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Language evolution resulted from changes in our biology, behavior, and culture. One source of these changes might be human self-domestication. Williams syndrome (WS) is a clinical condition with a clearly defined genetic basis which results in a distinctive behavioral and cognitive profile, including enhanced sociability. In this paper we show evidence that the WS phenotype can be satisfactorily construed as a hyper-domesticated human phenotype, plausibly resulting from the effect of the WS hemideletion on selected candidates for domestication and neural crest (NC) function. Specifically, we show that genes involved in animal domestication and NC development and function are significantly dysregulated in the blood of subjects with WS. We also discuss the consequences of this link between domestication and WS for our current understanding of language evolution.
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INTRODUCTION

The evolution of modern language seemingly resulted from multiple changes in the body, the cognitive abilities, and the behavior of our ancestors. No single event can account for such a complex process. Being able to learn and use a language depends on having a brain that is language-ready, that is, which is endowed with specific cognitive abilities that, although rooted in animal cognition, have been improved in our clade as a result of species-specific brain rewiring. At the same time, this ability also depends on living in a particular cultural environment, which has also contributed to the reshaping of the nature of the languages to be acquired and used, as language adapts itself according to the method of transmission (Kirby et al., 2014, 2015, Kirby, 2017). We have good accounts of the genetic and epigenetic changes which occurred after our split from Neanderthals that plausibly account for the emergence of important aspects of our language-readiness (see Boeckx and Benítez-Burraco, 2014a,b and Benítez-Burraco and Boeckx, 2015 for review). We certainly lack confident translations of these changes to the sort of cognitive abilities that are needed for acquiring and mastering a language (but see Murphy and Benítez-Burraco, 2018a,b for some accounts). Regarding the cultural niche that enables (and fosters) language complexity and the acquisition of language by the child, different hypotheses have been launched about its nature and origins. A recent, promising view is that human self-domestication favored the creation of the niche that allowed us to fully exploit the cognitive potential of our language-ready brain, enabling us to learn and accommodate more complex linguistic structures and ultimately, increasing language complexity via a cultural process (Thomas, 2014; Benítez-Burraco et al., 2016; Benítez-Burraco and Kempe, 2018; Thomas and Kirby, 2018).

Since ancient times, it has been observed that humans have much more in common with domesticated animals than with their wild counterparts. Although domestication usually involves selection for tameness, it results in a distinctive set of common features affecting the body and behavior, dubbed ‘the domestication syndrome’ (DS), including floppy ears, shorter muzzles/noses, smaller teeth, smaller jaws, increased docility, earlier sexual maturation and more frequent estrous cycles, reduced sexual dimorphism, neoteny (retention of juvenile characteristics into adulthood), and smaller brains and reduced cranial capacity (Wilkins et al., 2014). These traits are not always present in all domesticated animals, but there are enough incidences of them in enough species to cause us to believe that they are connected to domestication in some way. According to Fitch (2012) and Wilkins et al. (2014), the co-occurrence of these traits results from the hypofunction of the neural crest (NC), which contains stem cells that migrate throughout the body to form the skull and tooth precursors, sympathetic ganglia, adrenal medulla, and other areas of developing vertebrates. Specifically, selection against aggression might cause a sort of “mild neurocristopathy,” inhibiting the proliferation of the neural crest cells (NCCs) at the final sites as a result of changes in cell migration. At the same time, the analysis of the behavioral changes brought about by domestication (but also of their genetic signature) is hindered by the circumstance that many different species, at different moments. As a consequence, some features of domestication are absent in some of them, which leads to difficulties in positing a set of core traits assiciated with domestication. Additionally, the pace of domestication seemingly differs from one species to another, ranging from quick domestication events, like in the silver foxes experiment by Belyaev and colleagues (Belyaev, 1969; Trut, 1999), to the prolonged self-domestication experienced by the human species. This circumstance also complicates the comparisons across species.

All in all, when one looks at anatomically-modern humans (AMHs) in comparison to our primate relatives, but also extinct hominins like Neanderthals, we exhibit reduced cranial robusticity, reduced brain size, reduced tooth size, juvenile cranial shape retained in adulthood, reduced sexual dimorphism, and differences in temperament resulting in less aggressive behaviors (Shea, 1989; Leach, 2003; Somel et al., 2009; Zollikofer and Ponce de León, 2010; Herrmann et al., 2011; Plavcan, 2012; Márquez et al., 2014; Fukase et al., 2015; Stringer, 2016; Thomas and Kirby, 2018), in ways that parallel animal domesticates as compared to their wild conspecifics. Recent genetic research shows that regions under positive selection in AMHs compared to extinct hominins are enriched in candidate genes for domestication in mammals (Theofanopoulou et al., 2017). Morphological signatures of domestication seem to have intensified from 50.000 years ago onward (Bednarik, 2014). Of course, humans were not domesticated in the same sense that other domestic animals were. Instead, we are a self-domesticated species, like some other primate species, particularly bonobos, which also exhibit, compared chimpanzees, many traits of a domesticated phenotype (Cramer, 1977; McHenry, 1984; Shea, 1989; Pilbrow, 2006). Similarly to AMHs, many of the genetic differences found in bonobos compared to chimpanzees concern genes that are related to domestication in other species (Pennisi, 2011). With no external controlling factor triggering the domestication process, it seems that human self -domestication was mostly due to selection against aggression, when humans started to sexually select for non-threatening, less emotionally reactive partners, as a result of the rise of community living, co-parenting and other social factors (Belyaev, 1969; Trut, 1999; Hare et al., 2012; Thomas, 2014; Wilkins et al., 2014). As discussed by Benítez-Burraco and Kempe (2018), the less aggressive behavior associated with self-domestication might have facilitated enhanced intergroup contacts and enhanced learning and teaching behaviors (also favored by the extended juvenile period resulting from self-domestication) that ultimately afforded richer linguistic interactions and ensured mastery (and the creation) of increasingly more complex languages. Eventually, we cannot rule out the possibility that learning more complex language systems had a feedback effect on our cognitive architecture, resulting in the creation of “cognitive gadgets” (Clarke and Heyes, 2017). Importantly, candidates for domestication are related (and partially overlap) with candidates for language readiness (Benítez-Burraco et al., 2016), suggesting that self-domestication might have affected the development and the evolution of our typical brain hardware as well, specifically, our distinctive pattern of brain connectivity and our cognitive abilities, resulting in our language-readiness.

Perhaps not surprisingly, cognitive conditions entailing problems with socialization and language, like schizophrenia (SZ) or autism spectrum disorders (ASD), exhibit an abnormal presentation of traits associated with (self-)domestication; moreover, genes involved in domestication and NC development and function are overrepresented among the candidates for these conditions and/or exhibit altered expression profiles in the brain of affected people (Benítez-Burraco et al., 2016, 2017). This suggests that a deep relationship might exist between cognitive disease, self-domestication, and language evolution. In this paper we explore the links between another cognitive disorder, namely Williams syndrome (WS), human-self-domestication and language (evolution). The physical, behavioral, and cognitive profile of WS shares many important parallels to the DS and contrary to SZ and ASD, its genetic causes are neatly delineated. WS results from a hemizygous deletion of nearly 30 genes on chromosome 7 (Korenberg et al., 2008). Individuals with WS are typically known to be hyper social: they are generally not wary of strangers and are intensely friendly, sometimes overly so (Galaburda et al., 2002). Although WS is thought of as a mental retardation syndrome (Galaburda et al., 2002), people with this condition display an intriguing cognitive profile. Whereas spatial cognition is severely impaired, they excel in musical abilities (Reilly et al., 1990; Udwin and Yule, 1991; Bellugi et al., 1999; Levitin et al., 2005), and outperform subjects with other developmental disorders in language tasks (Karmiloff-Smith and Mills, 2006; Karmiloff-Smith, 2008). Although fine-grained analyses suggest that most components of their language are delayed or impaired (see Karmiloff-Smith and Mills, 2006; Mervis and Becerra, 2007; Martens et al., 2008 for review), their language abilities generally improve with age as a result of compensatory mechanisms, like an increased role of working memory in language processing (Karmiloff-Smith, 1998; Mervis and Becerra, 2007). As we will show in the paper, many of the genes located within the chromosomal region deleted in WS are functionally connected to candidate genes for domestication and NC development and function; in turn, several candidates for domestication and the NC are dysregulated in the blood of subjects with WS. Interestingly, duplications of the WS critical region result in severe speech deficit and oppositional disorder (Morris et al., 2015). Importantly, Korenberg et al. (2000) have identified the WS region as a hotspot in primate evolution, suggesting that it might have played a part in the evolution of human cognition.

Overall, we expect that delving into these links will help us to gain a better understanding of the etiology of WS, but also of the effect of self-domestication in the evolution of our cognitive architecture and the cultural niche that enabled language to evolve, and become more complex. The paper is structured as follows. First, we provide a detailed account of features of domestication in WS, with a focus on physical, cognitive, and behavioral traits. Second, we discuss the role of the genes deleted in WS in NC function, and more generally, in domestication, with a focus on our language-readiness. We examine as well the role of candidates for domestication and NC function found to be dysregulated in the blood of patients with the condition, also with a focus on our mode of cognition and our language abilities. Finally, we discuss the utility (and the limitations) of WS as a model for aspects of language evolution in our species, particularly for the effect of self-domestication. We will conclude that WS (and language deficits in WS) can be viewed as an abnormal ontogenetic itinerary for human cognition (and more specifically, for our faculty of language), resulting in part from changes in genes involved in domestication and NC functioning, and that the etiology of this condition can illuminate aspects of the evolution of language if properly compared with other cognitive disorders.

DOMESTIC FEATURES IN WS

As noted above, when reviewing the distinctive symptoms of WS, a striking pattern emerges: people with the syndrome seem to exhibit more exaggerated domesticated features than typically developing people, not only in outward physical features, but also related to brain structures and networks, behavior, cognition, and the underlying physiological and biochemical systems that influence them (Figure 1). This gives support for the hypothesis that WS can be seen as a “hyper-domesticated” phenotype in humans. Below we review the parallels between WS and the DS in more detail.
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FIGURE 1. WS and the DS. Most of the clinical features observed in subjects with WS parallels the set of traits found in domesticated strains of animals. The picture of the child was gathered from Iconfinder output (available at http://www.iconfinder.com/icons/525448/boy_child_kid_male_man_person_white_icon).



Physical Anomalies

People with WS exhibit a distinctive “elfin face,” resulting from a short philtrum, pointy ears with longer and narrower conchae, shorter noses with a nose bridge that is flatter than normal, wide mouth, and wideset eyes (Hovis and Butler, 1997; Pober, 2003; Tarjan et al., 2003; Morris, 2010; Poornima et al., 2012). Part of the “elfin” look also results from smaller and retrusive jaws (Axelsson, 2005), which are maintained into adulthood and which resemble the smaller upper jaws observed in domesticated foxes and dogs (Coppinger and Schneider, 1995). As noted by Etchevers et al. (1999) and by Creuzet et al. (2006), jaw size is related to NCCs input. Likewise, numerous studies have observed irregular dentition in WS. In general, the teeth are consistently smaller, shorter, and more widely spaced (Hertzberg et al., 1994; Axelsson, 2005; Moskovitz et al., 2005; Poornima et al., 2012; Maurino et al., 2017). It is also common for individuals with WS to have abnormally small roots, abnormally shaped incisors and molars, and a high number of missing teeth (Tarjan et al., 2003).

Cognition and the Brain

Visuospatial Cognition

One important parallel between WS and DS concerns visuospatial abilities, which are reported to be severely impaired in WS (Bellugi and Wang, 1994; Meyer-Lindenberg et al., 2004; Mobbs et al., 2007; Atkinson and Braddick, 2011; Haas and Reiss, 2012). Usually, people with WS experience problems with seeing the ‘big picture’ made out of smaller components, like a triangle composed of circles (Wang et al., 1995). Interestingly enough, the ability to recognize unfamiliar faces is spared (Bellugi et al., 1992). These deficits have been attributed to the altered size and connectivity of the ventral and dorsal visual processing streams (Meyer-Lindenberg et al., 2004; Mobbs et al., 2007; Atkinson and Braddick, 2011; Key and Dykens, 2011; Haas and Reiss, 2012). Compared to chimpanzees, bonobos also have reduced visual connectivity in certain brain regions, including parts of both the ventral and dorsal visual streams (Rilling et al., 2012). According to Rilling et al. (2012), these differences might also explain why chimpanzees are superior to bonobos in tasks requiring use of tools (van Schaik et al., 1999; Hohmann and Fruth, 2003; Herrmann et al., 2010). Typically, the neurodevelopmental profile of subjects with WS is characterized by difficulties with tool use (see Morris, 2010 for review).

Social Cognition

Domesticated animals (dogs vs. wolves, domestic vs. wild foxes, and bonobos vs. chimpanzees) show more attentiveness and sensitivity to human social cues (Hare, 2017). These cues are usually eye or facial movements or gestures. Moreover, they outperform their wild conspecifics only as far as social situations are concerned, but not in general cognition abilities; that is, when cues to problem solving are presented in the form of social interaction (gaze cues, gestures, commands), the more domesticated animals perform better than their wild counterparts, but when the cues are given without social interaction, this advantage disappears (Hare et al., 2002; Hare and Tomasello, 2005; Wobber and Hare, 2009; Lampe et al., 2017). This circumstance lead Hare et al. (2002) to speculate that the process of domestication might create selective pressures for certain social cognition skills only, especially those related to gaze attention, which enable domesticated animals to better communicate with humans. Interestingly, individuals with WS excel in following an experimenter’s gaze to the correct target, although they underperform in the subsequent tasks because they remain fixated on the face and eyes of the experimenter (Riby et al., 2013).

Spatial Cognition

Some differences with the neurotypical population can be observed regarding spatial memory, which is more allocentric and less egocentric in people with WS (for instance, they rely more heavily on landmarks when learning a route and retracing it) (Broadbent et al., 2015). According to Broadbent et al. (2015), this could result from the atrophy of certain brain regions, particularly, the hippocampus, a brain structure involved in episodic memory, cognition, spatial navigation, and stress responsiveness (Meyer-Lindenberg et al., 2005a), a phenomenon which is also observed in many domesticates, as reviewed in more depth below.

Brain Volume and Brain Regionalization

Individuals with WS have a smaller cranial capacity, and therefore smaller brain volumes compared to controls (Jernigan and Bellugi, 1990; Schmitt et al., 2001a; Reiss et al., 2004; Thompson et al., 2005 Meyer-Lindenberg et al., 2006; Jackowski et al., 2009). This reduction can be broken down into a 15–21% reduction of white matter and a 6–8% reduction of gray matter, which is significant in all lobes (Thompson et al., 2005), with increased cortical thickness in the perisylvian cortex, the superior temporal sulcus, posterior and lateral occipital and inferior occipital temporal regions, and the fusiform area (Thompson et al., 2005). Overall, the WS brain is regionalized differently, and shows altered connectivity almost throughout (Jernigan and Bellugi, 1990), but particularly, regarding white matter pathways associated with social cognition (Haas et al., 2014a). Domestication also entails significant changes in brain structure and function. Domestic animals typically exhibit smaller brains (Kruska, 1988, 2005) that tend to reorganize adaptively in response to the domestic environment. Phylogenetically younger parts of the brain (particularly the forebrain) are more reduced in size under the influence of domestication (Kruska, 1988). Overall, some of the brain areas that seem to be directly related to the cognitive/behavioral phenotype of WS show differences in size, volume and/or structure with the neurotypical population, while others display altered patterns of connectivity. Still others exhibit altered function or altered neurohormone production. In most cases, these are regions that also exhibit structural and/or functional differences between domesticated and wild animals, and/or that are wired differently in both groups. Some parallels of interest for language (in connection to domestication) involve the thalamus, the basal ganglia, parts of the cortex (like the Sylvian fissure) and the limbic system, which we review below.

The Thalamus

In people with WS the thalamus is disproportionately reduced (Reiss et al., 2000; Schmitt et al., 2001b; Tomaiuolo et al., 2002; Meyer-Lindenberg et al., 2004). Chiang et al. (2007) and Campbell et al. (2009) found distinct gray matter reduction in the posterior thalamus that might account for their visuospatial deficits, whereas Eckert et al. (2005) suggested that the number of white matter fibers connecting the superior parietal lobule and the posterior thalamus is reduced in subjects with WS. These differences between WS people and the neurotypical population resemble the differences found between chimpanzees and bonobos, given that the latter exhibit a less expansive thalamus, as well as a pronounced decrease of white matter in the medial thalamus (Rilling et al., 2012). As highlighted by Boeckx and Benitez-Burraco (2014a), changes in the thalamus account for crucial aspects of our more globular brain and for our language-readiness. Specifically, Chomsky’s famous ‘Merge’ function, the operation that makes language possible by combining basic linguistic units (Chomsky, 1995), could result from high frequency (e.g., gamma) oscillations being embedded in lower frequency oscillations generated in the thalamus. Significantly, contrary to first reports on this condition, syntax is not spared in WS, but delayed or perhaps impaired across diverse domains (subcategory constraints, passives, Wh-questions, agreement, etc.) (see Karmiloff-Smith and Mills, 2006; Mervis and Becerra, 2007; Karmiloff-Smith, 2008; Martens et al., 2008; for review and discussion).

The Striatum

The basal ganglia control many cognitive and emotional functions in humans, including language (Booth et al., 2007; Kotz et al., 2009; Viñas-Guasch and Wu, 2017). Domesticated rats exhibit size reductions of the striatal area (Kruska and Schott, 1977). Likewise, people with WS exhibit decreased volume of the basal ganglia (see Jernigan et al., 1993; Bellugi et al., 1999; Reiss et al., 2000; Campbell et al., 2009), as well as decreased white matter in this area, at least in children (Chiang et al., 2007).

The Cortex

The Sylvian fissure has been hypothesized to be partially responsible for the hyper sensitivity that people with WS have to auditory stimuli (Eckert et al., 2006). Many authors (e.g., Kippenhan et al., 2005; Eckert et al., 2006; Gaser et al., 2006; Van Essen et al., 2006; Fan et al., 2017) have reported instances of abnormal gyrification in the Sylvian fissure of subjects with the syndrome. Eckert et al. (2006) found evidence that this atypical Sylvian fissure patterning is associated with the size of the planum temporal, a specific area proximal to the Sylvian fissure which has been related to musicality and perfect pitch in musicians (Hickok et al., 1995). This could explain in part the musical affinity that individuals with WS exhibit. This is a compelling area for research also in terms of their linguistic skills, since Keenan et al. (2001) found that the planum temporal might be a source of linguistic prowess in people with this condition. The depth, position, and shape of the Sylvian fissure has not been explored fully in comparisons between wild and domestic animals, although Schmidt (2014) found that domesticated pigs show a very pronounced, deep Sylvian fissure compared to wild boars. However, this varies greatly in other domesticates such as sheep, horses, or even mink. Likewise, in a study comparing domestic pigeons and their wild counterparts, the rock doves, Rehkämper et al. (2008) found that the nidopallium was smaller in domesticates. The nidopallium, which is highly implicated in both auditory input and vocal output, shares many features with area Spt in humans, located in the Sylvian fissure (Lewandowski et al., 2013).

The Limbic System

This is a group of brain structures which support functions like emotion, motivation, and long-term memory (see Rolls, 2015 for review). As noted by Kruska (1988), the most prominent differences between the brains of domesticated animals and their wild conspecifics can be found in the structures comprising this system. The most important components of the limbic system are the hippocampus and the amygdala. Concerning the former, people with WS usually exhibit reduced hippocampal volumes (Meda et al., 2012), as well as an abnormal hippocampal function and response (Meyer-Lindenberg et al., 2006), that might account for their impairment of spatial navigation and especially, of long term spatial and verbal memory. These abnormal features are mimicked in mice models of WS (Segura-Puimedon et al., 2014). Domesticated strains of mammals (laboratory rats, pigs, sheep, poodles, and llamas) show reduced hippocampal volumes as well (and plausibly altered functionality) compared to their wild counterparts (Kruska, 1988, 2005). Regarding the amygdala, evidence has accumulated over the years pointing to this area as the basis for a lot of the emotional abnormalities exhibited by people with WS, in particular, their altered fear processing and their more “friendly” demeanor (i.e., they are less sensitive to fear in social settings, but they generally have more fear and anxiety in non-social situations). Accordingly, the amygdala of subjects with the syndrome underreacts when they have to respond to fearful facial expressions (Meyer-Lindenberg et al., 2005b; Haas et al., 2009), whereas it overreacts when the stimulus is not related to social situations (e.g., spiders) (Jackowski et al., 2009; Muñoz et al., 2010; Capitao et al., 2011). Likewise, the amygdala has a disproportionately larger volume in people with WS in comparison to typically developing people (Reiss et al., 2004; Martens et al., 2009; Järvinen and Bellugi, 2013). Specifically, Haas et al. (2014b) found that individuals with WS have a larger central nucleus of the amygdala, which is a major output area to various other brain areas, including the anterior cingulate cortex, the orbitofrontal cortex, and the prefrontal cortex, which are all important for conscious perception of emotion. Interestingly, as noted by Rilling et al. (2012), compared to chimpanzees, bonobos show a larger amygdala to ventral anterior cingulate cortex (vACC) pathway, which has been found to inhibit aggression by both top-down and bottom-up processes (Davidson et al., 2000; Meyer-Lindenberg et al., 2006; Blair, 2008). Bonobos also show a more enlarged dorsal amygdala (Rilling et al., 2012), a region also implicated in the activation of the hypothalamic–pituitary–adrenal (HPA) axis through connections with the hypothalamus (Davis, 1997; Ledoux, 1998). According to Amunts et al. (2005) and to Barger et al. (2007), this circumstance might explain in part that, similarly to people with WS, bonobos are more anxious when it comes to other, non-social aspects of life, such as eating competition, and have been described as ‘more nervous’ than chimpanzees (de Waal, 1997; Wobber et al., 2010).

