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Abstract

Schizophrenia (SZ) is a pervasive neurodevelopmental disorder entailing social and cognitive
deficits, including marked problems with language. SZ incidence has always been high and
quite stable in human populations, across time and regardless of cultural implications, due to
unclear reasons. Also, its complex multifactorial aetiopathogenesis, including genetic and
environmental factors, is widely uncertain. It has been hypothesised that SZ pathophysiology
may involve the biological components that changed during the recent human evolutionary
history and led to our distinctive mode of cognition, which includes language skills. In this
paper we explore this possibility, focusing on the self-domestication of the human species.
This has been claimed to account for many human-specific distinctive traits, including
aspects of our linguistic abilities. The “domestication syndrome” in mammals comprises the
constellation of traits exhibited by domesticated strains, seemingly resulting from the
hypofunction of the neural crest. It is our intention to show that people with SZ exhibit more
marked domesticated traits at the morphological, physiological, and behavioural levels. We
also show that many SZ candidate genes are found among the genes involved in the
“domestication syndrome”, but also among genes implicated in language evolution. Finally,
we show that selected genes important for the neural crest development exhibit altered
expression profiles in the brain of SZ patients, specifically in areas involved in language
processing. Based on these observations, we conclude that language dysfunction in SZ may
represent an abnormal ontogenetic itinerary for the human faculty of language, resulting, at
least in part, from changes in genes important for the “domestication syndrome” and,
primarily involving the neural crest.

1. Introduction

Schizophrenia (SZ) is a pervasive neurodevelopmental condition entailing different and
severe social and cognitive deficits (van Os and Kapur 2009). SZ prevalence has been found
stable across time and cultures, to the extent that it has been considered a human-specific
disease. Indeed, susceptibility genes are poorly conserved across species, some of them being
absent in great apes (Briine, 2004; Pearlson and Folley, 2008). Also, most of the biological
elements that seem to have played a central role in the evolution of human cognition are
found impaired in SZ patients. For instance, after our split from great apes, the frontal cortical
circuitry was remodelled; this circuitry is responsible for many human-specific cognitive
abilities and is found dysfunctional in patients with SZ and other psychiatric conditions
(Teffer and Semendeferi, 2012). Likewise, genomic regions that have undergone positive
selection in anatomically-modern humans (AMHSs) are enriched in gene loci associated with
SZ (Srinivasan et al., 2016). Overall, this suggests that the evolutionary changes occurred in
the human lineage after the split from extinct hominins may help clarifying some aspects of
SZ. Conversely, delving into the aetiopathogenesis of this condition might help
understanding the changes that brought about our human distinctive cognitive phenotype.
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In this paper we wish to explore this possibility by focusing on two aspects that we find
intimately related: language deficits in SZ and the self-domestication of the human species.
Language deficits are a hallmark of the disease. They usually manifest as problems in speech
perception (in the form of auditory verbal hallucinations), abnormal speech production
(known as formal thought disorder), and production of abnormal linguistic content (that is,
delusions) (Stephane et al., 2007, and 2014). These major positive symptoms can be reduced
to disturbances in linguistic computation (Hinzen and Rosell6 2015) that result from atypical
brain development and wiring during growth (Li et al., 2009, and 2012). This abnormal mode
of processing language can be specifically drawn back to a distinctive oscillatory profile of
the brain during language computation (Murphy and Benitez-Burraco, 2016a).

In our previous work we showed that candidates for SZ are overrepresented among the genes
believed to be involved in the evolution of our language-readiness, that is, our species-
specific ability to learn and use languages (Murphy and Benitez-Burraco, 2016a). The
evolution of our language-readiness has been linked to changes in several genes involved in
brain and skull development occurred after our split from Neanderthals and Denisovans (see
Boeckx and Benitez-Burraco, 2014a, 2014b; Benitez-Burraco and Boeckx, 2015 for details).
Nonetheless, we expect that our cognitive phenotype was also modelled by changes occurred
later, which we have linked to our self-domestication (Benitez-Burraco et al., in press). The
idea of human beings as domesticated primates goes back to Darwin (1871). Recent
comparisons with extinct hominins have revealed that AMHs exhibit a number of
domesticated traits, including differences in the brain and the face, changes in dentition,
reduction of aggressiveness, and retention of juvenile characteristics (see Thomas, 2014 for
details). Many authors have argued that the relaxation of the selective pressures on our
species resulting from this process of self-domestication may have contributed to the creation
of the cultural niche that favoured the emergence of modern languages (Hare and Tomasello,
2005; Deacon, 2009; Thomas, 2014; among others). This niche provides humans with an
extended socialization window, enabling to receive a greater amount of linguistic stimuli, to
involve in enhanced and prolonged communication exchanges with other conspecifics, and to
experiment with language for a longer time. In particular, language complexity is expected to
increase in these comfortable conditions, as attested by domestic strains of songbirds, in
which domestication triggers variation and complexity in their songs (Takahasi and Okanoya,
2010; Kagawa et al., 2012). Importantly, this trend is supported by several linguistic studies
revealing positive correlations between aspects of linguistic complexity and aspects of social
complexity (Lupyan and Dale, 2010; Wray and Grace, 2007), or pointing out to the emergent
nature of core properties of human languages, resulting from cultural transmission (Benitez-
Burraco, 2016).

