autism” microbiome, compared to the results of Query 1. Thus, one
can see that Queries 2 and 3 would have less novel results overall than Query 1, given that Query 1
was conducted first.

Table 3. Comparing match statistics between web application queries.

Query Similar Enzymes Control Unique Autism Unique

1 19,959 834 161
2 41,035 853 195
3 14,451 356 387

From an experimental study on metabolic biomarkers in autistic individuals [29], we know
that many amino acids are found in significantly lower abundance vs. controls, including glycine,
serine, threonine, alanine, histidine, glutamine, glutamate and the organic acid, taurine. Antioxidants
(especially glutathione) are also in much lower abundance. Another study [30] cites reduced glutathione
as being in much lower abundance and another type of antioxidant, thioredoxins, as being in much
higher abundance. James et al. [13] claims that there is a metabolic bottleneck in many autistic
individuals, where the conversion of methionine to cysteine is inhibited, leading to diminished
glutathione formation. This information was kept in mind when analyzing the data. The relevance of
these findings will be discussed in more detail in the Discussion Section.

In Tables 4–11 we present the most meaningful results obtained from the data mining. The majority
of the results come from the first web application query. First, for the enzymes unique to the “control”
microbiome, we present enzymes indicative of glutamate metabolism. Some of the entries below contain
notation, such as “×3” after an organism name. This denotes that that organism has that number of
gene copies coding for that particular enzyme (the first table with this notation is Table 6 below).

Table 4. Acetylornithine transaminase expression (“control” unique).

2.6.1.11 Acetylornithine Transaminase
N(2)-Acetyl-L-ornithine + 2-Oxoglutarate =
N-Acetyl-L-glutamate5-semialdehyde + L-Glutamate

Expressed by the following organisms:

291516108 Alistipes shahii WAL 8301
291516108 Alistipes shahii WAL 8301
60495220 Bacteroides fragilis ATCC 25285 = NCTC 93
291526581 Eubacterium rectale DSM 17629
291526581 Eubacterium rectale DSM 17629
295102938 Faecalibacterium prausnitzii L2/6
148552872 Methanobrevibacter smithii ATCC 35061; PS; DSMZ
324314063 Odoribacter splanchnicus DSM 220712
294473972 Prevotella ruminicola Bryant 23
291541371 Roseburia intestinalis XB6B4
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Table 5. Phosphoserine transaminase expression (“control” unique).

2.6.1.52 Phosphoserine Transaminase

(1) O-Phospho-L-serine + 2-Oxoglutarate =
3-Phosphonooxypyruvate + L-Glutamate (2)
4-Phosphonooxy-L-threonine + 2-Oxoglutarate =
(3R)-3-Hydroxy-2-oxo-4-phosphonooxybutanoate + L-Glutamate

Expressed by the following organisms:

167660682 Alistipes putredinis DSM 17216
291516108 Alistipes shahii WAL 8301
60495220 Bacteroides fragilis ATCC 25285 = NCTC 93
295102938 Faecalibacterium prausnitzii L2/6
324314063 Odoribacter splanchnicus DSM 220712
294473972 Prevotella ruminicola Bryant 23
291541371 Roseburia intestinalis XB6B4
291543183 Ruminococcus bromii L2-63

Table 6. 2-oxoglutarate synthase expression (“control” unique).

1.2.7.3 2-Oxoglutarate Synthase
2-Oxoglutarate + CoA + 2 Oxidized Ferredoxin =
Succinyl-CoA + CO(2) +2 Reduced Ferredoxin + 2 H(+)

Expressed by the following organisms (multiple gene copies present):

291516108 Alistipes shahii WAL 8301 (×5)
148552872 Methanobrevibacter smithii ATCC 35061; PS; DSMZ (×5)
324314063 Odoribacter splanchnicus DSM 220712 (×3)

Table 7. Glutamate synthase expression (“control” unique).

1.4.1.14 Glutamate Synthase (NADH) 2 L-Glutamate + NAD(+) = L-Glutamine + 2-Oxoglutarate + NADH

Expressed by the following organisms:

291526581 Eubacterium rectale DSM 17629 (×3)
295102938 Faecalibacterium prausnitzii L2/6 (×4)
291541371 Roseburia intestinalis XB6B4 (×3)
291543183 Ruminococcus bromii L2-63 (×3)

There were several enzymes of interest coded by Lactobacillus acidophilus alone, many involving
methionine and cysteine metabolism. Arginase produces ornithine from arginine, a precursor to
glutamate. Mercury (II) reductase is included, because sulfur metabolism is involved with detoxifying
toxic heavy metals, such as mercury. NADH peroxidase is an antioxidant, and the enzymes associated
with methionine metabolism are ultimately associated with glutathione formation, another antioxidant.
See Table 8 for these results.

Table 8. Enzymes of interest coded by Lactobacillus acidophilus: Query 1.

2.1.1.10 Homocysteine S-methyltransferase. S-methyl-L-methionine + L-homocysteine = 2 L-methionine.

2.1.1.14 5-methyltetrahydropteroyltriglutamate
homocysteine S-methyltransferase.

5-methyltetrahydropteroyltri-L-glutamate + L-homocysteine
= tetrahydropteroyltri-L-glutamate + L-methionine.

3.5.3.1 Arginase. L-arginine + H2O = L-ornithine + urea.

4.2.1.22 Cystathionine beta-synthase. L-serine + L-homocysteine = L-cystathionine + H2O.

4.4.1.1 Cystathionine gamma-lyase. L-cystathionine + H2O = L-cysteine + NH3 + 2-oxobutanoate.

1.16.1.1 Mercury(II) reductase. Hg + NADP+ + H+ = Hg2+ + NADPH.

2.1.1.176 16S rRNA
(cytosine(967)-C(5))-methyltransferase.

S-adenosyl-L-methionine + cytosine(967) in 16S rRNA =
S-adenosyl-L-homocysteine + 5-methylcytosine(967) in 16S
rRNA.

1.11.1.1 NADH peroxidase. NADH + H2O2 = NAD+ + 2 H2O.
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Other enzymes of interest were antioxidants superoxide reductase (1.15.1.2), coded by
Faecalibacterium prausnitzii, and glutathione peroxidase (1.11.1.9), coded by Prevotella ruminicola. Several
others exhibited metabolic pathways associated with glutamate, cysteine and methionine and a few
for some amino acids of less interest, such as serine or histidine.

The following (Table 9) are some enzymes of interest from the “autism” microbiome. Interestingly,
Clostridium perfringens is the only organism studied (among both microbiomes) that codes for glutamate:
cysteine ligase and glutathione synthase, the two enzymes needed for glutathione formation.

Table 9. Enzymes of interest coded by the “autism” microbiome; Query 1.

110676061 Clostridium perfringens
ATCC 13124 4.1.1.50 Adenosylmethionine

decarboxylase.
S-adenosyl-L-methionine = S-adenosyl
3-(methylthio)propylamine + CO2.

115252745 Peptoclostridium difficile 630 4.1.1.50 Adenosylmethionine
decarboxylase.

S-adenosyl-L-methionine = S-adenosyl
3-(methylthio)propylamine + CO2.

110676061 Clostridium perfringens
ATCC 13124 4.1.1.22 Histidine decarboxylase. L-histidine = histamine + CO2.

110676061 Clostridium perfringens
ATCC 13124 6.3.2.2 Glutamate–cysteine ligase.

ATP + L-glutamate + L-cysteine = ADP +
phosphate +
gamma-L-glutamyl-L-cysteine.

110676061 Clostridium perfringens
ATCC 13124 6.3.2.3 Glutathione synthase. ATP + gamma-L-glutamyl-L-cysteine +

glycine = ADP + phosphate +glutathione.

219869941 Desulfovibrio desulfuricans
ATCC 27774 2.6.1.44 Alanine–glyoxylate

transaminase.
L-alanine + glyoxylate = pyruvate +
glycine.

219869941 Desulfovibrio desulfuricans
ATCC 27774 1.8.99.3 Hydrogen sulfite reductase. (O3S.S.SO3)2− + acceptor + 2 H2O + OH−

= 3 HSO3
− + reduced acceptor.

115252745 Peptoclostridium difficile 630 4.4.1.11 Methionine gamma-lyase. L-methionine + H2O = methanethiol +
NH3 + 2-oxobutanoate.

115252745 Peptoclostridium difficile 630 1.8.1.2 Sulfite reductase (NADPH). H2S + 3 NADP+ + 3 H2O = sulfite + 3
NADPH.

115252745 Peptoclostridium difficile 630 5.4.3.5 D-ornithine 4,5-aminomutase. D-ornithine =
(2R,4S)-2,4-diaminopentanoate.

115252745 Peptoclostridium difficile 630 5.1.1.12 Ornithine racemase. L-ornithine = D-ornithine.

It was found that Desulfovibrio desulfuricans and Clostridium difficile uniquely coded for enzymes
that involved the use of thioredoxins, including sarcosine reductase, betaine reductase and
glycine reductase.

Queries 2 and 3 had much less novel results in comparison. We will look at these results first,
then take a look at why adding new EC number annotations to the files did not change much in terms
of the overall results.

Query 2 only resulted in one new meaningful result (Table 10): the conversion of
S-adenosyl-methionine to S-adenosyl-homocysteine, part of the transsulfuration pathways.

Table 10. SAM (S-adenosyl-methionine) conversion to SAH (S-adenosyl-homocysteine).

219869941
Desulfovibrio
desulfuricans
ATCC 27774

2.1.1.77
Protein-L-isoaspartate
(D-aspartate)
O-methyltransferase

S-adenosyl-L-methionine + protein
L-isoaspartate = S-adenosyl-L-homocysteine
+ protein L-isoaspartate α-methyl ester.

Query 3 also resulted in only one major meaningful result, as well as two more that are at least
noteworthy, involved with cyanide metabolism (Table 11). Of course, cyanide is highly toxic to humans,
so the fact that Clostridium difficile is the only organism studied that can metabolize it is interesting, but
its relevance to the present study is inconclusive. Also of note was that Bifidobacterium and Lactobacillus
of the control microbiome uniquely coded for 2-haloacid dehalogenase, and Lactobacillus uniquely
coded for haloalkane dehalogenase. Again, upon searching the literature in regards to these results,
the interpretation is inconclusive. The relevance to the present study cannot be determined.
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Table 11. Enzymes of interest coded by the “autism” microbiome in Query 3.

115252745 Peptoclostridium
difficile 630 2.8.1.2 3-mercaptopyruvate

sulfurtransferase.
3-mercaptopyruvate + cyanide =
pyruvate + thiocyanate.

115252745 Peptoclostridium
difficile 630 2.8.1.1 Thiosulfate

sulfurtransferase.
Thiosulfate + cyanide = sulfite +
thiocyanate.

115252745 Peptoclostridium
difficile 630 4.4.1.8 Cystathionine beta-lyase. L-cystathionine + H2O =

L-homocysteine + NH3 + pyruvate.

666001751 Bifidobacterium
longum BXY01 3.8.1.9 (R)-2-haloacid

dehalogenase.
(R)-2-haloacid + H2O =
(S)-2-hydroxyacid + halide.

666001751 Bifidobacterium
longum BXY01 3.8.1.2 (S)-2-haloacid

dehalogenase.
(S)-2-haloacid + H2O =
(R)-2-hydroxyacid + halide.

666001751 Bifidobacterium
longum BXY01 3.8.1.10 2-haloacid dehalogenase

(configuration-inverting).

(1) (S)-2-haloacid + H2O =
(R)-2-hydroxyacid + halide.
(2) (R)-2-haloacid + H2O =
(S)-2-hydroxyacid + halide.

488447870 Lactobacillus
acidophilus La-14 3.8.1.2 (S)-2-haloacid

dehalogenase.
(S)-2-haloacid + H2O =
(R)-2-hydroxyacid + halide.

488447870 Lactobacillus
acidophilus La-14 3.8.1.5 Haloalkane

dehalogenase.
1-haloalkane + H2O = a primary
alcohol + halide.

In order to analyze why some organisms provided more information than others, we compared
the number of EC number annotations within each GenBank file to the total CDSs (coding sequences)
within each file. For the new organisms added for Queries 2 and 3, we can see that very few annotations
were actually added compared to the total CDSs. “Good” coverage seems to lie between 12% and 25%
when taking the ratio of EC number annotations to total CDSs, and all five of the newly annotated files
fall well short of this mark. However, Bifidobacterium had greatly improved coverage after updating
EC number annotations, rising from <4% to >25%. Despite this, very few new results were obtained.
Table 12 shows these statistics. This table is included in the Supplemental Material as Table S8 as well.
It may seem strange at first that there are so few EC number annotations compared to the number of
annotated CDSs, but keep in mind that enzymes are only a fraction of the organisms’ proteome (e.g.,
non-catalytic proteins, such as inter-membrane proteins), and some of the organisms’ genes code for
non-translated RNA transcripts, such as tRNAs. There also seems to be a dearth in annotation of EC
numbers in general.

Table 12. GenBank file statistic comparisons between the number of EC number annotations and
coding sequences (CDSs).

Original File Updated EC Annotations

Organism Name
Total
CDSs

Total EC
Numbers

%
Total EC
Numbers

Total “Multi-EC”
Designations

Actual
EC Total

%
% Increase

Akkermansia muciniphila 2138 286 13.38 401 34 367 17.17 28.32
Alistipes putredinis 659 92 13.96 110 6 104 15.78 13.04
Alistipes shahii 2563 548 21.38 603 17 586 22.86 6.93
Bacillus subtilis 4140 912 22.03 941 8 933 22.54 2.30
Bacteroides fragilis 4406 366 8.31 377 5 372 8.443 1.64
Bifidobacterium longum 1903 68 3.57 672 189 483 25.38 610.29
Clostridium difficile 3902 1015 26.01 1,035 6 1029 26.37 1.38
Clostridium leptum 602 100 16.61 114 4 110 18.27 10.00
Clostridium perfringens 2878 504 17.51 539 10 529 18.38 4.96
Desulfovibrio desulfuricans 2356 292 12.39 392 32 360 15.28 23.29
Escherichia coli 4967 612 12.32 1542 285 1257 25.31 105.39
Eubacterium rectale 2898 636 21.95 696 16 680 23.46 6.92
Faecalibacterium prausnitzii 2756 586 21.26 641 17 624 22.64 6.48
Lactobacillus acidophilus 1876 486 25.91 585 31 554 29.53 13.99
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Table 12. Cont.

Original File Updated EC Annotations

Organism Name
Total
CDSs

Total EC
Numbers

%
Total EC
Numbers

Total “Multi-EC”
Designations

Actual
EC Total

%
% Increase

Methanobrevibacter smithii 1795 414 23.06 454 12 442 24.62 6.76
Odoribacter splanchnicus 3498 515 14.72 603 27 576 16.47 11.84
Prevotella ruminicola 2791 480 17.20 519 12 507 18.17 5.62
Roseburia intestinalis 3630 709 19.53 793 17 776 21.38 9.45
Ruminococcus bromii 1811 467 25.79 496 9 487 26.89 4.28
Weissella koreensis 1335 93 6.97 288 61 227 17 144.09
Bacteroides caccae 3441 0 0.00 76 19 57 1.656
Bacteroides thetaiotaomicron 4787 0 0.00 413 125 288 6.016
Bacteroides vulgatus 4065 0 0.00 267 80 187 4.6
clostridium bolteae 5830 0 0.00 737 227 510 8.748
Sutterella wadsworthensis 2433 0 0.00 136 39 97 3.987

4. Discussion

The present study successfully identified several key enzymes associated with autism spectrum
disorders using a bioinformatics data mining approach, by comparing the metabolomes of two distinct
microbiomes. We must compare the results to published experimental data in order to evaluate the
impact of this study, such as those found in [29–33].

We expected to find key biomarkers unique to Desulfovibrio and Clostridia species indicative of autism,
but instead, the key was based on identifying enzymes that were missing from these organisms; hence,
a decreased abundance of such enzymes could be used as diagnostic biomarkers for autism. Several
different amino acids have previously been reported to be in lower abundance in autistic individuals,
but in this study, the amino acid that stood out the most was glutamate. Several organisms in the
“control” microbiome coded for enzymes associated with glutamate metabolism, but were curiously
missing from the “autism” microbiome. Glutamate is an integral part of glutathione, a tripeptide made
of glutamate, cysteine and glycine. It was known before that glutathione was down-regulated in autism,
but researchers focused their attention on an inhibition of cysteine metabolism to be the culprit.

Upon closer inspection of glutamate’s association with autism, we find that there is a hypothesis that
does not involve oxidative stress at all. Glutamate is the human body’s major excitatory neurotransmitter,
which works in opposition to gamma-aminobutyric acid (GABA) [34,35]. Contrary to the Ming et
al. study [29], these studies, as well as Adams et al. [31] reported higher quantities of glutamate vs.
neurotypical controls. Tevarst van Elst et al. [34] actually reviewed two different hypotheses: that a
hypoglutamatergic condition is related to autism and also that a hyperglutamatergic condition is related
to autism. Regardless of which one it is, the authors theorize that an imbalance in the neurological
excitation/inhibition chemical signaling in the central nervous system is thought to be associated with
autism. Furthermore, glutamate decarboxylase is the enzyme responsible for converting glutamate into
GABA. Loss of the gene coding for GABA in host neurons has been shown to lead to symptoms
characteristic of autism [36]. Going back to the results of our software (i.e., Query 2), we found
that glutamate decarboxylase is expressed by organisms from both the control and autism groups.
Therefore, what then is the association of our research to the hypotheses on glutamate and autism?
That remains to be determined, but we must not ignore the fact that we might not have heard of this
field of research had not our software pointed in that direction. Even with limited data availability, it
seems that our software can be useful in developing new hypotheses and revealing literature that was
previously unknown to us.

After completing our analysis, we came across another study where Akkermansia muciniphila was
found in decreased amounts in individuals with autism [37]. According to the authors, Akkermansia is
integral to the host’s gut health; the gut mucus layer is reduced as Akkermansia composition within
the gut is depleted. This contradicts the Finegold et al. pyrosequencing study. In light of these two
conflicting studies, it seems that we may have been correct in assuming that the involvement of
Akkermansia in autism is questionable at best. We still included it in the study, because theoretically, it
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should serve as a basis for comparison. If we think that certain Clostridia species and sulfate reducers
are indicative of autism, then we may be biased towards results that agree with that assumption. If we
include a questionable case, such as Akkermansia,in the “autism” group analysis, then we may better be
able to rule out false positives. Regarding this inclusion, no significant results were found in Queries 1
or 2, leading to the exclusion of Akkermansia from Query 3. Query 3 had quite similar results as Queries
1 and 2, which lends credence to the idea that those organisms still included in the “autism” group for
Query 3 are more likely to be involved in autism pathogenesis.

Hydrogen sulfide has been cited as a toxic metabolite produced by Desulfovibrio species [10], but
data on this metabolite were inconclusive. It was found that Desulfovibrio is not the only organism (in
either microbiome) that can metabolize hydrogen sulfide. What we did notice is that Clostridium
difficile codes for enzymes that metabolize alternative pathways for ornithine and methionine,
precursors to glutamate and cysteine, respectively, with the enzymes ornithine racemase, D-ornithine
4,5-aminomutase, adenosylmethionine decarboxylase and methionine gamma-lyase. Nearly every
organism studied codes for enzymes using ferredoxins and thioredoxins, alternative antioxidants
to glutathione, which also use a sulfhydryl electron acceptor for reducing power. It is possible that
thioredoxins were found in much higher abundance in autistic individuals [28], because thioredoxins
had to take over from glutathione as the body’s dominant antioxidant. However, if glutathione
is usually dominant, then there must be something not as chemically favorable associated with
ferredoxins and thioredoxins or perhaps they are just not sufficient to fill in the antioxidative gap that
glutathione usually fills. That Clostridium difficile can uniquely use ornithine and methionine for other
purposes other than glutathione formation provides evidence for this hypothesis. Interestingly, the
final two catalytic steps in glutathione formation are uniquely coded by Clostridium perfringens, part of
the “autism” microbiome. However, many of the precursor steps are uniquely coded by Lactobacillus
acidophilus, part of the “control” microbiome. Glutathione is still existent in autistic individuals, so
perhaps Clostridium perfringens allows for some extra utility in glutathione formation; or maybe this is
just coincidence.