The cingulate gyrus is regarded a component of the limbic system, and as such is responsible for certain aspects of emotional response, for regulating aggressive behavior, and for coordinating sensory input with emotions, among many others functions. However, it is also related to language in many ways, especially to language expression, because it contributes to the regulation of the motor functions of speech production via its connections with Broca’s area (Bernal et al., 2015) Compared to chimpanzees, bonobos have a much larger pathway linking the amygdala with the anterior cingulate gyrus (Rilling et al., 2012) and this may account in part for their enhanced empathy and less aggressive impulses. Likewise, they exhibit stronger connections of this region with the amygdala, which seemingly accounts for the increased number of serotonergic neurons found in the bonobo’s amygdala (Stimpson et al., 2016). Haas et al. (2014a) reported that individuals with WS have significantly greater gray matter density in the ventral and dorsal cingulate gyri, among other areas, plausibly because their increased attention to emotional stimuli leads to an increased density of nerve fibers in that area.

The hypothalamus is regarded as a part of the limbic system as well, but its main role concerning the DS results from being an integral part of the HPA axis, as reviewed in the next subsection.

Other brain areas of interest

Two other important brain areas deserve to be highlighted because of their connections with the amygdala: the fusiform gyrus and the orbital frontal cortex (OFC). The fusiform gyrus, which is part of the temporal and occipital lobes, is involved in visual recognition. Chimpanzees have a larger right fusiform gyrus compared to bonobos (Rilling et al., 2012). People with WS show smaller total volumes of the fusiform gyrus, although increased volumes of the fusiform face area (FFA), connected to face recognition (Golarai et al., 2010; O’Hearn et al., 2011; Haas and Reiss, 2012). At the same time, their amygdala is less connected to the FFA compared to typically developing subjects (Haas and Reiss, 2012; Vega et al., 2015). Children and adolescents with WS show reduced volumes of gray matter in the left fusiform and increased gray matter volumes in the right fusiform (Campbell et al., 2009) These differences have been claimed to account for their increased focus on face and eyes (Järvinen-Pasley et al., 2008; Haas and Reiss, 2012). In a similar vein, much research on WS points to the OFC and its connection with the amygdala as an important causative factor of the behavioral phenotype of WS (Reiss et al., 2004; Meyer-Lindenberg et al., 2005b; Haas et al., 2009). The OFC is associated with prioritizing behavior in social situations, social cognition, and emotion regulation (Semendeferi et al., 1998; Adolphs, 2003), and is a key zone for the convergence of dorsal and ventral visual stream processing (Suzuki and Amaral, 1994; Epstein et al., 1999). The OFC is involved as well in the processing of empathy (Decety et al., 2008; Carrington and Bailey, 2009; Brink et al., 2011). Some of the most consistent findings from neurobiological research on the WS brain point to differences in the gyral patterns and to reduced gray matter volumes in the OFC (Meyer-Lindenberg et al., 2004; Gaser et al., 2006; Meda et al., 2012; Fan et al., 2017), as well as changes in the white matter pathways connecting this area with the fusiform gyrus and with the amygdala and the hippocampus (Meyer-Lindenberg et al., 2004; Haas et al., 2014a). Compared to less domesticated apes, humans and bonobos have a larger and more diversified posterior OFC (Rilling et al., 2012; Hare and Yamamoto, 2018), which might explain their heightened sensitivity to the mental states of others (see Hare and Yamamoto, 2018 for discussion). Overall, these differences might account of the fact that although subjects with WS are initially very friendly, difficulties with empathy make it difficult for them to sustain social relationships (Plesa Skwerer and Tager-Flusberg, 2016).

Behavioral Traits and Neuroendocrine Impairment

Typically, domestication entails increased sociopositive behavior, decreased aggression, increased attentive and anxious behaviors, and decreased risk-taking and exploratory behaviors (Kaiser et al., 2015). That said, enhanced sociability is not expressed evenly across the board in all species. On the contrary, it appears in different forms in many domesticated animals: approachability, interest in humans, the ability to read human cues, more elaborate vocalizations, interest in communication with conspecifics, longer fixed gaze patterns, more eye contact with humans, etc. (Deacon, 2009; Wobber and Hare, 2009; Hare, 2017). The social nature of WS encompasses many of these forms linked to the DS. But likewise, this hypersocial profile of people with WS is uneven. Most individuals are eager to interact socially with others, have a higher tolerance of strangers, and an affinity for communicative language (Doyle et al., 2004). Hence, they eagerly strike up conversations or initiate interaction with other people, including strangers. That said, they also experience difficulties with interpreting social cues, sustaining social relationships, and converting empathy into helpful behavior or other types of socially appropriate responses (Plesa Skwerer and Tager-Flusberg, 2016). This might explain the high prevalence of anxiety disorders in people with WS and the reported feelings of isolation despite their attempts to connect with other people (Leyfer et al., 2009; Järvinen and Bellugi, 2013).

The HPA axis is a major neuroendocrine system resulting from complex interactions between the hypothalamus, the pituitary gland, and the adrenal glands, and regulates a great number of bodily functions. In Belyaev’s seminal farm fox experiment, it was shown that the function of the HPA axis was significantly reduced in domesticated foxes in just a few generations, resulting in decreased levels of glucocorticoids, decreased levels of basal adrenocorticotropic hormone in plasma, and reduced adrenal response to stress, which plausibly accounts for the changes in behavior linked to domestication (Naumenko and Belyaev, 1980; Oskina, 1996; Trut et al., 2009). A decreased stress response of the HPA axis was later found in other domesticated animals, like rats and guinea pigs (Kruska, 1988; Künzl and Sachser, 1999; Trut et al., 2009). Specifically, Kaiser et al. (2015) found that although cortisol levels in guinea pigs were similar in wild and domestic strains when it came to basal cortisol activity, the wild strain of cavies exhibited a more pronounced cortisol response when introduced to new environments (Künzl and Sachser, 1999; Künzl et al., 2003; Zipser et al., 2014). The HPA axis also plays a key role in the amygdala response and fear signaling impulses, which also contribute importantly to the behavioral phenotype of domesticated animals. Similarly to domesticated animals, individuals with WS exhibit disrupted HPA axis functions as compared with typically developing subjects. Hence, they show decreased levels of cortisol in situations where evaluation by others is prominent (Lense and Dykens, 2013), but stable cortisol levels during stressful situations that do not depend on others. This effect on the cortisol response is not unexpected if one considers that the output of cortisol involves the amygdala, the prefrontal cortex, and the hippocampus, all of them areas implicated in situations of fear and social stress (see Martens et al., 2008; Dedovic et al., 2009). Occasional adrenal insufficiency has been reported as well in children with WS (Dayal et al., 2017).

The hypothalamus synthesizes two hormones that are of particular relevance regarding domestication (and its parallels with WS): oxytocin (OT) and vasopressin (AVP). These hormones regulate many social behaviors and are involved in most social interactions (Wójciak et al., 2012). Specifically, oxytocin inhibits the HPA axis’ stress triggered activity (Neumann, 2002). Domesticated animals exhibit higher densities of both OT and AVP cells, particularly in the anterior hypothalamus (Ruan and Zhang, 2016). Oxytocin has been related to human-animal interactions, especially when eye contact is involved in communicative settings (see Beetz et al., 2012 for review). According to Nagasawa et al. (2015), dog domestication entailed the borrowing of certain social cognitive traits from humans, particularly, “gaze” behavior, which triggers an ‘oxytocin-mediated positive loop’ that facilitates dog-human bonding. Similarly, in individuals with WS, basal OT and AVP levels are increased, and the increase correlates with social engagement behaviors, such as tendency to approach strangers and emotionality; additionally, OT and AVP release patterns react more markedly in them to positive and negative stimuli (Dai et al., 2012). Higher levels of OT in WS has been hypothesized to result from the hypomethylation (and thus overexpression) of OXTR, the gene encoding the oxytocin receptor (Haas and Reiss, 2012), perhaps as a result of the hemideletion of WBSCR22, which encodes a methyltransferase (Doll and Grzeschik, 2001; Merla et al., 2002), and/or some effect of GTF2I, also deleted in WS, a gene that has been proven to affect the reactivity to OT and ultimately, sociability (Procyshyn et al., 2017). Interestingly, OXTR is among the genes that seem to have undergone positive selection in recent hominin evolution (Schaschl et al., 2015). In the neurotypical population higher levels of OT have been shown to increase anxiety (Grillon et al., 2018) or fear of future stress (Guzmán et al., 2013). Not surprisingly in view of its role in social bonding, OT has been related to language evolution, but it happens to be also intertwined with auditory and vocal processing, as well as attention and memory systems (see Theofanopoulou, 2016 and Theofanopoulou et al., 2017 for details). Specifically, OT is involved in social motivation for vocal communication and it might encourage listeners to resolve problems with semantic integration (Ye et al., 2016). Interestingly enough, in children with ASD, higher plasma concentrations of OT correlate with enhanced verbal abilities (Zhang et al., 2016) and the retention of social information, like affective speech (Hollander et al., 2007).

Other Features

Subjects with WS exhibit some other features typically found in domesticated mammals, like the acceleration of sexual maturation. Pankau et al. (1992) found that individuals with this condition experienced a pubertal growth spurt at age 10 in girls and 13 in boys, which is 1–2 years earlier than the norm (at the time). Pankau and collaborators noted as well that menarche also occurred earlier than normal in girls. Partsch et al. (2002) found similar results in their study of 86 girls with WS, who showed a slightly accelerated sexual maturity. Changes in skin color (specifically, premature graying of the hair) are also found in most subjects with WS, plausibly because of the hemycigosis of BAZ1B (Kozel et al., 2014). Likewise, most individuals with the syndrome exhibit less pigmentation in their eyes, as most of them have blue eyes and/or a characteristic “star pattern” in the iris (Jones and Smith, 1975; Greenberg and Lewis, 1988; Holmström et al., 1990).

GENETIC SIGNATURES OF DOMESTICATION AND THE GENETICS OF WS

As noted in the introduction, WS is caused by a hemizygous deletion of 1.5–1.8 Mb on 7q11.23, which affects roughly 30 genes, with >95% patients exhibiting a 1.55 Mb deletion (Pober et al., 2010). In this section we will examine the functional connections between the genes hemideleted in WS and candidates for domestication and NC functioning, as well as the expression pattern of the latter in the blood of subjects with WS, with a focus on aspects of brain function, cognition, and behavior of interest for language (evolution). In order to rely on the most updated list of candidates for domestication, we have merged the list we compiled for our paper on DS in SZ (Benítez-Burraco et al., 2017) with the list delivered by Theofanopoulou et al. (2017). The merged list encompasses 764 genes (Supplementary Table S1). The genes related to NC development and function are the ones also considered on our study on DS in SZ, which comprises 89 genes gathered using pathogenic and functional criteria: neurochristopathy-associated genes annotated in the OMIM database1, NC markers, genes that are functionally involved in NC induction and specification, genes involved in NC signaling (within NC-derived structures), and genes involved in cranial NC differentiation (see Supplementary Table S1). Regarding the WS genes, we have considered the 23 protein-coding genes located within the fragment commonly deleted in people with WS, as provided by DECIPHER2.

In silico Approach

Among the genes deleted in WS, one finds a robust candidate for domestication in mammals, namely BAZ1B (Wilkins et al., 2014). BAZ1B plays a key role in chromatin remodeling and nucleosome repositioning (Kitagawa et al., 2003). BAZ1B haploinsufficiency dysregulates nearly 50% of the genes expressed in patient-derived neurons (Lalli et al., 2016). BAZ1B target gene functions are enriched for neurogenesis and neuron differentiation, and it seems that the gene regulates the balance between neural precursor self-renewal and differentiation (Lalli et al., 2016). Interestingly, Baz1b is upregulated in the nucleus accumbens, a key brain reward region, in mice that are resilient to chronic social defeat stress (Sun et al., 2016). Interestingly too, BAZ1B binds the vitamin D receptor (Meng et al., 1998). People with WS suffer from hypercalcemia, which normally resolves after reducing calcium and vitamin D intake (Lameris et al., 2014). Low vitamin D levels correlates with cognitive impairment in clinical conditions involving language deficits, like SZ (Amato et al., 2010) and ASD (Jia et al., 2015). Vitamin D deficiency also reduces the amount of FOXP2-expressing cells in the developing cortex (Hawes et al., 2015); FOXP2 is a key gene for language development and evolution (Nudel and Newbury, 2013; Graham et al., 2015). Importantly, vitamin D has been hypothesized to play a key role in the emergence of our language-readiness (reviewed in Benítez-Burraco and Boeckx, 2015). Interestingly, it has been claimed that Neanderthals suffered from a vitamin D deficiency (Greenfield, 2015). This deficiency, and more specifically, differences in FOXP2 regulation by vitamin D, might have contributed, plausibly in subtle ways, to their different social cognition and language abilities (see Benítez-Burraco et al., 2018 for a detailed discussion).

Additionally, several of the genes within the WS critical region interact with candidates for domestication in mammals. Specifically, String 10.53 points to attested functional interactions between nearly one third of the genes deleted in WS and more than 20 candidates for domestication (Figure 2A). The most interesting set of connections are the links between the WS genes BAZ1B, EIF4H, GTF2I, GTF2IRD1, MLXIPL, and STX1A, and the domestication candidates PRKG2, CACNA1C, NRXN1, SNAP29, PPP2CA, RPL3, EIF2S2, RNPC3, SNRPD1, SF3B1, and POLR1E. Specifically, GTF2I has been related to cognitive problems and craniofacial abnormalities in WS (Morris et al., 2003; Tassabehji et al., 2005). One of its functional partners is USF1 (Roy et al., 1997), whose regulatory region has undergone 30 fixed or high frequency changes after our split from Denisovans (Meyer et al., 2012). As noted above, GTF2I has been found to affect sociability and anxiety through modulating the oxytocin reactivity (Dai et al., 2009; Brunberg et al., 2013; Procyshyn et al., 2017). Mice with a heterozygous deletion of Gtf2i tend to have a greater interest in social interactions with unfamiliar mice, but reduced interest in new objects, mirroring what is observed in subjects with WS (Sakurai et al., 2011). The involvement of this gene in brain function and cognition seemingly results from the fact that Gtf2i is an upstream regulator of various brain processes, including neuronal development, inhibitory synapse maturation, and neural circuit formation (Shirai et al., 2017). Likewise, a heterozygous deletion of Gtf2ird1, which encodes a repressor of GTF2I transcriptional functions, results in hypersociability, as well as in learning, and memory deficits in mice (Tassabehji et al., 2005; Young et al., 2008; Palmer et al., 2010). The hemyzigosis of GTF2IRD1 and GTF2I has been hypothesized to contribute as well to the cognitive and language features of WS (Vandeweyer et al., 2012), because it gives rise to motor dysfunctions and vocalization alterations (Howard et al., 2012). Regarding the candidates for domestication belonging to this network, it is worth highlighting that PRKG2 has been associated with dwarfism in livestock (Boegheim et al., 2017), but also to spatial memory and motor coordination deficits in mice (Wincott et al., 2013), and to intellectual disability and speech problems in humans (Bonnet et al., 2010; Hu et al., 2017). Signaling through Prkg2 in the amygdala is critical for auditory-cued fear memory and long-term potentiation (Paul et al., 2008). CACNA1C encodes the alpha 1C subunit of the Cav1.2 voltage-dependent L-type calcium channel (Kumar et al., 2015) and has been related to deficient semantic verbal fluency in SZ (Krug et al., 2010), as well as to executive dysfunction, intellectual disability, and ASD (Damaj et al., 2015). The hypermethylation of CACNA1C in AMHs compared to Neanderthals is suggestive of increased cross-frequency coupling between specific brain oscillations (θ and γ bands), and ultimately, of enhanced working memory operations in our species across a number of modalities (see Murphy and Benítez-Burraco, 2018a for details). NRXN1 encodes a neurexin that regulates synaptic activity, neuritogenesis, and neuronal network assembly during neocortical development (Süudhof, 2008; Gjørlund et al., 2012; Jenkins et al., 2015). Mutations in the gene are known to impair speech severely, and give rise to mild motor delay too (Zweier, 2012). Mutations in SNAP29 causes cerebral dysgenesis (Sprecher et al., 2005). The gene contributes to the modulation of synaptic transmission (Su et al., 2001; Pan et al., 2005). PPP2CA is involved in the regulation of axonal growth (Li et al., 2018). SF3B1 is a candidate for SZ (Schizophrenia, 2014). The gene is associated with PQBP1, linked to developmental delay and microcephaly (Li et al., 2013) and to intellectual disability (Wang M.J. et al., 2013).
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FIGURE 2. Functional interactions among the WS genes and candidates for domestication (A) and NC development and function (B). The diagrams show the network of known functional interactions among the proteins encoded by the genes. The networks were drawn with String (version 10.5; Szklarczyk et al., 2015) license-free software (http://string-db.org/), using the molecular action visualization. Colored nodes symbolize the proteins. The color of the edges represents different kind of known protein-protein associations. Green: activation, red: inhibition, dark blue: binding, light blue: phenotype, dark purple: catalysis, light purple: post-translational 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. The medium confidence value was 0.0400 (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 attested connectivity between the involved proteins, derived from curated databases or experimentally determined, but it has to be mapped onto particular biochemical networks, signaling pathways, cellular properties, aspects of neuronal function, or cell-types of interest to gain a more accurate view of its relevance for the presentation of domesticated features in WS (see the main text for details).



Another interesting network is comprised by the WS gene RFC2 and the candidates for domestication BRCA1, ISG15, POLI, UBE2B, and TUBGCP5. BRCA1 is highly expressed in the embryonic neuroepithelium when neural progenitors are highly proliferative, playing distinct apoptotic and centrosomal functions important for the developmental regulation of brain size (Pao et al., 2014). ISG15 is a FOXP2 target (Vernes et al., 2011) and encodes an error-prone DNA polymerase involved in DNA repair. TUBGCP5 has been related to Attention Deficit-Hyperactivity Disorder (ADHD) and Obsessive-Compulsive Disorder (OCD; Picinelli et al., 2016), as well as to ASD (Sanders et al., 2012).

Regarding the NC, no genes within the WS region are listed among the candidates for NC development and function. Nonetheless, BAZ1B is hypothesized to upregulate some of the genes required for the embryonic growth of NCCs in humans, like SNAIL and SLUG (Barnett et al., 2012). Knockdown of BAZ1B also results in SOX2 downregulation (Corley et al., 2016). SOX2 is a robust candidate for domestication (Wilkins et al., 2014). Also, it is functional in various NCCs, having an instrumental effect on skin regeneration (Johnston et al., 2013) and sensory neurogenesis (Cimadamore et al., 2011). Likewise, both GTF2I and GTF2IRD1 are expressed in NC-derived tissues, with heterozygous deletions of either gene giving rise in mice to craniofacial defects (Enkhmandakh et al., 2009). Significantly, GTF2I is also involved in ASD, through DLX5/DLX6 regulation (Shirai et al. (2017), which are two genes important for the changes resulting in our language-readiness (Boeckx and Benítez-Burraco, 2014b).

