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Abstract

Human self-domestication (i.e., the presence of traits in our
species that are commonly found in domesticated animals)
has been hypothesized to have contributed to the emer-
gence of many human-specific features, including aspects of
our cognition and behavior. Signs of self-domestication
have been claimed to be attenuated in individuals with au-
tism spectrum disorders (ASD), this conceivably accounting
forfacets of their distinctive cognitive and behavioral profile,
although this possibility needs to be properly tested. In this
study, we have found that candidate genes for mammal do-
mestication, but not for neural crest development and func-
tion, are significantly dysregulated in the blood of subjects
with ASD. The set of differentially expressed genes (DEGs) is
enriched in biological and molecular processes, as well as in
pathological phenotypes, of relevance for the etiology of
ASD, like lipid metabolism, cell apoptosis, the activity of the
insulin-like growth factor, gene expression regulation, skin/
hair anomalies, musculoskeletal abnormalities, and hearing
impairment. Moreover, among the DEGs, there are known

candidates for ASD and/or genes involved in biological pro-
cesses known to be affected in ASD. Our findings give sup-
port to the view that one important aspect of the etiopatho-
genesis of ASD is the abnormal manifestation of features of

human self-domestication. ©2019 5. Karger AG, Basel

Autism spectrum disorders (ASD) are pervasive neu-
rodevelopmental clinical conditions mostly impacting on
social communication abilities and behavior [American
Psychiatric Association, 2013]. Many genes have been as-
sociated with ASD, and several environmental factors
have been hypothesized to contribute to ASD as well [Ge-
schwind and State, 2015; Gyawali and Patra, 2019; among
many others]. Nonetheless, the etiology of ASD is still
unclear, particularly in absence of robust genotype-to-
phenotype correlations (see the SFARI Gene database
[https://gene.sfari.org/] for the most updated account). It
is also uncertain why ASD show such a high prevalence
in humans and why this prevalence has seemingly re-
mained stable in time [Baxter et al., 2015]. At the same
time, it is expected that the multiple factors associated
with ASD risk converge onto common molecular path-
ways and regulatory networks [Kumar et al., 2019; Sulli-
van et al., 2019].
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Because of the deep link that exists between evolution
and abnormal development, with recently evolved neural
networks (and recently acquired cognitive and behavior-
al abilities) being more sensitive to damage because of
their reduced resilience [Toro et al., 2010], one way of
disentangling the etiology of ASD might be focusing on
the genes that are involved in recent evolutionary chang-
es in our species. One of these changes is the development
of many traits commonly found in domesticated species
of animals, including morphological, physiological, and
behavioral features [for review, see Hare, 2017]. Accord-
ing to the human self-domestication hypothesis, our spe-
cies suffered a process of domestication in response to
external factors (mostly social factors, like choosing less
reactive partners for mating, living in community, or co-
parenting) that triggered, or contributed to, the emer-
gence of central aspects of our behavioral phenotype, in-
cluding our enhanced sociability and cooperation and
our distinctive mode of communication [Wilkins et al.,
2014; Hare, 2017; Thomas and Kirby, 2018]. Hence, and
considering that, as noted, ASD involve behavioral, so-
cial, and communication problems, an intriguing possi-
bility is that one etiological component of the ASD phe-
notype is the abnormal manifestation of human self-do-
mestication features. This possibility is even more
intriguing if one considers that the different traits associ-
ated with domestication have been hypothesized to result
from one common underlying mechanism, namely, the
hypofunction of the neural crest (NC), an embryonic
structure giving rise to many body parts during develop-
ment [Wilkins et al., 2014]. Accordingly, it could be fur-
ther hypothesized that one core aspect of the etiopatho-
genesis of ASD might be NC hyperfunction.

Notably, altered self-domestication features have been
found in other human-specific cognitive disorders, like
schizophrenia [Benitez-Burraco et al., 2017] and Wil-
liams syndrome [Niego and Benitez-Burraco, 2019]. We
have recently shown that the same is true for ASD, as sub-
jects with these conditions exhibit attenuated character-
istics of domestication [Benitez-Burraco et al., 2016].
Nonetheless, the possibility that an abnormal manifesta-
tion of human self-domestication features, impacting on
cognition and behavior and resulting from NC dysfunc-
tion, contributes to the ASD phenotype needs to be prop-
erly tested. On the one hand, we need to conduct clinical
surveys aimed to check whether the links found in the
literature between domestication and ASD are statistical-
ly significant. On the other hand, we need to examine this
overlapping between domestication and ASD at a mo-
lecular level, checking, in particular, whether domestica-
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tion and ASD share some genetic determinants that can
be indicative of the involvement of common biological
mechanisms in both conditions. This second approach is
the one we have adopted in this paper.