Quite remarkable was the fact that nearly every reaction of the transsulfuration and
transmethylation metabolic pathways was coded by the organisms studied, but that each microbiome
(“control” and “autism”) could not express the pathways in their entirety alone. This suggests some
sort of interdependence between the two microbiomes on completing these pathways. The control
microbiome supplies glutamate metabolism, and cysteine and glutathione formation is split between
the two groups of organisms. Based on this information, it seems that organisms, such as abnormal
Clostridia species and Desulfovibrio, may be products of the sulfur metabolic deficiency found in so
many autistic individuals and, therefore, may be essential in filling a unique metabolic niche. However,
because of the known toxic byproducts of these organisms, they may still be causing gastrointestinal
inflammation and subsequent neuro-inflammation associated with “leaky gut syndrome”, leading to
regressive autism [15,31]. Therefore, even though these organisms may be causing some major ill effects,
the matter becomes complicated by the necessity of their presence in the host. The sulfur metabolic
deficiencies and lack of proper anti-oxidation therefore seem to lie at the heart of the problems that
lead to regressive autism. If treatment is possible, it would therefore be more likely to entail dietary
supplements that restore the metabolic deficiencies to normal conditions [13], rather than eradicating
the proposed offending organisms from the host’s gut. James et al. [13] reported some improvements
in symptoms with specific dietary supplements, and a study by Adams et al. [38] provides some more
evidence of this. The Adams et al. study included adult subjects with autism, as well.

It is important to note that there were some crucial limitations to this study. Besides the obvious,
that this study is purely computational, the dependence on having annotation data for EC numbers
greatly limits the scope of the study. When the first query to the web application was completed and
analyzed, it was thought that including more organisms of interest (with newly annotated EC numbers)
would greatly strengthen the study. This, in fact, hardly had any impact at all on the initial study.
These files had so few annotations, that they did not give good representations of the metabolome of
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these organisms. Thus, we can only surmise that there may be other more meaningful results possible
with better data. It is possible that this study could be improved by creating new gene annotations
altogether by using the publically available BLAST tool for sequence alignment of microbial genomic
DNA and then annotating these genes with translated gene products and EC numbers. Also of note is
that the two Clostridium species studied most deeply in this context (C. perfringens and C. difficile) have
not, to our knowledge, been specified as part of the “autism” microbiome, but they happened to be two
of the most widely available and comprehensive genomes of Clostridia that could appear in the human
gut. Therefore, they were chosen as “representatives” of the Clostridium genus, and thus, associated
results should be interpreted with scrutiny. It appears that this type of study has not been attempted
previously, yielding mixed results. This provides substantial evidence that the present approach is
novel and may be a step in a new, potentially useful direction, but its novelty severely limits its impact,
because of a lack of resources. It is surmised that as data on microbial genomics and data on gut
bacteria associated with autism patients improves, so too will the utility of our novel software and
our comparative modeling approach. Future work could include full de novo genomic sequencing of
gut microbes and validation through next-generation sequencing devices, followed by comprehensive
annotation with accurate EC numbers. On NCBI’s server, there is a noted difference in genomic
comprehensiveness between microorganisms, where key gut microbes are covered definitively less
than model organisms, such as Escherichia coli or Bacillus subtilis. We need to be able to have more
studies on gut microbes in their natural habitat and their interactions with host cells in order to have
more experimental data to fine-tune our metabolomics model. It also remains to be determined what
would be the best way of evaluating data significance from this type of study.

Nevertheless, we still believe that substantial results came about from this study. We have not
seen this type of comparative analysis conducted with autism in mind before, and we are proud to say
that our computational approach was successful, given some of its parallels to previous experimental
studies. Some experimental studies were not able to be validated with this approach, which is to be
expected. As stated earlier, this software was designed with the intent to be used for many other
applications, besides autism, hence making the software publically available online. Many other
human illnesses and conditions are thought to be associated with the human gut microbiome [5], and
we believe that these applications might benefit from our approach, as well. Microbiomes in other
environments may also benefit; much potential could be lost if the software’s use were limited to only
the human gut.

Appendix Supplemental Materials

Supplementary materials can be found at http://www.mdpi.com/1422-0067/16/04/8949/s1.
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Abstract: Creatine deficiency syndrome (CDS) comprises three separate enzyme deficiencies
with overlapping clinical presentations: arginine:glycine amidinotransferase (GATM gene, glycine
amidinotransferase), guanidinoacetate methyltransferase (GAMT gene), and creatine transporter
deficiency (SLC6A8 gene, solute carrier family 6 member 8). CDS presents with developmental
delays/regression, intellectual disability, speech and language impairment, autistic behaviour, epileptic
seizures, treatment-refractory epilepsy, and extrapyramidal movement disorders; symptoms that are
also evident in children with autism. The objective of the study was to test the hypothesis that genetic
variability in creatine metabolism genes is associated with autism. We sequenced GATM, GAMT
and SLC6A8 genes in 166 patients with autism (coding sequence, introns and adjacent untranslated
regions). A total of 29, 16 and 25 variants were identified in each gene, respectively. Four variants were
novel in GATM, and 5 in SLC6A8 (not present in the 1000 Genomes, Exome Sequencing Project (ESP)
or Exome Aggregation Consortium (ExAC) databases). A single variant in each gene was identified
as non-synonymous, and computationally predicted to be potentially damaging. Nine variants in
GATM were shown to have a lower minor allele frequency (MAF) in the autism population than in the
1000 Genomes database, specifically in the East Asian population (Fisher’s exact test). Two variants
also had lower MAFs in the European population. In summary, there were no apparent associations
of variants in GAMT and SLC6A8 genes with autism. The data implying there could be a lower
association of some specific GATM gene variants with autism is an observation that would need to
be corroborated in a larger group of autism patients, and with sub-populations of Asian ethnicities.
Overall, our findings suggest that the genetic variability of creatine synthesis/transport is unlikely to
play a part in the pathogenesis of autism spectrum disorder (ASD) in children.

Keywords: autism spectrum disorder; creatine deficiency syndrome; glycine amidinotransferase;
guanidinoacetate methyltransferase; solute carrier family 6 member 8; genetic variability
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1. Introduction

Autism spectrum disorder (ASD) can be present in children with inborn errors of metabolism,
the latter having a prevalence of 1 in every 800 live births [1]. Less than 5% of ASD cases can be
attributed to routinely-screened-for inborn errors of metabolism [2,3]. Creatine deficiency syndrome
(CDS) is an inherited metabolic disorder that is not included in routine newborn screening panels
or in standard ASD diagnostic work up. The presence of autistic symptoms in patients with CDS
suggests that genes in the creatine metabolic pathway may play a part in the neurobiology of ASD
and may represent a treatable cause of ASD [4]. We recently ascertained the prevalence of CDS in
children with non-syndromic autism in a large, prospective, multicentre study by screening for creatine
metabolites in urine and sequencing GAMT, GATM and SLC6A8 genes (glycine amidinotransferase,
guanidinoacetate methyltransferase and solute carrier family 6 member 8) for pathogenic mutations
(443 children with ASD). The estimated prevalence of CDS was less than 7 in 1000 and there was no
obvious correlation between pathogenic CDS gene mutations and ASD, Therefore, the chances of a
child with ASD having a CDS were very low [5].

In the study presented here, we investigate the association of autism with non-CDS disease
causing variants in the three creatine metabolism genes. Whereas non-synonymous nucleotide changes
resulting in amino acid changes are likely to result in pathogenic mutations, synonymous changes that
do not alter the amino acid are often attributable to polymorphisms. It has been shown that single
nucleotide polymorphisms (SNPs) can explain up to 40% of the variance in liability to ASD [6,7]; thus
common genetic polymorphisms can be a major risk factor for autism.

The clinical presentation of CDS is characterized by developmental delays and cognitive decline,
intellectual disability, impaired speech and language, autistic behaviour, epileptic seizure activity,
treatment-refractory epilepsy, and extrapyramidal movement disorders [8–11]. Significant behavioural,
social and communication challenges seen in ASD can be caused by neurodevelopmental disabilities
of complex aetiology. The symptoms in patients with CDS and those with ASD can overlap.

In patients with CDS, the impaired synthesis or transport of creatine leads to depletion of
creatine/phosphocreatine in the brain. The creatine–phosphocreatine system plays an essential role
in cellular energy homeostasis in the central nervous system. This system acts as a temporal and
spatial energy buffer, energy transducer and general regulator of cellular energetics [12]. Creatine
has been shown to act as a neuroprotective agent [13]; it protects rat hippocampal neurons against
glutamate and amyloid beta peptide toxicity [14]; it seems to function as a potent natural survival
and neuroprotective factor for γ-aminobutyric acid (GABA)-ergic neurons in a model for Huntington
disease [15] and of dopaminergic neurons in a model for Parkinson’s disease [16]. In two studies,
creatine supplementation was convincingly shown to improve concentration [17], as well as short-term
memory and learning [18] in healthy human subjects. Due to these protective functions of creatine the
deficiency of creatine could play a part in the neurobiology of ASD.

CDS includes three separate deficiencies: arginine:glycine amidinotransferase (AGAT),
guanidinoacetate methyltransferase (GAMT), and creatine transporter (CrT) [4,8,19]. AGAT and
GAMT deficiencies are autosomal recessive inherited biosynthesis defects of creatine. The AGAT
gene (NCBI Gene ID 2628, official nomenclature: GATM) located on chromosome 15q15.3 is 16.8
Kb in size and contains nine exons, which encode 424 amino acids. The GAMT gene (Gene ID 2593)
located on chromosome 19p13.3 is 4.46 Kb in size and has six exons encoding 237 amino acids.
Dysfunction of the CrT leads to impaired intra-cellular creatine uptake and has X-linked inheritance.
The CrT gene (Gene ID 6535, SLC6A8) located on Xq28 spans 8.4 Kb and consists of 13 exons encoding
635 amino acids [4]. To date, there are 6, 29, and 88 pathogenic mutations described throughout
the GATM, GAMT, and SLC6A8 genes, respectively [20]. The common denominator of all these
diseases is the virtually complete absence of creatine and phosphocreatine in the brain that can be
assessed with in vivo magnetic resonance spectroscopy (MRS). The diagnosis can be made in spot
urine determining the concentration of creatine and guanidinoacetate normalized for creatinine, in
24-h urine measuring the excretion of creatine, guanidinoacetate, and creatinine, and by measuring the
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concentration of these metabolites in blood [4,21,22]. Among CDS, GAMT deficiency, while presenting
as a spectrum from mild to severe, has the most severe phenotype that includes severe intellectual
deficits. Treatment-refractory epilepsy and extrapyramidal movement disorders are exclusively seen
in GAMT patients [4,8,10,23,24]. The few AGAT-deficient patients described so far seem to have a less
severe presentation with developmental delays and impaired communication and social contact. Mild
seizures have been reported in only some of the cases [9,25,26]. Males with X-linked CrT deficiency
present with impairments of speech and language and may have a seizure disorder. They usually
show behavioural abnormalities and develop intellectual disability. While most of the female carriers
have a normal appearance, some may have mild learning difficulties. Treatment with supplementation
of creatine can fully (AGAT) or partly (GAMT) replenish brain creatine and attenuate the clinical
course in AGAT and GAMT-deficient patients. In contrast, creatine supplementation has no effect on
brain creatine and the clinical course in male CrT patients [4]. There is an even gender distribution in
GAMT [10] and likely in AGAT deficiencies, whereas predominantly males are affected with the CrT
defect. The latter is an X-linked condition and female carriers are mostly asymptomatic [8].

Because of the overlap of symptoms between CDS and ASD and because of the potential role
of the creatine-phosphocreatine homeostasis in autism, we hypothesize that comparing the ASD
population to the general population may reveal an altered frequency of genetic variants in the three
CDS genes (GATM, GAMT and SLC6A8) that are associated with autism.

2. Results

A total of 166 subjects enrolled in the study, with 71 from the prospective group enrolled in
Toronto and 95 from the Genome Canada study sample. Of these, 32 were females, and 134 were males.
Ethnicities were described as European “EUR”, Asian “ASN”, African “AFR” or Admixed/Unknown,
“MIX/UNK” (Supplementary Table S1).

2.1. Novel/Rare Variants Observed in CDS Genes in ASD Patients

Sequence data was compared with NCBI reference genes, and genetic variations were compared
to three variation databases: the 1000 Genomes phase 3 dataset, the National Heart, Lung and Blood
Institute Grand Opportunity Exome Sequencing Project (NHLBI GO ESP) and the Exome Aggregation
Consortium (ExAC). A number of variants were identified, some of which are novel (not in the variant
databases) or rare (present at allele frequencies less than 1% or 0.01) (Tables 1–3, Figures 1–3).

2.1.1. GATM Gene Variants

A total of 29 variants were identified, of which four were present in coding regions (Figure 1,
Table 1). Of these, two were rare variants: one was synonymous and one was non-synonymous.
Synonymous variants are presumed to not have any potential pathogenicity, unless they are likely
to affect splicing. The non-synonymous variant (c.700G > C, p.Asp234His) was not present in
1000 Genomes or ESP, but was present in the ExAC database at a minor allele frequency of
0.00001651 (2/121104 chromosomes, mixed ethnic population) (Table 1). The variant was identified
as heterozygous in one individual in the ASD population, resulting in a minor allele frequency
(MAF) of 0.003 (1/332 chromosomes). Computational software (SIFT [27], PolyPhen-2 [28] and
MutationTaster [29]) all predict this variant to be damaging, and therefore pathogenic if homozygous
(Table 1). Further functional testing would be needed to confirm the true pathogenicity of this variant.
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Figure 1. Flowchart summarizing variants identified in the glycine amidinotransferase (GATM) gene.

Figure 2. Flowchart summarizing variants identified in the guanidinoacetate methyltransferase
(GAMT) gene.

404



Int. J. Mol. Sci. 2017, 18, 1665

Figure 3. Flowchart summarizing variants identified in the solute carrier family 6 member 8
(SLC6A8) gene.

There were several differences seen in the MAFs calculated for GATM variants identified in the
ASD patient group compared to those from ethnic populations in 1000 Genomes database (European,
East Asian, African and Mixed/Unknown) (Supplementary Table S2). Figure 4 shows the p-values from
the Fisher’s exact test (plotted as -log (p)) and the variants identified. Fifteen of these differences were
initially found to be significant (Fisher’s exact test, p = 0.01), and after running the Benjamini–Hochberg
procedure, 11 of these values remained above the threshold of significance. Nine of these values
represented a significant difference between the allele frequencies seen in our autism population and
the East Asian population of the 1000 Genomes database: SNPs rs7164139 (c. − 200C > T, p = 0.000005),
rs12437887 (c.70 − 77C > T, p = 0.00002), rs12437840 (c.70 − 38G > T, p = 0.00002), rs1288775 (c.330A >
T, p = 0.000037), rs1145086(c.1252T > C, p = 0.000114), rs1049503 (c.*600A > G, p = 0.0003), rs1049508
(c.*715T > C, p = 0.000037), rs35410548 (c.*734_*735insCA, p = 0.000499) and rs1049518 (c.*940C >
T, p = 0), Figure 4). All nine variants had a significantly lower MAF than the 1000 Genomes East
Asian population database (Supplementary Table S2). It is possible that some of these SNPs could be
inherited as a single haplotype (adjacent SNPs that are inherited together). To further investigate these
nine variants, we compared the data from our Asian population with the 1000 Genomes South Asian
population (Table 4). This data suggested that none of the variants were significantly different.
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Figure 4. Manhattan plot showing the p-values from the Fisher’s exact test (significance of association,
plotted as -log (p)) for each SNP sequenced on the glycine amidinotransferase (GATM) gene. p-values
are shown for European, East Asian, African, and Unknown/Admixed populations. The nominal
statistical threshold for p = 0.01 is shown, and p-values that are still significant after running the
Benjamin–Hochburg procedure are indicated with boxes. The location of each SNP is shown on
the GATM gene below the x-axis. EUR: European; ASN: East Asian; AFR: African; and UNK/MIX:
unknown/admixed populations.

Two variants in the European cohort show significant variation from the 1000 Genomes European
database population: rs17618637 (c.*913G > A, p = 0.00005) and rs1049518 (c.*940C > T, p = 0) both
in the 3′UTR (untranslated region) of the GATM gene. Both had lower MAFs than in the database
(Supplementary Table S2).
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2.1.2. GAMT Gene Variants

A total of 16 variants were identified, of which three were in coding regions (Figure 2, Table 2).
Two of these were rare variants, and one of these was non-synonymous. This variant (c.227C > T),
observed in a heterozygous state in two individuals, had an MAF of 0.000616 in the ESP database
(8/12984 chromosomes) and 0.000411 in the ExAC database (29/70554 chromosomes) (Table 2). In our
ASD population, the variant was observed in 2/332 chromosomes, resulting in an MAF of 0.006. SIFT,
PolyPhen-2 and MutationTaster all predicted the variant to be damaging (Table 2).

There were some differences seen in the MAFs calculated for GAMT variants identified in
the ASD patient group compared to those from ethnic populations in the 1000 Genomes database
(Supplementary Table S3). Figure 5 shows the p-values from Fisher’s exact test (plotted as −log (p))
and the variants identified. Only three of these differences were significant (Fisher’s exact test, p = 0.01),
and after running the Benjamini–Hochberg procedure only one of these remained significant (r266813).

Figure 5. Manhattan plot showing the p-values from Fisher’s exact test (significance of association,
plotted as -log (p)) for each SNP sequenced on the guanidinoacetate methyltransferase (GAMT)
gene. p-values are shown for European, East Asian, African, and Unknown/Admixed populations.
The nominal statistical threshold for p = 0.01 is shown, and p-values that are still significant after
running the Benjamin–Hochburg procedure are indicated with boxes. The location of each SNP is
shown on the GAMT gene below the x-axis. EUR: European; ASN: East Asian; AFR: African; UNK/MIX:
Unknown/Admixed populations.

2.1.3. SLC6A8 Gene Variants

In total 25 variants were identified, of which two were in coding regions (Figure 3, Table 3).
Of these, one resulted in a rare, non-synonymous coding change in exon 8: c.1162G > A. This was
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identified as hemizygous in a male individual, which would imply the variant would cause disease if
found to be pathogenic, since the SLC6A8 gene is on the X chromosome. The MAF was 0.005 (1/198
alleles), and allele frequencies for the 1000 Genomes, ESP and ExAC databases were 0.0003 (1/3775
alleles), 0.0002886 (3/10394 alleles) and 0.00007051 (1/14182 alleles) respectively. SIFT, PolyPhen-2 and
MutationTaster all suggest the variant is damaging, and if so, the variant could potentially be disease
causing. However, the variant is listed in the Leiden Open Variation Database v2 [30] and is shown by
one study to be benign. The variant was identified in a patient with mental retardation, but fibroblasts
from the patient were confirmed to have normal creatine uptake. The variant was seen in 2/1900
patients with mental retardation [31]. Two more rare variants were also identified as non-pathogenic
by other studies: c.813C > T, a synonymous variant in exon 5 [32], and c.1142 − 35G > A in intron 7,
as well as several of the non-coding polymorphic variants [33].

There were some differences seen in the MAFs calculated for SLC6A8 variants identified in the ASD
patient group compared to those from ethnic populations in 1000 Genomes database (Supplementary
Table S4). Figure 6 shows the p-values from Fisher’s exact test (plotted as -log (p)) and the variants
identified. Only three of these differences were significant (Fisher’s exact test, p = 0.01), but after
running the Benjamini–Hochberg procedure, these values fell below the threshold of significance.

Figure 6. Manhattan plot showing the p-values from Fisher’s exact test (significance of association,
plotted as -log (p)) for each SNP sequenced on the solute carrier family 6 member 8 (SLC6A8)
gene. p-values are shown for European, East Asian, African, and Unknown/Admixed populations.
The nominal statistical threshold for p = 0.01 is shown. The location of each SNP is shown on
the SLC6A8 gene below the x-axis. EUR: European; ASN: East Asian; AFR: African; UNK/MIX:
Unknown/Admixed populations.
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3. Discussion

Three rare, non-synonymous genetic variants were identified in coding regions in GATM, GAMT
and SLC6A8 genes in four individuals with ASD. The variants were heterozygous in GATM and GAMT,
implying possible carrier status for a pathogenic mutation; and hemizygous for SLC6A8 in a single
male, suggesting creatine transporter deficiency if the variant is proven pathogenic. All three variants
were predicted as being damaging using SIFT, PolyPhen-2 and MutationTaster. No creatine transporter
defect had been demonstrated in males with the hemizygous SLC6A8 c.1162G > A variant. This variant
was subsequently proven to be benign, based on its presence in two patients with mental retardation
and no creatine transporter defect [31]. The variants in GATM and GAMT can only be proven as
truly pathogenic if functional studies are performed. No homozygous or compound-heterozygous
variants classified as “damaging” were identified in the ASD population, suggesting the prevalence of
CDS in autism patients in our sample is zero. We have recently published another study confirming
the prevalence to be zero, as no cases of CDS were identified in 443 children with ASD (screening of
patients was done using both metabolic and molecular methods) [5]. Schiff et al. [34] screened urine
from 203 children with non-syndromic autism and found none to be affected with CDS. The only
other genetic screen was carried out by Newmeyer et al [35]. They screened 100 males with ASD for
mutations in the SLC6A8 gene, and reported one affected child. However, this male patient had the
c.1162G > A variant. He was later further investigated and had a normal urine creatine/creatinine
ratio, suggesting the variant was benign.