Moreover, although several other connections can be found in the literature, we wish to highlight the functional links pointed out by String between some genes within the WS region and candidates for NC, particularly, between LIMK1 and EFNB1, EFNB2, and NRP1, and between FZD9 and WNT7B, WNT3A, WNT1, and WNT6 (Figure 2B). LIMK1 encodes a serine/threonine kinase involved in many cellular processes associated with cytoskeletal structure, including axon growth and brain development and function. Specifically, LIMK1 has been shown to regulate long-term memory and synaptic plasticity (Todorovski et al., 2015). In combination with some other of the genes within the WS fragment, LIMK1 has been related to the visuospatial problems experienced by people with WS (Gray et al., 2006; Smith et al., 2009), but also with the approachability which is typical of their social cognition (Hoeft et al., 2014). EFNB1 is among the most common single gene causing syndromic craniosynostosis and other clinical conditions involving abnormal skull/face development, specifically, craniofrontonasal syndrome (Wieacker and Wieland, 2005; Kimonis et al., 2007). EFNB2 encodes a component of the Reelin pathway, important for brain development, and is also a target of PAX6 in the forebrain (Xie et al., 2013). PAX6 contributes to the regulation of the migration of NCCs from the anterior midbrain (Matsuo et al., 1993) and is a FOXP2 target (Konopka et al., 2011). Finally, NRP1 encodes a neuropilin that regulates many aspects of neural development, including neuronal migration, axon patterning, and synaptogenesis; specifically, it helps to guide the NCCs precursors of neurons and glia in the peripheral nervous system (Raimondi and Ruhrberg, 2013). Regarding the WS gene FZD9, it is critical for hippocampal development (Zhao et al., 2005), but also contributes to regulating cell division and programmed cell death (Chailangkarn et al., 2016). FZD9 is a receptor for several components of the WNT family and this interaction is important for the involvement of NC in body development, particularly, in the early development of the central nervous system (Wang et al., 2010; Ossipova and Sokol, 2011). The hemizygosis of FZD9 has been hypothesized to result in longer dendrites, increased numbers of spines and synapses, aberrant calcium oscillation, altered network connectivity, and enhanced glutamatergic excitatory synapses (Chailangkarn et al., 2016). FZD9 direct ligands WNT7B, WNT3A, WNT1, and WNT6 are different members of the WNT family with important roles in brain development. Specifically, WNT7B controls neuronal differentiation and the development of forebrain structures by regulating the expression of selected pro-neural transcription factors (Papachristou et al., 2014). WNT3A exerts a neuroprotective effect in several brain areas, including the hippocampus (Zhao et al., 2016; Ríos et al., 2018). Both WNT7B and WNT3A are involved in the pre-synaptic assembly (Ahmad-Annuar et al., 2006; Cerpa et al., 2008; Davis et al., 2008). WNT1 plays a role in the induction of the mesencephalon and cerebellum and has been related to fear memory formation and long-term memory consolidation in the amygdala (Maguschak and Ressler, 2011). Finally, WNT6 is involved in craniofacial morphogenesis (Hu and Marcucio, 2009).

Overall, the evidence reviewed in this section supports the view that the hemideletion of the WS fragment can result in a significant alteration of many genes related to DS and NC, providing a genetic rationale of the parallels between the DS phenotype and the WS clinical profile.

In vivo Approach

The data discussed in the previous subsection suggest that some genes either interact with or are themselves, candidates for domestication in mammals and/or NC development and function (Supplementary Table S1) and that this circumstance might account for the abnormal presentation of features of domestication in people with this condition. Still, these connections were found in the literature and/or were uncovered in silico, based on curated databases of interactions between proteins and on experimentally determined interactions. In order to establish the biological reliability of these links, and ultimately, of our hypothesis, we conducted a more physiologically focused analysis, relying on gene expression profiles in the blood of people with WS. Our aim was to know whether genes involved in domestication and NC development and function are dysregulated in this condition and whether this up- or downregulation can explain aspects of the WS phenotype, particularly, their abnormal features of self-domestication. The gene expression profiling data of peripheral blood in patients with WS was obtained from Gene Expression Omnibus (GSE 89594). We then used the Benjamini-Hochberg method (Benjamini and Hochberg, 1995) to calculate the false discovery rate (FDR). Genes were considered to be differentially expressed genes (DEG) when the FDR < 0.05 and the | fold change (FC)| > 1.2. We evaluated the statistical overrepresentation using Fisher’s exact test.

We found that candidates for domestication are not significantly dysregulated in the blood of subjects with WS (p = 0.20 by Fisher’s exact test). Nonetheless, several genes are significantly up- or down-regulated compared to controls (Figure 3). In order to check the specificity of this set of genes in relation to domestication and to features of the WS phenotype, we conducted a functional enrichment analysis with Enrichr4 (Chen et al., 2013; Kuleshov et al., 2016). Our results (Supplementary Table S2) show that the dysregulated genes mainly contribute to bone development, vitamin and hormone homeostasis, lipid metabolism, and skin development, which are all aspects found affected in people with WS. Regarding their molecular function, they typically participate in low-density lipoprotein activity, but also in protein modification (via phosphodiesterase modification), gene regulation (via histone modification), and cytoskeleton assemblage (via dynactin binding). Perhaps not surprisingly, in mammals the alteration of these genes result in phenotypes that mimic aspects of the DS, particularly changes in pigmentation and body size. Interestingly too, they are associated in humans to clinical symptoms mostly related to hair and eye pigmentation, craniofacial and limb morphology (like malar flattening, mandibular prognathia, and finger camptodactyly), and hormone homeostasis (hypothyroidism). Finally, these genes are predicted to be preferentially expressed in the gut, but also in the blood and the brain. According to the Human Brain Transcriptome Database5 all these genes are expressed in the brain, particularly in the cerebellum (see Supplementary Table S3). The cerebellum is crucially involved in language processing (Vias and Dick, 2017; Mariën and Borgatti, 2018) and subjects with WS exhibit cerebellar volume alterations that are associated with their cognitive, affective and motor distinctive features (Osório et al., 2014).
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FIGURE 3. Candidates for domestication that are significantly dysregulated in the blood of subjects with WS (FDR < 0.05, | FC| > 1.2).



Among the candidates for domestication found downregulated in the blood of subjects with WS, besides BAZ1B it is worth highlighting several other genes. KIT is one of Wilkins et al. (2014) candidates for domestication. This gene encodes a tyrosine kinase receptor which plays a key role in the regulation of NC-derived processes, like melanogenesis or hematopoiesis (Rothschild et al., 2003; Kasamatsu et al., 2008). In rats, mutations in Kit impair hippocampal synaptic potentiation and spatial learning and memory (Katafuchi et al., 2000). KIF27 encodes a putative ciliary motor with an important role in the primary cilia, which interacts with Gli transcription factors (Wilson et al., 2009; see Cohen, 2010 for discussion). GLI factors have been hypothesized to play a key role in events resulting in our skull/brain globularization, self-domestication, and language-readiness (Boeckx et al., unpublished). PAX3 is another of Wilkins et al. (2014) candidates for the DS in mammals and interacts with two other core candidates, namely SOX10 (Lang and Epstein, 2003), and TCOF1 (Barlow et al., 2013). PAX3 encodes a transcription factor involved in neural development, myogenesis, and craniofacial patterning, and it is among the earliest genes activated in NC progenitors (Maczkowiak et al., 2010; Bae et al., 2014; Plouhinec et al., 2014). This gene is a candidate for Waardenburg syndrome, a clinical condition entailing sensorineural hearing loss and developmental delay (Tassabehji et al., 1992; Chen et al., 2010). It has been associated as well with orofacial cleft in distinct populations (Böhmer et al., 2013; Butali et al., 2014; Leslie et al., 2015, 2016; Gowans et al., 2016). MSRB3, which encodes a methionine sulfoxide reductase, has been shown to contribute to the regulation of hippocampal volumes in selected regions along the dentate gyrus, subiculum, CA1 and fissure (Hibar et al., 2017). Specifically, the MSRB3 protein is found to be associated with synaptic vesicles, particularly, in the neuropil of the CA1 pyramidal layer (Adams et al., 2017). Interestingly, in patients with Alzheimer’s disease, the MSRB3 protein is more abundant in the soma of the neurons (Adams et al., 2017). Additionally, MSRB3 deficiency causes hearing loss due to stereocilia degeneration and apoptotic death of the cochlear hair cells (Kwon et al., 2014; Kim et al., 2016). PDE4D encodes a phosphodiesterase that degrades cAMP, contributing to the regulation of its physiological role in specific brain pathways and in different brain areas, including the hippocampus and the basal ganglia (Miró et al., 2002). In particular, PDE4D modulates at synapses the role of DISC1, a protein related to SZ (Bradshaw et al., 2008). In the mouse brain, Pde4d is highly expressed in the cerebellum and the thalamus (Cherry and Davis, 1999). Inhibition of Pde4d enhances neuronal plasticity and memory (Ricciarelli et al., 2017; Zhang et al., 2018).

Among the candidates for domestication found to be upregulated it is worth highlighting SETBP1, which encodes a SET binding protein and which is a candidate for specific language impairment (SLI). GWAs have associated this gene with the complexity of linguistic output (Kornilov et al., 2016). Microdeletions affecting SETBP1 have been shown to impact mostly on expressive abilities, whereas receptive abilities remain substantially preserved, to the extent that some patients can communicate through miming and gestures (Filges et al., 2011; Marseglia et al., 2012). Common polymorphisms in SETBP1 have been recently associated with reading abilities in the neurotypical population, particularly, with phonological working memory, via the activation of the right inferior parietal lobule (Perdue et al., 2018). Mutations on the gene result as well in social and behavioral problems (Coe et al., 2014). This gene is also a candidate for Schinzel-Giedion syndrome, a condition entailing severe developmental delay and occasional epilepsy (Ko et al., 2013; Miyake et al., 2015). Likewise, STAB1, which encodes a scavenger receptor for acetylated low density lipoproteins, with an important role in defending against bacterial infections, has been found to be associated with conditions impacting on our distinctive cognitive abilities, including bipolar disorder (Witt et al., 2014), Alzheimer’s disease (Giil et al., 2017), and pediatric Multiple Sclerosis patients (Liguori et al., 2019). CASP7 encodes a caspase that contributes to the cleavage of nuclear substrates during neuronal apoptosis (Hayashi et al., 2006). The gene has also been shown to influence early neurodegenerative changes, particularly, as observed in Alzheimer’s disease (Sloan et al., 2010). TBXAS1 encodes an endoplasmic reticulum membrane protein that catalyzes the conversion of prostaglandin H2 to thromboxane A2, a potent vasoconstrictor, and it has been associated with gray matter volume differences in the cortex and the cerebellum of schizophrenic patients (Wang Q. et al., 2013). CYFIP1 regulates presynaptic activity during development, as well as electrical activity in the hippocampus (Hsiao et al., 2016). Increased CYFIP1 dosage alters cellular and dendritic morphology (Oguro-Ando et al., 2015) and the gene is thought to play a critical role in the maintenance of dendritic complexity and the stabilization of mature spines (Pathania et al., 2014). CYFIP1 is a candidate for several clinical conditions impacting cognitive and social abilities, including epilepsy, SZ, intellectual disability, and ASD. Hence, reduced CYFIP1 levels in neural progenitors result in dysregulation of SZ and epilepsy gene networks (Nebel et al., 2016). Likewise, the gene is upregulated in intractable temporal lobe epilepsy patients (Huang, 2016), and also in the blood of people with ASD (Noroozi et al., 2018). In mice, Cyfip1 haploinsufficiency results in decreased dendritic spine density and stability, and altered synaptic plasticity, as well as in motor learning deficits (Bachmann et al., 2019). Additionally, CYFIP1 promotes in the brain the translation repression activity of FMR1, the main causative factor of X-Fragile syndrome, to the extent that haploinsufficiency of Cyfip1 produces fragile X-like phenotypes in mice (Bozdagi et al., 2012). Interestingly, a common variant of CYFIP1 has been associated with structural variation at the language-related left supramarginal gyrus (Woo et al., 2016). CYP1A2, which encodes a member of the cytochrome P450 superfamily, has been associated with super-refractory SZ (de Brito et al., 2015). CD36 encodes a fatty acid translocase with a key role in the transport and intracellular trafficking of fatty acids and in energy homeostasis in the brain, but also in cognitive processes, like learning abilities (see Moullé et al., 2012 for review). Lastly, OTOF encodes a calcium ion sensor involved in the control of neurotransmitter release at ribbon synapses of cochlear hair cells (Pangršič et al., 2012). Mutations in OTOF cause neurosensory nonsyndromic recessive deafness (Santarelli et al., 2015).

Regarding candidates for NC development and function, we found that they are significantly dysregulated in the blood of subjects with WS (p = 4.0e-3 by Fisher’s exact test). Several genes are significantly downregulated compared to controls (Figure 4). According to Enrichr (Supplementary Table S4), these genes contribute significantly to cell assembly, sensory perception, gene expression, and nervous system development. Concerning their molecular function, they regulate channel activity and DNA binding. In mammals, mutations in these genes result in an abnormal development of different body organs, including the thyroid gland, the tongue, the spinal column, the ear, the larynx, the thymus, and the heart, but also in pigmentation anomalies. In humans, they are mostly associated with pigmentation changes in the hair, the eye, and the lips, as well as to ear and lung dysfunction, and altered craniofacial and skeleton morphology. Finally, although these are NC genes, they are also predicted to be expressed in the branchial arches, the muscles, and other body organs, like the pharynx and the thymus. According to the Human Brain Transcriptome Database, all the NC genes that are downregulated in the blood of patients with WS are expressed in the brain (Supplementary Table S5).
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FIGURE 4. Candidates for NC development and function that are significantly dysregulated in the blood of subjects with WS (FDR < 0.05, | FC| > 1.2).



GJB1 which encodes a member of the gap junction protein family, involved in the transference of ions and small molecules between cells, is the main candidate for X-linked Charcot-Marie-Tooth disease type 1, a type of hereditary motor and sensory neuropathy (Kleopa et al., 2012). Some mutations in the gene have been reported to cause transient central nervous system dysfunction, including dysarthric speech (Siskind et al., 2009). HOXA3, which encodes a transcription factor involved in gene expression regulation, morphogenesis, and differentiation, regulates the migration of branchial nerve precursors (Watari-Goshima and Chisaka, 2011). Finally, PAX3 is a core candidate for domestication discussed above.

Overall, these findings provide experimental support for the hypothesis that the WS phenotype results in part from the dysregulation of selected candidates for domestication in mammals and for NC development and function. Certainly, because our focus of interest is put on language (see section “WS, Domestication, and Language Evolution”), most of the relevant changes are expected to concern to the brain, but not to the blood. Nonetheless, a significant overlap between both tissues exists, ranging from 20% (Sullivan et al., 2006; Rollins et al., 2010) to 55% (Witt et al., 2013). Accordingly, we regard that our findings in the blood can be confidently extrapolated to the brain.

WS, DOMESTICATION, AND LANGUAGE EVOLUTION

As noted in the introduction, signs of domestication can be found in AMHs compared to extinct hominins and these signs have seemingly been exacerbated in the last 50.000 years, in a period when important changes in our behavior occurred. Although the regions with signals of positive selection in our species are enriched in candidates for domestication (Theofanopoulou et al., 2017), we still lack a good understanding of the effect of these changes in our cognitive and behavioral phenotype. First, the timing of these selective sweeps is not clear. Did they occur in late AMHs, thus potentially accounting for the enhanced self-domestication of the human species in our recent history and ultimately, for all the expected changes in our cognition and language abilities? Or did they occur in early AMHs, therefore having a more indirect effect on our cognitive architecture and behavior? Second, we have no idea about the biological consequences of these DNA changes. Did they result in real changes in the expression levels of the affected genes? And if they did, did they have a measurable impact on body tissues involved in the DS? On which one(s)? Specifically, should we expect a direct effect of these changes on brain function, or should we instead expect that the cognitive changes linked to self-domestication had a more indirect source, perhaps resulting from behavioral changes? Fortunately, we are not totally in the dark. As far as language is concerned, candidates for domestication have been shown to be intimately linked with the set of genes accounting for our language-readiness, which seemingly changed after our split from Neanderthals (Benítez-Burraco et al., 2017; see Mozzi et al., 2016 for a different account of these changes). Accordingly, one could expect that the changes that habilitated the neuronal workspace enabling our cognitive modernity, including our ability to learn and use languages, also contributed to the changes resulting in our species-specific cultural niche linked to human self-domestication, which contributed in turn to increase language complexity via a cultural change. The inverse is also true, of course, because our mode of cognition, mostly resulting from biological changes, has a significant impact on our cultural practices. Importantly too, cultural changes can also affect our cognitive architecture via the creation of “cognitive gadgets” through subtle modifications in learning and data-acquisition mechanisms like attentional focus or memory resources (Clarke and Heyes, 2017; Lotem et al., 2017). That said, it is clear that we still need to disentangle the complex relationships that seemingly exist between genes (in particular, candidates for language-readiness and candidates for domestication), behavior, and the environment (physical and cultural), which we expect account for the evolution of language (and languages).

Certainly, an increasing body of research deals with the consequences of domestication for language evolution (see Benítez-Burraco and Kempe, 2018, Thomas and Kirby, 2018 among many others). Nonetheless, it necessarily builds on indirect evidence and results in hypotheses that are difficult to prove. Language disorders, if analyzed at the proper level of granularity (genes, protein networks, and the like) can serve as a confident window onto language evolution, because of the robust link between developmental disturbances and evolutionary history (see Benítez-Burraco and Boeckx, 2014 for discussion). Interestingly, altered features of domestication have been shown to be related (and perhaps contribute to) several cognitive disorders entailing problems with language, like ASD and SZ (Benítez-Burraco et al., 2016, 2017). It is our contention here that WS could be the best available model when it comes to use cognitive disorders for testing current hypotheses about the effect of domestication in language evolution. First, as we show in the paper, it simultaneously entails cognitive and language alterations, and increased features of domestication. Second, it might help disentangle the effect of specific processes associated with domestication. As discussed by vonHoldt et al. (2017), domestication does not entail an increased ability for social problem solving as such. Actually, human-socialized wolves can outscore domestic dogs across many sociocognitive domains (Udell et al., 2010). It is their enhanced hypersociability, the main distinctive feature of people with WS, that distinguishes dogs from wolves (Udell et al., 2010). Third, studies looking for genomic signals of domestication, which compare wild and domesticated variants of mammals, regularly find genes related to WS among the ones that have changed in domesticated animals. The whole region ortholog to the WS region is under positive selection in domestic dog breeds (vonHoldt et al., 2010), and recent studies highlight GTF2I and GTF2IRD1 as the genes that might explain the enhanced sociability of dogs compared to wolves (vonHoldt et al., 2017). Likewise, comparisons between wild and domesticated foxes have found positive selection of three genes located at the border of the WS deletion in tamed foxes (Kukekova et al., 2018). And as we have shown in the previous section, WS genes are functionally connected to many candidates for domestication and NC function. Moreover, some of these candidates are dysregulated in the blood of subjects with WS. The “neural crest hypothesis” of domestication (Wilkins et al., 2014) predicts a reduced expression of genes affecting NC development in domesticated animals. Actually, this is what we have found in the blood of patients with WS. Interestingly, there exists a mirror condition to WS, the so-called 7q11.23 Duplication syndrome, resulting from the duplication of the region deleted in WS. As noted by Morris et al. (2015), subjects with this condition exhibit opposite features to people with WS, including macrocephaly, speech problems, and impaired social cognition. This circumstance suggests that gene dosage is a key factor accounting for the differences between these two phenotypes, and more generally, that the hypothesis of self-domestication as a result of the hypofunction of the NC (and the downregulation of selected genes) might be on the right track. Fourth, the WS region seems to be a hotspot for genomic evolution in primates, with many species-specific duplications and rearrangements that resulted in significant differences among primate genomes (Antonell et al., 2005). It has been hypothesized that transposon activity (Alu-mediated duplicated transposition) might account for these changes and diversity (Antonell et al., 2005). Interestingly, in canines, transposon dynamics have been associated with a hypersocial behavioral syndrome and among the transposon-derived sequences that are hyper-methylated in dogs compared to wolves (and potentially downregulated in them), one finds several of the WS genes (WBSCR17, LIMK1, GTF2I, WBSCR27, BAZ1B, and BCL7B) (vonHoldt et al., 2018). Finally, WS has a well-defined etiology, in contrast to other cognitive disorders entailing abnormal cognitive and linguistic features and abnormal domesticated features, like ASD or SZ, for which hundreds of candidate genes have been posited. That said, although all these circumstances seemingly corroborate the utility of the study of the WS region for understanding how humans became self-domesticated (and how language evolved), some caution is in order. Not every single neuropsychiatric condition can be fully explained in the framework of the domestication hypothesis. After all, disorders are adaptive response to specific gene alterations that seemingly affect the whole brain (and the body) (Boyle et al., 2017). Also, not every human physical and cognitive trait can be linked to our self-domestication or be interpreted as an adaptive response to the conditions that triggered our self-domestication, because other factors shaped our evolutionary history as well.

In this final section of the paper we will discuss parallels between aspects of WS behavior and language, and behaviors that we have highlighted as foundations of cultural transmission processes that may have facilitated the emergence of modern languages, specifically, parenting and teaching behaviors, and play behavior (see Benítez-Burraco and Kempe, 2018; Langley et al., unpublished). Certainly, people with WS exhibit mental retardation and cognitive deficits that have a negative impact on their language. At the same time, however, their language exhibits some of the features we have hypothesized as resulting from cultural learning and more generally, from human self-domestication. The fact that there is an overlap between genetic signatures of language evolution, domestication, and WS also reinforces this view.