Materials and Methods

Here, we determined if candidate genes for mammal domesti-
cation are significantly dysregulated in the blood of individuals
with ASD. For achieving this, we first compiled an updated list of
candidates for domestication by gathering the genes that have
been found positively selected in 10 domesticates: Guinea pig, pig,
rat, dog, cat, cattle, domesticated fox, horse, rabbit, and sheep
[Womack et al., 2005; Trut et al., 2009; Albert et al., 2011; Axels-
son et al., 2013; Bellone et al., 2013; Carneiro et al., 2014; Mon-
tague et al.,, 2014; Qanbari et al., 2014; Schubert et al.,, 2014;
Wilkins et al., 2014; Wright et al., 2015; Cagan and Blass, 2016;
Freedman et al., 2016; Zapata et al., 2016; Benitez-Burraco et al.,
2017; Theofanopoulou et al., 2017; Pendleton et al., 2018]. The list
comprised 764 genes (online suppl. list, column A; see www.
karger.com/doi/10.1159/000505116). We also considered a list of
89 genes involved in NC development and function, as compiled
by Benitez-Burraco et al. [2017] (online suppl. list, column B).
These genes include NC markers, genes involved in NC induction
and specification or in NC signaling, genes involved in cranial NC
differentiation, and candidates for neurochristopathies annotated
in the OMIM database (http://omim.org/). Finally, we generated
a list of 242 differentially expressed genes (DEGs) in the blood of
people with ASD (online suppl. list, column C). For this, we per-
formed microarray analyses of blood samples from 32 patients
with ASD (mean age 24.0 years, male:female ratio 50:50) and 30
age-sex-race balanced neurotypical controls (mean age 23.9 years,
male:female ratio 50:50). Total RNA was extracted from periph-
eral blood. All samples had RNA integrity number values >8. An
Agilent SurePrint G3 Human Gene Expression 8x60K v2 Micro-
array kit (Agilent Technologies, G4851B) was subsequently used
for analyzing transcriptome changes, as described in more detail
in Kimura et al. [2019]. Gene expression data can be retrieved
from Gene Expression Omnibus (GSE 89594). DEGs were calcu-
lated based on diagnosis, age, gender, and RNA integrity number
using the Limma R package [Smyth, 2005]. Genes were consid-
ered to be differentially expressed when the false discovery rate
(FDR) was <0.1 and the |fold change (FC)| was >1.2. The Benjami-
ni-Hochberg procedure was used for controlling the FDR in mul-
tiple testing [Benjamini and Hochberg, 1995]. We considered
protein-coding genes only. We then conducted analyses of gene
overlapping between these 3 lists using Fisher exact test (p < 0.05).

Results

We found a significant overlap between DEGs in the
blood of subjects with ASD and candidates for mammal
domestication. In contrast, we detected no significant
overlap between DEGs in subjects with ASD and NC can-
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didates. Table 1 shows the results of Fisher exact tests, as
well as the identity of the candidates for domestication
that are significantly up- or downregulated in the blood
of people with ASD compared to controls (FDR < 0.1,
[FC| > 1.2).