Several selectionists’ accounts of why humans became self-domesticated have been posited
over time, ranging from selection against aggression and towards social tolerance, to a
subproduct of mate-choices, to adaptation to the human-made environment (Thomas, 2014).
In our recent work we have hypothesised that it might be (also) a by-product of the changes
that brought about our more globular skull/brain and our language-readiness (Benitez-
Burraco et al., in press). The reason is that candidates for globularization and language-
readiness are found among (and interact with) the genes believed important for the
development and function of the neural crest (NC). And as noted by Wilikins et al (2014) the
set of traits observed in domestic mammals, ranging from changes in the craniofacial region,
the skin, the reproductive and vital cycles, and behaviour (the so-called ‘domestication
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syndrome”), may result from the hypofunction of the NC, in turn triggered by the selection
for tameness (see Sanchez-Villagra et al., 2016, for a recent account).

Building on this hypothesis, in our previous work we showed that the complex
pathophysiology of some human cognitive diseases affecting language can be, at least in part,
linked to an abnormal presentation of the “domestication syndrome”. Specifically, we
discussed how patients suffering from autism spectrum disorders (ASD) exhibit a plethora of
distinctive behavioural, neurological, and physical anomalies, including dysmorphic features,
that seem to be opposite as the “domestic” traits observed in typically-developing (TD)
individuals (Benitez-Burraco et al., 2016). Similarly to SZ, ASD is also characterised by
language deficits that can be linked to many of the changes occurred during our speciation
(see Benitez-Burraco and Murphy, 2016).

Interestingly, SZ and ASD have been hypothesised to be opposite poles in the continuum of
cognitive modes, encompassing also the TD one. Their opposed natures can be tracked from
brain structure and function to neurodevelopmental paths, to cognitive abilities (Crespi and
Bradcock, 2008). We have previously shown that SZ and ASD patients process language
differently, and exhibit distinctive oscillatory profiles when processing language (Murphy
and Benitez-Burraco, 2016b). In this paper we wish to explore the possibility that SZ patients
exhibit exacerbated, disease-specific signatures of the “domestication syndrome”. If we are
right, our hypothesis could pave the way towards exploring the aetiopathogenesis of SZ, and
related language impairment, under an original standpoint.

To this aim, this paper will first provide a general account of the domesticated traits found in
SZ patients. Thereafter, the SZ molecular aetiopathogenesis will be discussed, focusing on
candidate genes that play a role in both the development and function of the NC and in the
evolution of language-readiness. The functional role of these genes will be considered in the
light of the differential expression profiles observed in the SZ brain. We will conclude that
SZ can be construed as an aberrant ontogenetic itinerary for the human cognition, resulting in
part from changes in the expression profile of genes important for the domestication
syndrome, partially overlapping with NC-related genes, and for language-readiness.

2. Domestication featuresin the SZ clinical spectrum

Most of the features observed in the “domestication syndrome” described by Wilkins and
colleagues (2014) are found generally exacerbated in SZ individuals (Figure 1).
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Figure 1. Schizophrenia and the domestication syndrome. The diagram is meant to
symbolize the anomalous presentation of the “domestication syndrome” in people with
schizophrenia. Main features observed in domesticated mammals (Wilkins et al., 2014;
Sénchez-Villlagra, 2016) are shown in the upper box, while selected clinical findings from
the SZ spectrum, that may resemble «hyper-domesticated traits», are categorized below.
Pictures were gathered and modified from “Slide kit Servier Medical Art” (available at
WwWw.servier.com).