Increased socialization resulting from human self-domestication has been hypothesized to push language change toward language systems optimized for conveying decontextualized information between unfamiliar individuals, which are characterized by expanded vocabularies, increased syntactic complexity, simpler sound combinations, more regular and simplified morphologies, greater compositionality, and enhanced semantic transparency (Benítez-Burraco and Kempe, 2018). We should not expect to find direct evidence of the enhancement of such features in the WS language compared to the neurotypical language, because people with WS exhibit moderate-to-severe disabilities in different cognitive domains, including mental retardation, with a noteworthy impact on their language abilities. As noted by Karmiloff-Smith and Mills (2006: 587), in WS one finds “a mixture of delay, deviance, and asynchronies across the developing system.” At the same time, it is true that in some domains, subjects with WS score better than people with other developmental disorders in spite of deep underlying deficits, suggesting that compensatory mechanisms are active (see Karmiloff-Smith, 1998 and Mervis and Becerra, 2007 for discussion). Accordingly, if we want to use WS as a model for the effects of self-domestication in language (evolution), it makes more sense to compare it with other cognitive disorders also entailing abnormal domesticated features and language deficits, particularly, with ASD. Some overlap exists between both conditions. Hence, both ASD and WS are characterized by anxious behaviors and attention deficits (Ng et al., 2018), some of the genes within the WS region are also candidates for ASD (Sanders et al., 2011), and individuals with WS have some risk of suffering from autistic-behaviors (Tordjman et al., 2012; Klein-Tasman et al., 2018). Nonetheless, the ASD phenotype grossly mirrors the WS phenotype. This is particularly true regarding domestication, because features of domestication are attenuated in people with ASD (Benítez-Burraco et al., 2016).

We have good accounts of the WS language (see Karmiloff-Smith and Mills, 2006; Brock, 2007; Mervis and Becerra, 2007; Martens et al., 2008 for good reviews) and the ASD language (see Rapin and Dunn, 2003; Tager-Flusberg and Joseph, 2003; Sterponi et al., 2015 for good reviews), but very few studies comparing the WS and the ASD phenotypes in the communicative domain (see Asada and Itakura, 2012; Lacroix et al., 2016). Overall, although both subjects with ASD and subjects with WS exhibit impaired social cognition and communicative skills (see Asada and Itakura, 2012 for detailed discussion), the pragmatic abilities of autistic people are more impaired (Philofsky et al., 2007). Morphology in children with ASD is usually impaired: they omit certain morphemes (articles, auxiliary forms, past tense), which emerge quite later (Bartolucci et al., 1980; Roberts et al., 2004; Modyanova et al., 2017). They also have problems with complex syntactic structures, like passives (Tager-Flusberg, 1981) or relative clauses (Riches et al., 2010). By contrast, in children with WS, regular morphology is quite preserved (they experience more problems with irregular forms), although they have problems with complex syntax too (particularly, relative clauses) (see Karmiloff-Smith and Mills, 2006; Mervis and Becerra, 2007; Martens et al., 2008). The only direct comparison between the ASD language and the WS language suggests that children with ASD suffer from specific grammar impairments (i.e., the inability to bind a pronoun to its antecedent) that are not observed in children with WS, who perform like typically developing younger children (Perovic et al., 2013). Regarding vocabulary and semantic knowledge, children with WS are typically reported to excel at expressive vocabulary and although they experience problems with providing definitions of words and correct sentence comprehension, they exhibit normal semantic organization and fluency (Volterra et al., 1996; Mervis et al., 1999, Purser et al., 2011; Van Den Heuvel et al., 2016; see Mervis and Becerra, 2007 for discussion). On the contrary, lexical knowledge is delayed in children with ASD (Chawarska et al., 2007; Herlihy et al., 2015). Only for individuals who acquire a good language command, vocabulary is reported to be a relative strength (Kjelgaard and Tager-Flusberg, 2001; Mayes and Calhoun, 2003). Moreover, although children with ASD seemingly rely on the same cognitive and perceptual machinery for lexical development as typically developing children, these learning mechanisms are less efficient (Arunachalam and Luyster, 2016). For example, they are able to rely on gaze cues for inferring word meaning, but they fail in using cues of speaker reference or intention (Jing and Fang, 2014). Likewise, they exhibit problems extending word meanings and situating them in semantic networks, which are organized differently to neurotypical children (see Arunachalam and Luyster, 2016). Interestingly, ASD and WS exhibit opposite brain responses (N400) to tasks involving semantic integration (Fishman et al., 2011).

As noted above, because domestication gives rise to neoteny and enhanced sociability, it has been hypothesized to favor parenting and learning behaviors, as well as input enhancement by parents and other caregivers, which facilitates the acquisition of complex languages (see Benítez-Burraco and Kempe, 2018 for discussion). Interestingly, children at risk or with ASD show reduced preference for infant-directed speech (Watson et al., 2012), this impacting negatively on language skills at later ages (Nadig et al., 2007; Paul et al., 2007; Watson et al., 2010). Evidence about WS children is not available, but compared to children with 22q11.2 Deletion syndrome, who commonly exhibit autistic features (Ousley et al., 2017), they express more positive emotions toward their mothers in conflict interaction, higher levels of child’ engagement, and enhanced reciprocity (Weisman et al., 2015).

Additionally, domestication increases play behavior in animals (Hart, 1985; Himmler et al., 2013; Kaiser et al., 2015). Enhanced play behavior has been hypothesized to contribute to language complexity too (see Langley et al., unpublished for detailed discussion). Several reasons support this view. First, play (particularly, pretend and symbolic play) and language root on similar cognitive and social skills (Weisberg, 2015). Second, they are linked through common ontogenetic roots (Piaget, 1962; Belsky and Most, 1981). Third, they are mutually supportive behaviors (Vygotsky, 1962; Bruner, 1983; Levy and Gottlieb, 1984; Quinn et al., 2018). Finally, play helps the developing child to gain language exposure (and thus access richer and more varied language structures and uses) and language practice (usually in the form of playful child-directed activities like songs and nursery rhymes) (Bebout and Belke, 2017). Although children with WS commonly show problems in their functional play, creativity, and imagination, they exhibit spared abilities for correctly responding to joint attention or for sharing enjoyment and requesting (Klein-Tasman et al., 2007). During social and play interaction the behavior of children with WS is predominantly dyadic, but not triadic (Laing et al., 2002). Compared to typically developing children matched for linguistic abilities, children with WS exhibit less spontaneous functional play and imaginary play, although their abilities for symbolic play correlate with their expressive and receptive language, like in the typically developing population (Papaeliou et al., 2011). By contrast, children with ASD exhibit reduced ability to respond to joint attention (Mundy et al., 1994; Charman et al., 2004), with joint attention disabilities strongly correlating with language impairment (Bono et al., 2004; Bottema-Beutel, 2016), although symbolic and pretend play levels also correlate with language abilities (Hobson et al., 2013).

CONCLUSION

Overall, it is difficult to launch any robust conclusion about the effect of the enhanced socialization, potentially resulting from their hyper-domesticated phenotype, on the language abilities and features of children with WS compared with children with cognitive disorders entailing impoverished social function, like ASD. A reason is that although in WS prosocial aspects of social functioning are not usually impaired, difficulties with the social-cognitive aspects of social functioning are frequently observed, impacting negatively on communication and cognition (Klein-Tasman et al., 2011). Nonetheless, considering the evidence discussed in this paper, it seems plausible that enhanced features of domestication might contribute to explaining their linguistic profile, and in particularly, their language strengths compared to other cognitive disorders. All children with disorders need extra input enhancement and scaffolding of language acquisition to improve their language disabilities, but it might be hypothesized that to some extent in WS this is partially provided by their enhanced self-domesticated features. Obviously, this is an empirical question that we expect to address in the near future. Accordingly, we have designed an experiment to compare how artificial grammars are learned and transmitted by children with ASD and with WS (due to the reduced visual abilities and notable hearing abilities of the latter, we have found it is more appropriate to rely on sounds instead of pictures). We hypothesize that the grammars learned by children with WS will acquire some exoteric features as they are transmitted along a chain of learners. Incidentally, the possibility that one important etiological factor of the observed deficits in WS is the hypofunction of the NC (caused by the downregulation of the genes highlighted in section “Genetic Signatures of Domestication and the Genetics of WS) is worth exploring in detail too. All in all, the evidence reviewed in this paper reinforces the view that a deep link exists between (self-)domestication, language evolution, and language impairment, and that it is worth examining this link in detail if we want to gain a more accurate view of how language evolved in our species as a result of changes that are biological and cultural by nature.

AUTHOR CONTRIBUTIONS

AB-B conceived the paper, wrote the sections “Introduction,” “Genetic Signatures of Domestication and the Genetics of WS,” “WS, Domestication, and Language Evolution,” and “Conclusion.” AN wrote the section “Domestic Features in WS.” Both authors revised and approved the final manuscript.

FUNDING

This research was funded by the Spanish Ministry of Economy and Competitiveness [Grant FFI2016-78034-C2-2-P (AEI/FEDER, UE) to AB-B].

ACKNOWLEDGMENTS

We are deeply indebted to Ryo Kimura, from the Department of Anatomy and Developmental Biology, at the Graduate School of Medicine of Kyoto University, for kindly providing us the expression data of genes related to domestication and NC development and function in the blood of subjects with WS.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpsyg.2019.00521/full#supplementary-material

TABLE S1 | Set of genes considered in this study and predicted functional links between selected genes according to String 10.5.

TABLE S2 | GO analyses via Enrichr of candidate genes for domestication that are significantly dysregulated in the blood of patients with WS.

TABLE S3 | Brain expression profile according to the Human Brain Transcriptome Database of candidate genes for domestication that are significantly dysregulated in the blood of patients with WS. Six different brain regions are considered: the cerebellar cortex (CBC), the mediodorsal nucleus of the thalamus (MD), the striatum (STR), the amygdala (AMY), the hippocampus (HIP) and 11 areas of neocortex (NCX).

TABLE S4 | GO analyses via Enrichr of candidate genes for NC development and function that are significantly dysregulated in the blood of patients with WS.

TABLE S5 | Brain expression profile according to the Human Brain Transcriptome Database of candidate genes for NC development and function that are significantly dysregulated in the blood of patients with WS. Six different brain regions are considered: the cerebellar cortex (CBC), the mediodorsal nucleus of the thalamus (MD), the striatum (STR), the amygdala (AMY), the hippocampus (HIP) and 11 areas of neocortex (NCX).

FOOTNOTES

1 http://omim.org/

2 https://decipher.sanger.ac.uk/

3 https://string-db.org/

4 amp.pharm.mssm.edu/Enrichr

5 http://hbatlas.org

REFERENCES

Adams, S. L., Benayoun, L., Tilton, K., Chavez, O. R., Himali, J. J., Blusztajn, J. K., et al. (2017). Methionine sulfoxide reductase-B3 (MsrB3) protein associates with synaptic vesicles and its expression changes in the hippocampi of Alzheimer’s disease patients. J. Alzheimers Dis. 60, 43–56. doi: 10.3233/JAD-170459

Adolphs, R. (2003). Cognitive neuroscience of human social behaviour. Nat. Rev. Neurosci. 4, 165–178. doi: 10.1038/nrn1056

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

Amato, R., Pinelli, M., Monticelli, A., Miele, G., and Cocozza, S. (2010). Schizophrenia and vitamin D related genes could have been subject to latitude-driven adaptation. BMC Evol. Biol. 10:351. doi: 10.1186/1471-2148-10-351

Amunts, K., Kedo, O., Kindler, M., Pieperhoff, P., Mohlberg, H., Shah, N. J., et al. (2005). Cytoarchitectonic mapping of the human amygdala, hippocampal region and entorhinal cortex: intersubject variability and probability maps. Anat. Embryol. 210, 343–352. doi: 10.1007/s00429-005-0025-5

Antonell, A., de Luis, O., Domingo-Roura, X., and Pérez-Jurado, L. A. (2005). Evolutionary mechanisms shaping the genomic structure of the Williams-Beuren syndrome chromosomal region at human 7q11.23. Genome Res. 9, 1179–1188. doi: 10.1101/gr.3944605

Arunachalam, S., and Luyster, R. J. (2016). The integrity of lexical acquisition mechanisms in autism spectrum disorders: a research review. Autism Res. 9, 810–828. doi: 10.1002/aur.1590

Asada, K., and Itakura, S. (2012). Social phenotypes of autism spectrum disorders and williams syndrome: similarities and differences. Front. Psychol. 3:247. doi: 10.3389/fpsyg.2012.00247

Atkinson, J., and Braddick, O. (2011). From genes to brain development to phenotypic behavior: “dorsal-stream vulnerability” in relation to spatial cognition, attention, and planning of actions in Williams syndrome (WS) and other developmental disorders. Prog. Brain Res. 189, 261–283. doi: 10.1016/B978-0-444-53884-0.00029-4

Axelsson, S. (2005). Variability of the cranial and dental phenotype in Williams syndrome. Swed. Dent. J. Suppl. 170, 3–67.

Bachmann, S. O., Sledziowska, M., Cross, E., Kalbassi, S., Waldron, S., Chen, F., et al. (2019). Behavioral training rescues motor deficits in Cyfip1 haploinsufficiency mouse model of autism spectrum disorders. Transl. Psychiatry 9:29. doi: 10.1038/s41398-018-0338-9

Bae, C. J., Park, B. Y., Lee, Y. H., Tobias, J. W., Hong, C. S., and Saint-Jeannet, J. P. (2014). Identification of Pax3 and Zic1 targets in the developing neural crest. Dev. Biol. 386, 473–483. doi: 10.1016/j.ydbio.2013.12.011

Barger, N., Stefanacci, L., and Semendeferi, K. (2007). A comparative volumetric analysis of the amygdaloid complex and basolateral division in the human and ape brain. Am. J. Phys. Anthropol. 134, 392–403. doi: 10.1002/ajpa.20684

Barlow, A. J., Dixon, J., Dixon, M., and Trainor, P. A. (2013). Tcof1 acts as a modifier of Pax3 during enteric nervous system development and in the pathogenesis of colonic aganglionosis. Hum. Mol. Genet. 22, 1206–1217. doi: 10.1093/hmg/dds528

Barnett, C., Yazgan, O., Kuo, H. C., Malakar, S., Thomas, T., Fitzgerald, A., et al. (2012). Williams syndrome transcription factor is critical for neural crest cell function in Xenopus laevis. Mech. Dev. 129, 324–338. doi: 10.1016/j

Bartolucci, G., Pierce, S. J., and Streiner, D. (1980). Cross-sectional studies of grammatical morphemes in autistic and mentally retarded children. J. Autism Dev. Disord. 10, 39–50. doi: 10.1007/BF02408431

Bebout, J., and Belke, E. (2017). Language play facilitates language learning: optimizing the input for gender-like category induction. Cogn. Res. Princ. Implic. 2:11. doi: 10.1186/s41235-016-0038-z

Bednarik, R. G. (2014). Doing with less: hominin brain atrophy. Homo 65, 433–449. doi: 10.1016/j.jchb.2014.06.001

Beetz, A., Uvnäs-Moberg, K., Julius, H., and Kotrschal, K. (2012). Psychosocial and psychophysiological effects of human-animal interactions: the possible role of oxytocin. Front. Psychol. 3:234. doi: 10.3389/fpsyg.2012.00234

Bellugi, S., and Wang, J. (1994). “Williams Syndrome: an unusual neuropsychologica profile,” in Atypical Cognitive Deficits in Developmental Disorders: Implications for Brain Function, eds S. Broman and J. Grafman (Hillsdale, NJ: Lawrence Erlbaum Associates).

Bellugi, U., Bihrle, A., Neville, H., Jernigan, T., and Doherty, S. (1992). “Language, cognition, and brain organization in a neurodevelopmental disorder,” in Developmental Behavioral Neuroscience, eds M. Gunnar and C. Nelson (Hillsdale, NJ: Lawrence Erlbaum Associates), 201–232.

Bellugi, U., Lichtenberger, L., Mills, D., Galaburda, A., and Korenberg, J. R. (1999). Bridging cognition, the brain and molecular genetics: evidence from Williams syndrome. Trends Neurosci. 5, 197–207. doi: 10.1016/S0166-2236(99)01397-1

Belsky, J., and Most, R. K. (1981). From exploration to play: a cross-sectional study of infant free play behavior. Dev. Psychol. 5, 630–639. doi: 10.1037/0012-1649.17.5.630

Belyaev, D. K. (1969). Domestication of animals. Science 5, 47–52.

Benítez-Burraco, A., and Boeckx, C. (2014). Language disorders and language evolution: constraints on hypotheses. Biol. Theory 9, 269–274. doi: 10.1007/s13752-013-0148-5

Benítez-Burraco, A., and Boeckx, C. (2015). Possible functional links among brain- and skull-related genes selected in modern humans. Front. Psychol. 6:794. doi: 10.3389/fpsyg.2015.00794

Benítez-Burraco, A., Di Pietro, L., Barba, M., and Lattanzi, W. (2017). Schizophrenia and human self-domestication: an evolutionary linguistics approach. Brain Behav. Evol. 89, 162–184. doi: 10.1159/000468506

Benítez-Burraco, A., and Kempe, V. (2018). The emergence of modern languages: has human self-domestication optimized language transmission? Front. Psychol. 9:551. doi: 10.3389/fpsyg.2018.00551

Benítez-Burraco, A., Theofanopoulou, C., and Boeckx, C. (2016). Globularization and domestication. Topoi 37, 265–278. doi: 10.1007/s11245-016-9399-7

Benítez-Burraco, A., Torres-Ruiz, R., Gelabert-Xirinachs, P., Lalueza-Fox, C., Rodríguez-Perales, S., and García-Bellido, P. (2018). Human-Specific Changes in Two Functional Enhancers of FOXP2. Available at: http://www.biorxiv.org/content/early/2017/06/28/157016

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate - a practical and powerful approach to multiple testing. J. R. Stat. Soc. Series B 57, 289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

Bernal, B., Ardila, A., and Rosselli, M. (2015). Broca’s area network in language function: a pooling-data connectivity study. Front. Psychol. 6:687. doi: 10.3389/fpsyg.2015.00687

Blair, R. J. (2008). The amygdala and ventromedial prefrontal cortex: functional contributions and dysfunction in psychopathy. Philos. Trans. R. Soc. Lond. B Biol. Sci. 363, 2557–2565. doi: 10.1098/rstb.2008.0027

Boeckx, C., and Benítez-Burraco, A. (2014a). Globularity and language-readiness: generating new predictions by expanding the set of genes of interest. Front. Psychol. 5:1324. doi: 10.3389/fpsyg.2014.01324

Boeckx, C., and Benítez-Burraco, A. (2014b). The shape of the human language-ready brain. Front. Psychol. 5:282. doi: 10.3389/fpsyg.2014.00282

Boegheim, I. J. M., Leegwater, P. A. J., van Lith, H. A., and Back, W. (2017). Current insights into the molecular genetic basis of dwarfism in livestock. Vet. J. 224, 64–75. doi: 10.1016/j.tvjl.2017.05.014

Böhmer, A. C., Mangold, E., Tessmann, P., Mossey, P. A., Steegers-Theunissen, R. P., Lindemans, J., et al. (2013). Analysis of susceptibility loci for nonsyndromic orofacial clefting in a European trio sample. Am. J. Med. Genet. A. 161A, 2545–2549. doi: 10.1002/ajmg.a.36141

Bonnet, C., Andrieux, J., Béri-Dexheimer, M., Leheup, B., Boute, O., Manouvrier, S., et al. (2010). Microdeletion at chromosome 4q21 defines a new emerging syndrome with marked growth restriction, mental retardation and absent or severely delayed speech. J. Med. Genet. 47, 377–384. doi: 10.1136/jmg.2009.071902

Bono, M. A., Daley, L. T., and Sigman, M. (2004). Relations among joint attention, amount of intervention and language gain in autism. J. Autism Dev. Disord. 34, 495–505. doi: 10.1007/s10803-004-2545-x

Booth, J. R., Wood, L., Lu, D., Houk, J. C., and Bitan, T. (2007). The role of the basal ganglia and cerebellum in language processing. Brain Res. 1133, 136–144. doi: 10.1016/j.brainres.2006.11.074

Bottema-Beutel, K. (2016). Associations between joint attention and language in autism spectrum disorder and typical development: a systematic review and meta-regression analysis. Autism Res. 10, 1021–1035. doi: 10.1002/aur.1624

Boyle, E. A., Li, Y. I., and Pritchard, J. K. (2017). An expanded view of complex traits: from polygenic to omnigenic. Cell 169, 1177–1186. doi: 10.1016/j.cell.2017.05.038

Bozdagi, O., Sakurai, T., Dorr, N., Pilorge, M., Takahashi, N., and Buxbaum, J. D. (2012). Haploinsufficiency of Cyfip1 produces fragile X-like phenotypes in mice. PLoS One 7:e42422. doi: 10.1371/journal.pone.0042422

Bradshaw, N. J., Ogawa, F., Antolin-Fontes, B., Chubb, J. E., Carlyle, B. C., Christie, S., et al. (2008). DISC1, PDE4B, and NDE1 at the centrosome and synapse. Biochem. Biophys. Res. Commun. 377, 1091–1096. doi: 10.1016/j.bbrc.2008.10.120