Statistical Differences between MAFs in CDS Genes in ASD and the General Population

Fisher’s exact test was used to determine the statistical significance of any differences identified
in the allele frequencies of the autism cohort compared to the 1000 Genomes database (divided into
four population groups).

There were some differences seen in the MAFs calculated for GATM, GAMT and SLC6A8 variants
identified in the ASD patient group, but the only statistically significant results were seen in the GATM
gene. These included variants in non-coding regions (3′ and 5′UTRs, introns) as well as changes
in exons. The Asian autism cohort was compared to the East Asian data in 1000 Genomes initially.
Nine variants were identified at a statistically lower frequency in our Asian autism cohort compared
to the 1000 Genomes database. The data for these nine variants was then compared to the South
Asian data in 1000 Genomes, which further suggested that the MAFs were not significantly different.
We do not know the diversity of ethnicities within our Asian cohort and so cannot determine if our
population is skewed towards one or another subpopulation. This potentially interesting finding
would need further investigation with Asian subpopulations. Two variants in the European autism
cohort also presented at a statistically lower allele frequency than in the 1000 Genomes database.

4. Materials and Methods

A prospective group consisting of 71 subjects was enrolled in Toronto, and a retrospective sample
of 95 subjects was collected as part of the Canadian Autism Genome Project (families with only one
autistic child). The former was also part of the prevalence study of CDS in ASD [5]. Supplementary
Table S1 shows the cohort divided by ethnicity and sex.

Participants received a diagnosis of ASD from clinician experts based on diagnostic and statistical
manual of mental disorders, 4th edition (DSM-IV) criteria for ASD (autism, Asperger’s, or pervasive
developmental disorder—not otherwise specified (PDD-NOS)) with the diagnosis confirmed by the
autism diagnostic observation schedule (ADOS-G) [36]. An additional group of children with moderate
to severe ASD eligible for a publicly-funded Intensive Behavioural Intervention Therapy program for
children with ASD was recruited. Children included from this subgroup also underwent assessment
by clinician experts, however, rather than the ADOS, their assessment included observation with the
Childhood Autism Rating Scale (CARS) [37] and the DSM-IV checklist. Individuals were excluded
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if they had Rett syndrome, Childhood disintegrative disorder, severe bilateral visual impairment, or
severe bilateral hearing impairment.

4.1. Study Design and Measurement

To investigate the genetic variability in genes involved in creatine metabolism in children with
ASD, Sanger-based DNA sequencing chemistry was used (ABI-3730) to sequence the three genes,
GATM (AGAT), GAMT, and SLC6A8 (CrT). The entire gene was sequenced including 3′ and 5′UTRs,
coding regions and flanking intronic segments. Examination of raw sequence data was completed
manually for missense, nonsense, or small insertion/deletion events, by aligning sequences with NCBI
reference genes. Genetic variations were compared to sequence data in Alamut (Alamut Visual version
2.6, Interactive Biosoftware, Rouen, France) and three variation databases: the 1000 Genomes phase 3
dataset [38], Exome Sequencing Project [39] and the Exome Aggregation Consortium [40]. Fisher’s
exact test was used to calculate “goodness-of-fit” between the allele frequencies in published databases
(primarily the 1000 Genomes phase 3 dataset and the autistic patient population, based on ethnicity.
If ethnicity was not known, or admixed, then allele frequencies were compared to the combined allele
frequency for all ethnicities. Significant variation between allele frequencies for the two populations
was noted when p < 0.01.

To reduce the false discovery rate, and help reduce type 1 errors (false positives) we applied the
Benjamini–Hochberg procedure. The variants for each ethnic population for each gene (excluding the
novel variants) were ranked in ascending p-values. Each individual p-value’s Benjamini–Hochberg
critical value was calculated using the formula (i/m)Q (with i = the individual p-value’s rank; m = total
number of tests; and Q = the false discovery rate (0.01)). The highest p-value that was also smaller
than the critical value was noted, and that value and all values with lower p-values were considered
significant. These variants are identified on the Manhattan plots.

4.2. Molecular Genetics

DNA was prepared from blood or lymphoblasts; PCR products were amplified using the primers
listed in Supplementary Table S5, and sequenced by TCAG (Toronto Center of Applied Genomics,
Toronto, ON, Canada). GATM gDNA was amplified using Herculase II Fusion Taq polymerase (Agilent
Tech., Mississauga, ON, Canada). GAMT gDNA was amplified using Hotstar Taq polymerase (Qiagen,
Toronto, ON, Canada). In some cases, a second nested amplification was carried out on the first
PCR product; some of these primers had a GC clamp at their 5′ end. SLC6A8 was amplified using
Herculase II Fusion Taq polymerase, Hotstar Taq polymerase or TaKaRa La Taq polymerase (Takara
Bio Inc., Shiga, Japan). Some of these primers had an M13 clamp at their 5’ end (G. Salomons, personal
communication).

4.3. Ethics, Consent and Permissions

The study was approved by the Research Ethics Boards of The Hospital of Sick Children, Surrey
Place Center, and Holland Bloorview Kids Rehabilitation. Subjects enrolled in the study after parents
completed written informed consent.

5. Conclusions

We hypothesized that genetic variability (polymorphisms) in the three genes associated with CDS
could impact the health of children and result in an autistic phenotype. This hypothesis was suggested
by the fact that rare variants have been shown to have a cumulative effect, contributing to ASD risk
(narrow sense heritability); and that CSD and ASD have overlapping phenotypes suggesting some
similar disease mechanisms.

Our findings suggest there could be a lower association of some specific GATM gene variants in
Asians and Europeans with autism compared to the 1000 Genomes database (East Asian population
and all Europeans), observations that would need to be corroborated in a larger group of autism

411



Int. J. Mol. Sci. 2017, 18, 1665

patients in which ethnic sub-populations are known. Variants in GATM have not been associated with
autism previously, nor has the chromosomal region of 15q21.1. There are no genes overlapping GATM
that have been associated with autism.

By sequencing the three CSD genes, the findings demonstrate that genetic variability in genes
of biosynthesis (AGAT and GAMT) and transport of creatine (CrT) is unlikely to play a part in the
pathogenesis of ASD in children. Through this work, we have corroborated results determined in our
prior prevalence study in which none of the 443 children with ASD was found to be affected with
CDS [5]. Both studies taken together suggest that, despite the possibility that there is a shared feature
that might cause the separate but similar ASD and CDS autistic symptoms, we should look elsewhere
for causation of ASD.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/8/1665/s1.
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Abstract: Force control deficits have been repeatedly documented in autism spectrum disorder (ASD).
They are associated with worse social and daily living skill impairments in patients suggesting
that developing a more mechanistic understanding of the central and peripheral processes that
cause them may help guide the development of treatments that improve multiple outcomes in
ASD. The neuromuscular mechanisms underlying force control deficits are not yet understood.
Seventeen individuals with ASD and 14 matched healthy controls completed an isometric index
finger abduction test at 60% of their maximum voluntary contraction (MVC) during recording of
the first dorsal interosseous (FDI) muscle to determine the neuromuscular processes associated with
sustained force variability. Central modulation of the motorneuron pool activation of the FDI muscle
was evaluated at delta (0–4 Hz), alpha (4–10 Hz), beta (10–35 Hz) and gamma (35–60 Hz) frequency
bands. ASD patients showed greater force variability than controls when attempting to maintain
a constant force. Relative to controls, patients also showed increased central modulation of the
motorneuron pool at beta and gamma bands. For controls, reduced force variability was associated
with reduced delta frequency modulation of the motorneuron pool activity of the FDI muscle and
increased modulation at beta and gamma bands. In contrast, delta, beta, and gamma frequency
oscillations were not associated with force variability in ASD. These findings suggest that alterations
of central mechanisms that control motorneuron pool firing may underlie the common and often
impairing symptoms of ASD.

Keywords: autism spectrum disorder (ASD); index finger abduction; force variability; motorneuron
pool; first dorsal interosseus (FDI) muscle; decomposition-based electromyography (dEMG)

1. Introduction

Sensorimotor impairments are common in autism spectrum disorder (ASD) [1,2].
Disrupted sensorimotor developments may be among the earliest emerging symptoms of ASD,
and they are associated with increased severity of social-communication, cognitive, and daily living
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impairments [3–6]. Sensorimotor deficits also represent an important target for determining physiological
processes disrupted in ASD. Specifically, sensorimotor processes are supported by central and peripheral
nervous system mechanisms that are relatively well-understood. By determining patterns of sensorimotor
deficits in ASD, and clarifying their underlying physiology, studies of sensorimotor control in patients
may provide new insights into neurobiological processes associated with the disorder.

Multiple types of sensorimotor abnormalities have been identified in individuals with
ASD, including reduced eye movement accuracy [7,8], postural instability [9,10], increased gait
variability [11,12], and atypical handwriting [13]. Reduced ability to control force output also has been
repeatedly documented in studies of ASD. Specifically, studies of grip force control in ASD have suggested
reduced strength [6,14,15], increased sustained force variability, and reduced force accuracy [16,17].
Force control is essential for everyday tasks requiring manual dexterity (e.g., writing, feeding, and
buttoning clothes), and thus determining the physiological processes associated with these deficits may
identify new targets for treatments aimed at increasing daily living skills and functional independence.

Force control involves excitatory cortical commands relayed from primary motor cortex (M1)
to spinal motor neurons which innervate skeletal muscle fibers [18]. Motor neurons and muscle
fibers collectively form individual motor units which work together with other motor units within a
motorneuron pool to generate force and maintain target force production. Force production during
voluntary contractions involves increasing the number of motor units recruited and their rate of
discharge action potentials [19–21]. During increases in force production, slow-twitch motor units
are recruited early and followed by a gradual recruitment of fast-twitch motor units (the “size
principle”) [22]. During sustained force production, recruited motor units show an increase in their
discharge rate over time to support a constant level of force output [19,23].

Motorneuron pool firing is coordinated by descending central commands generated at multiple
frequencies to dynamically ensure precise force production [18]. Simultaneous recordings of brain
and muscle during slow isometric force production have identified a low frequency 0–4 Hz delta
oscillation “common drive” generated neocortically that modulates motorneuron pool activation [20,24].
The central origin of this drive is not yet determined, though delta oscillations are seen in premotor
and supplementary motor areas during force production [25]. Alpha rhythms from 4 to 10 Hz also are
observed during healthy individuals’ slow phasic arm movements and isometric force production [26–28].

Beta band (10–35 Hz) frequency modulation of the motorneuron pool coincides with a default
mode of cortical innervation from contralateral M1 during tasks involving low to moderate force
contractions [29–33]. Increased beta modulation of the motorneuron pool is associated with greater
force accuracy in healthy individuals suggesting that strengthened M1 cortical communication to
skeletal muscles supports motor precision [34,35]. Gamma frequency (35–60 Hz) modulation of
the motorneuron pool activity has been documented during individuals’ maximal voluntary force
production with its origins likely located in basal ganglia and frontal cortex [30]. Consistent with
this hypothesis, studies have reported reduced gamma modulation in untreated individuals with
Parkinson’s disease along with a gradual recovery of gamma synchronization after patients received
dopaminergic treatment [30,31,36]. Increased gamma power also is associated with reduced variability
of sustained force production [31,37,38].

Defining alterations in the central modulation of the motorneuron pool activity associated with
the increased force variability previously documented in ASD [16,17,39–41] may offer insights into
both the musculophysiological processes that underpin motor deficits, and key central and peripheral
processes that are disrupted. To address this critical issue, we applied Delsys decomposition-based
quantitative electromyography (dEMG; Delsys, Inc., Boston, MA, USA) recording during participants’
isometric index finger abduction test. The Delsys system collects four-channel surface EMG (sEMG)
signal from participants’ hand, from which specific skeletal muscle generates force. sEMG time
series were then decomposed offline into distinct motor unit action potential trains using Delsys’
decomposition algorithms (v42) [42,43] to allow us evaluating motorneuron pool activity of the muscle,
thus further reveal mechanisms of the central modulation of skeletal muscles at the periphery.
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Three study aims were pursued in the present study. First, whereas deficits in controlling grip force
may reflect impairments in coordinating force production across multiple effectors, we tested whether
individuals with ASD show deficits controlling sustained force produced by one finger in isolation.
Second, we examined motorneuron pool firing properties and central modulation of the motorneuron
pool at different frequency bands (delta: 0–4 Hz, alpha: 4–10 Hz, beta: 10–35 Hz, and gamma:
35–60 Hz) during isometric index finger abduction in order to characterize neuromuscular properties
underlying increased force variability in ASD (Figure 1). Third, we compared the relationships between
force production and motorneuron pool activity in both individuals with ASD and healthy controls
to determine whether force output is controlled by separate neuromuscular processes in patients.
We hypothesized that patients would show increased force variability when attempting to maintain
a constant level of force by abducting their index finger. We also predicted that increased force
variability in ASD would be associated with increased motorneuron pool discharge rate, increased
motorneuron pool discharge rate variability, and atypical central modulation of the motorneuron
pool at multiple frequency bands, especially delta, beta and gamma as these frequencies are highly
associated with force production and variability in healthy individuals. Consistent with previous
findings, we also expected that healthy controls would show a positive association between force
variability and 0–4 Hz modulation of the motorneuron pool, and inverse relationships between force
variability and modulation of the motorneuron pool at 10–35 and 35–60 Hz. For individuals with ASD,
we predicted that these associations would be attenuated suggesting reduced central organization of
motorneuron pool activation. Based on prior studies showing that force control impairments may be
associated with core symptoms of ASD [15–17,39], we also hypothesized impaired force production
and modulation of the motorneuron pool activity in individuals with ASD would be related to the
severity of their ASD symptoms, including clinically rated social-communication abnormalities [4,5].

(A)

Figure 1. Cont.
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Figure 1. A participant pressed against a load cell with an abductive movement of his right index
finger while viewing and tracing the red trapezoidal target template displayed on the monitor (A);
the participant’s middle, ring and little fingers were isolated and restricted to move on the hand plate.
Delsys surface EMG (sEMG) electrode was attached to the back of the participant’s hand in alignment
with his first dorsal interosseus (FDI) muscle fibers to record muscle activity during each trial. The left
index finger was used for left-handed individuals during the test (setup not shown). The duration
of each trial was 27 s (B). The red trapezoidal target template includes a 2-s ascending phase, a 17-s
sustained phase, and a 2-s descending phase of force production as well as two 3-s rest periods before
and after each trial. Participant’s index finger abduction force was displayed on the monitor as a
light green line proceeding with time from left to right with its upward displacement representing
force increase and downward movement representing force reduction. For each trial, time series of
an 8-s force and its corresponding sEMG time series within the sustained phase of force production
were randomly selected for evaluation of participants’ behavioral performance (i.e., mean force and
standard deviation of force) and motorneuron pool activity of the FDI muscle (i.e., mean discharge rate,
discharge rate variability and normalized power of the motorneuron pool activity).

2. Results

2.1. Isometric Index Finger Abduction Force and Variability

Healthy controls and individuals with ASD showed similar levels of maximum voluntary
contraction (MVC) (F1,30 = 0.007, p = 0.935; CNT = 22.500 N, SE = 2.198 N; ASD = 22.747 N, SE = 2.055 N)
and mean sustained force (F1,30 = 0.009, p = 0.924; Figure 2A) during the test of isometric index finger
abduction. Compared to healthy controls, individuals with ASD showed increased sustained force
variability (F1,30 = 6.641, p = 0.015; Figure 2B).
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Figure 2. Isometric index finger abduction mean force (A); and standard deviation of force (B) in healthy
controls and individuals with autism spectrum disorder (ASD). Both groups showed similar levels of
mean force, although individuals with ASD showed a greater level of sustained force variability than
healthy controls. * represents between group significance at the alpha level of 0.05. Error bars represent
standard error.

2.2. decomposition-Based Electromyography (dEMG) Assessments of Motorneuron pool Activituy of the First
Dorsal Interosseous (FDI) Muscle

Individuals with ASD and healthy controls showed similar FDI muscle motorneuron pool
mean discharge rate (F1,30 = 3.316, p = 0.079; Figure 3A) and discharge rate variability (F1,30 = 1.023,
p = 0.320; Figure 3B). For normalized power of the motorneuron pool, the main effect of frequency
band (F1.557,45.157 = 59.379, p = 0.000) and the interactive effect of frequency band and group
(F1.557,45.157 = 5.173, p = 0.015) were significant (Figure 3C). Normalized beta power (10–35 Hz)
was significantly greater than power at other frequencies, whereas gamma power (35–60 Hz) was
significantly lower than other frequency bands (delta (0–4 Hz): 26.976% ± 1.945%; alpha (4–10 Hz):
21.807% ± 1.091%; beta (10–35 Hz): 39.467% ± 1.097%; gamma (35–60 Hz): 11.750% ± 0.737%).
Normalized power was significantly lower in individuals with ASD compared to controls at delta
band (ASD-Control = −9.787% ± 3.889% , p = 0.018), while patients showed greater normalized power
than controls at beta (10–35 Hz: ASD-Control = 5.546% ± 2.194%, p = 0.017) and gamma (35–60 Hz:
ASD-Control = 3.445 ± 1.474%, p = 0.027) frequencies. No differences between groups were found for
alpha band power.
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Figure 3. Mean discharge rate (A); coefficient of variation of mean discharge rate (B); and normalized
power (C) of the first dorsal interosseous (FDI) muscle motorneuron pool for healthy controls and
individuals with ASD. No between group differences were observed for mean discharge rate or
discharge rate variability. Individuals with ASD showed greater normalized power at discharge rate of
10–35 (beta) and 35–60 (gamma) Hz, while they also showed lower normalized power at 0–4 (delta) Hz
compared to healthy controls. * represents between group significance at the level of 0.05. Error bars
represent standard error.

2.3. Relationship between Force Performance and Modulation of the FDI Muscle Motorneuron Pool Activity

For control participants, increased sustained force variability was associated with increased
modulation of the motorneuron pool at delta band (0–4 Hz; Figure 4A) and reduced modulation at
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frequencies of beta (10–35 Hz; Figure 4C) and gamma (35–60 Hz; Figure 4D) bands. For individuals
with ASD, the relationships between force variability and modulation of the motorneuron pool at
different frequency bands were not significant. The relationships between sustained force variability
and modulation of the motorneuron pool at alpha band (4–10 Hz) were not significant for healthy
controls or individuals with ASD (Figure 4B).

Figure 4. Relationships between the standard deviation of force and motorneuron pool activity of the
FDI muscle at frequency bands of: delta, 0–4 Hz (A); alpha, 4–10 Hz (B); beta, 10–35 Hz (C); and gamma,
35–60 Hz (D). Behavioral–neuromuscular correlations were observed not significant for individuals
with ASD at any frequency bands. Increased force variability was significantly associated with increased
modulation of the motorneuron pool firing at 0–4 Hz in healthy controls. Force variability reduction
was also significantly associated with increased modulation of motor units at beta (10–35 Hz) and
gamma (35–60 Hz) frequency bands in healthy participants. * represents p value less than 0.05 and the
absolute value of the correlation coefficient (|r|) greater than 0.5.

2.4. Demographic and Clinical Correlations

Neither force variability nor neuromuscular measurements were associated with intelligence
quotient (IQ) scores for healthy controls or individuals with ASD (Table 1). For healthy controls,
greater MVC was associated with higher full-scale and performance IQs (Figure 5A). Increased age
was associated with reduced force variability for healthy controls (Figure 5B). For individuals with
ASD, greater MVCs were associated with increased age but not IQ scores. Higher clinically rated
social-communication deficits were associated with lower MVCs (Figure 5C) and greater motorneuron
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pool mean discharge rate for individuals with ASD (Figure 5D). No correlations were observed between
clinically rated restricted, repetitive behaviors ratings and either force or neuromuscular measurements
in individuals with ASD.