Physical anomalies

Minor dysmorphisms are typically featured in the craniofacial area of SZ patients. Indeed,
facial asymmetries, particularly those arising along the midfacial junctions (between
frontonasal and maxillary prominence derivatives), are reproducibly found in these patients
(Gourion et al., 2004; Deutsch et al., 2015). Additionally, ear shape abnormalities (including
adherent ear lobes, lower edges of the ears extending backward/upward, malformed ears,
asymmetrical ears, or cuspidal ears) are usually observed in SZ phenotypes (Yoshitsugu et
al., 2006; Akabaliev et al., 2011; Lin et al., 2012). Some of these features (like prominent
crux of helix and ear lobe crease, or primitive shape of the ear) are considered as
pathognomonic for SZ in the differential diagnosis of psychotic conditions (Trixler et al.,
2001; Praharaj et al., 2012). Anomalies in the mouth (e.g. decreased tooth size, abnormal
palate shape and size) are also commonly observed in schizophrenics (Ismail et al., 1998;
Rajchgot et al., 2009; Hajnal et al., 2016). Likewise, the odds of having a psychotic disorder
seem to be increased in people with shorter and wider palates (McGrath et al., 2002). Some
studies suggested a significant association between minor physical anomalies and the early
onset of the disease (Hata et al., 2003). More generally, the odds of having a psychotic
disorder seem to be increased in people with smaller lower-facial heights (glabella to
subnasal) (McGrath et al., 2002).
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In addition, patients suffering from psychotic disorders tend to feature a more brachycephalic
(i.e. shorter) skull (McGrath et al., 2002). Brachycephaly is a frequent skull shape found in
domesticated dog and cat breeds (Haworth et al., 2001). In humans, brachycephaly can be
due to the premature bilateral fusion of the coronal suture (Lattanzi et al., 2012).

Brain anomalies and dysfunctions

Metanalyses of structural neuroimaging studies in the SZ brain are indicative of a significant
reduction of total brain volume, which mostly affects to the hippocampus, the thalamus and
the cortex, most pronounced in the frontal and temporal lobes (Steen et al., 2006; Haijma et
al., 2013; Haukvik et al., 2013). This is seemingly due to the impairment of the surface
expansion of the cortex during brain growth, which impacts more on the left hemisphere and
results in a relative areal contraction of diverse functional networks (Palaniyappan et al.,
2011). Gray matter reduction in SZ is also associated with longer duration of illness and
reduced sensitivity to antipsychotic medications. Hence brain volume constraint in SZ is
better explained as a combination of early neurodevelopmental disturbance and disease
progression (Haijma et al., 2013). Metanalyses of longitudinal neuroimaging studies of the
schizophrenic brain further suggest that SZ entails a disorder-specific trajectory of
morphological change (compared to other similar conditions like bipolar disorder), which is
characterised by a progressive grey matter loss confined to fronto-temporal cortical regions
(De Peri et al., 2012; Liberg et al., 2016). Children with childhood onset SZ revels that SZ is
characterised by reduced cerebral volume and cortical thickness during childhood and
adolescence, which is levelled off in adulthood, as well as by deficits in local connectivity
and increased long-range connectivity (Baribeau and Anagnostou, 2013).

The reduction of brain volume is expected to impact cognitive and language abilities of
patients and to account for distinctive symptoms of the disease. Specifically, schizophrenic
patients with Formal Thought Disorders (FTDs) show clusters of volume reduction in the
medial frontal and orbitofrontal cortex bilaterally (related to poverty of content of speech),
and in two left-sided areas approximating to Broca's and Wernicke's areas (related to the
fluent disorganization component of FTD) (Sans-Sansa et al., 2013). Likewise, reduced brain
activity in the left pars triangularis of Broca’s area positively correlates with volume
reduction of this area (lwashiro et al., 2016). Interestingly, antipsychotic-naive patients show
more pronounced volume reductions in caudate nucleus and thalamus (Haijma et al., 2013),
which play a key role in language processing (Murphy, 2015). Finally, we wish highlight that
amygdala volume is usually reduced in schizophrenics (Li et al., 2015; Okada et al., 2016;
Rich et al., 2016).

Behavioural traits and neuroendocrine impair ment

Aggressive behaviour, being involved in the behavioural traits of the “domestication
syndrome”, is frequent in SZ, and paranoid belief may associate with it (Darrell-Berry et al.,
2016). Interestingly, no positive correlation seems to exist between physical aggression and
neuropsychological performance in patients (unless patient has attained severe impairment
that induces constant uncontrollable outbursts) (Lapierre et al., 1995).