Brink, T. T., Urton, K., Held, D., Kirilina, E., Hofmann, M. J., Klann-Delius, G., et al. (2011). The role of orbitofrontal cortex in processing empathy stories in 4- to 8-year-old children. Front. Psychol. 2:80. doi: 10.3389/fpsyg.2011.00080

Broadbent, H. J., Farran, E. K., and Tolmie, A. (2015). Sequential egocentric navigation and reliance on landmarks in Williams syndrome and typical development. Front. Psychol. 6:216. doi: 10.3389/fpsyg.2015.00216

Brock, J. (2007). Language abilities in Williams syndrome: a critical review. Dev. Psychopathol. 19, 97–127. doi: 10.1017/S095457940707006X

Brunberg, E., Jensen, P., Isaksson, A., and Keeling, L. J. (2013). Brain gene expression differences are associated with abnormal tail biting behaviour in pigs. Genes Brain Behav. 12, 275–281. doi: 10.1111/gbb.12002

Bruner, J. (1983). Play, thought, and language. Peabody J. Educ. 60, 60–69. doi: 10.1080/01619568309538407

Butali, A., Mossey, P., Adeyemo, W., Eshete, M., Gaines, L., Braimah, R., et al. (2014). Rare functional variants in genome-wide association identified candidate genes for nonsyndromic clefts in the African population. Am. J. Med. Genet. A. 164A, 2567–2571. doi: 10.1002/ajmg.a.36691

Campbell, L. E., Daly, E., Toal, F., Stevens, A., Azuma, R., Karmiloff-Smith, A., et al. (2009). Brain structural differences associated with the behavioural phenotype in children with Williams syndrome. Brain Res. 1258, 96–107. doi: 10.1016/j.brainres.2008.11.101

Capitao, L., Sampaio, A., Sampaio, C., Vasconcelos, C., Fernandez, M., Garayzabal, E., et al. (2011). MRI amygdala volume in Williams Syndrome. Res. Dev. Disabil. 32, 2767–2772. doi: 10.1016/j.ridd.2011.05.033

Carrington, S. J., and Bailey, A. J. (2009). Are there theory of mind regions in the brain? A review of the neuroimaging literature. Hum. Brain Mapp. 30, 2313–2335. doi: 10.1002/hbm.20671

Cerpa, W., Godoy, J. A., Alfaro, I., Farías, G. G., Metcalfe, M. J., Fuentealba, R., et al. (2008). Wnt-7a modulates the synaptic vesicle cycle and synaptic transmission in hippocampal neurons. J. Biol. Chem. 283, 5918–5927. doi: 10.1074/jbc.M705943200

Chailangkarn, T., Trujillo, C. A., Freitas, B. C., Hrvoj-Mihic, B., Herai, R. H., Yu, D. X., et al. (2016). A human neurodevelopmental model for Williams syndrome. Nature 536, 338–343. doi: 10.1038/nature19067

Charman, T., Howlin, P., Berry, B., and Prince, E. (2004). Measuring developmental progress of children with autism spectrum disorder on school entry using parent report. Autism 8, 89–100. doi: 10.1177/1362361304040641

Chawarska, K., Klin, A., Paul, R., and Volkmar, F. (2007). Autism spectrum disorder in the second year: stability and change in syndrome expression. J. Child Psychol. Psychiatry 48, 128–138. doi: 10.1111/j.1469-7610.2006.01685.x

Chen, E. Y., Tan, C. M., Kou, Y., Duan, Q., Wang, Z., Meirelles, G. V., et al. (2013). Enrichr: interactive and collaborative HTML5 gene list enrichment analysis tool. BMC Bioinformatics 14:128. doi: 10.1186/1471-2105-14-128

Chen, H., Jiang, L., Xie, Z., Mei, L., He, C., Hu, Z., et al. (2010). Novel mutations of PAX3, MITF, and SOX10 genes in Chinese patients with type I or type II Waardenburg syndrome. Biochem. Biophys. Res. Commun. 397, 70–74. doi: 10.1016/j.bbrc.2010.05.066

Cherry, J. A., and Davis, R. L. (1999). Cyclic AMP phosphodiesterases are localized in regions of the mouse brain associated with reinforcement, movement, and affect. J. Comp. Neurol. 407, 287–301. doi: 10.1002/(SICI)1096-9861(19990503)407:2<287::AID-CNE9>3.0.CO;2-R

Chiang, M. C., Reiss, A. L., Lee, A. D., Bellugi, U., Galaburda, A. M., Korenberg, J. R., et al. (2007). 3D Pattern of brain abnormalities in Williams Syndrome visualized using tensor-based morphometry. Neuroimage 36, 1096–1109. doi: 10.1016/j.neuroimage.2007.04.024

Chomsky, N. (1995). The Minimalist Program. Cambridge: MIT Press.

Cimadamore, F., Fishwick, K., Giusto, E., Gnedeva, K., Cattarossi, G., Miller, A., et al. (2011). Human ESC-derived neural crest model reveals a key role for SOX2 in sensory neurogenesis. Cell Stem Cell 8, 538–551. doi: 10.1016/j.stem.2011.03.011

Clarke, E., and Heyes, C. (2017). The swashbuckling anthropologist: henrich on the secret of our success. Biol. Philos. 32, 289–305. doi: 10.1007/s10539-016-9554-y

Coe, B. P., Witherspoon, K., Rosenfeld, J. A., van Bon, B. W., Vulto-van Silfhout, A. T., Bosco, P., et al. (2014). Refining analyses of copy number variation identifies specific genes associated with developmental delay. Nat. Genet. 46, 1063–1071. doi: 10.1038/ng.3092

Cohen, M. M. Jr. (2010). Hedgehog signaling update. Am. J. Med. Genet. A 152A, 1875–1914. doi: 10.1002/ajmg.a.32909

Coppinger, R., and Schneider, R. (1995). “Evolution of working dogs,” in The Domestic Dog: Its Evolution, Behaviour, and Interactions with People, ed. J. Serpell (Cambridge: Cambridge University Press), 21–47.

Corley, S. M., Canales, C. P., Carmona-Mora, P., Mendoza-Reinosa, V., Beverdam, A., Hardeman, E. C., et al. (2016). RNA-Seq analysis of Gtf2ird1 knockout epidermal tissue provides potential insights into molecular mechanisms underpinning Williams-Beuren syndrome. BMC Genomics 17:450. doi: 10.1186/s12864-016-2801-4

Cramer, D. L. (1977). Craniofacial morphology of Pan paniscus. A morphometric and evolutionary appraisal. Contrib. Primatol. 10, 1–64.

Creuzet, S. E., Martinez, S., and Le Douarin, N. (2006). The cephalic neural crest exerts a critical effect on forebrain and midbrain development. Proc. Natl. Acad. Sci. U.S.A. 103, 14033–14038. doi: 10.1073/pnas.0605899103

Dai, L., Bellugi, U., Chen, X. N., Pulst-Korenberg, A. M., Järvinen-Pasley, A., Tirosh-Wagner, T., et al. (2009). Is it Williams syndrome? GTF2IRD1 implicated in visual-spatial construction and GTF2I in sociability revealed by high resolution arrays. Am. J. Med. Genet. A 149A, 302–314. doi: 10.1002/ajmg.a.32652

Dai, L., Carter, C. S., Ying, J., Bellugi, U., Pournajafi-Nazarloo, H., and Korenberg, J. R. (2012). Oxytocin and vasopressin are dysregulated in Williams syndrome, a genetic disorder affecting social behavior. PLoS One 7:e38513. doi: 10.1371/journal.pone.0038513

Damaj, L., Lupien-Meilleur, A., Lortie, A., Riou,É, Ospina, L. H., Gagnon, L., et al. (2015). CACNA1A haploinsufficiency causes cognitive impairment, autism and epileptic encephalopathy with mild cerebellar symptoms. Eur. J. Hum. Genet. 23, 1505–1512. doi: 10.1038/ejhg.2015.21

Davidson, R. J., Jackson, D. C., and Kalin, N. H. (2000). Emotion, plasticity, context, and regulation: perspectives from affective neuroscience. Psychol. Bull. 126, 890–909. doi: 10.1037/0033-2909.126.6.890

Davis, E. K., Zou, Y., and Ghosh, A. (2008). Wnts acting through canonical and noncanonical signaling pathways exert opposite effects on hippocampal synapse formation. Neural Dev. 3:32. doi: 10.1186/1749-8104-3-32

Davis, M. (1997). Neurobiology of fear responses: the role of the amygdala. J. Neuropsychiatry Clin. Neurosci. 9, 382–402. doi: 10.1176/jnp.9.3.382

Dayal, D., Giri, D., and Senniappan, S. (2017). A rare association of central hypothyroidism and adrenal insufficiency in a boy with Williams-Beuren syndrome. Ann. Pediatr. Endocrinol. Metab. 22, 65–67. doi: 10.6065/apem.2017.22.1.65

de Brito, R. B., de Carvalho Araújo, L., Diniz, M. J. A., de Castro Georg, R., Nabout, J. C., Vianelo, R. P., et al. (2015). The CYP1A2 -163CNA polymorphism is associated with super-refractory schizophrenia. Schizophr. Res. 169, 502–503. doi: 10.1016/j.schres.2015.10.018

de Waal, F. B. (1997). Bonobo: The Forgotten Ape. Berkeley, CA: University of California Press.

Deacon, T. W. (2009). “Relaxed selection and the role of epigenesis in the evolution of language,” in Oxford Handbook of Developmental Behavioral Neuroscience, eds M. Blumberg, J. Freeman, and S. Robinson (New York, NY: Oxford University Press).

Decety, J., Michalska, K. J., and Akitsuki, Y. (2008). Who caused the pain? An fMRI investigation of empathy and intentionality in children. Neuropsychologia 46, 2607–2614. doi: 10.1016/j.neuropsychologia.2008.05.026

Dedovic, K., Duchesne, A., Andrews, J., Engert, V., and Pruessner, J. C. (2009). The brain and the stress axis: the neural correlates of cortisol regulation in response to stress. Neuroimage 47, 864–871. doi: 10.1016/j.neuroimage.2009.05.074

Doll, A., and Grzeschik, K. H. (2001). Characterization of two novel genes, WBSCR20 and WBSCR22, deleted in Williams–Beuren syndrome. Cytogenet. Cell Genet. 95, 20–27. doi: 10.1159/000057012

Doyle, T. F., Bellugi, U., Korenberg, J. R., and Graham, J. (2004). Everybody in the world is my friend” hypersociability in young children with Williams syndrome. Am. J. Med. Genet. A 124A, 263–273. doi: 10.1002/ajmg.a.20416

Eckert, M. A., Galaburda, A. M., Karchemskiy, A., Liang, A., Thompson, P., Dutton, R. A., et al. (2006). Anomalous sylvian fissure morphology in Williams syndrome. Neuroimage 33, 39–45. doi: 10.1016/j.neuroimage.2006.05.062

Eckert, M. A., Hu, D., Eliez, S., Bellugi, U., Galaburda, A., Korenberg, J., et al. (2005). Evidence for superior parietal impairment in Williams syndrome. Neurology 64, 152–153. doi: 10.1212/01.WNL.0000148598.63153.8A

Enkhmandakh, B., Makeyev, A. V., Erdenechimeg, L., Ruddle, F. H., Chimge, N. O., Tussie-Luna, M. I., et al. (2009). Essential functions of the Williams-Beurensyndrome-associated TFII-I genes in embryonic development. Proc. Natl. Acad. Sci. U.S.A. 106, 181–186. doi: 10.1073/pnas.0811531106

Epstein, R., Harris, A., Stanley, D., and Kanwisher, N. (1999). The parahippocampal place area: recognition, navigation, or encoding? Neuron 23, 115–125.

Etchevers, H. C., Couly, G., Vincent, C., and Le Douarin, N. M. (1999). Anterior cephalic neural crest is required for forebrain viability. Development 126, 3533–3543.

Fan, C. C., Brown, T. T., Bartsch, H., Kuperman, J. M., Hagler, D. J. Jr., Schork, A., et al. (2017). Williams syndrome-specific neuroanatomical profile and its associations with behavioral features. Neuroimage Clin. 15, 343–347. doi: 10.1016/j.nicl.2017.05.011

Filges, I., Shimojima, K., Okamoto, N., Röthlisberger, B., Weber, P., Huber, A. R., et al. (2011). Reduced expression by SETBP1 haploinsufficiency causes developmental and expressive language delay indicating a phenotype distinct from Schinzel-Giedion syndrome. J. Med. Genet. 48, 117–122. doi: 10.1136/jmg.2010.084582

Fishman, I., Yam, A., Bellugi, U., Lincoln, A., and Mills, D. (2011). Contrasting patterns of language-associated brain activity in autism and Williams syndrome. Soc. Cogn. Affect. Neurosci. 6, 630–638. doi: 10.1093/scan/nsq075

Fitch, W. T. (2012). Evolutionary developmental biology and human language evolution: constraints on adaptation. Evol. Biol. 39, 613–637. doi: 10.1007/s11692-012-9162-y

Fukase, H., Kondo, O., and Ishida, H. (2015). Size and placement of developing anterior teeth in immature Neanderthal mandibles from Dederiyeh Cave, Syria: implications for emergence of the modern human chin. Am. J. Phys. Anthropol. 156, 482–488. doi: 10.1002/ajpa.22665

Galaburda, A. M., Holinger, D. P., Bellugi, U., and Sherman, G. F. (2002). Williams syndromeneuronal size and neuronal-packing density in primary visual cortex. Arch. Neurol. 59, 1461–1467. doi: 10.1001/archneur.59.9.1461

Gaser, C., Luders, E., Thompson, P. M., Lee, A. D., Dutton, R. A., Geaga, J. A., et al. (2006). Increased local gyrification mapped in Williams syndrome. Neuroimage 33, 46–54. doi: 10.1016/j.neuroimage.2006.06.018

Giil, L. M., Vedeler, C. A., Kristoffersen, E. K., Nordrehaug, J. E., Heidecke, H., Dechend, R., et al. (2017). Antibodies to signaling molecules and receptors in Alzheimer’s disease are associated with psychomotor slowing, depression, and poor visuospatial function. J. Alzheimers Dis. 59, 929–939. doi: 10.3233/JAD-170245

Gjørlund, M. D., Nielsen, J., Pankratova, S., Li, S., Korshunova, I., Bock, E., et al. (2012). Neuroligin-1 induces neurite outgrowth through interaction with neurexin-1β and activation of fibroblast growth factor receptor-1. FASEB J. 10, 4174–4186. doi: 10.1096/fj.11-202242

Golarai, G., Hong, S., Haas, B. W., et al. (2010). The fusiform face area is enlarged in Williams syndrome. J. Neurosci. 19, 6700–6712. doi: 10.1523/JNEUROSCI.4268-09.2010

Gowans, L. J., Adeyemo, W. L., Eshete, M., Mossey, P. A., Busch, T., Aregbesola, B., et al. (2016). Association studies and direct DNA sequencing implicate genetic susceptibility loci in the etiology of nonsyndromic orofacial clefts in Sub-Saharan African populations. J. Dent. Res. 95, 1245–1256. doi: 10.1177/0022034516657003

Graham, S. A., Deriziotis, P., and Fisher, S. E. (2015). Insights into the genetic foundations of human communication. Neuropsychol. Rev. 25, 3–26. doi: 10.1007/s11065-014-9277-2

Gray, V., Karmiloff-Smith, A., Funnell, E., and Tassabehji, M. (2006). In-depth analysis of spatial cognition in Williams syndrome: a critical assessment of the role of the LIMK1 gene. Neuropsychologia 44, 679–685. doi: 10.1016/j.neuropsychologia.2005.08.007

Greenberg, F., and Lewis, R. (1988). The Williams’ syndrome. Spectrum and significance of ocular features. Ophthalmology 95, 1608–1612. doi: 10.1016/S0161-6420(88)32959-3

Greenfield, L. (2015). Vitamin D Deficiency in Modern Humans and Neanderthals. Philadelphia, PA: Outskirts Press.

Grillon, C., Krimsky, M., Charney, D. R., Vytal, K., Ernst, M., and Cornwell, B. (2018). Oxytocin increases anxiety to unpredictable threat. Mol. Psychiatry 18, 958–960. doi: 10.1038/mp.2012.156

Guzmán, Y. F., Tronson, N. C., Jovasevic, V., Sato, K., Guedea, A. L., Mizukami, H., et al. (2013). Fear-enhancing effects of septal oxytocin receptors. Nat. Neurosci. 16, 1185–1187. doi: 10.1038/nn.3465

Haas, B. W., Barnea-Goraly, N., Sheau, K. E., Yamagata, B., Ullas, S., and Reiss, A. L. (2014a). Altered microstructure within social-cognitive brain networks during childhood in Williams syndrome. Cereb. Cortex 24, 2796–2806. doi: 10.1093/cercor/bht135

Haas, B. W., Mills, D., Yam, A., Hoeft, F., Bellugi, U., and Reiss, A. (2009). Genetic influences on sociability: heightened amygdala reactivity and event-related responses to positive social stimuli in Williams syndrome. J. Neurosci. 29, 1132–1139. doi: 10.1523/JNEUROSCI.5324-08.2009

Haas, B. W., and Reiss, A. L. (2012). Social brain development in Williams syndrome: the current status and directions for future research. Front. Psychol. 3:186. doi: 10.3389/fpsyg.2012.00186

Haas, B. W., Sheau, K., Kelley, R. G., Thompson, P. M., and Reiss, A. L. (2014b). Regionally specific increased volume of the amygdala in Williams syndrome. Evidence from surface-based modeling. Hum. Brain Mapp. 35, 866–874. doi: 10.1002/hbm.22219

Hare, B. (2017). Survival of the friendliest: homo sapiens evolved via selection for prosociality. Annu. Rev. Psychol. 68, 155–186. doi: 10.1146/annurev-psych-010416-044201

Hare, B., Brown, M., Williamson, C., and Tomasello, M. (2002). The domestication of social cognition in dogs. Science 298, 1634–1636. doi: 10.1126/science.1072702

Hare, B., Wobber, V., and Wrangham, R. (2012). The self-domestication hypothesis: evolution of bonobo psychology is due to selection against aggression. Anim. Behav. 83, 573–585. doi: 10.1016/j.anbehav.2011.12.007

Hare, B., and Yamamoto, S. (eds) (2018). Bonobos: Unique in Mind, Brain, and Behavior. Oxford: Oxford University Press. doi: 10.1093/oso/9780198728511.001.0001

Hare, M., and Tomasello, M. (2005). Human-like social skills in dogs? Trends Cogn. Sci. 9, 439–444. doi: 10.1016/j.tics.2005.07.003pmid:16061417

Hart, B. L. (1985). The Behaviour of Domestic Animals. New York, NY: W.H. Freeman and Company.

Hawes, J. E., Tesic, D., Whitehouse, A. J., Zosky, G. R., Smith, J. T., and Wyrwoll, C. S. (2015). Maternal vitamin D deficiency alters fetal brain development in the BALB/c mouse. Behav. Brain Res. 286, 192–200. doi: 10.1016/j.bbr.2015.03.008

Hayashi, N., Shirakura, H., Uehara, T., and Nomura, Y. (2006). Relationship between SUMO-1 modification of caspase-7 and its nuclear localization in human neuronal cells. Neurosci. Lett. 397, 5–9. doi: 10.1016/j.neulet.2005.11.057

Herlihy, L., Knoch, K., Vibert, B., and Fein, D. (2015). Parents’ first concerns about toddlers with autism spectrum disorder: effect of sibling status. Autism 19, 20–28. doi: 10.1177/1362361313509731

Herrmann, E., Hare, B., Call, J., and Tomasello, M. (2010). Differences in the cognitive skills of bonobos and chimpanzees. PLoS One 5:e12438. doi: 10.1371/journal.pone.0012438

Herrmann, E., Hare, B., Cissewski, J., and Tomasello, M. A. (2011). Comparison of temperament in nonhuman apes and human infants. Dev. Sci. 2011, 1393–1405. doi: 10.1111/j.1467-7687.2011.01082.x

Hertzberg, J., Nakisbendi, L., Needleman, H. L., and Pober, B. (1994). Williams syndrome–oral presentation of 45 cases. Pediatr. Dent. 6, 262–267.

Hibar, D. P., Adams, H. H. H., Jahanshad, N., Chauhan, G., Stein, J. L., Hofer, E., et al. (2017). Novel genetic loci associated with hippocampal volume. Nat Commun. 8:13624. doi: 10.1038/ncomms13624

Hickok, G., Bellugi, U., and Jones, W. (1995). Asymmetrical ability. Science 270, 219–220.