In order to know more about the biological roles
played by these genes and about potential connections
with the ASD phenotype, we conducted functional en-
richment analyses with Enrichr (amp.pharm.mssm.edu/
Enrichr) [Chen et al., 2013; Kuleshov et al., 2016]. We
considered biological processes, molecular functions, cel-
lular components, and pathological phenotypes as en-
riched if p < 0.05. We found that the protein-coding genes
that are dysregulated in the blood of subjects with ASD
and that are also candidates for domestication are en-
riched in processes and functions related to lipid metabo-
lism (like the storage and transport of cholesterol
[GO:0010887, GO:0017127], the transport of sterol
[GO:0032366], and the homeostasis of phospholipids
[GO:0055091]), cell apoptosis (including the apoptosis of
muscle cells [GO:0010656] and the endopeptidase activi-
ties involved in apoptotic processes [GO:0008635,
GO0:0097200, and GO:0097153]), the activity of the insu-
lin-like growth factor (GO:0043568, GO:0005159), the
physiological roles played by calcineurin (GO:0070886),
the regulation of gene expression (via snRNAs
[GO:0097322] and  transcription  co-activators
[GO:0001223]), and the posttranslational modifications
of proteins, mostly via NAD(P) (GO:0004029,
GO0:0016620, GO:0016646) (Fig. 1A, B). Due to the func-
tions in which they are involved, the products of these
genes are predicted to be preferentially found in vesicular
components of the cell, including the junctional sarco-
plasmic reticulum (GO:0014701) and the exocytic vesi-
cles (GO:0070382, GO:0099503) (Fig. 1C). Finally, this
set of genes is significantly related to pathological pheno-
types entailing skin/hair anomalies, musculoskeletal ab-
normalities, and hearing impairment (Fig. 1D, E).

Discussion and Conclusion

In this paper, we have shown that candidate genes for
mammal domestication are significantly dysregulated in
the blood of individuals with ASD and that this differen-
tial expression might account for aspects of the ASD phe-
notype via the impairment of selected physiological pro-
cesses. One of these processes is lipid metabolism, which
is found altered in ASD [El-Ansary et al., 2019]. Specifi-
cally, a significant association exists between hypocholes-
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terolemia and ASD [Benachenhou et al., 2019] or condi-
tions resulting in autistic features, like Smith-Lemli-Opitz
syndrome [Sikora et al., 2006]. Likewise, there is ample
evidence of abnormal apoptotic processes in the ASD
brain that might account for some of the pathological
findings regarding its size, shape, and wiring, and ulti-
mately, for some aspects of its distinctive cognitive and
behavioral profile [for discussion, see Wei et al., 2014;

Table 1. Candidate genes for domestication and neural crest devel-
opment and function that are significantly dysregulated in the
blood of subjects with ASD

Gene name log FC FDR p value

Domestication (p = 0.002)
PAX3 -0.463 1.91E-02
ALDHIL2 -0.347 3.10E-02
LIN28B -0.315 7.76E-03
ALDHI6A1 -0.304 6.10E-04
IGF1 -0.299 9.37E-02
ABCGI -0.296 6.62E-02
CCNT2 0.268 7.21E-02
IFT81 0.270 2.99E-02
PTPN4 0.299 5.35E-02
JPH3 0.302 1.79E-02
CASP7 0.317 4.12E-02
UBXN10 0.396 1.18E-02
TFCP2LI 0.441 7.40E-03
HOPX 0.477 4.56E-02

Neural crest (p = 0.3126)
PAX3 -0.463 1.91E-02

FDR < 0.05; |[FC| > 1.2.

Fig. 1. Functional enrichment analyses according to Enrichr of the
set of genes that are significantly dysregulated in the blood of sub-
jects with ASD and that are also candidates for domestication.
A Enrichment in biological processes. B Enrichment in molecular
functions. C Enrichment in cellular components. D Enrichment in
pathological phenotypes in mammals. E Enrichment in pathologi-
cal phenotypes in humans. Only the top-10 functions have been
included and only if p < 0.05. The p value was computed using
Fisher exact test. Enriched categories are ordered according to
their Enrichr Combined Scores. This is a combination of the
p value and the Z-score calculated by multiplying the 2 scores
(Combined Score = In(p value) x Z-score). The Z-score is com-
puted using a modification to Fisher exact test and assesses the
deviation from the expected rank. The Combined Score provides
a compromise between both methods, and it is claimed to report
the best rankings when compared with the other scoring schemes.
For details, see http://amp.pharm.mssm.edu/Enrichr/help#
background&q=5.

(For figure see next page.)