SZ involves as well an impairment of social cognition. Oxytocin is a neuropeptide hormone
that, within a wide range of organic functions, is able to affect social interactions and
response to social stimuli at various levels (reviewed by Romano et al., 2016). Specifically it
has been recently argued to modulate the multimodality that characterizes our higher-order
linguistic abilities (Theofanopoulou, 2016). A positive correlation between the SZ

5


https://doi.org/10.1101/072751

bioRxiv preprint doi: https://doi.org/10.1101/072751; this version posted August 31, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

progression and oxytocin levels in the central nervous system has been observed (Beckmann
et al., 1985), which is plausibly explained by a decreased sensitivity to the hormone (Strauss
et al., 2015; Glovinsky et al., 1994; Sasayama et al., 2012). Treatment with oxytocin indeed
improves verbal memory learning tasks in SZ patients (Feifel et al., 2012), but also negative
symptoms of the disease (Feifel et al., 2010; Modabbernia et al., 2013; Gibson et al., 2014;
Davis et al., 2014).

The hypothalamus-pituitary axis (HPA) is also affected in SZ, with both hyper- and hypo-
function being described (Bradley and Dinan, 2010). Accordingly, heightened cortisol levels
are observed in patients with SZ, especially those who are not medicated (Walker et al.,
2008). At the same time Hempel et al., (2010) found that cortisol concentration in the plasma
of patients decreases more markedly during the day in SZ patients than in healthy controls,
and that the decrease of HPA axis sensitivity correlated with the severity of negative
symptoms. In male patients, diagnosed with first-episode SZ, higher afternoon cortisol levels
at the beginning of medical treatment are related to impaired memory performance (Havelka
et al., 2016). Girshkin et al., (2016) found that SZ patients do not show significant differences
in waking cortisol levels, in the cortisol awakening response, or in immediate post-cortisol
awakening control decline compared to controls. However, they found that they exhibit a
significant absence of the increase in cortisol responsivity to stress (Girshkin et al., 2016).
According to Ciufolini et al., (2014), SZ is characterised by an attenuated HPA axis response
to social stress: despite a normal cortisol production rate, schizophrenics have lower cortisol
levels than controls, both in anticipation and after exposure to social stress. HPA activity
increases around puberty, with a postpubertal rise in baseline cortisol secretion linked with
pubertal stage (Walker et al., 2001, Gunnar et al., 2009). has been suggested that delayed
adrenarche correlates with a higher risk for SZ (Saugstad 1989a, 1989b).

Other features

With regard to neoteny, it is noteworthy that SZ patients exhibit lower weight and reduced
head circumference at birth (Cannon et al., 2002), along with slow growth and small size in
childhood (Gunnell et al., 2003; Haukka et al., 2008).

Reproductive cycles are also affected in both male and female SZ patients. Delayed age at
puberty is associated with greater severity of negative SZ prodromal symptoms in males
(Ramanathan et al., 2015). In women higher negative symptom scores and greater functional
impairment correlate with later age of menarche (Hochman and Levine 2004). Nearly 50% of
women with SZ have irregular menses that are frequently associated to low levels of
oestradiol, although no differences in their neuropsychological status has been found
compared to patients with regular menses (Gleeson et al., 2016). There is ample evidence of
the protective effect of estradiol with respect to SZ, because it interacts with the
neurotransmitter systems implicated in the disease, and because it enhances cognition and
memory and reverses the symptoms (Gogos et al., 2015). Men with SZ have, indeed, lower
levels of testosterone than healthy individuals and an inverse correlation between serum
testosterone and negative symptoms of the disease has been described (Ramsey et al., 2013;
Sisek-Sprem et al., 2015). However, in more aggressive patients this correlation is not found
(Sisek-Sprem et al., 2015). Interestingly, circulating testosterone levels in schizophrenic
males predict performance on verbal memory, processing speed, and working memory
(Moore et al., 2013). Men with SZ show a less pronounced activation of the middle frontal
gyrus when inhibiting response to negative stimuli, and this response is inversely related to
testosterone level, contrary to what is observed in healthy controls (Vercammen et al., 2013).
Testosterone significantly affects brain development, particularly targeting the hypothalamus,
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the amygdala, and the hippocampus, and impacting on aspects of memory consolidation
(Filova et al., 2013).

Lastly, concerning changes in pigmentation, an association between SZ and albinism has
been occasionally reported (Clarke and Buckley, 1989). In turn, hyperpigmentation is
typically described as a side effect of neuroleptic drugs (namely, phenothiazines) used in SZ
treatment (Otreba et al., 2015). Interestingly, low serum vitamin D levels have been found in
SZ patients and they correlate with the severity of psychotic symptoms (Yiksel et al., 2014).
The molecular background for this link may rely on shared features of latitude-adaptation
observed in both SZ- and vitamin D-related genes, which suggest that SZ aetiopathogenesis
may encounter latitude dependent adaptive changes in vitamin D metabolism (Amato et al.,
2010).