Himmler, B. T., Stryjek, R., Modlinska, K., Derksen, S. M., Pisula, W., and Pellis, S. M. (2013). How domestication modulates play behavior: a comparative analysis between wild rats and a laboratory strain of Rattus norvegicus. J. Comp. Psychol. 127, 453–464. doi: 10.1037/a0032187

Hobson, J. A., Hobson, P., Malik, S., Kyratso, B., and Calo, S. (2013). The relation between social engagement and pretend play in autism. Br. J. Dev. Psychol. 31, 114–127. doi: 10.1111/j.2044-835X.2012.02083.x

Hoeft, F., Dai, L., Haas, B. W., Sheau, K., Mimura, M., and Mills, D. (2014). Mapping genetically controlled neural circuits of social behavior and visuo-motor integration by a preliminary examination of atypical deletions with Williams syndrome. PLoS One 9:e104088. doi: 10.1371/journal.pone.0104088

Hohmann, G., and Fruth, B. (2003). Culture in bonobos? Between-species and within-secies variation in behavior. Curr. Anthropol. 44, 563–571. doi: 10.1086/377649

Hollander, E., Bartz, J., Chaplin, W., Phillips, A., Sumner, J., Soorya, L., et al. (2007). Oxytocin increases retention of social cognition in autism. Biol. Psychiatry 61, 498–503. doi: 10.1016/j.biopsych.2006.05.030

Holmström, G., Almond, G., Temple, K., Taylor, D., and Baraitser, M. (1990). The iris in Williams syndrome. Arch. Dis. Child. 65, 987–989. doi: 10.1136/adc.65.9.987

Hovis, C. L., and Butler, M. G. (1997). Photoanthropometric study of craniofacial traits in individuals with Williams syndrome. Clin. Genet. 51, 379–387. doi: 10.1111/j.1399-0004.1997.tb02495.x

Howard, M. L., Palmer, S. J., Taylor, K. M., Arthurson, G. J., Spitzer, M. W., Du, X., et al. (2012). Mutation of Gtf2ird1 from the Williams-Beuren syndrome critical region results in facial dysplasia, motor dysfunction, and altered vocalisations. Neurobiol. Dis. 45, 913–922. doi: 10.1016/j.nbd.2011.12.010

Hsiao, K., Harony-Nicolas, H., Buxbaum, J. D., Bozdagi-Gunal, O., and Benson, D. L. (2016). Cyfip1 regulates presynaptic activity during development. J. Neurosci. 36, 1564–1576. doi: 10.1523/JNEUROSCI.0511-15.2016

Hu, D., and Marcucio, R. S. (2009). A SHH-responsive signaling center in the forebrain regulates craniofacial morphogenesis via the facial ectoderm. Development 136, 107–116. doi: 10.1242/dev.026583

Hu, X., Chen, X., Wu, B., Soler, I. M., Chen, S., and Shen, Y. (2017). Further defining the criticalgenes for the 4q21 microdeletion disorder. Am. J. Med. Genet. A. 173, 120–125. doi: 10.1002/ajmg.a.37965

Huang, Y. (2016). Up-regulated cytoplasmic FMRP-interacting protein 1 in intractable temporal lobe epilepsy patients and a rat model. Int. J. Neurosci. 126, 542–551. doi: 10.3109/00207454.2015.1038711

Jackowski, A. P., Rando, K., Maria de Araújo, C., Del Cole, C. G., Silva, I., and Tavares de Lacerda, A. L. (2009). Brain abnormalities in Williams syndrome: a review of structural and functional magnetic resonance imaging findings. Eur. J. Paediatr. Neurol. 13, 305–316. doi: 10.1016/j.ejpn.2008.07.002

Järvinen, A. M., and Bellugi, U. (2013). What does Williams syndrome reveal about the determinants of social behavior? Front. Hum. Neurosci. 7:321. doi: 10.3389/fnhum.2013.00321

Järvinen-Pasley, A., Bellugi, U., Reilly, J., Mills, D. L., Galaburda, A., Reiss, A. L., et al. (2008). Defining the social phenotype in Williams syndrome: a model for linking gene, the brain, and behavior. Dev. Psychopathol. 20, 1–35. doi: 10.1017/S0954579408000011

Jenkins, A., Paterson, C., Wang, Y., Hyde, T. M., Kleinman, J. E., and Law, A. J. (2015). Neurexin 1 (NRXN1) splice isoform expression during human neocortical development and aging. Mol. Psychiatry 21, 701–706. doi: 10.1038/mp.2015.107

Jernigan, T. L., and Bellugi, U. (1990). Anomalous brain morphology on magnetic resonance images in Williams syndrome and Down syndrome. Arch. Neurol. 47, 529–533. doi: 10.1001/archneur.1990.00530050049011

Jernigan, T. L., Bellugi, U., Sowell, E., Doherty, S., and Hesselink, J. R. (1993). Cerebral morphologic distinctions between Williams and Down syndromes. Arch. Neurol. 50, 186–191. doi: 10.1001/archneur.1993.00540020062019

Jia, J., Ding, H., Yang, K., Mao, L., Zhao, H., Zhan, Y., et al. (2015). Vitamin D receptor genetic polymorphism is significantly associated with risk of type 2 diabetes mellitus in Chinese Han population. Arch. Med. Res. 46, 572–579. doi: 10.1016/j.arcmed.2015.09.006

Jing, W., and Fang, J. (2014). Brief report: Do children with autism gather information from social contexts to aid their word learning? J. Autism Dev. Disord. 44, 1478–1482. doi: 10.1007/s10803-013-1994-5

Johnston, A. P., Naska, S., Jones, K., Jinno, H., Kaplan, D. R., and Miller, F. D. (2013). Sox2-mediated regulation of adult neural crest precursors and skin repair. Stem Cell Reports 1, 38–45. doi: 10.1016/j.stemcr.2013.04.004

Jones, K. L., and Smith, D. W. (1975). The Williams elfin facies syndrome. A new perspective. J. Pediatr. 86, 718–723. doi: 10.1016/S0022-3476(75)80356-8

Kaiser, S., Hennessy, M. B., and Sachser, N. (2015). Domestication affects the structure, development and stability of biobehavioural profiles. Front. Zool. 12(Suppl. 1):S19. doi: 10.1186/1742-9994-12-S1-S19

Karmiloff-Smith, A. (1998). Development itself is the key to understanding developmental disorders. Trends Cogn. Sci. 2, 389–398. doi: 10.1016/S1364-6613(98)01230-3

Karmiloff-Smith, A. (2008). “Research into Williams syndrome: the state of the art,” in Handbook of Developmental Cognitive Neuroscience, 2nd Edn, eds C. A. Nelson and M. Luciana (Cambridge, MA: MIT Press).

Karmiloff-Smith, A., and Mills, D. L. (2006). “Williams syndrome in brown,” in Encyclopedia of Language and Linguistics, Vol. 13, ed. K. Brown (Oxford: Elsevier), 585–589.

Kasamatsu, S., Hachiya, A., Higuchi, K., Ohuchi, A., Kitahara, T., and Boissy, R. E. (2008). Production of the soluble form of KIT, s-KIT, abolishes stem cell factor-induced melanogenesis in human melanocytes. J. Invest. Dermatol. 128, 1763–1772. doi: 10.1038/jid.2008.9

Katafuchi, T., Li, A. J., Hirota, S., Kitamura, Y., and Hori, T. (2000). Impairment of spatial learning and hippocampal synaptic potentiation in c-kit mutant rats. Learn. Mem. 7, 383–392. doi: 10.1101/lm.33900

Keenan, J. P., Thangaraj, V., Halpern, A. R., and Schlaug, G. (2001). Absolute pitch and planum temporale. Neuroimage 14, 1402–1408. doi: 10.1006/nimg.2001.0925

Key, A. P., and Dykens, E. M. (2011). Electrophysiological study of local/global processing in Williams syndrome. J. Neurodev. Disord. 3, 28–38. doi: 10.1007/s11689-010-9064-1

Kim, M. A., Cho, H. J., Bae, S. H., Lee, B., Oh, S. K., Kwon, T. J., et al. (2016). Methionine sulfoxide reductase B3-targeted in utero gene therapy rescues hearing function in a mouse model of congenital sensorineural hearing loss. Antioxid. Redox Signal. 24, 590–602. doi: 10.1089/ars.2015.6442

Kimonis, V., Donkervoort, S., and Watts, G. (2007). “Inclusion body myopathy with paget disease of bone and/or frontotemporal dementia,” in GeneReviews§[Internet], eds M. P. Adam, H. H. Ardinger, R. A. Pagon, S. E. Wallace, L. J. H. Bean, K. Stephens, et al. (Seattle, WA: University of Washington), 1993–2018.

Kippenhan, J. S., Olsen, R. K., Mervis, C. B., Morris, C. A., Kohn, P., Meyer-Lindenberg, A., et al. (2005). Genetic contributions to human gyrification: sulcal morphometry in Williams syndrome. J. Neurosci. 25, 7840–7846. doi: 10.1523/JNEUROSCI.1722-05.2005

Kirby, S. (2017). Culture and biology in the origins of linguistic structure. Psychon. Bull. Rev. 24, 118–137. doi: 10.3758/s13423-016-1166-7

Kirby, S., Griffiths, T., and Smith, K. (2014). Iterated learning and the evolution of language. Curr. Opin. Neurobiol. 28, 108–114. doi: 10.1016/j.conb.2014.07.014

Kirby, S., Tamariz, M., Cornish, H., and Smith, K. (2015). Compression and communication in the cultural evolution of linguistic structure. Cognition 41, 87–102. doi: 10.1016/j.cognition.2015.03.016

Kitagawa, H., Fujiki, R., Yoshimura, K., Mezaki, Y., Uematsu, Y., Matsui, D., et al. (2003). The chromatin-remodeling complex WINAC targets a nuclear receptor to promoters and is impaired in Williams syndrome. Cell 113, 905–917. doi: 10.1016/S0092-8674(03)00436-7

Kjelgaard, M. M., and Tager-Flusberg, H. (2001). An investigation of language impairment in autism: implications for genetic subgroups. Lang. Cogn. Process. 16, 287–308. doi: 10.1080/01690960042000058

Klein-Tasman, B. P., Li-Barber, K. T., and Magargee, E. T. (2011). Honing in on the social phenotype in Williams syndrome using multiple measures and multiple raters. J. Autism Dev. Disord. 41, 341–351. doi: 10.1007/s10803-010-1060-5

Klein-Tasman, B. P., Mervis, C. B., Lord, C., and Phillips, K. D. (2007). Socio-communicative deficits in young children with Williams syndrome: performance on the Autism Diagnostic Observation Schedule. Child Neuropsychol. 13, 444–467. doi: 10.1080/09297040601033680

Klein-Tasman, B. P., van der Fluit, F., and Mervis, C. B. (2018). Autism spectrum symptomatology in children with Williams syndrome who have phrase speech or fluent language. J. Autism Dev. Disord. 48, 3037–3050. doi: 10.1007/s10803-018-3555-4

Kleopa, K. A., Abrams, C. K., and Scherer, S. S. (2012). How do mutations in GJB1 cause X-linked Charcot-Marie-Tooth disease? Brain Res. 1487, 198–205. doi: 10.1016/j.brainres.2012.03.068

Ko, J. M., Lim, B. C., Kim, K. J., Hwang, Y. S., Ryu, H. W., Lee, J. H., et al. (2013). Distinct neurological features in a patient with Schinzel-Giedion syndrome caused by a recurrent SETBP1 mutation. Childs Nerv. Syst. 29, 525–529. doi: 10.1007/s00381-013-2047-2

Konopka, G., Wexler, E., Rosen, E., Mukamel, Z., Osborn, G. E., Chen, L., et al. (2011). Modeling the functional genomics of autism using human neurons. Mol. Psychiatry 17, 202–214. doi: 10.1038/mp.2011.60

Korenberg, J. R., Chen, X. N., Hirota, H., Lai, Z., Bellugi, U., Burian, D., et al. (2000). Genome structure and cognitive map of Williams syndrome. J. Cogn. Neurosci. 12(Suppl. 1), 89–107. doi: 10.1162/089892900562002

Korenberg, J. R., Dai, L., Bellugi, U., Jarvinen-Pasley, A., Mills, D. L., Galaburda, A., et al. (2008). “Deletion of 7q11.23 genes and Williams syndrome,” in Inborn Errors of Development. The Molecular Basis of Clinical Disorders of Morphogenesis, eds C. J. Epstein, R. P. Erickson, and A. Wynshaw-Boris (New York, NY: Oxford University Press), 1544–1552.

Kornilov, S. A., Rakhlin, N., Koposov, R., Lee, M., Yrigollen, C., Caglayan, A. O., et al. (2016). Genome-Wide association and exome sequencing study of language disorder in an isolated population. Pediatrics 137:e20152469. doi: 10.1542/peds.2015-2469

Kotz, S. A., Schwartze, M., and Schmidt-Kassow, M. (2009). Non-motor basal ganglia functions: a review and proposal for a model of sensory predictability in auditory language perception. Cortex 45, 982–990. doi: 10.1016/j.cortex.2009.02.010

Kozel, B. A., Bayliss, S. J., Berk, D. R., Waxler, J. L., Knutsen, R. H., Danback, J. R., et al. (2014). Skin findings in Williams syndrome. Am. J. Med. Genet. A 164A, 2217–2225. doi: 10.1002/ajmg.a.36628

Krug, A., Nieratschker, V., Markov, V., Krach, S., Jansen, A., Zerres, K., et al. (2010). Effect of CACNA1Crs1006737 on neural correlates of verbal fluency in healthy individuals. Neuroimage 49, 1831–1836. doi: 10.1016/j.neuroimage.2009.09.028

Kruska, D. (1988). “Mammalian domestication and its effect on brain structure and behavior,” in Intelligence and Evolutionary Biology, Vol. 17, eds H. J. Jerison, and I. Jerison (Berlin: Springer), 211–224. doi: 10.1007/978-3-642-70877-0_13

Kruska, D., and Schott, U. (1977). Comparative-quantitative investigations of brains of wild and laboratory rats. J. Hirnforsch. 18, 59–67.

Kruska, D. C. (2005). On the evolutionary significance of encephalization in some eutherian mammals: effects of adaptive radiation, domestication, and feralization. Brain Behav. Evol. 65, 73–108. doi: 10.1159/000082979

Kukekova, A. V., Johnson, J. L., Xiang, X., Feng, S., Liu, S., Rando, H. M., et al. (2018). Red fox genome assembly identifies genomic regions associated with tame and aggressive behaviours. Nat. Ecol. Evol. 6, 1479–1491. doi: 10.1038/s41559-018-0611-6

Kuleshov, M. V., Jones, M. R., Rouillard, A. D., Fernandez, N. F., Duan, Q., Wang, Z., et al. (2016). Enrichr: a comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids Res. 44, W90–W97. doi: 10.1093/nar/gkw377

Kumar, D., Dedic, N., Flachskamm, C., Voulé, S., Deussing, J. M., and Kimura, M. (2015). Cacna1c (Cav1.2) modulates electroencephalographic rhythm and rapid eye movement sleep recovery. Sleep 38, 1371–1380. doi: 10.5665/sleep.4972

Künzl, C., and Sachser, N. (1999). The behavioral endocrinology of domestication: a comparison between the domestic guinea pig (Cavia aperea f. porcellus) and its wild ancestor, the cavy (Cavia aperea). Horm. Behav. 35, 28–37. doi: 10.1006/hbeh.1998.1493

Kwon, T. J., Cho, H. J., Kim, U. K., Lee, E., Oh, S. K., Bok, J., et al. (2014). Methionine sulfoxide reductase B3 deficiency causes hearing loss due to stereocilia degeneration and apoptotic cell death in cochlear hair cells. Hum. Mol. Genet. 23, 1591–1601. doi: 10.1093/hmg/ddt549

Lacroix, A., Nawelle, F., and Michèle, G. (2016). “Language and emotional abilities in children with Williams syndrome and children with autism spectrum disorder: similarities and differences. Pediatric Health Med. Ther. 7, 89–97. doi: 10.2147/PHMT.S66347

Laing, E., Butterworth, G., Ansari, D., Gsödl, M., Longhi, E., Panagiotaki, G., et al. (2002). Atypical development of language and social communication in toddlers with Williams syndrome. Dev. Sci. 5, 233–246. doi: 10.1111/1467-7687.00225

Lalli, M. A., Jang, J., Park, J. H., Wang, Y., Guzman, E., Zhou, H., et al. (2016). Haploinsufficiency of BAZ1B contributes to Williams syndrome through transcriptional dysregulation of neurodevelopmental pathways. Hum. Mol. Genet 25, 1294–1306. doi: 10.1093/hmg/ddw010

Lameris, A. L., Nevalainen, P. I., Reijnen, D., Simons, E., Eygensteyn, J., Monnens, L., et al. (2014). Segmental transport of Ca2+ and Mg2+ along the gastrointestinal tract. Am. J. Physiol. Gastrointest. Liver Physiol. 308, G206–G216. doi: 10.1152/ajpgi.00093.2014

Lampe, M., Bräuer, J., Kaminski, J., and Virányi, Z. (2017). The effects of domestication and ontogeny on cognition in dogs and wolves. Sci. Rep. 7:11690. doi: 10.1038/s41598-017-12055-6

Lang, D., and Epstein, J. A. (2003). Sox10 and Pax3 physically interact to mediate activation of a conserved c-RET enhancer. Hum. Mol. Genet. 12, 937–945. doi: 10.1093/hmg/ddg107

Leach, H. M. (2003). Human domestication reconsidered. Curr. Anthropol. 44, 349–368. doi: 10.1086/368119

Ledoux, J. (1998). Fear and the brain: where have we been, and where are we going? Biol. Psychiatry 44, 1229–1233.

Lense, M., and Dykens, E. (2013). Cortisol reactivity and performance abilities in social situations in adults with Williams syndrome. Am. J. Intellect. Dev. Disabil. 118, 381–393. doi: 10.1352/1944-7558-118.5.381

Leslie, E. J., Carlson, J. C., Shaffer, J. R., Feingold, E., Wehby, G., Laurie, C. A., et al. (2016). A multi-ethnic genome-wide association study identifies novel loci for non-syndromic cleft lip with or without cleft palate on 2p24.2, 17q23 and 19q13. Hum. Mol. Genet. 25, 2862–2872.

Leslie, E. J., Taub, M. A., Liu, H., Steinberg, K. M., Koboldt, D. C., Zhang, Q., et al. (2015). Identification of functional variants for cleft lip with or without cleft palate in or near PAX7, FGFR2, and NOG by targeted sequencing of GWAS loci. Am. J. Hum. Genet. 96, 397–411. doi: 10.1016/j.ajhg.2015.01.004

Levitin, D. J., Cole, K., Lincoln, A., and Bellugi, U. (2005). Aversion, awareness, and attraction: investigating claims of hyperacusis in the Williams syndrome phenotype. J. Child Psychol. Psychiatry 46, 514–523. doi: 10.1111/j.1469-7610.2004.00376.x

Levy, L., and Gottlieb, J. (1984). Learning disabled and non-learning disabled children at play. Remedial Spec. Educ. 5, 43–50. doi: 10.1177/074193258400500607

Lewandowski, B., Vyssotski, A., Hahnloser, R. H., and Schmidt, M. (2013). At the interface of the auditory and vocal motor systems: NIf and its role in vocal processing, production and learning. J. Physiol. Paris 107, 178–192. doi: 10.1016/j.jphysparis.2013.04.001

Leyfer, O., Woodruff-Borden, J., and Mervis, C. B. (2009). Anxiety disorders in children with williams syndrome, their mothers, and their siblings: implications for the etiology of anxiety disorders. J. Neurodev. Disord. 1, 4–14. doi: 10.1007/s11689-009-9003-1

Li, C., Zhang, Y., Levin, A. M., Fan, B. Y., Teng, H., and Ghannam, M. M. (2018). Distal axonal proteins and their related MiRNAs in cultured cortical neurons. Mol. Neurobiol. doi: 10.1007/s12035-018-1266-7 [Epub ahead of print].