Table 1. Relationships between force and decomposition-based electromyography (dEMG) measurements
with demographic, cognitive and clinical dimensions.

Control (n = 14) Age FSIQ PIQ VIQ

MVC 0.399 0.590 * 0.640 * 0.477
SD force −0.576 * 0.172 0.033 0.270

Mean discharge rate 0.462 −0.175 −0.067 −0.235

ASD (n = 17) Age FSIQ PIQ VIQ ADOS.soc.com ADOS.rrb

MVC 0.787 ** 0.296 0.310 0.230 −0.709 ** −0.058
SD force 0.143 −0.300 −0.108 −0.453 0.026 0.329

Mean discharge rate −0.470 −0.388 −0.332 −0.397 0.674 ** 0.1474

MVC: maximum voluntary contraction; SD Force: standard deviation of force; FSIQ: full scale IQ; PIQ: performance
IQ; VIQ: verbal IQ; ADOS.sco.com: ADOS-2 social-communication algorithm total; ADOS.rrb: ADOS-2 restricted
and repetitive behavior algorithm total; Statistical significance at * α = 0.05; ** α = 0.01 and r > |0.5|.

 

Figure 5. Relationships between age and isometric index finger abduction maximum voluntary
contraction (MVC) (A) and standard deviation of force (B) for both groups. Relationships between
clinical ratings of social-communication abnormalities on Autism diagnostic observation schedule-2
(ADOS-)2 and measures of MVC (C) and mean discharge rate of motorneuron pool activity (D) in
individuals with ASD. * represents p value less than 0.05, ** represents p-value less than 0.01 and the
absolute value of the correlation coefficient (|r|) greater than 0.5.
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3. Discussion

The present study adds to the growing literature documenting deficits of voluntary hand
movements and force production in ASD. Our findings also provide new evidence that motorneuron
pool activity power during isometric index finger force production is abnormal in ASD at delta (0–4 Hz),
beta (10–35 Hz), and gamma (35–60 Hz) frequency bands. Results further indicate that neuromuscular
oscillations at these frequency bands are tightly linked to force control in healthy individuals, but
that the central-peripheral communication processes that support the attenuation of force output
variability in ASD are distinct and less organized. Taken together, alterations of central modulation of
the motorneuron pool activity of the FDI muscle during constant force production may represent a key
neurophysiological deficit related to both motor impairment and ASD symptoms.

3.1. Altered Force Production in Autism Spectrum Disorder (ASD)

Our findings were consistent with prior studies showing increased variability of manual motor
output in ASD during precision gripping [16,17,39], writing [13], object lifting [40,41] and the use of
simple finger gestures [44]. As the task of isometric index finger abduction only involves the FDI
muscle, our study suggests that failure to precisely adjust force control and motor output in response
to visual feedback is evidenced even when actions are restricted to a single muscle group as opposed to
requiring coordination across different effectors or muscles. Given that manual motor deficits appear
to be associated with increased severity of social-communication symptoms and daily living skills
in ASD [3–6], our findings indicate that the compromised ability of patients to adjust motor output
online in response to visual feedback may serve as a component of multiple key clinical issues and
functional outcomes.

3.2. Altered Motorneuron Pool Activation during Force Control in ASD

Relative to controls, individuals with ASD showed similar levels of FDI muscle motorneuron
pool discharge rate (Figure 3A) and discharge rate variability (Figure 3B). While these findings suggest
intact central-to-peripheral modulation of skeletal muscles, it remains possible that impairments
exist during recruitment of fast-twitch motor units and when increasing the firing rate of low-twitch
motor units as has been seen in other developmental disorders [45]. Our findings of increased beta
(10–35 Hz) and gamma (35–60 Hz) modulation of the motorneuron pool in individuals with ASD
(Figure 3C) indicate atypical central modulation of the FDI muscle during isometric index finger
abduction. Increased beta and gamma power may be attributable to increased central noise and/or
compensatory modulation processes used to achieve specific motor goals. Increased inherent noise
of central oscillators likely would involve elevation of signal power across different frequency bands.
As our results showed a reduction of 0–4 Hz delta power in ASD and similar power in ASD and
controls at higher frequencies from 4 to 10 Hz, it is likely that increased modulation of the motorneuron
pool in ASD reflects compensatory modulation processes used to achieve specific force production.

Motorneuron pool oscillations within the delta band (0–4 Hz) represent a default mode of neural
processing with the reductions seen as individuals engage in skilled actions, and associated with
greater sustained motor precision [20,24]. At relatively higher force levels, such as the 60% MVC
target studied here, output variability increases as delta power is increased due to greater muscle
sensitivity to low frequency modulations [21,38,46,47]. In contrast, power of beta (10–35 Hz) and
gamma (35–60 Hz) frequency oscillations are increased after visuomotor skill learning and during
tasks involving greater attentional and cognitive demands [34,48,49]. Beta oscillations (10–35 Hz)
represent co-activation of a large scale central network involving primary sensorimotor and inferior
posterior parietal cortex, particularly during visuomotor tests requiring low and medium levels
of force production [50,51]. Gamma (35–60 Hz) frequency oscillations, on the other hand, channel
primary motor cortex as well as basal ganglia innervation during high level force production and
slow phasic movements [26–28,30,31,36]. The relationship between reduced force variability and
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greater modulation of the motorneuron pool at beta and gamma bands thus reflects direct cortical
communication to skeletal muscles of the hand that facilitates more precise motor output.

The nature of these compensatory processes remains unclear. Consistent with prior studies, we
found that increased modulation of the motorneuron pool at beta (10–35 Hz) and gamma (35–60 Hz) as
well as decreased modulation at delta (0–4 Hz) were highly associated with force variability reduction
in healthy individuals [21,38,46,47]. These associations were not evident for individuals with ASD,
suggesting the neurophysiological processes involved in central modulation of the motorneuron pool
activity and control of force output are distinct from healthy individuals. These processes appear
sufficient to allow patients to produce a similar level of MVC and mean force as healthy individuals,
though they are not sufficient to stabilize motor output during continuous activity. Findings that
individuals with ASD utilize unique neurophysiological processes during basic sensorimotor tasks are
consistent with prior studies showing that prefrontal-striatal brain systems are more involved in basic
movements in ASD than for controls, whereas cerebellar-cortical brain systems typically dedicated to
controlling simple visuomotor actions are less involved in movement control in ASD [52,53]. Direct
measurements of how modulation of the motorneuron pool varies across different force levels in
individuals with ASD may be informative for determining central-to-peripheral mechanisms of force
control and hand dexterity deficits in patients.

Unlike with controls, we did not find any relationship in ASD between modulation of
motorneuron pool at beta and gamma bands and sustained force variability suggesting that excessive
central oscillations were needed to support patients maintaining the target force level, but that these
central processes had no effect on the precision of motor output. These findings suggest that central
modulations may not be organized in ASD in the same manner as they are in health. For example, it is
possible that, for individuals with ASD, fast-twitch and fatigable motor units are not recruited [45]
or are recruited earlier than slow-twitch, fatigue resistant motor units. Alternatively, changes in the
precise relation between firing rate and the mechanical twitch properties of motor units may also
impair force production. In particular, when motor unit firing rates drop to the point where partial
fusion of muscle twitches is reduced, muscle contractions become less efficient and more effort must
be expended to achieve a force goal. Such increased effort may allow a target force to be reached, but it
also likely leads to an increase in the variability of the force output [54].

3.3. Neuromotor Deficits, Demographic Characteristics and Clinical Symptoms in ASD

MVC production was more strongly associated with age in ASD compared to controls suggesting
that increases in strength during development likely are delayed in ASD. This finding may help explain
inconsistencies of prior studies showing both reductions in manual strength [6,14,15] and relatively
intact manual strength [16,39]. It also is possible that we did not find MVC differences whereas grip
strength has been shown to be impaired in ASD because gripping involves co-contraction of agonist
and antagonist hand muscles, central modulation of which might be disrupted in individuals with
ASD. It has been documented that motor units from different motorneuron pools respond to central
modulation in a synergetic manner during co-contraction due to the fact that these motor units activate
as a group according to the task goal and the advantage of this synergetic modulation is to reduce the
computational load of central processing [25,55,56]. As our study showed atypical modulation of the
motorneuron pool of a single muscle, it is possible that each individual’s hand muscles are modulated
in atypical and non-synergetic ways with the resultant effects being augmented during contraction of
multiple muscles or co-contractions involving both agonist and antagonist muscles.

Increased age was associated with greater force variability reduction (Figure 5B) in healthy
controls, but not in individuals with ASD (Figure 5A), suggesting persistent deficits in controlling force
variability in patients. We also found that MVC reductions (Figure 5C) and greater mean discharge
rates (Figure 5D) are associated with more severe clinically-rated social-communication abnormalities
in ASD. Previous studies also have shown that social-communication symptom severity is related to
different aspects of force control deficits in ASD, including reduced sustained force accuracy [39], lower
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complexity of force outputs [16], and greater target force overshooting during the ascending phase of
force production [17]. Together, these findings suggest that social-communication and motor deficits in
ASD may reflect common neurodevelopmental mechanisms [4,5], including central processes involved
in modulating sensory-motor output. For example, increased motor variability in ASD has been
shown to emerge early in development [44], and be linked to failures to understand the movements of
others [57] and develop age-appropriate social and cognitive abilities [4–6]. Clarifying the timing and
course of atypical modulation of motorneuron pool activity in ASD will be important for developing
a more mechanistic understanding of motor, social-communication, and cognitive disturbances in
patients and their dysmaturation.

3.4. Study Limitation

While the present study documents several novel findings useful for understanding
neuromuscular processes underpinning force control deficits in ASD, our results should be considered
in the context of multiple limitations. First, our sample spans a relatively broad age range. The small
sample size may have contributed to insufficient power for characterizing the developmental trajectory
of hand MVC and force variability increases in ASD. Further, the high functioning individuals may
show less force variability as opposed to patients with lower IQ scores. Second, some of the participants
with ASD in our sample may have shown comorbid conditions that are common in this disorder (e.g.,
Attention deficit hyperactivity disorder (ADHD) and depression). Systematic studies of contributions
of these comorbid conditions to force variability increase as well as atypical central modulation of the
motorneuron pool at different frequency bands in ASD are needed. Third, interpretations of our current
findings, particularly the central origins of delta, alpha, beta and gamma frequency bands will need to
be tested by integrating simultaneous measures of central oscillations using electroencephalogram
(EEG) or magnetoencephalography (MEG). Such studies, in combination with EMG recording, will
allow us to better understand altered central-to-peripheral mechanisms related to both motor and the
defining symptoms of ASD. Lastly, antihypertensive and antidepressant medications have unclear
effects on psychomotor functioning, with studies documenting both improvement and decline [58–61].
However, it is unlikely performance was impacted in participants taking either of these medications
given that these medications appear to have minimal effect on basic motor functioning and peripheral
processes [62].

4. Materials and Methods

4.1. Participants

Seventeen individuals with ASD and 14 healthy controls matched on age, gender, IQ and
handedness (Table 2) performed an isometric index finger abduction test at 60% of their MVC. Tests of
20% and 40% MVC also were administered, though off-line observation of the surface-based EMG
signals showed insufficient signal-to-noise ratio; thus, data analyses were conducted only for the
60% MVC condition. IQ was assessed using the Wechsler Abbreviated Scales of Intelligence [63], and
handedness was determined using the Edinburgh questionnaire [64]. Individuals with ASD were
recruited through community advertisements and local clinical programs. Diagnoses of ASD were
confirmed using the ADOS-2 [65] and based on expert clinical opinion using DSM-5 criteria [66].
When possible, the Autism Diagnostic Inventory-Revised (ADI-R) [67] also was used to establish an
ASD diagnosis. As parents of several adults with ASD in our study were not available, the ADI-R
could only be conducted on 6/17 patients.
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Table 2. Demographic characteristics (mean ± SD) of healthy controls and participants with autism
spectrum disorder (ASD).

Demographic Characteristics Control (n = 14) ASD (n = 17) t p

Age (yr) 19.57 ± 6.24 18.95 ± 7.14 0.067 0.798
Range 11–28 11–32

% Male * 85.7 (12/14) 94.14 (16/17) 0.576 0.425
% Right-handed * 92.9 (13/14) 88.23 (15/17) 0.653 0.422
Verbal IQ 112.62 ± 17.74 107.63 ± 17.14 0.589 0.449
Range 82–140 71–126

Performance IQ 112.69 ± 13.68 106.81 ± 17.68 0.965 0.335
Range 85–133 79–129

Full-scale IQ 114.77 ± 16.41 108.31 ± 18.34 0.975 0.449
Range 82–138 78–131

* Chi-square (χ2) statistics.

Participants with ASD were excluded if they had a known genetic or metabolic disorder associated
with ASD (e.g., Fragile-X syndrome, Rett syndrome, and Tuberous sclerosis) or history of non-febrile
seizures. Healthy controls were recruited from the community and were required to have a score of
8 or lower on the Social Communication Questionnaire (SCQ) [68]. Control participants were excluded
for current or past history of psychiatric or neurological disorders, family history of ASD in first-,
second- or third-degree relatives, or a history in first-degree relatives of a developmental or learning
disorder, psychosis, or obsessive compulsive disorder.

No participants were taking medications known to affect sensorimotor control at the time of
testing, including antipsychotics, stimulants, or anticonvulsants [62]. Seven individuals with ASD
were taking antidepressant medication and two were taking antihypertensive medication at the time of
testing. No participant had a history of head injury, birth injury, or seizure disorder. After a complete
description of the study, written informed consent was obtained from adult participants, and informed
parental consent and written assent were obtained for individuals aged less than 18 years. Study
procedures were approved by the Institutional Review Board at Children’s Medical Center Dallas (IRB
# 062011-010) on 29 April 2012. Participants who are 18 years of age or older provided written consent
and minors provided assent in addition to written consent from their legal guardian.

4.2. Apparatus and Procedures

Participants were seated in a darkened room facing a 27-inch Dell (Dell Inc., Dallas, TX, USA)
LCD monitor (resolution: 1920 × 1080; refresh rate: 120 Hz) located 60 cm in front of them. They sat
with their shoulder abducted at 45◦, elbow flexed and forearm resting on a customized arm brace
(Figure 1A). The arm brace was clamped to a table to keep participants’ arm position stable throughout
the test. Participants’ dominant hand (i.e., the left hand was used for left handed individuals) was
pronated and laid flat with digits comfortably extended on a hand plate with their middle, ring
and little fingers isolated and restricted from moving. This setup only allows isometric index finger
abduction at the metacarpophalangeal joint in the horizontal plane, which is a movement exclusively
involving contractions of the FDI muscle [19,36]. Participants used the index finger of their dominant
hand to press against a precision load cell (capacity: 100 lbf (≈445 N), Miniature Beam Load Cell,
Interface Inc., Berwyn, PA, USA) that was securely attached to the hand plate and connected to a
Bagnoli-16 surface EMG (sEMG) System (Delsys, Inc., Boston, MA, USA). Participants’ index finger
abduction force recorded from the load cell was sampled at a rate of 20 KHz using the Bagnoli-16
sEMG System (Delsys, Inc., Boston, MA, USA).

Prior to testing, each individual’s index finger MVC was measured for their dominant hand.
Participants completed three separate 5-s trials in which they were instructed to press against the load
cell with as much force as possible by abducting their index finger. The amount of force they generated
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was displayed on the monitor as a red bar moving upwards with increased force. Participants rested
for 1-min between consecutive trials to minimize the effect of muscle fatigue. The average maximum
force across trials was calculated as the estimate of each participant’s index finger MVC [16,17,39].

Prior to sEMG sensor attachment, individuals’ skin over the FDI muscle was shaved and cleansed
with rubbing alcohol to remove oil, debris and dead skin cells. A reference electrode was taped over
the lateral epicondyle of participants’ humerus. Subsequently, a specialized sEMG sensor (dEMGTM,
Delsys Inc.) was placed on the back of participants’ hand in alignment with their FDI muscle. The
sEMG electrode consists of five non-invasive probes (0.5 mm diameter of each) with four arranged in a
square and the fifth probe located in the center of the square at a fixed distance of 3.6 mm from each of
the surrounding four probes. Pairwise signal subtraction of these probes results in four differential
sEMG channels from the FDI muscle. The sEMG time series was then amplified at 1 K, sampled at 20
KHz, and band-pass filtered at 20–450 Hz. Four-channel sEMG time series were decomposed offline
into distinct motor unit action potential trains using Delsys decomposition algorithms (v42) [42,43] to
evaluate the motorneuron pool activity of the FDI muscle.

During the test, participants viewed a red trapezoidal template displayed on the monitor with
a target plateau set at 60% of their own MVC. Participants were instructed to accurately trace the
template by adjusting the amount of force generated by abducting their index finger (Figure 1B).
Participants’ finger force was displayed as a light green line on the monitor that moved from left
to right over time, upward with increased force, and downward with decreased force. Participants
adjusted their finger force to keep the light green line as close as possible to the red trapezoidal
template throughout the trial. Each trial was 27 s in duration. The red trapezoidal template consisted
of three distinct phases, including: (1) a 2-s ascending phase during which participants gradually
increased their force; (2) a 17-s sustained phase during which participants attempted to maintain a
constant level of force; and (3) a 2-s descending phase during which participants slowly decreased
their force. Two 3-s rest phases in addition to a 1 min break were administered before and after each
trial to quantify baseline noise of the sEMG signal. During these rest phases, participants kept their
index finger away from the load cell. Participants completed a block of three trials for each target force
level, as well as practice trials at 30% MVC in order to confirm that they understood task instructions.
The test consisted of 3 trials (×3 force levels) alternated with 1-min rest blocks. Total testing time
including the electrode attachment, MVC testing, practice trials and task trials lasted 15–20 min.

4.3. Data Processing and Analyses

The trial on which the force trace best followed the trapezoidal template was selected for data
analyses [38,69]. For each selected trial, the initial and final 5-s of force data was removed from analyses
in order to limit variable effects related to initiating sustained force production and fatigue at the end
of trials (Figure 1B). Thus, the middle 8-s of abduction force and its corresponding sEMG time series
were analyzed off-line using custom-written Matlab programs and Delsys decomposition algorithms
(v42) [42,43], respectively.

4.3.1. Force Data

Each raw force trace was digitally filtered using a 4th order low-pass Butterworth filter at a cutoff
frequency of 20 Hz and detrended afterwards. Participants’ behavioral performance was quantified
using the mean and standard deviation of their 8-s index finger abduction force at 60% MVC.

4.3.2. sEMG Data and Decomposition Procedures for Motor Units’ Activities

The sEMG time series of each trial was decomposed into distinct motor units. As shown
in Figure 6, the action potentials of identified motor units were displayed in order from the
smallest to the largest waveforms. To determine the accuracy of the decomposition procedure, a
Decompose-Synthesize-Decompose-Compare (DSDC) test was conducted on the action potential train
of each motor unit to reduce the incidence of false identification, which further increased the accuracy
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of validated wave forms [43,70]. Motor units were retained only when their firing was less than
10% of the false identification rate [38,70]. Among those retained motor units, we identified a range of
11–36 and 8–38 motor units for healthy participants and individuals with ASD, respectively.

Figure 6. A representative index finger abduction force trace overlaid on eight identified and validated
motor units’ action potential firing trains of the FDI muscle. Eight motor units’ action potential patterns
were orderly displaced on the left from the smallest waveform located at the bottom to the largest
at the top. The total action potential firing train representing motorneuron pool activituy of the FDI
muscle was derived by summarizing action potential firing trains of all eight selected motor units.
The summarized action potential train thus represents the motorneuron pool activity of the FDI muscle
during a trial. The double-sided arrow shows an 8-s period during which force and eight motor unit
action potential firing trains were selected for behavioral and FDI muscle activity assessments.

In order to compare the same number of motor units across groups, the smallest number of
validated motor units across participants (n = 8) was selected from each trial to represent motorneuron
pool activation of the FDI muscle and included in analyses of the mean discharge rate of the
motorneuron pool. For those trials with a total number of retained motor units greater than eight, we
selected eight motor units based on the following procedures: (1) the smallest and largest motor units
were identified as the first (MU1) and the last (MU8) recruited motor units; (2) assigning motor units
in the middle of the scale as the fourth (MU4) and fifth (MU5) recruited motor units; (3) assigning
motor units in the middle of MU1 and MU4 as the second (MU2) and third (MU3) recruited motor
units; and (4) assigning motor units in the middle of MU5 and MU8 as the sixth (MU6) and seventh
(MU7) recruited motor units (for detailed procedures, see Appendix A). We then retained eight selected
motor units for each trial with the wave forms of their action potentials evenly distributed across the
motorneuron pool to ensure an unbiased comparison between individuals with ASD and healthy
controls [38]. Motorneuron pool activity of the FDI muscle was derived by summarizing action
potential trains of these eight selected motor units.