As noted in section 1, the constellation of symptoms that characterize the “domestication
syndrome” might result as the unselected by-product of a reduce input in NC cells (Wilkins et
al., 2014). Phenotypes of human neurocristopathies include features that have been described
in domesticated mammals (Sanchez-Villagra et al., 2016). Interestingly, well-defined
neurocristopathies, namely, velocardiofacial (OMIM#192430) and Di George
(OMIM#188400) syndromes, involve schizophrenic features (Mglsted et al., 2010; Zhang et
al., 2014; Escot et al., 2016). Likewise, given the NC derivation of most craniofacial
structures, craniofacial abnormalities observed in SZ are believed to result from disturbances
in the neuroectoderm development, hence representing putative external biomarkers of
atypical brain growth (Comptom et al., 2007; Aksoy-Poyraz et al., 2011), and suggesting an
additional connection between SZ and domestication, at the level of NC functional
implication. Additionally, we wish note that frontal bone derives from the NC, and coronal
sutures represent the boundary between NC- and paraxial mesoderm-derived structures in the
skull primordium. Indeed, selected genes involved in both human and animal brachycephalic
conditions are related to the NC (Haworth et al., 2001; Lattanzi, 2016). Finally, as we will
show in in the next section many SZ candidate genes affect the development and function of
the NC. Overall, these disparate lines of evidence suggest that the schizophrenic phenotype
might result in part from a dysfunction of the NC and provides additional support to the view
of SZ as a “hyperdomesticated” condition.

3. Schizophrenia and the genetics of the “ domestication syndrome”

In order to delve into the molecular background of our hypothesis, we first assessed whether
genes that are somehow associated to SZ are overrepresented among, or are functionally
related to, candidates for domestication (with a particular emphasis on language disabilities).
An extended and up-to-date list of SZ-candidate genes has been gathered through literature
mining and database search. The list includes genes bearing pathogenic SNPs, genes found
mutated in familial forms of the disease, genes resulting from candidate gene approaches and
functional studies, and particularly, genes resulting from GWA and CNV/exome sequencing
studies. Regarding candidates for domestication, we have implemented an enlarged list of
candidates which includes 1. the core set of genes proposed by Wilkins et al (2014); 2. the
subset of genes important for the human skull globularization and the emergence of
language-readiness that are related to NC development and function (according to Benitez-
Burraco et al., in press); and 3. NC-related genes known to play a key role in craniofacial
development and related disorders. The reasons for including this third group of genes are
that, as noted above, domestication significantly affects the cranial region and that
schizophrenics show differences with healthy controls regarding the skull, the face, and the
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brain, but also that SZ entails oromotor problems (Rapin et al., 2013; Schiffman et al., 2016).
Overall, our selection is based on a candidate gene approach driven by the clinical, somatic,
and cognitive features that connect SZ with the “domestication syndrome”, widely discussed
in previous sections. Table 1 provides the entire list of candidate genes considered in this

section.
Z
n . . Lan . .
sg(/;rﬁbil Gene name Domestication® r:a(%%ageb NCC® Craniofacial’ Candidate® Differentially
f
expressed
Aristaless-like homeobox
ALX1 protein 1 + +
Aristaless-like homeobox
ALX3 protein 3 + +
Aristaless-like homeobox
ALX4 protein 4 + +
AXIN2  Axin2 + + +
Bromodomain adjacent to zinc
BAZ1B finger domain 1B + +
BMP2 Bone morphogenetic protein 2 + + + +
BMP7 Bone morphogenetic protein 7 + + +
CDC42 Cell division cycle 42 + + + +
Chromodomain helicase DNA
CHD7 binding protein 7 + +
Cbp/p300 interacting
CITED2 transactivator with Glu/Asp + + +
rich carboxy-terminal domain 2
CTNNB1  CateninBeta 1l + + + +
DLX1 Distal-less homeobox 1 + + + +
DLX2 Distal-less homeobox 2 + + +
DLX5 Distal-less homeobox 5 + + + + +
DLX6 Distal-less homeobox 6 + + + + +
EDN1 Endothelin 1 + + +
EDN3 Endothelin 3 + + +
EDNRA Endothelin receptor type A + + +
EDNRB Endothelin receptor type B + + +
ERF ETS2 repressor factor + +
FGF7 Fibroblast growth factor 7 + + +
FGF8 Fibroblast growth factor 8 + + + +
Fibroblast growth factor
FGFR1 receptor 1 + + + +
Fibroblast growth factor
FGFR2 receptor 2 + + + +
FOXD3 Forkhead box D3 + + + +
FOXP2 Forkhead box P2 + + +
FRASL related extracellular
FREM1 matrix 1 + +
Glial-derived neurotrophic
GDNF factor + + + +
GLI3 GLI family zinc finger 3 + + +
Grainyhead like transcription
GRHL3 factor 3 +
GSC Goosecoid homeobox + +
hes family bHLH transcription
HES1 factor 1 + + +
HOXA2 Homeobox A2 + +
Hematopoietic SH2 domain
HSH2D containing +
KIT KIT proto-oncogene receptor + + +