Li, J., Wu, D., Gao, H., Wang, L., and Sun, Z. J. (2013). ChenPivotal roles of cGAS-cGAMP signaling in antiviral defense and immune adjuvant effects. Science 341, 1390–1394. doi: 10.1126/science.1244040

Liguori, M., Nuzziello, N., Simone, M., Amoroso, N., Viterbo, R. G., Tangaro, S., et al. (2019). Association between miRNAs expression and cognitive performances of Pediatric Multiple Sclerosis patients: a pilot study. Brain Behav. 9:e01199. doi: 10.1002/brb3.1199

Lotem, A., Halpern, J. Y., Edelman, S., and Kolodny, O. (2017). The evolution of cognitive mechanisms in response to cultural innovations. Proc. Natl. Acad. Sci. U.S.A. 114, 7915–7922. doi: 10.1073/pnas.1620742114

Maczkowiak, F., Matéos, S., Wang, E., Roche, D., Harland, R., and Monsoro-Burq, A. H. (2010). The Pax3 and Pax7 paralogs cooperate in neural and neural crest patterning using distinct molecular mechanisms, in Xenopus laevis embryos. Dev. Biol. 340, 381–396. doi: 10.1016/j.ydbio.2010.01.022

Maguschak, K. A., and Ressler, K. J. (2011). Wnt signaling in amygdala-dependent learning andmemory. J. Neurosci. 31, 13057–13067. doi: 10.1523/JNEUROSCI.3248-11.2011

Mariën, P., and Borgatti, R. (2018). Language and the cerebellum. Handb. Clin. Neurol. 154, 181–202. doi: 10.1016/B978-0-444-63956-1.00011-4

Márquez, S., Pagano, A. S., Delson, E., Lawson, W., and Laitman, J. T. (2014). The nasal complex of Neanderthals: an entry portal to their place in human ancestry. Anat. Rec. 297, 2121–2137. doi: 10.1002/ar.23040

Marseglia, G., Scordo, M. R., Pescucci, C., Nannetti, G., Biagini, E., Scandurra, V., et al. (2012). 372 kb microdeletion in 18q12.3 causing SETBP1 haploinsufficiency associated with mild mental retardation and expressive speech impairment. Eur. J. Med. Genet. 55, 216–221. doi: 10.1016/j.ejmg.2012.01.005

Martens, M. A., Wilson, S. J., Dudgeon, P., and Reutens, D. C. (2009). Approachability and the amygdala: insights from Williams syndrome. Neuropsychologia 47, 2446–2453. doi: 10.1016/j.neuropsychologia.2009.04.017

Martens, M. A., Wilson, S. J., and Reutens, D. C. (2008). Research review: Williams syndrome: a critical review of the cognitive, behavioral, and neuroanatomical phenotype. J. Child Psychol. Psychiatry. 49, 576–608. doi: 10.1111/j.1469-7610.2008.01887

Matsuo, T., Osumi-Yamashita, N., Noji, S., Ohuchi, H., Koyama, E., Myokai, F., et al. (1993). A mutation in the Pax-6 gene in rat small eye is associated with impaired migration of midbrain crest cells. Nat. Genet. 3, 299–304. doi: 10.1038/ng0493-299

Maurino, V., Azzi, L., Vinci, R., Croveri, F., Boggio, A., Silvestre-Rangil, J., et al. (2017). The “elfin face”: craniofacial and dental aspects of the Williams-Beuren syndrome. J. Biol. Regul. Homeost. Agents 31(2 Suppl. 1), 105–111.

Mayes, S. D., and Calhoun, S. L. (2003). Ability profiles in children with autism: influence of age and IQ. Autism 7, 65–80. doi: 10.1177/1362361303007001006

McHenry, H. M. (1984). Relative cheek-tooth size in Australopithecus. Am. J. Phys. Anthropol. 64, 297–306. doi: 10.1002/ajpa.1330640312

Meda, S. A., Pryweller, J. R., and Thornton-Wells, T. A. (2012). Regional brain differences in cortical thickness, surface area and subcortical volume in individuals with Williams syndrome. PLoS One 7:e31913. doi: 10.1371/journal.pone.0031913

Meng, X., Morris, C. A., and Keating, M. T. (1998). A novel human gene, WSTF, is deleted in Williams syndrome. Genomics 54, 241–249. doi: 10.1006/geno.1998.5578

Merla, G., Ucla, C., Guipponi, M., and Reymond, A. (2002). Identification of additional transcripts in the Williams–Beuren syndrome critical region. Hum. Genet. 110, 429–438. doi: 10.1007/s00439-002-0710-x

Mervis, C. B., and Becerra, A. M. (2007). Language and communicative development in Williams syndrome. Ment. Retard. Dev. Disabil. Res. Rev. 13, 3–15.

Mervis, C. B., Morris, C. A., Bertrand, J., and Robinson, E. F. (1999). “Williams syndrome: findings from an integrated program of research,” in Neurodevelopmental Disorders, ed. H. Tager-Flusberg (Cambridge, MA: The MIT Press), 65–110.

Meyer, M., Kircher, M., Gansauge, M. T., Li, H., Racimo, F., Mallick, S., et al. (2012). A high-coverage genome sequence from anarchaic Denisovan individual. Science 338, 222–226. doi: 10.1126/science.1224344

Meyer-Lindenberg, A., Hariri, A. R., Munoz, K. E., Mervis, C. B., Mattay, V. S., Morris, C. A., et al. (2005a). Neural correlates of genetically abnormal social cognition in Williams syndrome. Nat. Neurosci. 8, 991–993.

Meyer-Lindenberg, A., Kohn, P., Mervis, C. B., Kippenhan, J. S., Olsen, R. K., Morris, C. A., et al. (2004). Neural basis of genetically determined visuospatial construction deficit in Williams syndrome. Neuron 43, 623–631. doi: 10.1016/j.neuron.2004.08.014

Meyer-Lindenberg, A., Mervis, C. B., and Berman, K. F. (2006). Neural mechanisms in Williams syndrome: a unique window to genetic influences on cognition and behaviour. Nat. Rev. Neurosci. 7, 380–393. doi: 10.1038/nrn1906

Meyer-Lindenberg, A., Mervis, C. B., Sarpal, D., Koch, P., Steele, S., Kohn, P., et al. (2005b). Functional, structural, and metabolic abnormalities of the hippocampal formation in Williams syndrome. J. Clin. Invest. 115, 1888–1895.

Miró, X., Pérez-Torres, S., Puigdomènech, P., Palacios, J. M., and Mengod, G. (2002). Differential distribution of PDE4D splice variant mRNAs in rat brain suggests association with specific pathways and presynaptical localization. Synapse 45, 259–269. doi: 10.1002/syn.10100

Miyake, F., Kuroda, Y., Naruto, T., Ohashi, I., Takano, K., and Kurosawa, K. (2015). West syndrome in a patient with Schinzel-Giedion syndrome. J. Child Neurol. 30, 932–936. doi: 10.1177/0883073814541468

Mobbs, D., Eckert, M. A., Menon, V., Mills, D., Korenberg, J., Galaburda, A. M., et al. (2007). Reduced parietal and visual cortical activation during global processing in Williams syndrome. Dev. Med. Child Neurol. 49, 433–438. doi: 10.1111/j.1469-8749.2007.00433.x

Modyanova, N., Perovic, A., and Wexler, K. (2017). Grammar is differentially impaired in subgroups of autism spectrum disorders: evidence from an investigation of tense marking and morphosyntax. Front. Psychol. 8:320. doi: 10.3389/fpsyg.2017.00320

Morris, C. A. (2010). Introduction: Williams syndrome. Am. J. Med. Genet. C Semin. Med. Genet. 154C, 203–208. doi: 10.1002/ajmg.c.30266

Morris, C. A., Mervis, C. B., Hobart, H. H., Gregg, R. G., Bertrand, J., Ensing, G. J., et al. (2003). GTF2I hemizygosity implicated in mental retardation in Williams syndrome: genotype-phenotype analysis of five families with deletions in the Williams syndrome region. Am. J. Med. Genet. A. 123A, 45–59. doi: 10.1002/ajmg.a.20496

Morris, C. A., Mervis, C. B., Paciorkowski, A. P., Abdul-Rahman, O., Dugan, S. L., Rope, A. F., et al. (2015). 7q11.23 duplication syndrome: physical characteristics and natural history. Am. J. Med. Genet. A 167A, 2916–2935. doi: 10.1002/ajmg.a.37340

Moskovitz, M., Brener, D., Faibis, S., and Peretz, B. (2005). Medical considerations in dental treatment of children with William’s syndrome. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 99, 573–580. doi: 10.1016/j.tripleo.2004.03.019

Moullé, V. S., Cansell, C., Luquet, S., and Cruciani-Guglielmacci, C. (2012). The multiple roles of fatty acid handling proteins in brain. Front. Physiol. 3:385. doi: 10.3389/fphys.2012.00385

Mozzi, A., Forni, D., Clerici, M., Pozzoli, U., Mascheretti, S., Guerini, F. R., et al. (2016). The evolutionary history of genes involved in spoken and written language: beyond FOXP2. Sci. Rep. 6:22157. doi: 10.1038/srep22157

Mundy, P., Sigman, M., and Kasari, C. (1994). Joint attention, developmental level and symptom presentation in autism. Dev. Psychopathol. 6, 389–401. doi: 10.1017/S0954579400006003

Muñoz, K. E., Meyer-Lindenberg, A., Hariri, A. R., Mervis, C. B., Mattay, V. S., Morris, C. A., et al. (2010). Abnormalities in neural processing of emotional stimuli in Williams syndrome vary according to social vs. non-social content. Neuroimage 50, 340–346. doi: 10.1016/j.neuroimage.2009.11.069

Murphy, E., and Benítez-Burraco, A. (2018a). Paleo-oscillomics: reconstructing language-relevant computational capacities in Neanderthals from the molecular basis of neural oscillations. J. Anthropol. Sci. doi: 10.1101/167528 [Epub ahead of print].

Murphy, E., and Benítez-Burraco, A. (2018b). The language oscillogenome. Front. Psychol. 9:1999. doi: 10.3389/fpsyg.2018.01999

Nadig, A. S., Ozonoff, S., Young, G. S., Rozga, A., Sigman, M., and Rogers, S. J. (2007). A prospective study of response to name in infants at risk for autism. Arch. Pediatr. Adolesc. Med. 161, 378–383. doi: 10.1001/archpedi.161.4.378

Nagasawa, M., Mitsui, S., En, S., Ohtani, N., Ohta, M., Sakuma, Y., et al. (2015). Social evolution. Oxytocin-gaze positive loop and the coevolution of human-dog bonds. Science 348, 333–336. doi: 10.1126/science.1261022

Naumenko, E. V., and Belyaev, D. K. (1980). “Neuroendocrine mechanisms in animal domestication,” in Problems in General Genetics, Proceedings XIY Int Cong Genet. 2, 2, ed. D. K. Belyaev (Moscow: Mir), 12–24.

Nebel, R. A., Zhao, D., Pedrosa, E., Kirschen, J., Lachman, H. M., Zheng, D., et al. (2016). Reduced CYFIP1 in human neural progenitors results in dysregulation of schizophrenia and epilepsy gene networks. PLoS One 11:e0148039. doi: 10.1371/journal.pone.0148039

Neumann, I. D. (2002). Involvement of the brain oxytocin system in stress coping: interactions with the hypothalamo-pituitary-adrenal axis. Prog. Brain Res. 139, 147–162. doi: 10.1016/S0079-6123(02)39014-9pmid:12436933

Ng, R., Bellugi, D. U., and Trauner, D. (2018). Associations between social functioning, ADHD symptomatology, and emotion functioning in children with autism spectrum disorder and williams syndrome. Pediatr. Neurol. 79, 69–71. doi: 10.1016/j.pediatrneurol.2017.10.022

Noroozi, R., Omrani, M. D., Sayad, A., Taheri, M., and Ghafouri-Fard, S. (2018). Cytoplasmic FMRP interacting protein 1/2 (CYFIP1/2) expression analysis in autism. Metab. Brain Dis. doi: 10.1007/s11011-018-0249-8 [Epub ahead of print].

Nudel, R., and Newbury, D. F. (2013). FOXP2. Wiley Interdiscip. Rev. Cogn. Sci. 4, 547–560. doi: 10.1002/wcs.1247

Oguro-Ando, A., Rosensweig, C., Herman, E., Nishimura, Y., Werling, D., Bill, B. R., et al. (2015). Increased CYFIP1 dosage alters cellular and dendritic morphology and dysregulates mTOR. Mol. Psychiatry 20, 1069–1078. doi: 10.1038/mp.2014.124

O’Hearn, K., Roth, J. K., Courtney, S. M., Luna, B., Street, W., Terwillinger, R., et al. (2011). Object recognition in Williams syndrome: uneven ventral stream activation. Dev. Sci. 14, 549–565. doi: 10.1111/j.1467-7687.2010.01002.x

Oskina, I. (1996). Analysis of the functional state of the pituitary-adrenal axis during postnatal development of domesticated silver foxes. Scientifur 20, 159–167.

Osório, A., Soares, J. M., Prieto, M. F., Vasconcelos, C., Fernandes, C., Sousa, S., et al. (2014). Cerebral and cerebellar MRI volumes in Williams syndrome. Res. Dev. Disabil. 35, 922–928. doi: 10.1016/j.ridd.2013.12.014

Ossipova, O., and Sokol, S. Y. (2011). Neural crest specification by noncanonical Wnt signaling and PAR-1. Development 138, 5441–5450. doi: 10.1242/dev.067280

Ousley, O., Evans, A. N., Fernandez-Carriba, S., Smearman, E. L., Rockers, K., Morrier, M. J., et al. (2017). Examining the overlap between autism spectrum disorder and 22q11.2 Deletion syndrome. Int. J. Mol. Sci. 18:E1071. doi: 10.3390/ijms18051071

Palmer, S. J., Santucci, N., Widagdo, J., Bontempo, S. J., Taylor, K. M., Tay, E. S. E., et al. (2010). Negative autoregulation of GTF2IRD1 in Williams-Beuren syndrome via a novel DNA binding mechanism. J. Biol. Chem. 285, 4715–4724. doi: 10.1074/jbc.M109.086660

Pan, P. Y., Cai, Q., Lin, L., Lu, P. H., Duan, S. M., and Sheng, Z. H. (2005). SNAP-29-mediated modulation of synaptic transmission in cultured hippocampal neurons. J. Biol. Chem. 280, 25769–25779. doi: 10.1074/jbc.M502356200

Pangršič, T., Reisinger, E., and Moser, T. (2012). Otoferlin: a multi-C2 domain protein essential for hearing. Trends Neurosci. 35, 671–680. doi: 10.1016/j.tins.2012.08.002

Pankau, R., Partsch, C. J., Gosch, A., Oppermann, H. C., and Wessel, A. (1992). Statural growth in Williams-Beuren syndrome. Eur. J. Pediatr. 151, 751–755. doi: 10.1007/BF01959084

Pao, G. M., Zhu, Q., Perez-Garcia, C. G., Chou, S.-J., Suh, H., and Gage, F. H. (2014). Role of BRCA1 in brain development. Proc. Natl. Acad. Sci. U.S.A. 111, E1240–E1248. doi: 10.1073/pnas.1400783111

Papachristou, P., Dyberg, C., Lindqvist, M., Horn, Z., and Ringstedt, T. (2014). Transgenic increase of Wnt7b in neural progenitor cells decreases expression of T-domain transcription factors and impairs neuronal differentiation. Brain Res. 1576, 27–34. doi: 10.1016/j.brainres.2014.06.015

Papaeliou, C. F., Fryssira, H., Kodakos, A., Kaila, M., Benaveli, E., Michaelides, K., et al. (2011). Nonverbal communication, play, and language in Greek young children with Williams syndrome. Child Neuropsychol. 17, 225–241. doi: 10.1080/09297049.2010.524151

Partsch, C. J., Japing, I., Siebert, R., Gosch, A., Wessel, A., Sippell, W. G., et al. (2002). Central precocious puberty in girls with Williams syndrome. J. Pediatr. 141, 441–444. doi: 10.1067/mpd.2002.127280

Pathania, M., Davenport, E. C., Muir, J., Sheehan, D. F., López-Doménech, G., and Kittler, J. T. (2014). The autism and schizophrenia associated gene CYFIP1 is critical for the maintenance of dendritic complexity and the stabilization of mature spines. Transl. Psychiatry 4:e374. doi: 10.1038/tp.2014.16

Paul, C., Schöberl, F., Weinmeister, P., Micale, V., Wotjak, C. T., Hofmann, F., et al. (2008). Signaling through cGMP-dependent protein kinase I in the amygdala is critical for auditory-cued fear memory and long-term potentiation. J. Neurosci. 28, 14202–14212. doi: 10.1523/JNEUROSCI.2216-08.2008

Paul, R., Chawarska, K., Fowler, C., Cicchetti, D., and Volkmar, F. (2007). “Listen my children and you shall hear”: auditory preferences in toddlers with autism spectrum disorders. J. Speech Lang. Hear Res. 50, 1350–1364. doi: 10.1044/1092-4388(2007/094)

Pennisi, E. (2011). The biology of genomes. On the trail of brain domestication genes. Science 332, 1030–1031. doi: 10.1126/science.332.6033.1030-b

Perdue, M. V., Mascheretti, S., Kornilov, S. A., Jasińska, K. K., Ryherd, K., Einar Mencl, W., et al. (2018). Common variation within the SETBP1 gene is associated with reading-related skills and patterns of functional neural activation. Neuropsychologia doi: 10.1016/j.neuropsychologia.2018.07.015 [Epub ahead of print].

Perovic, A., Modyanova, N., and Wexler, K. (2013). Comparison of grammar in neurodevelopmental disorders: the case of binding in Williams syndrome and autism with and without language impairment. Lang. Acquis. 20, 133–154. doi: 10.1080/10489223.2013.766742

Philofsky, A., Fidler, D. J., and Hepburn, S. (2007). Pragmatic language profiles of school-age children with autism spectrum disorders and Williams syndrome. Am. J. Speech Lang. Pathol. 16, 368–380. doi: 10.1044/1058-0360(2007/040)

Piaget, J. (1962). Play, Dreams, and Imitation in Childhood. New York, NY: Norton.

Picinelli, C., Lintas, C., Piras, I. S., Gabriele, S., Sacco, R., Brogna, C., et al. (2016). Recurrent 15q11.2 BP1-BP2 microdeletions and microduplications in the etiology of neurodevelopmental disorders. Am. J. Med. Genet. B Neuropsychiatr. Genet. 171, 1088–1098. doi: 10.1002/ajmg.b.32480

Pilbrow, V. (2006). Population systematics of chimpanzees using molar morphometrics. J. Hum. Evol. 51, 646–662. doi: 10.1016/j.jhevol.2006.07.008

Plavcan, J. M. (2012). Sexual size dimorphism, canine dimorphism, and male-male competition in primates. Hum. Nat. 23, 45–67. doi: 10.1007/s12110-012-9130-3

Plesa Skwerer, D., and Tager-Flusberg, H. (2016). Empathic responsiveness and helping behaviours in young children with Williams syndrome. J. Intellect. Disabil. Res. 60, 1010–1019. doi: 10.1111/jir.12302

Plouhinec, J. L., Roche, D. D., Pegoraro, C., Figueiredo, A. L., Maczkowiak, F., Brunet, L. J., et al. (2014). Pax3 and Zic1 trigger the early neural crest gene regulatory network by the direct activation of multiple key neural crest specifiers. Dev. Biol. 386, 461–472. doi: 10.1016/j.ydbio.2013.12.010

Pober, B. R. (2003). “Williams syndrome,” in NORD Guide to Rare Disorders, eds B. A. Kozel, S. J. Bayliss, D. R. Berk, J. L. Waxler, R. H. Knutsen, J. R. Danback, et al. (Philadelphia, PA: Williams & Wilkins), 270.

Pober, B. R., Wang, E., Caprio, S., Petersen, K. F., Brandt, C., Stanley, T., et al. (2010). High prevalence of diabetes and pre-diabetes in adults with Williams syndrome. Am. J. Med. Genet. C Semin. Med. Genet. 154C, 291–298. doi: 10.1002/ajmg.c.30261

Poornima, P., Patil, P. S., Subbareddy, V. V., and Arora, G. (2012). Dentofacial characteristics in William’s syndrome. Contemp. Clin. Dent. 3(Suppl. 1),S41–S44. doi: 10.4103/0976-237X.95103

Procyshyn, T. L., Spence, J., Read, S., Watson, N. V., and Crespi, B. J. (2017). The Williams syndrome prosociality gene GTF2I mediates oxytocin reactivity and social anxiety in a healthy population. Biol. Lett. 13:20170051. doi: 10.1098/rsbl.2017.0051

Purser, H. R., Thomas, M. S., Snoxall, S., Mareschal, D., and Karmiloff-Smith, A. (2011). Definitions versus categorization: assessing the development of lexico-semantic knowledge in Williams syndrome. Int. J. Lang. Commun. Disord. 46, 361–373. doi: 10.3109/13682822.2010.497531

Quinn, S., Donnelly, S., and Kidd, E. (2018). The relationship between symbolic play and language acquisition: a meta-analytic review. Dev. Rev. 49, 121–135. doi: 10.1016/j.dr.2018.05.005

Raimondi, C., and Ruhrberg, C. (2013). Neuropilin signalling in vessels, neurons and tumours. Semin. Cell Dev. Biol. 24, 172–178. doi: 10.1016/j.semcdb.2013.01.001

Rapin, I., and Dunn, M. (2003). Update on the language disorders of individuals on the autistic spectrum. Brain Dev. 25, 166–172. doi: 10.1016/S0387-7604(02)00191-2

Rehkämper, G., Frahm, H. D., and Cnotka, J. (2008). Mosaic evolution and adaptive brain component alteration under domestication seen on the background of evolutionary theory. Brain Behav. Evol. 71, 115–126.