For each trial, mean discharge rate of the motorneuron pool was examined as the average of the
inter-spike intervals. The discharge rate variability of the motorneuron pool was quantified as the
coefficient of variation (CV) of the inter-spike intervals calculated using the formula below:

CV of Discharge Rate =
Standar deviation of interspike unterval

Mean discharge rate
× 100% (1)
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Modulation of the motorneuron pool activity was quantified using power spectrum analyses
in the frequency domain. Inter-spike intervals of the motorneuron pool were initially transformed
into a continuous time series by interpolating each trial [38]. Then, finite Fourier transformation was
applied to quantify the power spectrum of the motorneuron pool [38,49,71] with frequencies separated
into four bands: delta (0–4 Hz), alpha (4–10 Hz), beta (10–35 Hz) and gamma (35–60 Hz). For each
frequency band, the normalized power spectrum of the motorneuron pool was calculated using the
formula below:

Normalized Power (%) =
(∑ power(specific frequency band)/Hz)

∑ power(0 − 60 Hz)
× 100% (2)

Each specific frequency bin refers to each of the four frequency bands; thus, normalized power was
derived for delta (0–4 Hz), alpha (4–10 Hz), beta (10–35 Hz) and gamma (35–60 Hz) frequency bands.

4.4. Clinical Measures

The ADOS-2 was used to confirm participants’ diagnosis and rate ASD symptoms based on the
observation of each participant’s behavior [65]. The ADOS-2 is a semi-structured assessment of play,
social abilities, communication skills, and imaginative use of materials performed with each individual
with ASD by an examiner trained to research reliability. For the ADOS-2, higher scores reflect more
severe abnormality in a given domain.

4.5. Statistical Analyses

A student t-test was used to compare index finger MVCs between individuals with ASD and
healthy controls. A series of one-way ANOVAs were conducted to examine between-group (ASD
vs. Control) differences on mean sustained force, standard deviation of force, mean discharge rate
and discharge rate variability of the FDI muscle motorneuron pool. A 2 (group) × 4 (frequency band:
delta (0–4 Hz), alpha (4–10 Hz), beta (10–35 Hz) and gamma (35–60 Hz)) fixed effect repeated measure
ANOVA was applied to identify between-group differences in motorneuron pool activations of the FDI
muscle across the power spectrum. For all analyses, results were interpreted as significant if p < 0.05.
Where Mauchly’s test indicated a violation of sphericity, the Greenhouse–Geisser estimate was used to
provide a conservative test of ANOVA main and interaction effects.

To determine the relationships between FDI muscle motorneuron pool activity at each frequency
band and force variability, Pearson correlations were conducted separately for individuals with ASD and
healthy controls. Pearson correlation coefficients also were used to examine the relationships between
individuals’ muscle strength (i.e., index finger abduction MVC), force and dEMG measurements found
to be different between groups and age, IQ and clinical ratings of ASD severity from the ADOS-2. Results
were interpreted as significant if alpha was less than 0.05 and the absolute value of the correlation
coefficient (|r|) was greater than 0.5.

5. Conclusions

Our results demonstrate that individuals with ASD show atypical central modulation of the
motorneuron pool of a single hand muscle during isometric index finger abduction. Increased central
modulations at beta (10–35 Hz) and gamma (35–60 Hz) frequency bands as well as delta (0–4 Hz)
band reduction were all associated with lower force variability in healthy participants, although these
relationships were all attenuated in patients. These findings suggest a lack of central communication to
skeletal muscles in ASD as well as less organized motor unit recruitment at the periphery. An emerging
literature has indicated that early motor developmental abnormalities are among the earliest signs of
ASD [3,4,6], combined with our findings that neuromuscular impairments are associated with age and
clinically rated social-communication abnormalities in ASD, these results suggest that studies of the
development of force control and underlying neuromuscular properties in ASD may provide important
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insights into neurodevelopmental mechanisms that cause ASD and the emergence of sensorimotor
and other core symptoms during childhood.
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Abbreviations

ASD Autism spectrum disorder
ADOS-2 Autism diagnostic observation schedule-2
ADI-R Autism diagnostic inventory-Revised
sEMG Surface electromyography
dEMG Decomposition-based quantitative electromyography
MVC Maximum voluntary contraction
FDI muscle First dorsal interosseus muscle
Motor unit A single motorneuron and the muscle fiber that it innervates
Motorneuron pool A motorneuron pool consists of all individual motorneurons that innervate a single muscle
Motor unit
recruitment or
Modulation of
motor units

The CNS is responsible for the orderly recruitment of motorneurons through two distinct
ways: spatial and temporal recruitment. Spatial recruitment activates more motor units to
produce greater force. Temporal recruitment, or rate coding, deals with the frequency or
activation rate of motor units firing

Size principle

Henneman’s size principle [22] explains spatial recruitment of motor units, in which motor
units are recruited from smallest to largest based on the amount of force production.
For smaller force, slow twitch, low-force, fatigue-resistant muscle fibers are activated prior
to the recruitment of the fast twitch, high-force, less fatigue-resistant muscle fibers

Motor unit
discharge rate

Motor unit discharge rate describes temporal recruitment of motor units represented by
spike firing frequency or rate of action potentials

Appendix A. Motor Unit Selection

MU1 and MU8 always represent the smallest and largest motor units in the motorneuron pool of FDI muscle,
respectively. If the total number of recruited MUs is greater than 11, we used formulas below to identify MU2
through MU7 [38]:

MU2 = round(
1 × (a − 1)

7
)

MU3 = round(
2 × (a − 1)

7
)

MU4 = round(
3 × (a − 1)

7
)

MU5 = round(
4 × (a − 1)

7
)

MU6 = round(
5 × (a − 1)

7
)

MU7 = round(
6 × (a − 1)

7
)
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where a stands for the total number of MUs identified using Delsys decomposition algorithms (v42) [67,68]; and
round stands for rounding up the element within parentheses to its nearest integer. If the total number of identified
MUs is 9, 10 and 11, the above listed formulas cannot be used due to overlapping assignments of specific MUs.
For example, it is possible that the smallest MU will be assigned as both MU1 and MU2. If this happens, the
following manual selection chart will apply:

9 MU8 10 MU8 11 MU8 
8 MU7 9 MU7 10 MU7 
7 MU6 8 MU6 9 MU6 
6 MU5 7 8 MU5 
5 MU4 6 MU5 7 
4 5 MU4 6 MU4 
3 MU3 4 MU3 5 
2 MU2 3 MU2 4 MU3 
1 MU1 2 3 MU2 

1 MU1 2 
1 MU1 

Light blue boxes represent MU1 and MU8, which are always the first and the last MU in the 
motorneuron pool, respectively; and dark blue boxes represent manually selected MUs with their 
order assigned on their right. 

References

1. Fournier, K.A.; Hass, C.J.; Naik, S.K.; Lodha, N.; Cauraugh, J.H. Motor Coordination in Autism Spectrum
Disorders: A Synthesis and Meta-Analysis. J. Autism Dev. Disord. 2010, 40, 1227–1240. [CrossRef] [PubMed]

2. Ming, X.; Brimacombe, M.; Wagner, G.C. Prevalence of motor impairment in autism spectrum disorders.
Brain Dev. 2007, 29, 565–570. [CrossRef] [PubMed]

3. Loh, A.; Soman, T.; Brian, J.; Bryson, S.E.; Roberts, W.; Szatmari, P.; Smith, I.M.; Zwaigenbaum, L. Stereotyped
motor behaviors associated with autism in high-risk infants: A pilot videotape analysis of a sibling sample.
J. Autism Dev. Disord. 2007, 37, 25–36. [CrossRef] [PubMed]

4. Landa, R.J. Diagnosis of autism spectrum disorders in the first 3 years of life. Nat. Clin. Pract. Neurol. 2008, 4,
138–147. [CrossRef] [PubMed]

5. Hannant, P.; Tavassoli, T.; Cassidy, S. The Role of Sensorimotor Difficulties in Autism Spectrum Conditions.
Front. Neurol. 2016, 7, 124. [CrossRef] [PubMed]

6. Travers, B.G.; Bigler, E.D.; Duffield, T.C.; Prigge, M.D.; Froehlich, A.L.; Lange, N.; Alexander, A.L.;
Lainhart, J.E. Longitudinal development of manual motor ability in autism spectrum disorder from childhood
to mid-adulthood relates to adaptive daily living skills. Dev. Sci. 2016. [CrossRef] [PubMed]

7. Takarae, Y. Oculomotor abnormalities parallel cerebellar histopathology in autism. J. Neurol. Neurosurg. Psychiatry
2004, 75, 1359–1361. [CrossRef] [PubMed]

8. Schmitt, L.M.; Cook, E.H.; Sweeney, J.A.; Mosconi, M.W. Saccadic eye movement abnormalities in autism
spectrum disorder indicate dysfunctions in both cerebellum and brainstem. Mol. Autism 2014, 5, 47.
[CrossRef] [PubMed]

9. Minshew, N.J.; Sung, K.; Jones, B.L.; Furman, J.M. Underdevelopment of the postural control system in
autism. Neurology 2007, 63, 2056–2061. [CrossRef]

10. Wang, Z.; Hallac, R.R.; Conroy, K.C.; White, S.P.; Kane, A.A.; Collinsworth, A.L.; Sweeney, J.A.; Mosconi, M.W.
Postural orientation and equilibrium processes associated with increased postural sway in autism spectrum
disorder (ASD). J. Neurodev. Disord. 2016, 8, 43. [CrossRef] [PubMed]

11. Hallett, M.; Lebiedowska, M.K.; Thomas, S.L.; Stanhope, S.J.; Benckla, M.B.; Rumsey, J. Locomotion of
autistic adults. Arch. Neurol. 1993, 50, 1304–1308. [CrossRef] [PubMed]

12. Kindregan, D.; Gallagher, L.; Gormley, J. Gait deviations in children with autism spectrum disorders:
A review. Autism Res. Treat. 2015, 2015, 741480. [CrossRef] [PubMed]

13. Fuentes, C.T.; Mostofsky, S.H.; Bastian, A.J. Children with autism show specific handwriting impairments.
Neurology 2009, 73, 1532–1537. [CrossRef] [PubMed]

431



Int. J. Mol. Sci. 2017, 18, 698

14. Hardan, A.Y.; Kilpatrick, M.; Keshavan, M.S.; Minshew, N.J. Motor Performance and Anatomic Magnetic
Resonance Imaging (MRI) of the Basal Ganglia in Autism. J. Child Neurol. 2003, 18, 317–324. [CrossRef]
[PubMed]

15. Kern, J.K.; Geier, D.A.; Adams, J.B.; Troutman, M.R.; Davis, G.; King, P.G.; Young, J.L.; Geier, M.R. Autism
severity and muscle strength: A correlation analysis. Res. Autism Spectr. Disord. 2011, 5, 1011–1015.
[CrossRef]

16. Mosconi, M.W.; Mohanty, S.; Greene, R.K.; Cook, E.H.; Vaillancourt, D.E.; Sweeney, J.A. Feedforward
and feedback motor control abnormalities implicate cerebellar dysfunctions in autism spectrum disorder.
J. Neurosci. 2015, 35, 2015–2025. [CrossRef] [PubMed]

17. Wang, Z.; Magnon, G.C.; White, S.P.; Greene, R.K.; Vaillancourt, D.E.; Mosconi, M.W. Individuals with
autism spectrum disorder show abnormalities during initial and subsequent phases of precision gripping.
J. Neurophysiol. 2015, 113, 1989–2001. [CrossRef] [PubMed]

18. Grosse, P.; Cassidy, M.J.; Brown, P. EEG-EMG, MEG-EMG and EMG-EMG frequency analysis:
Physiological principles and clinical applications. Clin. Neurophysiol. 2002, 113, 1523–1531. [CrossRef]

19. De Luca, C.J.; LeFever, R.S.; McCue, M.P.; Xenakis, A.P. Behaviour of human motor units in different muscles
during linearly varying contractions. J. Physiol. 1982, 329, 113–128. [CrossRef] [PubMed]

20. De Luca, C.J.; LeFever, R.S.; McCue, M.P.; Xenakis, A.P. Control scheme governing concurrently active
human motor units during voluntary contractions. J. Physiol. 1982, 329, 129–142. [CrossRef] [PubMed]

21. Moritz, C.T.; Barry, B.K.; Pascoe, M.A.; Enoka, R.M. Discharge rate variability influences the variation in
force fluctuations across the working range of a hand muscle. J. Neurophysiol. 2005, 93, 2449–2459. [CrossRef]
[PubMed]

22. Henneman, E. Organization of the motorneuron pool: The size principle. In Medical Physiology, 14th ed.;
Mountcastle, V.B., Ed.; Mosby: St. Louis, MO, USA, 1980; pp. 718–741.

23. Seki, K.; Marusawa, M. Firing rate modulation of human motor units in different muscles during isometric
contraction with various forces. Brain Res. 1996, 719, 1–7. [CrossRef]

24. De Luca, C.J.; Erim, Z. Common drive of motor units in regulation of muscle force. Trends Neurosci. 1994, 17,
299–305. [CrossRef]

25. De Luca, C.J.; Erim, Z. Common drive in motor units of a synergistic muscle pair. J. Neurophysiol. 2002, 87,
2200–2204. [CrossRef] [PubMed]

26. Vallbo, A.B.; Wessberg, J. Organisation of motor output in slow finger movements in man. J. Physiol. 1993,
469, 673–691. [CrossRef] [PubMed]

27. Wessberg, J.; Vallbo, A.B. Coding of pulsatile motor output by human muscle afferents during slow finger
movements. J. Physiol. 1995, 485, 271–282. [CrossRef] [PubMed]

28. Marsden, C.D. Origins of normal and pathological tremor. In Movement Disorders: Tremor; Findley, L.J.,
Capideo, R., Eds.; MacMillan Press: London, UK, 1984; pp. 37–84.

29. Conway, B.A.; Halliday, D.M.; Farmer, S.F.; Shahani, U.; Maas, P.; Weir, A.I.; Rosenberg, J.R. Synchronization
between motor cortex and spinal motorneuronal pool during the performance of a maintained motor task in
man. J. Physiol. 1995, 489, 917–924. [CrossRef] [PubMed]

30. Salenius, S.; Portin, K.; Kajola, M.; Salmelin, R.; Hari, R. Cortical control of human motorneuron firing during
isometric contraction. J. Neurophysiol. 1997, 77, 3401–3405. [PubMed]

31. Chakarov, V.; Naranjo, J.R.; Schulte-Monting, J.; Omlor, W.; Huethe, F.; Kristeva, R. β-Range EEG-EMG
Coherence With Isometric Compensation for Increasing Modulated Low-Level Forces. J. Neurophysiol. 2009,
102, 1115–1120. [CrossRef] [PubMed]

32. Brown, P. Cortical drives to human muscle: The Piper and related rhythms Prog. Neurobiol. 2000, 60, 97–108.
[CrossRef]

33. Engel, A.K.; Fries, P. Beta-band oscillations-signalling the status quo? Curr. Opin. Neurobiol. 2010, 20, 156–165.
[CrossRef] [PubMed]

34. Witte, M.; Patino, L.; Andrykiewicz, A.; Hepp-Reymond, M.C.; Kristeva, R. Modulation of human
corticomuscular β-range coherence with low-level static forces. Eur. J. Neurosci. 2007, 26, 3564–3570. [CrossRef]
[PubMed]

35. Kristeva, R.; Patino, L.; Omlor, W. β-Range cortical motor spectral power and corticomuscular coherence as
a mechanism for effective corticospinal interaction during steady-state motor output. Neuroimage 2007, 36,
785–792. [CrossRef] [PubMed]

432



Int. J. Mol. Sci. 2017, 18, 698

36. Brown, P. Muscle sounds in Parkinson’s disease. Lancet 1997, 349, 533–535. [CrossRef]
37. Tracy, B.L.; Maluf, K.S.; Stephenson, J.L.; Hunter, S.K.; Enoka, R.M. Variability of motor unit discharge and

force fluctuations across a range of muscle forces in older adults. Muscle Nerve 2005, 32, 533–540. [CrossRef]
[PubMed]

38. Park, S.H.; Kwon, M.; Solis, D.; Lodha, N.; Christou, E.A. Motor control differs for increasing and releasing
force. J. Neurophysiol. 2016, 115, 2924–2930. [CrossRef] [PubMed]

39. Neely, K.A.; Mohanty, S.; Schmitt, L.M.; Wang, Z.; Sweeney, J.A.; Mosconi, M.W. Motor Memory Deficits
Contribute to Motor Impairments in Autism Spectrum Disorder. J. Autism Dev. Disord. 2016. [CrossRef]
[PubMed]

40. David, F.J.; Baranek, G.T.; Giuliani, C.A.; Mercer, V.S.; Poe, M.D.; Thorpe, D.E. A Pilot Study: Coordination
of Precision Grip in Children and Adolescents with High Functioning Autism. Pediatr. Phys. Ther. 2009, 21,
205–211. [CrossRef] [PubMed]

41. David, F.J.; Baranek, G.T.; Wiesen, C.; Miao, A.F.; Thorpe, D.E. Coordination of precision grip in 2–6 years-old
children with autism spectrum disorders compared to children developing typically and children with
developmental disabilities. Front. Integr. Neurosci. 2012, 6, 122. [PubMed]

42. De Luca, C.J.; Adam, A.; Wotiz, R.; Gilmore, L.D.; Nawab, S.H. Decomposition of surface EMG signals.
J. Neurophysiol. 2006, 96, 1646–1657. [CrossRef] [PubMed]

43. Nawab, S.H.; Chang, S.S.; De Luca, C.J. High-yield decomposition of surface EMG signals. Clin. Neurophysiol.
2010, 121, 1602–1615. [CrossRef] [PubMed]

44. Anzulewicz, A.; Sobota, K.; Delafield-Butt, J.T. Toward the Autism Motor Signature: Gesture patterns during
smart tablet gameplay identify children with autism. Sci. Rep. 2016, 6, 31107. [CrossRef] [PubMed]

45. Rose, J.; McGill, K.C. Neuromuscular activation and motor-unit firing characteristics in cerebral palsy.
Dev. Med. Child Neurol. 2005, 47, 329–336. [CrossRef] [PubMed]

46. Yoshitake, Y.; Shinohara, M. Low-frequency component of rectified EMG is temporally correlated with force
and instantaneous rate of force fluctuations during steady contractions. Muscle Nerve 2013, 47, 577–584.
[CrossRef] [PubMed]

47. Moon, H.; Kim, C.; Kwon, M.; Chen, Y.T.; Onushko, T.; Lodha, N.; Christou, E.A. Force control is related to
low-frequency oscillations in force and surface EMG. PLoS ONE 2014, 9, e109202. [CrossRef] [PubMed]

48. Perez, M.A.; Lundbye-Jensen, J.; Nielsen, J.B. Changes in corticospinal drive to spinal motorneurones
following visuo-motor skill learning in humans. J. Physiol. 2006, 573, 843–855. [CrossRef] [PubMed]

49. Onushko, T.; Baweja, H.S.; Christou, E.A. Practice improves motor control in older adults by increasing the
motor unit modulation from 13 to 30 Hz. J. Neurophysiol. 2013, 110, 2393–2401. [CrossRef] [PubMed]

50. Classen, J.; Gerloff, C.; Honda, M.; Hallett, M. Integrative visuomotor behavior is associated with
interregionally coherent oscillations in the human brain. J. Neurophysiol. 1998, 79, 1567–1573. [PubMed]

51. Brovelli, A.; Ding, M.; Ledberg, A.; Chen, Y.T.; Nakamura, R.; Bressler, S.L. Beta oscillations in a large-scale
sensorimotor cortical network: Directional influences revealed by Granger causality. Proc. Natl. Acad.
Sci. USA 2004, 101, 9849–9854. [CrossRef] [PubMed]

52. Takarae, Y.; Minshew, N.J.; Luna, B.; Sweeney, J.A. Atypical involvement of frontostriatal systems during
sensorimotor control in autism. Psychiatry Res. 2007, 156, 117–127. [CrossRef] [PubMed]

53. Allen, G.; Muller, R.A.; Courchesne, E. Cerebellar function in autism: Functional magnetic resonance image
activation during a simple motor task. Biol. Psychiatry 2004, 56, 269–278. [CrossRef] [PubMed]

54. Hu, X.; Suresh, A.K.; Li, X.; Rymer, W.Z.; Suresh, N.L. Impaired motor unit control in paretic muscle post
stroke assessed using surface electromyography: A preliminary report. Conf. Proc. IEEE Eng. Med. Biol. Soc.
2012, 2012, 4116–4119. [PubMed]

55. De Luca, C.J.; Mambrito, B. Voluntary control of motor units in human antagonist muscles: Coactivation and
reciprocal activation. J. Neurophysiol. 1987, 58, 525–542. [PubMed]

56. Negro, F.; Holobar, A.; Farina, D. Fluctuations in isometric muscle force can be described by one linear
projection of low-frequency components of motor unit discharge rates. J. Physiol. 2009, 587, 5925–5938.
[CrossRef] [PubMed]

57. Cook, J.L.; Blakemore, S.J.; Press, C. Atypical basic movement kinematics in autism spectrum conditions.
Brain 2013, 136, 2816–2824. [CrossRef] [PubMed]

58. Kalra, L.; Swift, C.G.; Jackson, H.D. Psychomotor performance and antihypertensive treatment. Br. J.
Clin. Pharmacol. 1994, 37, 165–172. [CrossRef] [PubMed]

433



Int. J. Mol. Sci. 2017, 18, 698

59. Arora, E.; Khajuria, V.; Tandon, V.R.; Sharma, A.; Choudhary, N. Comparative evaluation of aliskiren, ramipril,
and losartan on psychomotor performance in healthy volunteers: A preliminary report. Perspect. Clin. Res.
2014, 5, 190–194. [PubMed]

60. Dumont, G.J.; de Visser, S.J.; Cohen, A.F.; van Gerven, J.M.; Biomarker Working Group of the German
Association for Applied Human, P. Biomarkers for the effects of selective serotonin reuptake inhibitors
(SSRIs) in healthy subjects. Br. J. Clin. Pharmacol. 2005, 59, 495–510. [CrossRef] [PubMed]

61. Schrijvers, D.; Maas, Y.J.; Pier, M.P.; Madani, Y.; Hulstijn, W.; Sabbe, B.G. Psychomotor changes in major
depressive disorder during sertraline treatment. Neuropsychobiology 2009, 59, 34–42. [CrossRef] [PubMed]

62. Reilly, J.L.; Lencer, R.; Bishop, J.R.; Keedy, S.; Sweeney, J.A. Pharmacological treatment effects on eye
movement control. Brain Cogn. 2008, 68, 415–435. [CrossRef] [PubMed]

63. Wechsler, D. Wechsler Abbreviated Scale of Intelligence, 1st ed.; Psychological Corporation: New York, NY,
USA, 1999.