tyrosine kinase
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Mago homolog, exon junction
MAGOH complex core component +

Microphthalmia-associated
MITF transcription factor + +
MSX1 Msh homeobox 1 + + + +
MSX2 Msh homeobox 2 + +
NCAM1 ll\leural cell adhesion molecule + +

Nodal growth differentiation
NODAL factor +
NOG Noggin + + +
NTN1 Netrin 1 + +
PAX3 Paired box 3 + + + +
PAX6 Paired box 6 + + +
PAX7 Paired box 7 + +
POLR1A Polymerase (RNA) | subunit A + +
POU3F2 POU class 3 homeobox 2 + + +
PQBP1 Eolyglutamlne binding protein + +
PTCH1 Patched 1 + + +
RET Ret proto-oncogene + + + +
ROBO1 ?oundabout guidance receptor + + +
ROBO2 ?oundabout guidance receptor + + +

Runt related transcription
RUNX2 factor 2 + + + +

Special AT-rich sequence
SATB2 binding- homeobox 2 + +
SHH Sonic hedgehog + + + + +
SI X2 Sine oculis-related homeobox 2 + + +
SLIT1 Slit guidance ligand 1 + + +
SLIT2 Slit guidance ligand 2 + + +
SOX?2 gex determining region Y-box + + +
SOX9 Sex determining region Y-box + + + + +
SOX10 fgx determining region Y-box + +

Sperm antigen with calponin
SPECCI1L  homology and coiled-coil + +

domains 1-like
TCF12 Trascription factor 12 + +

Treacle ribosome biogenesis
TCOF1 factor 1 + +
VCAN Versican + + +

Zinc finger protein family
ZICl member 1 + + +

Table 1. Putative candidate genes for domestication and (language deficits in)
schizophrenia.

a. The gene is a candidate for the “domestication syndrome” according to Wilkins et al.,
(2014). b. The gene is highlighted as a candidate for globularization of the AMH skull/brain
and the emergence of language-readiness according to Boeckx and Benitez-Burraco 2014a,b
and Benitez-Burraco and Boeckx 2015. c¢. The gene is involved in neural crest (NC)
development and function as resulting from PubMed search. d. The gene is involved in
craniofacial development and/or is found mutated in craniofacial syndromes (idem). e. The
gene is a candidate for SZ (idem). f. The gene is differentially expressed in post-mortem
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brain tissues (cerebellum, temporal cortex, or frontal cortex) of SZ-versus-control individuals
(see text for details).

We found out that nearly 30% (20 out of 67) of the genes in the extended list of candidates
for domestication (Table 1) have been documented to play some role in the aetiopathogenesis
of SZ. This could suggest that SZ-genes are overrepresented among domestication-associated
and -related genes, given that only about 5% of human genes have been associated with the
disease (1000 out of 20000 protein-coding genes; source: Schizophrenia Gene repository,
WWW.Szgene.org).

If our hypothesis is on the right track, we further expected that the genes listed in Table 1 are
dysregulated in the brain of SZ patients, particularly in regions that are known to be involved
in language processing. Accordingly, we surveyed the Gene Expression Omnibus (GEO)
repository  (https://www.ncbi.nlm.nih.gov/gds) searching for gene expression datasets
obtained from microarray analyses performed in the cerebellum, the temporal cortex, and the
frontal cortex of SZ subjects (additional details are provided in Supplemental File 1). We
expected that this approach could help identifying new potential candidates for the disease,
by providing the proof for genomic loci housing quantitative traits targeting the nervous
tissue. Results are summarized in Table 1. Overall, we found significant differential
expression values for selected genes, namely:

AXIN2, CDC42, CITED2, CTNNB1, DLX1, DLX5, DLX6, EDN3, FOXP2, KIT, NOG,
PQBP1, and ROBO2 are downregulated in the striatum of patients with SZ compared to
healthy controls, whereas FGFR1, GDNF, POLR1A, SHH, and SOX9 are upregulated in
them; EDN1, FOXD3, FOXP2, MITF, ROBO2, and SX2, are downregulated, while BMP2,
DLX2, FGF8, and VCAN are upregulated, in the cerebellum of schizophrenics compared with
controls; CTNNB1, DLX1, HES1, and PTCH1 are upregulated, while EDN1 is
downregulated, in the SZ frontal cortex compared with controls; AXIN2, CDC42, CITED2,
CTNNB1, EDN3, EDNRA, FOXD3, NOG, PAX7, POU3F2, ROBO2, SLIT1, and SLIT2 are
downregulated in the prefrontal cortex of SZ patients, whereas BMP7, EDNRB, FGFR1,
FGFR2, HESL, MSX1, PAX6, RET, RUNX2, SOX2, SOX9, VCAN, and ZIC1 are upregulated;
FGF7 and RUNX2 are upregulated, whereas EDN3 and PAX3 are downregulated in the
temporal cortices of SZ-versus-controls; finally, BMP7, EDN1, EDNRB, GLI3, SOX2, SOX9
are upregulated in the temporal cortex of schizophrenics, whereas EDN3, EDNRA, and
NODAL are downregulated (Figure 2). Therefore, following this quantitative approach, the
number of SZ-related genes sharing functionally overlapping features with the domestications
candidates rises nearly 75% (49 out of 67). The detailed biological interpretation and
functional profiling of the genes related to SZ within the entire list, is provided in
Supplemental file 2.
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Figure 2. Expression profiles of candidate genes in the schizophrenic brain. Data were
gathered from microarray expression datasets available on the GEO datasets: GSE4036
(Perrone-Bizzozero et al., unpublished) for the cerebellum, GSE53987 (Lanz et al.,
unpublished) for the striatum, GSE62191 (De Beaumont et al., unpublished) for the frontal
cortex, GSE53987 (Lanz et al., unpublished) for the prefrontal cortex, GSE21935 (Barnes et
al., 2011) for the temporal cortex, and GSE35977 (Chen et al., 2013) for the parietal cortex.
Data are shown as log transformation of fold changes (logFC) between patients and
corresponding controls. Only genes showing statistically significant (p<0.05) differential
expression were considered. Additional details may be found in Supplemental file 1.
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We expected that the genes we highlight here as candidates for domestication and SZ (see
Table 1) are functionally interconnected and map on to specific signaling cascades,
regulatory pathways, or aspects of brain development and function, of interest for SZ
aetiopathogenesis and specifically, for language deficits in this condition. Accordingly, String
10 (www.string-db.org) predicted quite robust links between most of these genes (Figure 3).
The functional enrichment of the gene list, based on gene ontology (GO) annotations, pointed
out that most of the genes act in signaling pathways known to be impaired in SZ and might
play biological functions that are affected in this condition (see GO annotation table in Figure
3). Noticeably, the top-scoring functional categories, resulting from the functional
annotations, include developmental processes of both mesenchymal- and ectodermal-derived
structures. Among the molecular function GO categories, transcription regulation hits as the
most relevant; indeed many of the genes listed in Table 1 (and discussed in Supplemental File
2) encode transcription factors and epigenetic modulators, that on their turn modulate the
expression of genes with pleiotropic role in development and language processing. Finally,
considering the cellular localization of the proteins, most of them appear to localize inside the
nucleus, within the chromatin, or across the transmembrane region, confirming their role as
regulators of transcription and signal transduction.

X

BT patveay descripton Count in gene st FoR

pathway IO iy description Eount in gene et FoR

Figure 3. Gene interaction network. The diagram shows the network of known and
predicted interactions among genes proposed as candidates for domestication and SZ (genes
with positive tags in the last two right-sided columns in Table 1). The network was drawn
using String (version 10.0; Szklarczyk et al., 2015)) license-free software (http://string-
db.org/). Colored nodes symbolize gene/proteins included in the query; small nodes are for
proteins with unknown 3D structure while large nodes are for those with known structures.
The color of the edges represent different kind of known protein-protein associations. Green:
activation, red: inhibition, dark blue: binding, light blue: phenotype, dark purple: catalysis,
light purple: posttranslational modification, black: reaction, yellow: transcriptional
regulation. Edges ending in an arrow symbolize positive effects, edges ending in a bar
symbolize negative effects, whereas edges ending in a circle symbolize unspecified effects.
Grey edges symbolize predicted links based on literature search ((co-mention in PubMed
abstracts). Stronger associations between proteins are represented by thicker lines. The
medium confidence value was .0400 (a 40% probability that a predicted link exists between
two enzymes in the same metabolic map in the KEGG database:
http://www.genome.jp/kegg/pathway.html). The diagram only represents the potential