Benitez-Burraco


http://dx.doi.org/10.1159%2F000505116

GO biol

ogical process

regulation of smooth muscle cell apoptotic process (G0:0034391)
i is (GO:0055091)

activation of cysteine-type endopeptidase activity nvolved in apoptotic process by cytochromec (GO:

positive regulation of insulin receptor signaling pathway (G0:0046628)

positive regulation of calcineur n-NFAT signaling cascade (G0:0070886)

intracelluler sterol transport (GO:0032366)

positive regulation of insulin-lke growth factor receptor sgnaling pathway (G0:0043568)
negative regulation of muscie cell apoptotic process (G0:0010656)

positive regulation of protein import into nucleus translocation (G0:0033160)

negatie regulation of cholesterol storage (G0:0010887)

oxidoreductase activity, acting on the CH-NH group of donors, NAD or NADP as acceptor (GO:0016646)
cysteine-type endopeptidase activity involved in gpoptotic process (G0:0097153)

insulin-fike growth factor receptor binding (G0:0005159)
intracellular ligand-gated ion channel activity (G0:0005217)

oxidoreductase activity, acting on the aldehyde or oxo group of donors, NAD or NADP as acceptor (G0:0016620)

600 800
Enrichr combined score

1000 1200

GO molecular function

]
cholesterol transporter activity (G0:0017127) m—
E—
=
|——————1
cysteine-type endopeptidase activity involved in execution phase of apoptoss (G0:0097200)  m——
transcription coactvator binding (G0:0001223)  m————

7SK snRNA binding (G0:0087322)
aldehyde dehydrogenase (NAD) activity (GO:0004029)

platelet alpha granule lumen (GO:0031093)

secretory vesicle (GO:0099503)

nuclear cyclin-dependent protein kinase holoenzyme complex (G0:00159508)
exocytic vesicle (GO:0070382)

junctional sarcoplasmic reticulum membrane (GO:0014701)

cyclin/CDK positive transcription elongation factor complex (GO:0008024)

MP:0010231_transverse_fur_striping
MP:0012547_spina_bifida_cystca

500 1000 1500 2000

Enrichr combined score

GO cellular component

300 400 500 600

Enrichr combined score

700

©

100 200

Pathological mammalian phenotypes

MP:0005310_sbnormal_salivary_gland_|
MP:0006321_increased_myocardial_fber_number

MP:0004664_delayed_nner_ear_

MP:0008065_short_t ymphatic_duct
MP:0003007_ectopic_thymus

MP:0009933_; |_tail_hair_pi
MP:0004750_syndromic_hearing_loss

MP:0004846_absent_skeletal_muscle

Tented upper lip vermilion (HP:0010804)

Narrow nasal bridge (HP:0000446)

Supernumerary bones of the axial skeleton (HP:0008144)
Hypoplasia of the iris (HP:0007676)

Supernumerary ribs (HP:0005815)

1800

©

200 400 600 800 1000

Enrichr combined score

1200 1400 1600

Pathological human phenotypes

oma (HP:0002859)
Patchy hypopigmentation of hair (HP:0011365)
Whiteforelock (HP:0002211)

Congenital sensorineural hearing T (HP:0008527)
Action tremor (HP:0002345)