64. Oldfield, R.C. The assessment and analysis of handedness: The Edinburgh inventory. Neuropsychologia 1971,
9, 97–113. [CrossRef]

65. Lord, C.; Rutter, M.; DiLavore, P.C.; Risi, S.; Gotham, K.; Bishop, S. Autism Disgnostic Observation Schedule,
2nd ed.; Western Psychological Services: Torrance, CA, USA, 2012.

66. Association, A.P. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; American Psychiatric
Association: Washington, DC, USA, 2013.

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

68. Rutter, M.; Bailey, A.; Lord, C. The Social Communication Questionnaire: Manual, 1st ed.; Western Psychological
Services: Torrance, CA, USA, 2003.

69. Taylor, A.M.; Christou, E.A.; Enoka, R.M. Multiple features of motor unit activity influence force fluctuations
during isometric contractions. J. Neurophysiol. 2003, 90, 1350–1361. [CrossRef] [PubMed]

70. Kline, J.C.; De Luca, C.J. Error reduction in EMG signal decomposition. J. Neurophysiol. 2014, 112, 2718–2728.
[CrossRef] [PubMed]

71. Mottram, C.J.; Christou, E.A.; Meyer, F.G.; Enoka, R.M. Frequency modulation of motor unit discharge has
task-dependent effects on fluctuations in motor output. J. Neurophysiol. 2005, 94, 2878–2887. [CrossRef]
[PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

434



 International Journal of 

Molecular Sciences

Article

Pharmacogenetics Informed Decision Making
in Adolescent Psychiatric Treatment: A Clinical
Case Report

Teri Smith *, Susan Sharp, Ann M. Manzardo and Merlin G. Butler

Department of Psychiatry and Behavioral Sciences, University of Kansas Medical Center, 3901 Rainbow
Boulevard, Kansas City, Kansas 66160, USA; ssharp@kumc.edu (S.S.); amanzardo@kumc.edu (A.M.);
mbutler4@kumc.edu (M.G.B.)
* Author to whom correspondence should be addressed; tsmith2@kumc.edu;

Tel.: +1-913-588-6487, Fax: +1-913-588-6414.

Academic Editor: Kenji Hashimoto
Received: 19 December 2014; Accepted: 12 February 2015; Published: 20 February 2015

Abstract: Advances made in genetic testing and tools applied to pharmacogenetics are increasingly
being used to inform clinicians in fields such as oncology, hematology, diabetes (endocrinology),
cardiology and expanding into psychiatry by examining the influences of genetics on drug efficacy
and metabolism. We present a clinical case example of an adolescent male with anxiety, attention
deficit hyperactivity disorder (ADHD) and autism spectrum disorder who did not tolerate numerous
medications and dosages over several years in attempts to manage his symptoms. Pharmacogenetics
testing was performed and DNA results on this individual elucidated the potential pitfalls in
medication use because of specific pharmacodynamic and pharmacokinetic differences specifically
involving polymorphisms of genes in the cytochrome p450 enzyme system. Future studies and
reports are needed to further illustrate and determine the type of individualized medicine approach
required to treat individuals based on their specific gene patterns. Growing evidence supports this
biological approach for standard of care in psychiatry.

Keywords: pharmacogenetics; cytochrome p450 enzymes; psychotropic medications; psychiatry;
behavior; autism; clinical case

1. Introduction

Pharmacogenetics is the field of study that examines the influence of genetics on drug efficacy
and tolerability often based on the cytochrome p450 enzymes involved in drug metabolism encoded
by a large family of protein-coding genes [1]. Cytochrome p450 (CYP450) enzymes are present in
most bodily tissues primarily positioned within the inner mitochondrial membrane or endoplasmic
reticulum of cells. They are perhaps best known for their function in the metabolism of potentially
toxic compounds including metabolic byproducts (e.g., bilirubin) and drugs but play an important
role in the biosynthesis and metabolism of lipids, steroids, including hormones, and select vitamins [1].
PharmacoGENETICS can be discriminated from the related field of “PharmacoGENOMICS” which
considers the broader influences of inheritance on gene products, expression and function outside the
limited scope of the cytochrome p450 enzyme system, primarily found in the liver. Natural variation
in sensitivity and action of cytochrome p450 enzymes contributes to variations in drug response and
side effect profiles of direct relevance to medical management of drug therapy. For example, about one
in every 15 individuals show an exaggerated response to standard doses of beta blockers, a class of
medications commonly prescribed for hypertension and metabolized by the CYP450 enzyme system
and when disturbed leads to side effects [2,3].
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CYP450 enzymes are encoded by genes with the wild-type allele occurring in most individuals;
however, an extensive or normal metabolizer receives two copies of the wild-type allele. The presence
of other allele variants usually indicates reduced or no CYP450 enzyme activity. Individuals with
two copies of a variant allele of one of the genes encoding a CYP450 enzyme are considered poor
metabolizers while individuals with one wild-type allele and one variant allele have significantly
reduced enzymatic activity. Individuals who inherit multiple copies of the wild-type allele are generally
extensive metabolizers or ultrametabolizers and degrade drugs quickly [2,3].

Despite the relatively large number and broad function of the cytochrome p450 enzyme
superfamily with over 50 members, 90 percent of all drugs are metabolized by just six different
enzymes (CYP1A2, CYP3A5, CYP2C19, CYP2D6, CYP3A4 and CYP3A5) which significantly limit
the number of genetic targets needed for screening and enhancing clinical utility [2]. Clinical testing
platforms tailored for medical specialties are now available and typically provide interpretive services
for treatment and dosage recommendations based upon the genetic testing results. Interpretive insight
is particularly important for clinicians and hospitals that may be unfamiliar or apprehensive about the
application of novel technologies in diagnosis and treatment in changing medical practice.

Pharmacogenetics have been used successfully to optimize treatment in cardiology, diabetes, and
oncology [4,5], and has been particularly helpful for psychiatric medications which account for 20% of
the 121 pharmacogenetic markers currently recognized by the US Food and Drug Administration [6].
Pharmacogenetics testing typically targets single nucleotide polymorphisms (SNPs) of the top six
CYP450 enzyme genes which are now utilized in many areas of medicine including psychiatry for
drug selection and adjustment to improve efficacy and reduce medication adverse events [7]. Potential
financial and personal costs of adverse drug events, including deaths, and effectiveness in treatment
and reducing psychiatric costs may be helped by providing better informed decision making when
prescribing psychotropic drugs as outlined in a recent report by Durham [8]. The American Medical
Association has made similar suggestions regarding how pharmacogenetics can reduce healthcare
costs by decreasing the number of adverse drug reactions and number of medications used by patients
to yield more effective therapies [9]. The following detailed clinical case history and report is presented
as an example of how pharmacogenetics and the practice of psychiatry can interface now and in the
future. In this case, pharmacogenetics testing provided more comprehensive and informed psychiatric
care decision-making and evaluation as well as therapeutic outcomes beneficial for the patient and
immediate family.

2. Results and Discussion

2.1. Clinical Case Report

Our 12-year-old Caucasian male was first evaluated by his current psychiatrist in April 2010
after years of seeking care from other psychiatrists and psychotherapists during his childhood due to
disruptive behaviors. His history included psychiatric hospitalization for 2 days while on fluoxetine at
10 years of age and occupational therapy for sensory issues at 12 years of age. He had received a variety
of treatments from psychotherapists. His past diagnoses included Attention Deficit Hyperactivity
Disorder (ADHD), combined type, since 7 years of age, Anxiety Disorder-Not Otherwise Specified
(NOS), learning problems, Obsessive Compulsive Disorder, chronic bed-wetting at a younger age,
Pervasive Developmental Disorder-NOS (Autism Spectrum Disorder), Sensory Integration Disorder
and drug induced mania. He reported no drug allergies, food sensitivities or intolerances.

Many different psychotropic medications had been prescribed, many of which were not tolerated
or helpful. At the time of his initial evaluation, he was taking oxcarbazepine (total 375 mg), lamotrigine
(175 mg), fluvoxamine (75 mg) and risperidone (0.5 mg) which were of limited to no benefit in controlling
his behavior. He had experienced irritability, tantrums, impulsivity, distractibility, fidgetiness and
obsessive thoughts without rituals, rigidity to change, sensory sensitivities and oppositional behaviors
for much of his life. He slept well and had a normal diet. Over the next two years (2010–2012), he was
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prescribed atomoxetine (18 mg) and stimulants (dexamfetamine (30–60 mg), dextroamphetamine (15
mg). Risperidone was replaced with aripiprazole (5–10 mg). In February 2011 his laboratory findings
showed a normal hematogram, a normal comprehensive metabolic panel, normal thyroid studies
and normal fasting lipid levels. A fluoxetine (5–15 mg) trial showed minimal benefit, and he did not
tolerate doses higher than 15 mg. Citalopram 10 mg was added in April 2012.

He was evaluated at 14 years of age by a clinical geneticist on our team (MGB). His height was 159 cm
(15%), weight was 53.8 kg (50%) and head circumference was 53.1 cm (5%). He was non-dysmorphic
and no single gene disorder was identified. The family history was positive for obsessive compulsive
disorder, anxiety, irritability and anger control problems, ADHD, learning problems, heart problems,
bipolar disorder, stuttering and drug and alcohol addiction. A chromosomal microarray test was normal
without recognized deletions or duplications in the genome. Additional laboratory studies showed a
normal comprehensive metabolic panel, hematogram, cortisol (morning), C-reactive protein, insulin
(fasting), somatomedin C, but his total testosterone levels were low (80 ng/dL with reference range
270–1070 ng/dL). An X-ray bone age study showed delayed bone development. A referral was then
made to an endocrinologist who prescribed testosterone cypionate injections (200 mg/mL). He was also
taking over the counter (OTC) supplements, fish oil and lactobacillus probiotics at this time along with
OTC flaxseed oil and ω-3 fatty acids. Veema liquid vitamins were added in January 2012. All OTC
supplements were given as suggested by label. There was no perceived benefit from aripiprazole
(2.5 mg) and it was discontinued. He then experienced trouble sleeping with irritability and reportedly
visualized shadows. Aripiprazole (2.5 mg) was again prescribed and citalopram was increased to 15 mg.
Psychotherapy was suggested, but he became more hyperactive, irritable, and angry. Aripiprazole
was decreased to 2 mg while citalopram was decreased to 10 mg and testosterone injections continued.
In April 2013, aripiprazole was decreased to 1 mg and hypnotherapy with relaxation techniques
were offered but with only small positive effects. Aripiprazole was then discontinued. He began to
take OTC amino acid supplements, salmon oil, melatonin for sleep and Empower Plus Vitamin with
mineral supplements as suggested by label. He was taking 10 mg of citalopram prescribed by his
psychiatrist but began to experience a crawling sensation of his skin. A low dose of diphenhydramine
was suggested. His mother was advised to discuss with the pharmacist the use of OTC supplements
and their possible side effects.

By June 2013, he was having frequent panic attacks and tactile sensory sensitivities which often
triggered explosive episodes. His citalopram was reduced to 7.5 mg and buspirone was considered
as a possible next step for pharmacotherapy. By August 2013, he was off all medications other than
Empower Plus Vitamins and experienced increased symptoms of inattention and anxiety about school.
He was sleeping better, but became stressed prior to attending school and wearing street clothes. He
saw a new psychotherapist in August 2013 at 15 years of age for constructive methods to deal with
his anxiety and sensory issues. He was a high school sophomore who did well academically (A’s and
B’s). He participated in cross country and swimming but experienced anger dysregulation at home.
Wearing street clothes bothered him extremely causing mood irritability by the time he arrived home
from school.

He reported taking the following prescription medications in the past: Fluvoxamine (25–100mg),
divalproex (125 mg), clonidine (0.5 mg), guanfacine (1 mg), sertraline (25 mg), aripiprazole (2–10 mg),
oxcarbazepine (375 mg), risperidone (0.5 mg), lamotrigine (175 mg), lisdexamfetamine (30–60 mg),
dextroamphetamine (15 mg), citalopram (10 mg), fluoxetine (5–15 mg), atomoxetine (18 mg), quetiapine
(50 mg), imipramine (25 mg), testosterone, and alprazolam (0.5 mg). He felt hopelessness at times
and did not understand why this was happening to him. He was polite and had a supportive family.
He was socially awkward and friendships were limited. He had problems transitioning from one
activity to another. At this point, his mother was giving him OTC supplements including amino
acids, salmon oil, Empower vitamins, inositol when anxious, vitamin D3, choline, and probiotics as
suggested by label.
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At 15 years of age, he continued to have frequent “melt-downs” in the morning and could not
tolerate tactile sensory stimulation. He had anxiety attacks during which he screamed and protested
loudly. He became shaky, hot, and sweaty. He did not eat well or sleep normally. On September 30,
2013 escitalopram (5 mg) was prescribed and he immediately recorded less anxiety and his sensory
issues improved. He requested an increase in dosage of escitalopram immediately because of the
positive effect. He then began to use coping skills more efficiently such as mindfulness, listening to
music, and deep breathing as well as behavioral strategies for coping with his symptoms. At about
this time, he contracted a sinus infection and was using Zyrtec and escitalopram. His anger problems
became much worse and his sensory problems increased. His therapist consulted with an occupational
therapist in October 2013 and he began to use exercise and joint compressions along with other
behavioral strategies to decrease sensory sensitivities. The patient’s parents observed when the patient
recently used OTC Nyquil Cold Medicine which contains acetaminophen, dextromethorphan and
doxylamine succinate that it not only helped his cold symptoms, but his anxiety, sensory sensitivities,
and other related behavioral problems lessened. When he discontinued this OTC medication, his
anxiety, panic, and nail picking behaviors increased. Pharmacogenetics testing was then suggested
due to his multiple episodes of behavioral problems that were not controlled over time with the use of
several different medications and dosages.

Over time, escitalopram continued to help his anxiety, but sensory issues were still present.
Escitalopram was increased to 10 mg on October 28, 2013 and behavioral improvement was notable
with many days without melt-downs. Over the following few months he was dealing better with
wearing specific clothing (e.g., long pants) and with transitions. He was better motivated to improve
his grades from Bs to As and his overall school performance. He began to wear dress clothes (usually
he would wear only soft, loose clothing). He wanted to socialize more by making new friends and
to improve his social skills. ADHD symptoms lessened while on the increased level of escitalopram.
He felt he could now take charge of his own self-soothing but could think through issues versus
over-reacting to trivial frustrations. His social life improved and escitalopram was increased to 20 mg
in June 2014. The family saw a correlation between inadequate eating and sleeping and the patient’s
over-reactions. They devised a plan to remind him to eat regularly and to encourage him to obtain
sufficient sleep. His sensory issues improved and he was much kinder to others. He now had a job
and was able to tolerate wearing rough-textured fabric pants and a T-shirt. He excelled at work and
was given a promotion.

2.2. Pharmacogenetics

The DNA-based pharmacogenetics Genecept assay testing (Genomind, Chalfont, PA, USA)
examines polymorphisms from 10 separate genes with three genes encoding cytochrome p450 enzymes
related to medication metabolism (CYP2D6, CYP2C19, CYP3A4) and 7 additional genes consisting of
neurotransmitter receptors (5HT2C, DRD2) and transporters (SLC6A4), enzymes (COMT, MTHFR)
and ion channel function (CACNA1C, ANK3) involved with pharmacodynamics of drug activity and
interaction. The three liver cytochrome p450 enzymes selected are major metabolizers of psychiatric
medications and their gene variants are determined to have clinically relevant impacts on drug
interaction and metabolism in the clinical setting. The assay contains a C/C gene variation of a
serotonin receptor [5-hyroxytryptamine receptor 2C (5HT2C)] that has been associated with increased
weight gain with atypical antipsychotic therapy [10–14]. The SLC6A4 gene codes for a presynaptic
serotonin transporter protein (SERT) responsible for serotonin reuptake and targeted by most selective
serotonin reuptake inhibitors (SSRIs). The SLC6A4 gene product can produce a long (L) and short (S)
length variant with different clinical significance. Possession of two S variants is associated with a
poor or slow response to SSRIs or with adverse events [10,15].

The DRD2 receptor is a target of most neuroleptics which act to block signaling of the neurotransmitter
dopamine. The DRD2 variant selected (-141C Ins/Del) is a variation in the promoter region of the gene
that reduces DRD2 gene expression and responsiveness along with potential adverse events when using
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atypical antipsychotic medications. The COMT gene codes for catechol-O-methyl-transferase which is an
enzyme responsible for the majority of dopamine metabolism. Dopamine is critical for memory, judgment,
attention, and other executive functions and strongly linked to multiple neuropsychiatric disorders [16].
A valine (Val) to methionine (Met) amino acid substitution is produced by a polymorphism at codon 158
due to a nucleotide G to A transition which results in approximately 40% reduction in COMT enzymatic
activity [17]. The Val/Val substitution leads to elevated enzyme activity causing increased dopamine
degradation (producing low dopamine) while the Met/Met substitution produces a 3 fold reduction in
enzyme activity and reduced dopamine metabolism relative to Val/Val [18]. The Val/Val substitution is
associated with a hypodopaminergic state and lower executive function and implicated in susceptibility
to schizophrenia, panic disorder and anorexia nervosa.

A methylenetetrahydrofolate reductase (MTHFR) C/T gene variation has been shown to slow
the conversion of folate or folic acid to methylfolate, a precursor to serotonin, norepinephrine, and
dopamine synthesis. This variant impacts monoamine and catecholamine production [19–26] and
associated with depression. L-methylfolate has shown efficacy as an adjunctive therapy in individuals
with Selective Serotonin Reuptake Inhibitor resistant major depression [21–25]. The MTHFR enzyme
metabolizes homocysteine and if not broken down effectively, can build up in the blood stream and
lead to health concerns related to cardiovascular disease [26].