12


https://doi.org/10.1101/072751

bioRxiv preprint doi: https://doi.org/10.1101/072751; this version posted August 31, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

connectivity between the involved proteins, which has to be mapped onto particular
biochemical networks, signaling pathways, cellular properties, aspects of neuronal function,
or cell-types of interest. Functional enrichment of the entire gene set, according to Gene
Ontology (GO) consortium annotations, was performed using String algorithm for gene
network analysis; the output is provided in the table on the right. FDR: false-discovery rate,
obtained after Bonfferoni correction. A FDR cutoff of 0.05 was set to select significant
functions. For the “biological process” and “molecular function” annotations, only the top ten
scoring categories are displayed.

4. Schizophrenia and the evolution of human cognition

Different line of evidence supports the view that SZ may be a by-product of the brain changes
that resulted in modern cognition. In this paper we have focused on language deficits in SZ,
because human cognition boils down to our improved faculty of language (see Boeckx and
Benitez-Burraco 2014a for discussion), and because, as noted in section 1, the major positive
symptoms of SZ can be reduced to an abnormal linguistic computation (Hinzen and Rosell6
2015). As with other features of the disease, language impairment in SZ has been
hypothesised to be linked to the evolution of the human faculty for language. Specifically, the
mirror system, which has been claimed to provide the evolutionary scaffolding for imitation
abilities involved in language acquisition, seems to be dysfunctional in schizophrenics,
because they are unable to attribute the generation of an action to themselves (Arbib and
Mundhenk 2005). Likewise, Crow (1997, 2008) has claimed that SZ represents an extreme of
evolutionary variation of hemispheric specialisation which is also important for speech and
language processing. In our previous work we showed that candidates for SZ are
overrepresented among the genes believed to be involved in the evolution of our language-
readiness (Murphy and Benitez-Burraco 2016a). In this paper we have focused on
socialization, a crucial step in the achievement of many cognitive abilities that are a signature
of the human condition, particularly language. Specifically, we have considered new accounts
of human cognitive evolution that focus on the emergence of the cognitive niche that allowed
modern language to develop, which some authors have linked to the self-domestication of the
human species.

As we have shown in the paper, to some extent traits related to domestication are found
exacerbated in people with SZ. Likewise, genes that are important for domestication and for
the evolution of our language readiness are enriched in SZ candidates. And many of them
show abnormal expression patterns in the brains of schizophrenics. As we showed in our
previous work on this issue, many features of the domesticated phenotype are found
attenuated in specular conditions to SZ like ASD, from morphology to physiology to
behaviour (see Benitez-Burraco et al., 2016 for details). Likewise, many ASD candidates are
also involved in the “domestication syndrome” and in language function: they show altered
expression profiles in the brain of autists and some of them exhibit the same expression
profile in people with ASD and chimps, and an opposite profile to healthy subjects, in brain
areas involved in language processing (Benitez-Burraco et al., 2016).

We have examined the expression profile in the same areas of the chimp brain and the brain
of people with ASD of those of our SZ candidates that we have found dysregulated in the
brain of schizophrenics. Unfortunately, we couldn’t obtain enough significant data from the
gene expression datasets and no coherent pattern emerged (results not shown). Nonetheless, if
our hypothesis turns to be on the right track and SZ can be really construed as a
hyperdomesticated phenotype, we expect that in healthy controls the genes we have
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highlighted in this paper show expression patterns that are somehow in-between the patterns
found in schizophrenics and in wild primates and in people with ASD.

5. Conclusions

Taken together, the data discussed in this paper may provide original hints towards the
clarification of some aspect of SZ aetiopathogenesis, balancing genetic, epigenetic and
environmental factors, and merging development and evolution. Specifically, the putative
involvement of the NC in the aetiopathogenesis of the disease emerges as a promising avenue
for future research on this condition. In addition, the proposed approach may help to
disentangle the evolutionary history of the human faculty of language, supporting the view
that changes in the social context linked to self-domestication contributed decisively to the
emergence of modern language and present-day complex languages.
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