200 300 400 500

Enrichr combined score

600 700

$00

1400

2500

1000

Autism Spectrum Disorders and Human
Self-Domestication

Mol Syndromol 2019;10:306-312

DOI: 10,1159/000505116

309


http://dx.doi.org/10.1159%2F000505116

Dong et al., 2018]. Specifically, apoptotic pathways have
been found dysregulated in the peripheral blood of autis-
tics [Eftekharian et al., 2019]. Furthermore, one of our
DEGs is CASP7, which encodes a caspase and which is
repeatedly mentioned as a robust biomarker of metabolic
dysfunction in ASD [Khemakhem et al., 2017; El-Ansary
etal.,, 2018]. It is also worth mentioning the enrichment in
genes related to the physiological roles of the insulin-like
growth factor, including IGF1, which encodes the insulin-
like growth factor 1. IGF1 primarily regulates the effects
of growth hormone, but it also contributes to neural de-
velopment, myelinisation, and protection, as well as to
synapse formation [for review, see Puche and Castilla-
Cortdzar, 2012]. IGF1 levels are abnormally low in indi-
viduals with ASD and when administered, IGF1 is expect-
ed to ameliorate the symptoms of these conditions
[Riikonen, 2016; Steinman, 2019]. Likewise, the enrich-
ment in genes related to calcineurin physiology is worth
highlighting, given the association of this phosphatase
with intellectual disability in conditions like Down syn-
drome [Rachidi and Lopes, 2010]. Furthermore, the en-
richment in genes involved in gene regulation and/or pro-
tein modification should be noted, considering the emer-
gent view of neurodevelopmental disease as resulting
from genetic variation in regulatory mechanisms of gene
expression [Kubota and Mochizuki, 2016; Geschwind,
2018]. Interestingly enough, autistic features have been
found in individuals with mutations in PTPN4, another
one of the DEGs in our set and a gene that regulates neu-
ronal development and function, and that is regulated by
the product of the main candidate for Rett-syndrome,
MECP2 [Williamson et al., 2015; Szczatuba et al., 2018].
Finally, we wish to draw attention to the abnormal pheno-
types revealed by the enrichment analysis. The enrich-
ment in musculoskeletal problems can be related to the
minor physical anomalies exhibited by subjects with ASD
compared to controls, which are more prominent in the
craniofacial region, affecting the skull, the ears, and the
orofacial area, and which usually correlate with enhanced
autistic features [Tripi et al., 2008; Manouilenko et al.,
2014; Obafemi-Ajayi et al., 2015; Sacco et al., 2015]. Like-
wise, regarding the enrichment in genes involved in pig-
mentation anomalies, it has been observed that hypomel-
anotic diseases usually co-occur with autistic symptoms,
as in hypomelanosis of Ito (OMIM 300337) [Akefeldt and
Gillberg, 1991]. The comorbidity between hypomelanosis
and ASD has been hypothesized to result from a deficien-
cy in vitamin D [Bakare et al., 2011] to the extent that vi-
tamin D supplementation has been observed to amelio-
rate symptoms [Jia et al., 2015]. Finally, concerning the
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enrichment in hearing problems, it should be noted that
altered sound processing is commonly observed in people
with ASD [Beers et al., 2014; Lucker and Doman, 2015; Do
et al.,, 2017] and that this abnormal sensory processing is
hypothesized to impact social functions in these condi-
tions [Thye et al., 2018].

In contrast to the candidate genes for domestication, we
found no evidence for differential expression of candidates
for NC development and function in the blood of subjects
with ASD. In our opinion, this can be due to several reasons.
First, the hypothesis that a “domestication syndrome” ex-
ists and that this syndrome results from the hypofunction
of the NC is one among several different hypotheses trying
to account for the domestication processes in animals [for
a critical view, see Sanchez-Villagra et al., 2016]. Actually,
most of the NC candidates in our list do not show signals of
selection in domesticated animals (there are only 13 over-
lapping genes). Second, even if the hypofunction of the NC
actually triggers domestication, we should expect that doz-
ens of genes downstream the NC inductors are affected and
eventually, that some of these genes can be more differen-
tially expressed than most of the NC genes. Third, different
cognitive conditions entailing an abnormal presentation of
self-domestication features seem to involve different pat-
terns of dysregulation of candidates for domestication and
NC development and function. Accordingly, whereas the
latter are not differentially expressed in our subjects with
ASD, they are differentially dysregulated in people with a
different social impairment, namely Williams syndrome
[Niego and Benitez-Burraco, 2019]. Finally, human self-do-
mestication seems to be an ongoing process, with different
sets of genes having been selected at different moments of
our history. Specifically, candidates for domestication and
NC candidates exhibit opposite patterns of enrichment in
nonsynonymous single nucleotide polymorphisms when
comparing present-day European populations and Euro-
pean samples from 6,000 years ago [Benitez-Burraco et al.,
2019]. This could be the case as well with some pathological
conditions, like ASD.

Overall, our findings give support to previous claims
that one important etiological factor of ASD is the abnor-
mal presentation of the self-domestication phenotype in
humans, and ultimately, that a better understanding of this
condition will result from the consideration of the evolu-
tionary processes that gave rise to modern human cogni-
tion and behavior, human self-domestication being one of
them. Certainly, our approach has limitations. First, the
size of our sample is reduced. Second, we have analyzed
gene expression changes in the blood, whereas most of the
relevant changes for the ASD phenotype are expected to

Benitez-Burraco
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occur in the brain. Nonetheless, a significant overlapping
exists between blood and brain transcriptional profiles,
ranging from 20% [Rollins et al., 2010] to 55% [Witt et al.,
2013], that makes our results reliable. Moreover, there is
an increasing interest in finding robust blood biomarkers
for ASD that enable an early diagnosis of this condition
[for recent reviews, see Bjorklund et al., 2018 or Shen et al.,
2019]. Accordingly, we regard the genes we highlight in
this paper promising candidates for understanding (and
eventually, diagnosing) aspects of the ASD phenotype,
whose role in the etiopathogenesis of this condition de-
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