Molecular transport and regulation of intracellular calcium levels are important in neurological
development and function with pathology linked to numerous neuropsychiatric disorders including
depression, schizophrenia and bipolar disorder [27]. A variant (G to A) of the α-1C subunit of the L-type
voltage gated calcium channel gene (CACNA1C) influences the threshold for activation and duration
of channel opening leading to excessive calcium influx into the cell and neuronal hypersensitivity
to activating stimuli [27]. The variation predicts poor clinical response to current pharmacotherapy.
Another ion channel function related gene is Ankyrin-G (ANK3) which encodes a protein located at
the nodes of Ranvier and neurons responsible for the generation of action potentials. It is important
for the function and maintenance of voltage dependent sodium channels. Modest evidence links a
common T to G transition with schizophrenia in this specific ankyrin gene family member [27].

2.3. DNA-based Pharmacogenetic Results

The Genecept assay results identified in our clinical case involved three known significant
variations in the 10 genes tested which impact on several pharmacologic substrates (see Table 1).
Our clinical case was found to have a 5HT2C C/C gene variation of a serotonin receptor which
is associated with satiety signaling in the hypothalamus and hence, serotonin has a potent satiety
signal function and thus 5HT2C antagonism can lead to increased food intake [10–14]. Although the
weight of our clinical case was within normal limits, this finding suggested that caution be used when
prescribing atypical antipsychotics such as risperidone. Our clinical case also showed a MTHFR C/T
gene variation that suggested reduced enzymatic activity associated with a reduced conversion of folic
acid to methylfolate. As methylfolate is a precursor to serotonin, norepinephrine, and dopamine, this
gene variant would indicate a possible reduced production of these peptides [19–26].

Variants of MTHFR have been related to increased risk for depression and L-methylfolate has
shown efficacy as an adjunctive therapy. It was recommended that our clinical case should take folic
acid supplements or L-methylfolate to help in the conversion of homocysteine and health concerns
related to cardiovascular disease [26]. Interestingly, there was a maternal family history of heart disease
that may be associated with this gene variation and homocysteine levels.
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Table 1. Pharmacologic substrates, inhibitors and inducers of cytochrome P450 (CYP2D6) of relevant
psychotropic drugs.

Substrate Inhibitors Inducers

Acetaminophen Amiodarone Dexamethasone
Amphetamine-Dextroamphetamine Bupropion Rifampin
Aripiprazole Celecoxib
Atomoxetine Chlorpheniramine
Clonidine Chlorpromazine
Codeine * Citalopram
Dextromethorphan Clozapine
Duloxetine Cocaine
Fluoxetine Desipramine
Fluvoxamine Diphenhydramine
Haloperidol Duloxetine
Iloperidone Fluoxetine
Methadone Halofantrine
Methamphetamine Haloperidol
Mirtazapine Hydroxychloroquine
Nefazodone Imatinib
Olanzapine Imipramine
Paroxetine Levomepromazine
Phenothiazines Methadone
Risperidone * Metoclopramide
Sertraline Mibefradil
Tricyclic antidepressants (TCAs) Moclobemide
Tramadol Nelfinavir
Venlafaxine * Norfluoxetine
Vortioxetine Paroxetine

Perphenazine
Quinidine
Ranitidine
Ritonavir
Sertraline
Terbinafine
Thioridazine
Tranylcypromine

Phenothiazines include: Chlorpromazine, fluphenazine, perphenazine, promethazine, thioridazine; tricyclic
antidepressants include: Amitriptyline, amoxapine, clomipramine, desipramine, doxepin, imipramine, nortriptyline,
protriptyline, trimipramine; * Metabolized to active compound; ω-3 fatty acids can inhibit CYP2D6 activity at high
doses [28]; Compounds prescribed for our clinical case are indicated in bold. Table revised from literature supplied
by Genomind, LLC (www.genomind.com).

Additionally, our clinical case had CYP2D6*4/*5 gene allele variation that indicated significant
reduction in enzyme activity. The *4 variation represents a G to A transition at the first nucleotide of
exon 4 of one allele while the *5 variation represents a deletion of the second allele [29]. This is likely
to put the patient at risk for significantly reduced hepatic degradation of targeted drugs and higher
plasma levels of drugs that are typically processed by this enzyme thereby increasing the risk for drug
interactions and reduced effectiveness of medications such as risperidone [13,30–53]. Caution should
be used when prescribing medications that require this enzyme for metabolic break down. It would be
important to avoid prescribing any inhibitors of CYP2D6, as well, which includes other medications
that may lower further the enzymatic activity. On the other hand, inducers of CYP2D6 would increase
the metabolic activity of CYP2D6. Table 1 lists psychotropic drugs known to be processed by CYP2D6,
as well as inhibitors and inducers of this enzyme activity [54,55].

Many drugs prescribed for our patient (aripiprazole, dextroamphetamine, fluoxetine, fluvoxamine)
were dependent on normal CYP2D6 enzyme activity and metabolism for degradation while other drugs
such as risperidone require conversion to a therapeutic agent using this enzyme. Disruption of CYP2D6
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function may partially or completely explain problems experienced by our clinical case when using
these drugs. Some of the medications used were also inhibitors of CYP2D6 (e.g., citalopram, sertraline)
which are expected to further suppress the reduced activity (see Table 2). Also, dextomethoraphan
(DM) is an ingredient found in Nyquil Cold Medicine and used as a cough suppressant. It is a
non-psychotropic medication substrate of CYP2D6 and excreted by the kidneys. It has a half-life of 2
to 4 h (for those with extensive (normal) metabolism) but 24 h for those individuals categorized as
poor metabolizers (as found in our clinical case). Directions for use of Nyquil Cold Medication are not
to exceed 4 doses in 24 h and with this recommended dosage, the amount of DM would be expected
to be increased in the blood stream in those with poor metabolism. DM acts as an NMDA receptor
antagonist at high doses and produces dissociative states similar to what is seen by other dissociative
anesthetics such as ketamine and phencyclidine. When exceeding label-specified maximum dosages,
dextromethorphan can thus act as a dissociative hallucinogen including visual field disturbances,
distorted bodily perception and excitement.

Table 2. Pharmacogenetic test results with drug interactions from our clinical case.

Pharmacogenetic Target Variant Functional Impact Compounds Prescribed

CYP2D6 Poor cytochrome p450 metabolism
Acetaminophen, Aripiprazole, Atomoxetine, Citalopram,

Dextroamphetamine, Dextromethorphan, Fluoxetine,
Fluvoxamine, Risperidone *, Sertraline

5HT2C Reduced affinity for serotonin Fluoxetine, Fluvoamine, Sertraline

MTHFR
Reduced activity (low monoamine

and catecholamine production) Methyl/folate-related agents (vitamins)

* Metabolized to active compound.

As a slow or poor metabolizer, our clinical case would likely experience an increased prolonged
sedative effect which was noted by his parents during the time he was using Nyquil Cold
Medication [56,57]. Of interest, escitalopram is not dependent on CYP2D6 for metabolism but is dependent
on both CYP3A4 and CYP2C19 [53], different p450 enzymes which were found to be normal by gene
polymorphism testing in our clinical case. Ultimately, escitalopram, which was prescribed, was found to
be the most effective medication to date for treating his behavioral problems and supported by his
pharmacogenetic testing results.

3. Experimental Section

Saliva was collected from our patient in June 2014 when he was 16 years of age. DNA was
isolated from saliva samples and sent for pharmacogenetics Genecept DNA-based assay commercially
available from Genomind (Chalfont, PA, USA). The Genecept assay examines polymorphisms of
selected genes for CYP450 hepatic enzymes which metabolize drugs as well as other genes related
to neurotransmitters, their function, receptors and enzymes implicated in psychiatric disorders, and
responsiveness to psychiatric medications. The list includes ten separate genes encoding cytochrome
p450 enzymes with three related to the metabolism of pharmaceutical agents commonly used in
psychiatry (CYP2D6, CYP2C19, CYP3A4) and seven additional genes encoding neurotransmitter
receptors (5HT2C, DRD2), transporters (SLC6A4), enzymes (COMT, MTHFR) and ion channel function
(CACNA1C, ANK3) involved in pharmacodynamic aspects of psychiatric medications.

4. Conclusions

It is clear in this clinical case that certain recommendations for care could be made due to
pharmacogenetic findings. An approach would be to select a different class or drug that has a
similar function but metabolized by a different CYP450 enzyme. The dosage or frequency of drug of
administration of the specific medication could be adjusted to account for the metabolic disturbance
(poor or ultrametabolizer). One should also consider other prescribed drugs or over the counter that
may induce or inhibit the specific CYP450 enzyme (Table 1 shows a list of medications/agents that either
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induce or inhibit CYP2D6 activity). For example, eicosapentaenoic acid (EPA) is an ω-3 fatty acid and
acts as an inhibitor of CYP2D6 [28] at higher doses as are antihistamines such as diphenhydramine [58].
Dietary considerations, such as the addition of folic acid or methyl group donor compound can
decrease homocysteine blood levels and thus lower the negative impact from the MTHFR gene variant
seen in our clinical case.

In summary, the history of our clinical case illustrates how pharmacogenetics and psychiatry
can potentially interface to provide more informed decision making regarding use of psychotropic
medications. Pharmacogenetics testing is new to the field of psychiatry and in similar situations
may appear to be more humane and likely save years of personal distress associated with trial and
error drug prescription without taking into consideration an individual’s specific drug metabolism
pattern. It would also likely be more cost effective to prescribe psychotropic medications with the more
informed decision making provided by this type of genetic testing. The cost of testing (approximately
$400) is low when compared to the financial costs of many other treatments utilized by this clinical case
over several years. The current report involving only one clinical case is limited in generalizability and
more clinical reports are needed to help guide treatment for providers. However, if similar experiences
and clinical case studies are found then pharmacogenetic testing should become standard of care in
mental health treatment and decision making when using psychotropic medications. Sharing these
experiences would be encouraged by the authors.
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Abstract: Clinical genetic testing (CGT) of children with autism spectrum disorder (ASD) may
have positive and negative effects. Knowledge about parents’ attitudes is needed to ensure good
involvement of caregivers, which is crucial for accurate diagnosis and effective clinical management.
This study aimed to assess parents’ attitudes toward CGT for ASD. Parent members of the Norwegian
Autism Society were given a previously untested questionnaire and 1455 answered. Linear regression
analyses were conducted to evaluate contribution of parent and child characteristics to attitude
statements. Provided it could contribute to a casual explanation of their child’s ASD, 76% would
undergo CGT. If it would improve the possibilities for early interventions, 74% were positive to
CGT. Between 49–67% agreed that CGT could have a negative impact on health insurance, increase
their concern for the child’s future and cause family conflicts. Parents against CGT (9%) were less
optimistic regarding positive effects, but not more concerned with negative impacts. The severity
of the children’s ASD diagnosis had a weak positive association with parent’s positive attitudes to
CGT (p-values range from <0.001 to 0.975). Parents prefer that CGT is offered to those having a child
with ASD (65%), when the child’s development deviates from normal (48%), or before pregnancy
(36%). A majority of the parents of children with ASD are positive to CGT due to possibilities for an
etiological explanation.
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1. Introduction

Autism spectrum disorder (ASD) is a set of heterogeneous conditions, characterized by
early-onset difficulties in social communication and unusually restricted, repetitive behavior and
interests [1]. The worldwide prevalence is about 1%, with a high global disease burden [2]. In Norway,
the cumulative incidence for 11-year-olds has recently been estimated to be 0.8% [3].

ASD is among the most heritable neurodevelopmental conditions [4]. The recurrence risk for a
sibling of an affected child is about 10–20%, which increases to 30–50% if the child has more than one
sibling with ASD [5]. The etiology is still largely unknown, although it is clear that environmental factors
are involved in addition to genetic susceptibility [1]. The etiology of ASD is very heterogeneous [6],
and the search for genes that can explain the pathology is ongoing.

Recent advances in genetic technology have increased the diagnostic yield to 30–40% in clinical
testing [7], and genetic testing is increasingly being used in the clinics, although not as a diagnostic
tool [8]. In Norway, clinical genetic testing (CGT) is performed upon request by specialists in medical
genetics, neurology or pediatrics and requires good phenotypic description. In cases of developmental
delay and intellectual disability, as well as at least some features of ASD, chromosome 16p11.2 deletion
syndrome is specifically tested for. Other copy number variants (CNVs) of diagnostic yield are
emerging. A recent study on the use of ultra-high resolution chromosomal microarray analysis (CMA)
found 15q11.2 BP1–BP2 microdeletion as the most common cytogenetic finding in those with ASD
presenting for genetic services [9].

Meaningful interventions exist for ASD, but approved medications that target the core symptoms
are absent. Finding effective treatments is regarded as the most important goal of ASD research [10],
and the identification of a genetic etiology is a first step in the development of an individualized
medical approach for these patients [5].

Towards the achievements of a new era of precision medicine [11], essential non-technological
issues must be clarified. These issues include respecting the patients’ autonomy and privacy and their
need for protection from discriminations [12]. Good involvement of caregivers is needed to improve
the accuracy of diagnosis, and to enable effective clinical management, tailored education [13,14],
and genetic counseling, which involves complicated issues [15–17] that require a high degree of ethical
reflection [15] informed by up-to-date knowledge about technological advancements [18,19] as well as
of the views of those involved.

According to a recent report, professionals believe that genetic testing could improve the possibility
for early intervention, enable the prevention of specific comorbid diseases, or relieve guilt [20].
Clarifying the role of specific genetic factors may contribute to parents’ understanding of why their child
has ASD [5]. Clinical relevance of genetic factors may include impact on the diagnostic process [15,21,22],
on pharmacological and behavioral treatment [23], on adequate planning of actions [15] and on
preparing parents for a life with an ASD child [22].

However, knowledge of specific genetic factors may also be potentially harmful, depending on the
characteristics and roles of the genes involved, the family situation and clinical relevance of the genetic
factors. A test showing that a child inherited a disease-causing gene may induce feelings of guilt
and worry while a de novo mutation may relieve the parents from feelings of responsibility [21,24].
Genetic testing may also cause family conflicts [25]. Feelings of guilt and family conflicts are common
in monogenic disorders [26,27]. The likelihood of recurrence of ASD in the family involved, i.e., the risk
of getting another child with ASD [28–30], is also relevant for whether knowledge of specific genetic
factors may be beneficial or harmful.
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Current knowledge of parents´ attitudes toward CGT for ASD is limited. One study [31] found
that more than 90% of the parents agreed that genetic testing is useful in health care, and that
86% of the parents are interested in finding out if genetic factors are causal in their child’s ASD.
Another study [32] shows that 80% of parents were interested in a genetic risk assessment test for ASD
in an undiagnosed younger sibling. Both studies found that parents held a belief that the genetic test
result could allow for closer monitoring and earlier access to evaluation and intervention. However,
these studies included a small number of parents. Early identification is important for access to
specialized evidence-based interventions [33], and prolonged diagnostic process is associated with
stress in parents [34]. Parental stress or psychological well-being is not significantly different in parents
of children across the ASD sub-diagnoses of infantile autism and Asperger syndrome [35]. However,
we previously found very small significant differences in attitudes toward genetic research between
parents of children with autism and parents of children with Asperger syndrome [36].

Perceived recurrence risk is found to influence reproductive decisions [37]. A survey of parents
of children with fragile X syndrome (FXS) found that 59% indicated that the diagnosis affected their
decision to have another child greatly while the rest was less affected. Those who indicated they were
unaffected had already decided not to have more children [38,39]. A review found that concerns about
increased risk of having a child with a given genetic condition influences decisions to undergo prenatal
testing [40]. To the extent that these findings are applicable to ASD, they suggest that the reproductive
decisions of parents of ASD individuals may be influenced by their perceived risk [39].

Genetic test results are also believed to reinforce stigmatization and discrimination, both by
society in general and by insurance companies [25]. The stigma attached to mental illness is claimed to
always lead to stress through discrimination in academic settings, in work, and in public, although
often unintended [41]. Advocates for ASD fear the possible outcomes of genetic prenatal testing or
treatment and argue that aggressively seeking interventions devalues autistic traits and tendencies [42].
Adults with ASD fear that people with ASD traits eventually will be eliminated through prenatal testing
and selective abortion [42]. Despite genetic non-discrimination acts in most western countries [21,25],
people with a disease mutation may be offered less favorable health insurance [25,43]. In some
countries, it is explicitly allowed to use genetic risk information when the insurance payment exceeds
a certain level [44,45].

To the best of our knowledge, most findings with respect to attitudes in the field are generated
from small samples or samples that may be skewed due to selection bias or self-reference. Thus,
there is a need for larger empirical investigations on parents’ attitudes and outlooks of CGT in ASD.
The objective of the current study was to describe and explore parents’ attitudes to CGT for ASD.
Our first hypothesis was that (1) parents would be positive toward CGT for ASD, due to learning more
about their child’s genetic risk and etiology of confirmed ASD. We also hypothesized that (2) small
differences in attitudes to CGT exist between parents of children with autism and parents of children
with Asperger syndrome. Health or life insurance discrimination is a potential negative effect of
CGT for ASD risk. Thus, the third hypothesis was that (3) discrimination from insurance companies
would be a reason to be opposed to CGT. Early diagnosis is important for early access to specialized
evidence-based interventions and our fourth hypothesis was that (4) parents of children with ASD
would prefer CGT for ASD risk to be offered as early as possible, i.e., during pregnancy. As a corollary,
we also hypothesized that (5) parents of children with ASD would prefer CGT for ASD risk to be
offered to all those interested, i.e., those doubting they are able to care for a child with ASD.

2. Results

2.1. Participants: Sociodemographic

As seen in Table 1, mean age of the parents was 46.7 years, and the mean age of their children
with ASD was 16.5 years. Of the children with ASD, 81% were male and 19% were female, 49% had
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Asperger syndrome and 51% had infantile autism or atypical autism (infantile autism 38%, atypical
autism 13%).

Table 1. Demographics: Responding parents and their children with ASD.

Responding Parents n = 1444 a Mean Age, (SD), Age Range, [count], %

Age: mean (SD) {range} 46.7 (8.6) {22–87}

Children with ASD of the responding parents: [count] [1432] b

Age of the children with ASD: mean (SD) {range} 16.5 (7.6) {3–58}
Male gender of the children with ASD c 80.5%

ASD sub-diagnoses of the children with ASD of the responding parents d

Asperger syndrome 49.3%
Infantile autism 37.6%

Other ASD 13.1%

Missing information: a n = 11; b n = 23; c n = 29; d n = 39; ASD: Autism spectrum disorder, SD: Standard deviation.

2.2. Possible Positive Effects of Clinical Genetic Testing

Proportions of participants agreeing to statements about expected positive and negative effects of
CGT for ASD are presented in Table 2. Regression model summaries are listed in Table S1a,b.

Table 2. Parents’ opinions on possible effects of CGT for ASD (n = 1455).

Positive Effects Agree

Causal Explanation a
76.4%I would only take a genetic test if it could help explain the cause of ASD in me or in my child.

Intervention Planning b

74.8%Early diagnosis based on a genetic test will improve the possibilities of planning for good
interventions and facilitations.

Treatment Relevance c
53.1%I would only take a genetic test if it has a direct relevance for treatment or intervention.

Recurrence Prevention d
40.0%I would take a genetic test if it gave me the possibility to prevent having more children with ASD.

Family Planning e
24.1%Genetic testing is important for family planning.

Negative Effects Agree

Insurance Discrimination f
66.8%A genetic test showing ASD risk will cause discrimination from insurance companies.

Parental Concern g

56.1%Early diagnosis based on a genetic test will increase the parents’ concern for the future health and
development of the child.

Family Conflicts h
48.9%Genetic testing may cause family conflicts.

Missing information: a n = 33; b n = 74; c n = 42; d n = 36; e n = 38; f n = 68; g n = 71; h n = 76; CGT: Clinical genetic
testing; ASD: Autism spectrum disorder.

Three quarters of the participants would only do CGT if it could contribute to explaining the
etiology of ASD in their child (76%) and if the CGT could improve the possibilities of planning for
good interventions and treatments (75%). Half of the respondents would do CGT only if it has a direct
relevance for treatment or intervention (53%). A total of 40% would do CGT if it enabled them to
prevent having further children with ASD, and 24% agreed that CGT is important for family planning.

Some parent and child characteristics had a small but significant influence on opinions regarding
positive effects of clinical genetic testing. Parents of children with autism differed from parents of
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children with Asperger syndrome on how CGT is important for etiological explanation, for recurrence
prevention and for family planning. Parents of children with autism parents agreed significantly more
to the statements than parents of children with Asperger syndrome in all three models (p < 0.001). In a
family planning model, age of parent contributed significantly (p = 0.007). Agreement to the family
planning statement increases by age of the parent. The variances explained in the significant models are,
however, small (p-values range from <0.001 to 0.009; R2 range from 0.018 to 0.081). Regression model
summaries are presented in Table S1a.

2.3. Possible Negative Effects of Clinical Genetic Testing

Two thirds (67%) of the parents agreed that a genetic test result showing risk for ASD will cause
insurance company discrimination, and over half (56%) had increased concern for the child’s future
as a consequence of CGT. Half (49%) of the parents agreed that genetic testing may cause family
conflicts. We found no significant association between age, gender or ASD sub-diagnosis and opinions
of insurance discrimination, parental concern or family conflicts (p-values range from 0.055 to 0.404)
(Table S1b).

2.4. Management of Clinical Genetic Testing: Who and When?

The proportions of participants’ opinions concerning who should be offered CGT for ASD and
when to offer CGT are listed in Table 3. Regression model summaries are listed in Table S2a,b.

Table 3. Parents’ opinions on management of CGT (n = 1330).

Who Should Be Offered Testing Agree

Parents of children with ASD
64.9%Those already having a child with ASD

Doubting able to care
15.6%Those doubting ability to care for a child with ASD

Worried about the fetus
14.7%Those anxious/worried that there is something wrong with the fetus

No pregnant women 11.3%

All pregnant women 9.5%

When Should Testing Be Offered Agree

Development deviates
47.7%When a child shows behavioral or developmental difficulties

Before pregnancy 35.6%

During pregnancy 8.6%

Immediately after birth 8.1%

CGT: Clinical genetic testing; ASD: Autism spectrum disorder.

On opinions about who should be offered CGT for ASD risk, 65% of the respondents agreed to
those who already have an ASD child, 16% agreed to those doubting they are able to care for a child
with ASD and 15% agreed to those worried about the fetus. A total of 11% of the respondents agreed
that CGT should be offered to no pregnant women, and 10% agreed to all pregnant women.

Regression analyses of the parent and child characteristics (see Table S2a) show small but
significant contributions from ASD sub-diagnoses in the parents of children with an ASD model
and in those worried about the fetus model. Parents of children with autism agree more than parents
of children with Asperger syndrome that parents of children with ASD and those worried about the
fetus should be offered CGT for ASD risk (p < 0.001).
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On items about time of testing, 48% agreed to do CGT when development deviates, 36% before
pregnancy, 9% during pregnancy and 8% immediately after birth. Regression analyses of the parent and
child characteristics (see Table S2b) show small but significant contributions from ASD sub-diagnosis
in the before pregnancy model (p < 0.001) and the during pregnancy model (p = 0.015). Parents of
children with autism parents agreed more than parents of children with Asperger syndrome in both
models. The variances explained in the significant models are, however, small (p = 0.002; R2 = 0.017
and 0.018).

2.5. Participants Opposing Clinical Genetic Testing

One option on the question “When is the best time to offer genetic testing for ASD risk?” was “I
am against genetic testing for ASD”, to which 9% of the participants agreed. Of those opposing CGT,
31% agreed that they would do testing only if it could help explain the cause of ASD, 42% if it has
directly treatment-relevant consequences, and 35% if that early diagnosis based on CGT will improve
the possibilities of planning for good interventions and facilitations (Table 4).

Parents opposing CGT differ significantly from parents not explicitly opposing all statements
(p-values range from <0.001 to <0.01). We found the largest differences in scores on the statements of
positive effects and the smallest differences on negative effects. See Table 4 for details.

Table 4. Parents in favor versus parents opposed CGT.

Possible Positive Effects Agree N In Favor of CGT Opposed CGT MD Sig.

Causal Explanation
1422 80.7% 30.9% 1.9 **I would take a genetic test only if it could help explain

the cause of ASD in me or in my child.

Recurrence Prevention
1419 43.3% 4.9% 1.8 **I would take a genetic test if it gave me the possibility

to prevent getting more children with ASD.

Intervention Planning

1381 78.6% 35.0% 1.4 **
Early diagnosis based on a genetic test will improve
the possibilities of planning for good interventions

and facilitations.

Family Planning
1417 26.3% 0.8% 1.4 **Genetic testing is important for family planning.

Treatment Relevance
1413 54.1% 41.8% 0.7 **I would take a genetic test only if it has directly

treatment-relevant consequences for me or my child.

Possible negative effects

Family Conflicts
1379 47.3% 66.7% -0.9 **Genetic testing may cause family conflicts.

Parental Concern

1384 54.9% 68.9% -0.7 **
Early diagnosis based on a genetic test will increase

the parents’ concern for the future health and
development of the child.

Insurance Discrimination
1387 66.0% 74.4% -0.4 *A genetic test showing ASD risk will cause

discrimination from insurance companies.

CGT: Clinical genetic testing; ASD: Autism spectrum disorder; MD: Difference in means; Sig.: Significance
probability; ** p < 0.001, * p < 0.01.

3. Discussion

The main result of this study is that parents of ASD individuals have a clearly positive view
on CGT for ASD. Etiological explanation is the most frequent effect of CGT that our respondents
agreed to in our survey. This seems to confirm our hypothesis #1. The second positive effect was
improvement in the possibilities of planning for good interventions and facilitations. These results are
in line with findings from a study of professionals who also believe that genetic testing implies benefits
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for the affected families, e.g., a better possibility for early intervention, prevention of specific comorbid
diseases, or relief of guilt [20]. The current findings seem to provide mixed support for routine CGT
for ASD, and could help in designing such programs.

Nine percent of our respondents seem to be clearly against CGT. However, this seems mostly due
to doubts about the positive effects and less due to fears of negative effects. The large agreement to
positive effects of CGT among the responders (Table 4) may indicate that they will become in favor of
CGT when clinical utility and treatment implications improve. Taken together, these findings seem to
indicate rather robust positive attitudes toward CGT for ASD among parents of children with ASD.
Furthermore, the findings also suggest that there are very small differences between parents of children
with autism and parents of children with Asperger syndrome, supporting our hypothesis #2.

Skepticism against beneficial effects of CGT rather than fear of negative consequences seems
to be a general finding of the current analysis. The parents’ attitudes could be interpreted as being
cautious and focused on preventing negative consequences of introducing technological innovations
into clinical practice prematurely, e.g., by giving inaccurate etiological diagnoses [46]. Their opinions
seems to be in line with the recent guidelines of EuroGentest and the European Society of Human
Genetics (ESHG) for diagnostic next-generation sequencing, which states that insufficiently validated
tests present a threat to patients, and their use in a clinical diagnostic setting is unacceptable [47].

Discrimination from insurance companies is the negative effect of CGT most frequently stated
in our sample. The difference between those in favor and those against CGT is small (see Table 4),
supporting our hypothesis #3. Fear of discrimination from insurance companies may come as a surprise
in the Norwegian context of our study. In Norway, genetic testing is covered by the compulsory state
health insurance, and discrimination on the basis of genetic constitution is prohibited by law [48], as it
is in most other western countries [21,25]. The UN Universal Declaration of the Human Genome and
Human Rights also prohibit all forms of discrimination based on genetic characteristics [49]. However,
the use of voluntary private health insurance (VPHI) has recently increased also among Norwegians,
but VPHI typically do not cover treatments for psychiatric conditions [50]. Knowledge of risk is
integral to the concept of insurance premiums [44] and some European countries explicitly allow the
use of genetic risk information when the insurance payment exceeds a certain level, which usually
applies for life insurance, illness/health insurance or insurance to protect income in the case of being
disabled and unable to work [44,45]. Having a child with ASD is associated with long term sick leave,
not being in the labor force and low income [51], and it seems prudent to be aware of issues of possible
discriminations from health and life insurance companies both in relation to parents and to people
with ASD.

While only 8% agree that it is best to offer CGT during pregnancy (i.e., prenatal diagnosis),
half (48%) of the parents in our sample prefer CGT to be offered when a child shows behavioral or
developmental challenges and more than a third (36%) before pregnancy. Hypothesis #4, saying that
parents would prefer CGT as early as possible, i.e., during pregnancy, is thus refuted. In the event of a
prenatal test for ASD, this result may indicate that the Norwegian practice of direct access to prenatal
testing for Trisomies (21, 18, 13) for women 38 years or older, or in later pregnancies when one has a
child with a severe disability, may be less relevant for parents of individuals with ASD. This may have
consequences for genetic counselling practices of parents of children with ASD. Effective counselling
may depend on professional exposure to individuals with ASD. In a Down syndrome (DS) context,
it is claimed that what genetic counselors believe to be the most salient information to discuss with
parents differs based on whether they practice in the prenatal or postnatal setting [52], which may be a
point to consider in ASD as well.

We found that more than half (65%) of the parents of children with ASD prefer CGT to be offered
to those already having a child with ASD. This contradicts our hypothesis #5 that parents would
prefer all those interested, i.e., those doubting that they are able to care for a child with ASD, to be
offered CGT. Fifteen percent of the respondents support our hypothesis #5, and 36% prefer CGT
before pregnancy. Although not specified, testing before pregnancy is plausibly interpreted as carrier
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testing in parents, which is not likely in a complex disorder such as ASD. This may reflect a lack of
knowledge in parents, but may as well be due to the questionnaire that asked to imagine the existence
of a test saying “something about the risk of ASD”. However, parents’ recurrence risk perceptions
have shown to be inaccurately high and to influence reproductive decisions [39], and our finding may
be interpreted in line with this.

We found that 40% in our sample would do a CGT if it gave them the possibility to prevent
having more children with ASD. This may be interpreted as our sample preferring CGT when a child
shows behavioral or developmental challenges with the purpose of augmenting development, or for
preventive purposes for those parents that already have children with ASD. In comparison, a study
of parents of children with fragile X (FX) found that 59% agreed that the FX-test influenced their
decision to have another child [38]. It is surprising that only 24% agree that CGT is important for
family planning (Table 2) when 40% would do a CGT if it enabled them to prevent having further
children with ASD (Table 2). According to the World Health Organization (WHO), “family planning
allows people to attain their desired number of children and determine the spacing of pregnancies.
It is achieved through use of contraceptive methods and the treatment of infertility” [53]. This is also
the official standard use of the term in Norway. However, the term may have been interpreted as
very different from preventive measures, perhaps because this was addressed explicitly in another
questionnaire statement. Family planning may have been interpreted as a question of organizing the
family life and about interventions in the parents’ home as almost every child and teenager with ASD
in Norway lives with their parents. Regarding genetic counselling and reproductive issues, this may
warrant a focus on experienced and knowledgeable parents and collaboration between them and
professionals, in addition to the current predominance of a “teaching model” that may not be optimal
in supporting patients to make decisions relevant to their health care [54]. These results also seem to
underscore the need for recurrence risk counselling.

Ethical concerns regarding genetic testing in a reproductive setting may vary with cultural,
religious and societal value bases both in parents and professionals [55]. A collaborative climate
that respects the autonomy of individuals and the values of the communities and groups to which
they belong seems necessary [56]. It is also important to cover these ethical issues further than
the scope of the present study, which may be limited by empirical foundations for such inquiries.
Relevant issues for ethical inquiries include how society values people with ASD and their parents.
Advocates for ASD fear the possible outcomes of prenatal genetic testing or treatment. They argue
that aggressively seeking interventions devalues ASD traits and tendencies [42], and adults with ASD
fear that people with these traits will eventually be eliminated through prenatal genetic testing and
selective abortion [42].

Three quarters of our sample agreed that CGT is relevant for intervention planning. This seems in
line with results from a study of the impact of CMA on clinical management [57]. Treatment plans
targeting associated medical conditions and planned additional assessments were directly impacted for
more than 40% of individuals with neurodevelopmental disorders, including ASD [58,59]. Furthermore,
the current parents’ views seem in line with recent findings that genetic testing may shorten the
‘diagnostic odyssey’ and provide a causal explanation, indicate a recurrence risk and enable access to
appropriate early interventions and tailoring the care of affected individuals [8,32,59,60]. Interestingly,
a recent study summarizing the results of over four years of real-world clinical ultra-high resolution
CMA testing optimized for neurodevelopmental disorders found direct correlation between a higher
rate of detected abnormalities and age in the ASD cohort, which suggests that earlier use of CMA and
perhaps other genetic testing methods may be important for early intervention [9].

Overall, characteristics of the parents or their children seem to have only small influences on the
informants’ attitudes toward CGT of ASD. This underscores the general positive attitude toward the use
of molecular genetic technology in this group of patients. Some differences were, however, present in
parents of children with ASD. Whether the child had autism or Asperger syndrome influences the
attitudes. Parents of children with autism are more optimistic about the clinical opportunities of
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genetic testing for ASD than parents of children with Asperger syndrome by rating the positive effects
higher and the negative effects lower. The difference between Asperger syndrome and autism may be
regarded as difference in disease severity. In contrast, no association between various FX severities
and opinions about screening in caregivers have been found [61].

The stigma attached to mental illness is claimed to always lead to stress through discrimination in
academic settings, in work, and in public, although often unintended [41]. For instance, in a future
case of neonatal genetic screening for ASD, a child with a susceptibility genotype whose behavioral
presentation is considered “odd” may be stigmatized as “autistic” despite not meeting the diagnostic
criteria. Conversely, a child with a susceptibility genotype may be excused for “inappropriate”
behavior [21]. In either case, less fortunate interventions or treatments may be initiated. Parents are
also in danger of being blamed for their children’s condition when the condition is inherited. It is
important to avoid terminology that may be misused and cause unjust stigmatizing and blaming,
as happened with Kanner’s early characterization of parents [42]. If the ethical implications of genetic
identities become uncertain as research gains more knowledge about how genes and environments
interrelate [42], it is clear that empirical studies of attitudes, hopes and fears of all stakeholders, at pace
with the technological advancements, are necessary.

Limitations

There is limited knowledge about the attitudes toward CGT among parents of children with ASD.
Although the current study provides important new information about the attitudes toward CGT for
ASD and collected information from a large numbers of parents, it has limitations. One limitation is
a lack of comprehensive demographic information of the participants, and little information about
disease severity or genetic origin of the ASD in their children. Our findings are also limited to opinions
about the specific items of positive and negative effects stated in our questionnaire. The lack of explicit
questions about attitudes toward prenatal diagnosis and the related issues of stigma and offence of
such practice is also a limitation. The low number of parents that think CGT should be offered during
pregnancy may indicate that this is an issue that should have been addressed in more detail.

Another potential limitation is that the previously untested questionnaire was inspired
from a questionnaire about malignant melanoma, which is a disease quite different from ASD.
Malignant melanoma is a deadly skin cancer disease while ASD is a disability. There are important
differences between what is perceived as disease and what is perceived as disability. Disabilities,
and particularly those involving mental capacities, raise existential issues of identity in a sense that
issues of diseases do not. To determine identities through genetic testing is more controversial than
to determine diseases. This difference may have made the questions generated from malignant
melanoma studies less suitable for capturing attitudes toward CGT for ASD. A further limitation is
that the questionnaire did not specify whether the questions concerned testing parents or testing the
child, where it could mean either, which makes the accuracy of some of our findings uncertain.

It is also possible that our sample is biased by being recruited from an interest organization.
Our large sample may not be representative of attitudes of parents of children with ASD in general.
Despite it being the only ASD organization in Norway, with a high number of members, a significant
proportion of parents of children with ASD are not members of the interest organization.

4. Materials and Methods

4.1. Participants

In collaboration with the Norwegian patient organization for ASD “Autism Society Norway”,
a questionnaire was sent by email or post to all of the parent members of the organization.
The organization has no formal requirement for membership of parents, but 3539 members were
registered as parents to one or more children with ASD. In order to reach as many as possible,
two approaches were used. Members registered with email addresses were contacted by email,
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which contained a link to a web-based Response Form Questionnaire from the University of Oslo.
Members without email addresses received paper mail with the questionnaire and a prepaid return
envelope. Email reminders were sent to those not responding, while no paper mail reminders were
sent. Answers were anonymous. A total of 3539 invitations were sent, n = 1990 by email and n = 1549
by paper letters. A total of n = 1455 responded (41%), n = 917 (46%) through email, and n = 538 (35%)
by paper mail. The survey was closed after two reminders. No financial incentive or other rewards
were provided.

4.2. Questionnaire

The questionnaire investigated attitudes toward clinical use of a potential genetic test for ASD.
It was emphasized that, currently, a predictive genetic test for ASD is not available. The participants
were asked to imagine the existence of a clinical test that could say “something” about the risk of ASD.

Some of the questions concerning attitudes were based on a survey of attitudes toward genetic
research in families with a risk of malignant melanoma [62], others were composed and tested by our
multi-professional team and selected representatives of the target group. One of the questions was also
in line with a qualitative study of awareness and attitudes among parents of children with ASD [25].
The questionnaire as a whole has not been previously tested and the overall psychometric properties
are unknown. Although difficult to establish, the validity seems high at face value. Our explorations
of how responder characteristics influence the ratings provide some indications of the validity of the
questionnaire. The answers were given on a 5-point Likert scale with alternatives ”strongly disagree”,
“disagree”, “neither disagree or agree”, “agree” and “strongly agree”, in addition to “Don´t know” or
“Have no meaning” options [63].

The questions concerning attitudes were part of a questionnaire with 45 items in four sections.
It took 10–15 min to complete the questionnaire. The first section of the questionnaire asked about
age and gender of the parents. The second section asked about the parents’ firstborn child with ASD
diagnosis, the child´s ASD diagnosis (infantile autism or Asperger syndrome), the child´s age when
first diagnosed with ASD, and the child´s comorbid somatic and psychiatric diagnoses. It was not
asked how many children with ASD the participants have. International Statistical Classification
of Diseases and Related Health Problems (ICD) criteria are used in Norway. The third section of
the questionnaire asked about experiences with the specialist health services. The fourth section
asked about attitudes toward genetic research and CGT. The questions about attitudes toward genetic
research have been previously reported [36].

With a total of n = 1455 members responding, we estimate the response rate to be approximately
50%. Because the information to be collected was anonymized, the Regional Committee for Medical
and Health Research Ethics (REC) concluded that the study did not require REC approval.

4.3. Data Handling and Analyses

SPSS version 23 (IBM, Armonk, NY, USA) was used for statistical analyses. The paper responses
were scanned and read using ABBYY FlexiCapture 10 (ABBYY Europe, Munich, Germany) and
subsequently imported into a SPSS file, while the online responses were imported directly.

First, descriptive statistics were performed. Percentages of agreement and disagreement to the
attitude statements were obtained by dichotomizing the Likert-scale variables in the following way:
Scores 1 (“Totally disagree”) and 2 (“Somewhat disagree”) were combined to a “disagree”—score,
scores 4 (“Somewhat agree”) and 5 (“Totally agree”) were combined to an “agree”—score. Score 3
(“neither/nor”) was merged with the “have no meaning”—and the “don’t know”—scores in order to
form an “NA”—score labelling the “no distinct negative or positive attitude available”.

Forced entry linear regression analyses were conducted both on the original 5-point attitude
variables and on the binary attitude variables [64] concerning management of CGT to analyze the
effect of respondent age and gender, child age, child gender, and child ASD diagnose on the attitude
items. Due to multiple comparisons, we used Bonferroni corrected significance thresholds, setting the
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significance limits to p = 0.01 per test (0.05/5 tests). Cases with missing values were excluded listwise in
the regression analyses and deleted on an analysis-by-analysis basis in the independent sample t-tests.

5. Conclusions

Parents of children with ASD seem to be clearly positive toward CGT. Only one of ten is opposed
to CGT and the reason is mainly skepticism about the possible benefits, not because they fear possible
harm. This suggests that parents of children with ASD seem well informed, have a practical attitude to
CGT, and have similar attitudes as health care personnel and ASD experts.

Few parents seem interested in prenatal diagnosis and family planning. They seem rather
to prefer CGT when a child shows behavioral or developmental challenges with the purpose of
augmenting development, or for preventive purposes for those that already have children with ASD.
Further research is necessary in order to draw direct clinical implications of these results. However,
the current results may form the basis for such testing procedures in the future when they will be more
informative. It is important to avoid initiating premature CGT procedures.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/5/1078/s1.
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