Reilly, J., Klima, E. S., and Bellugi, U. (1990). Once more with feeling: affect and language in atypical populations. Dev. Psychopathol. 2, 367–391. doi: 10.1017/S0954579400005782

Reiss, A. L., Eckert, M. A., Rose, F. E., Karchemskiy, A., Kesler, S., Chang, M., et al. (2004). An t of nature: Brain anatomy parallels cognition and behavior in Williams syndrome. J. Neurosci. 24, 5009–5015. doi: 10.1523/JNEUROSCI.5272-03.2004

Reiss, A. L., Eliez, S., Schmitt, J. E., Straus, E., Lai, Z., Jones, W., et al. (2000). Neuroanatomy of Williams syndrome: a high-resolution MRI study. J. Cogn. Neurosci. 12(Suppl. 1), 65–73. doi: 10.1162/089892900561986

Riby, D. M., Hancock, P. J., Jones, N., and Hanley, M. (2013). Spontaneous and cued gaze-following in autism and Williams syndrome. J. Neurodev. Disord. 5:13. doi: 10.1186/1866-1955-5-13

Ricciarelli, R., Brullo, C., Prickaerts, J., Arancio, O., Villa, C., Rebosio, C., et al. (2017). Memory-enhancing effects of GEBR-32a, a new PDE4D inhibitor holding promise for the treatment of Alzheimer’s disease. Sci. Rep. 7:46320. doi: 10.1038/srep46320

Riches, N. G., Loucas, T., Baird, G., Charman, T., and Simonoff, E. (2010). Sentence repetition in adolescents with specific language impairments and autism: an investigation of complex syntax. Int. J. Lang. Commun. Disord. 45, 47–60. doi: 10.3109/13682820802647676

Rilling, J. K., Scholz, J., Preuss, T. M., Glasser, M. F., Errangi, B. K., and Behrens, T. E. (2012). Differences between chimpanzees and bonobos in neural systems supporting socialcognition. Soc. Cogn. Affect. Neurosci. 7, 369–379. doi: 10.1093/scan/nsr017

Ríos, J. A., Godoy, J. A., and Inestrosa, N. C. (2018). Wnt3a ligand facilitates autophagy in hippocampal neurons by modulating a novel GSK-3β-AMPK axis. Cell Commun. Signal. 16:15. doi: 10.1186/s12964-018-0227-0

Roberts, J., Rice, M. L., and Tager-Flusberg, H. (2004). Tense marking in children with autism. Appl. Psycholinguist. 25, 429–448. doi: 10.1017/S0142716404001201

Rollins, B., Martin, M. V., Morgan, L., and Vawter, M. P. (2010). Analysis of whole genome biomarker expression in blood and brain. Am. J. Med. Genet. B Neuropsychiatr. Genet. 153B, 919–936. doi: 10.1002/ajmg.b.31062

Rolls, E. T. (2015). Limbic systems for emotion and for memory, but no single limbic system. Cortex 62, 119–157. doi: 10.1016/j.cortex.2013.12.005

Rothschild, G., Sottas, C. M., Kissel, H., Agosti, V., Manova, K., Hardy, M. P., et al. (2003). A role for kit receptor signalling in Leydig cell steroidogenesis. Biol. Reprod 69, 925–932. doi: 10.1095/biolreprod.102.014548

Roy, A. L., Du, H., Gregor, P. D., Novina, C. D., Martinez, E., and Roeder, R. G. (1997). Cloning of an Inr- and E-box binding protein, TFII-I, that interacts physically and functionally with USF1. EMBO J. 16, 7091–7104. doi: 10.1093/emboj/16.23.709

Ruan, C., and Zhang, Z. (2016). Laboratory domestication changed the expression patterns of oxytocin and vasopressin in brains of rats and mice. Anat. Sci. Int. 91, 358–370. doi: 10.1007/s12565-015-0311-0

Sakurai, T., Dorr, N. P., Takahashi, N., McInnes, L. A., Elder, G. A., and Buxbaum, J. D. (2011). Haploinsufficiency of Gtf2i, a gene deleted in Williams Syndrome, leads to increases in social interactions. Autism Res. 4, 28–39. doi: 10.1002/aur.169

Sanders, S. J., Ercan-Sencicek, A. G., Hus, V., Luo, R., Murtha, M. T., Moreno-De-Luca, D., et al. (2011). Multiple recurrent de novo CNVs, including duplications of the 7q11.23 Williams syndrome region, are strongly associated with autism. Neuron 70, 863–885. doi: 10.1016/j.neuron.2011.05.002

Sanders, S. J., Murtha, M. T., Gupta, A. R., Murdoch, J. D., Raubeson, M. J., Willsey, A. J., et al. (2012). De novo mutations revealed by whole-exome sequencing are strongly associated with autism. Nature 485, 237–241. doi: 10.1038/nature10945

Santarelli, R., del Castillo, I., Cama, E., Scimemi, P., and Starr, A. (2015). Audibility, speech perception and processing of temporal cues in ribbon synaptic disorders due to OTOF mutations. Hear. Res. 330(Pt B), 200–212. doi: 10.1016/j.heares.2015.07.007

Schaschl, H., Huber, S., Schaefer, K., Windhager, S., Wallner, B., and Fieder, M. (2015). Signatures of positive selection in the cis-regulatory sequences of the human oxytocin receptor (OXTR) and arginine vasopressin receptor 1a (AVPR1A) genes. BMC Evol. Biol. 15:85. doi: 10.1186/s12862-015-0372-7

Schizophrenia Working Group of the Psychiatric Genomics Consortium (2014). Biological insights from 108 schizophrenia-associated genetic loci. Nature 511, 421–427. doi: 10.1038/nature13595

Schmidt, V. (2014). Comparative Anatomy of the Pig Brain – An Integrative Magnetic Resonance Imaging (Mri) Study of the Porcine Brain with Special Emphasis on the External Morphology of the Cerebral Cortex. Ph.D. thesis, University of Giessen, Giessen.

Schmitt, J. E., Eliez, S., Bellugi, U., and Reiss, A. (2001a). Analysis of cerebral shape in Williams syndrome. Arch. Neurol. 58, 283–287.

Schmitt, J. E., Eliez, S., Warsofsky, I. S., Bellugi, U., and Reiss, A. L. (2001b). Corpus callosum morphology of Williams syndrome: relation to genetics and behavior. Dev. Med. Child Neurol. 43, 155–159.

Segura-Puimedon, M., Sahún, I., Velot, E., Dubus, P., Borralleras, C., Rodrigues, A. J., et al. (2014). Heterozygous deletion of the Williams-Beuren syndrome critical interval in mice recapitulates most features of the human disorder. Hum. Mol. Genet. 23, 6481–6494. doi: 10.1093/hmg/ddu368

Semendeferi, K., Armstrong, E., Schleicher, A., Zilles, K., and Van Hoesen, G. W. (1998). Limbic frontal cortex in hominoids: a comparative study of area 13. Am. J. Phys. Anthropol. 106, 129–155.

Shea, B. (1989). Heterochrony in human evolution: the case for neoteny reconsidered. Am. J. Phys. Anthropol. 32, 69–102. doi: 10.1002/ajpa.1330320505

Shirai, Y., Li, W., and Suzuki, T. (2017). Role of splice variants of Gtf2i, a transcription factor localizing at postsynaptic sites, and its relation to neuropsychiatric diseases. Int. J. Mol. Sci. 18:E411. doi: 10.3390/ijms18020411

Siskind, C., Feely, S. M., Bernes, S., Shy, M. E., and Garbern, J. Y. (2009). Persistent CNS dysfunction in a boy with CMT1X. J. Neurol. Sci. 279, 109–113. doi: 10.1016/j.jns.2008.12.031

Sloan, C. D., Shen, L., West, J. D., Wishart, H. A., Flashman, L. A., Rabin, L. A., et al. (2010). Genetic pathway-based hierarchical clustering analysis of older adults with cognitive complaints and amnestic mild cognitive impairment using clinical and neuroimaging phenotypes. Am. J. Med. Genet. B Neuropsychiatr. Genet. 153B, 1060–1069. doi: 10.1002/ajmg.b.31078

Smith, A. D., Gilchrist, I. D., Hood, B., Tassabehji, M., and Karmiloff-Smith, A. (2009). Inefficient search of large-scale space in Williams syndrome: Further insights on the role of LIMK1 deletion in deficits of spatial cognition. Perception 38, 694–701. doi: 10.1068/p6050

Somel, M., Franz, H., Yan, Z., Lorenc, A., Guo, S., Giger, T., et al. (2009). Transcriptional neoteny in the human brain. Proc. Natl. Acad. Sci. U.S.A. 106, 5743–5748. doi: 10.1073/pnas.0900544106

Sprecher, E., Ishida-Yamamoto, A., Mizrahi-Koren, M., Rapaport, D., Goldsher, D., Indelman, M., et al. (2005). A mutation in SNAP29, coding for a SNARE protein involved in intracellular trafficking, causes a novel neurocutaneous syndrome characterized by cerebral dysgenesis, neuropathy, ichthyosis, and palmoplantar keratoderma. Am. J. Hum. Genet. 77, 242–251. doi: 10.1086/432556

Sterponi, L., de Kirby, K., and Shankey, J. (2015). Rethinking language in autism. Autism 19, 517–526. doi: 10.1177/1362361314537125

Stimpson, C. D., Barger, N., Taglialatela, J. P., Gendron-Fitzpatrick, A., Hof, P. R., Hopkins, W. D., et al. (2016). Differential serotonergic innervation of the amygdala in bonobos and chimpanzees. Soc. Cogn. Affect. Neurosci. 11, 413–422. doi: 10.1093/scan/nsv128

Stringer, C. (2016). The origin and evolution of Homo sapiens. Philos. Trans. R. Soc. B Biol. Sci. 371:20150237. doi: 10.1098/rstb.2015.0237

Su, Q., Mochida, S., Tian, J. H., Mehta, R., and Sheng, Z. H. (2001). SNAP29: a general SNARE protein that inhibits SNARE disassembly and is implicated in synaptic transmission. Proc. Natl. Acad. Sci. U.S.A. 98, 14038–14043. doi: 10.1073/pnas.251532398

Sullivan, P. F., Fan, C., and Perou, C. M. (2006). Evaluating the comparability of gene expression in blood and brain. Am. J. Med. Genet. B Neuropsychiatr. Genet. 141B, 261–268. doi: 10.1002/ajmg.b.30272

Sun, H., Martin, J. A., Werner, C. T., Wang, Z. J., Damez-Werno, D. M., and Scobie, K. N. (2016). BAZ1B in nucleus accumbens regulates reward-related behaviors in response to distinct emotional stimuli. J. Neurosci. 36, 3954–3961. doi: 10.1523/JNEUROSCI.3254-15.2016

Süudhof, T. C. (2008). Neurotransmitter release. Handb. Exp. Pharmacol. 184, 1–21. doi: 10.1007/978-3-540-74805-2_1

Suzuki, W. A., and Amaral, D. G. (1994). Perirhinal and parahippocampal cortices of the macaque monkey: cortical afferents. J. Comp. Neurol. 350, 497–533. doi: 10.1002/cne.903500402

Szklarczyk, D., Franceschini, A., Wyder, S., Forslund, K., Heller, D., Huerta-Cepas, J., et al. (2015). STRING v10: protein-protein interaction networks, integrated over the tree of life. Nucleic Acids Res. 43, D447–D452. doi: 10.1093/nar/gku1003

Tager-Flusberg, H. (1981). On the nature of linguistic functioning in early infantile autism. J. Autism. Dev. Disord. 11, 45–56. doi: 10.1007/BF01531340

Tager-Flusberg, H., and Joseph, R. M. (2003). Identifying neurocognitive phenotypes in autism. Philos. Trans. R. Soc. Lond. B Biol. Sci. 358, 303–314. doi: 10.1098/rstb.2002.1198

Tarjan, I., Balaton, G., Balaton, P., Varbiro, S., and Vajo, Z. (2003). Facial and dental appearance of Williams syndrome. Postgrad. Med. J. 79:241. doi: 10.1136/pmj.79.930.241

Tassabehji, M., Hammond, P., Karmiloff-Smith, A., Thompson, P., Thorgeirsson, S. S., Durkin, M. E., et al. (2005). GTF2IRD1 in craniofacial development of humans and mice. Science 310, 1184–1187. doi: 10.1126/science.1116142

Tassabehji, M., Read, A. P., Newton, V. E., Harris, R., Balling, R., Gruss, P., et al. (1992). Waardenburg’s syndrome patients have mutations in the human homologue of the Pax-3 paired box gene. Nature 355, 635–636. doi: 10.1038/355635a0

Theofanopoulou, C. (2016). Implications of oxytocin in human linguistic cognition: from genome to phenome. Front. Neurosci. 10:271. doi: 10.3389/fnins.2016.00271

Theofanopoulou, C., Gastaldon, S., O’Rourke, T., Samuels, B. D., Messner, A., Martins, P. T., et al. (2017). Self-domestication in Homo sapiens: insights from comparative genomics. PLoS One 12:e0185306. doi: 10.1371/journal.pone.0185306

Thomas, J. (2014). Self-Domestication and Language Evolution. Ph.D. thesis, University of Edinburgh, Edinburgh.

Thomas, J., and Kirby, S. (2018). Self domestication and the evolution of language. Biol. Philos. 33:9. doi: 10.1007/s10539-018-9612-8

Thompson, P. M., Lee, A. D., Dutton, R. A., Geaga, J. A., Hayashi, K. M., Eckert, M. A., et al. (2005). Abnormal cortical complexity and thickness profiles mapped in Williams syndrome. J. Neurosci. 25, 4146–4158. doi: 10.1523/JNEUROSCI.0165-05.2005

Todorovski, Z., Asrar, S., Liu, J., Saw, N. M., Joshi, K., Cortez, M. A., et al. (2015). LIMK1 regulates long-term memory and synaptic plasticity via the transcriptional factor CREB. Mol. Cell. Biol. 35, 1316–1328. doi: 10.1128/MCB.01263-14

Tomaiuolo, F., Di Paola, M., Caravale, B., Vicari, S., Petrides, M., and Caltagirone, C. (2002). Morphology and morphometry of the corpus callosum in Williams syndrome: a T1-weighted MRI study. Neuroreport 13, 2281–2284. doi: 10.1097/00001756-200212030-00022

Tordjman, S., Anderson, G. M., Botbol, M., Toutain, A., Sarda, P., Carlier, M., et al. (2012). Autistic disorder in patients with Williams-Beuren syndrome: a reconsideration of the Williams-Beuren syndrome phenotype. PLoS One 7:e30778. doi: 10.1371/journal.pone.0030778

Trut, L. (1999). Early Canid domestication: the farm-fox experiment: foxes bred for tamability in a 40-year experiment exhibit remarkable transformations that suggest an interplay between behavioral genetics and development. Am. Sci. 87, 160–169. doi: 10.1511/1999.2.160

Trut, L., Oskina, I., and Kharlamova, A. (2009). Animal evolution during domestication: the domesticated fox as a model. BioEssays 31, 349–360. doi: 10.1002/bies.200800070

Udell, M. A., Dorey, N. R., and Wynne, C. D. (2010). What did domestication do to dogs? A new account of dogs’ sensitivity to human actions. Biol. Rev. Camb. Philos. Soc. 85, 327–345. doi: 10.1111/j.1469-185X.2009.00104.x

Udwin, O., and Yule, W. (1991). A cognitive and behavioural phenotype in Williams syndrome. J. Clin. Exp. Neuropsychol. 13, 232–244. doi: 10.1080/01688639108401040

Van Den Heuvel, E., Manders, E., Swillen, A., and Zink, I. (2016). Developmental trajectories of structural and pragmatic language skills in school-aged children with Williams syndrome. J. Intellect. Disabil. Res. 60, 903–919. doi: 10.1111/jir.12329

Van Essen, D. C., Dierker, D., Snyder, A. Z., Raichle, M. E., Reiss, A. L., and Korenberg, J. (2006). Symmetry of cortical folding abnormalities in Williams syndrome revealed by surface-based analyses. J. Neurosci. 26, 5470–5483. doi: 10.1523/JNEUROSCI.4154-05.2006

van Schaik, C. P., Deaner, R. O., and Merrill, M. Y. (1999). The conditions for tool use in primates: implications for the evolution of material culture. J. Hum. Evol. 36, 719–741. doi: 10.1006/jhev.1999.0304

Vandeweyer, G., Van der Aa, N., Reyniers, E., and Kooy, R. F. (2012). The contribution of CLIP2 haploinsufficiency to the clinical manifestations of the Williams-Beuren syndrome. Am. J. Hum. Genet. 90, 1071–1078. doi: 10.1016/j.ajhg.2012.04.020

Vega, J. N., Hohman, T. J., Pryweller, J. R., Dykens, E. M., and Thornton-Wells, T. A. (2015). Resting-state functional connectivity in individuals with Down syndrome and Williams syndrome compared with typically developing controls. Brain Connect. 5. 8, 461–475. doi: 10.1089/brain.2014.0266

Vernes, S. C., Oliver, P. L., Spiteri, E., Lockstone, H. E., Puliyadi, R., Taylor, J. M., et al. (2011). Foxp2 regulates gene networks implicated in neurite outgrowth in the developing brain. PLoS Genet. 7:e1002145. doi: 10.1371/journal.pgen.1002145

Vias, C., and Dick, A. S. (2017). Cerebellar contributions to language in typical and atypical development: a review. Dev. Neuropsychol. 42, 404–421. doi: 10.1080/87565641.2017.1334783

Viñas-Guasch, N., and Wu, Y. J. (2017). The role of the putamen in language: a meta-analytic connectivity modeling study. Brain Struct. Funct. 222, 3991–4004. doi: 10.1007/s00429-017-1450-y

Volterra, V., Capirci, O., Pezzini, G., Sabbadini, L., and Vicari, S. (1996). Linguistic abilities in Italian children with Williams syndrome. Cortex 32, 663–677. doi: 10.1016/S0010-9452(96)80037-2

vonHoldt, B. M., Ji, S. S., Aardema, M. L., Stahler, D. R., Udell, M. A. R., and Sinsheimer, J. S. (2018). Activity of genes with functions in human Williams-Beuren syndrome is impacted by mobile element insertions in the gray wolf genome. Genome Biol. Evol. 10, 1546–1553. doi: 10.1093/gbe/evy112

vonHoldt, B. M., Shuldiner, E., Koch, I. J., Kartzinel, R. Y., Hogan, A., Brubaker, L., et al. (2017). Structural variants in genes associated with human Williams-Beuren syndrome underlie stereotypical hypersociability in domestic dogs. Sci. Adv. 3:e1700398. doi: 10.1126/sciadv.1700398

vonHoldt, B. M., Stahler, D. R., Bangs, E. E., Smith, D. W., Jimenez, M. D., Mack, C. M., et al. (2010). A novel assessment of population structure and gene flow in grey wolf populations of the Northern Rocky Mountains of the United States. Mol Ecol. 19, 4412–4427. doi: 10.1111/j.1365-294X.2010.04769.x

Vygotsky, L. S. (1962). Thought and Language. Cambridge MA: MIT Press.

Wang, M. J., Moore, G., Adelmant, J. A., and Marto, P. A. (2013). Silver PQBP1, a factor linked to intellectual disability, affects alternative splicing associated with neurite outgrowth. Genes Dev. 27, 615–626. doi: 10.1101/gad.212308.112

Wang, P. P., Doherty, S., Rourke, S. B., and Bellugi, U. (1995). Unique profile of visuo-perceptual skills in a genetic syndrome. Brain Cogn. 29, 54–65. doi: 10.1006/brcg.1995.1267

Wang, Q., Xiang, B., Deng, W., Wu, J., Li, M., Ma, X., et al. (2013). Genome-wide association analysis with gray matter volume as a quantitative phenotype in first-episode treatment-naïve patients with schizophrenia. PLoS One 8:e75083. doi: 10.1371/journal.pone.0075083

Wang, Y., Fu, Y., Gao, L., Zhu, G., Liang, J., Gao, C., et al. (2010). Xenopus skip modulates Wnt/beta-catenin signaling and functions in neural crest induction. J. Biol. Chem. 285, 10890–10901. doi: 10.1074/jbc.M109.058347

Watari-Goshima, N., and Chisaka, O. (2011). Chicken HOXA3 gene: its expression pattern and role in branchial nerve precursor cell migration. Int. J. Biol. Sci. 7, 87–101. doi: 10.7150/ijbs.7.87

Watson, L. R., Baranek, G. T., Roberts, J. E., David, F. J., and Perryman, T. Y. (2010). Behavioral and physiological responses to child-directed speech as predictors of communication outcomes in children with autism spectrum disorders. J. Speech Lang. Hear Res. 53, 1052–1064. doi: 10.1044/1092-4388(2009/09-0096)

Watson, L. R., Roberts, J. E., Baranek, G. T., Mandulak, K. C., and Dalton, J. C. (2012). Behavioral and physiological responses to child-directed speech of children with autism spectrum disorders or typical development. J. Autism Dev. Disord. 42, 1616–1629. doi: 10.1007/s10803-011-1401-z

Weisberg, D. S. (2015). Pretend play. Wiley Interdiscip. Rev. Cogn. Sci. 6, 249–261. doi: 10.1002/wcs.1341

Weisman, O., Feldman, R., Burg-Malki, M., Keren, M., Geva, R., Diesendruck, G., et al. (2015). Mother-child interaction as a window to a unique social phenotype in 22q11.2 deletion syndrome and in Williams syndrome. J. Autism Dev. Disord. 45, 2567–2577. doi: 10.1007/s10803-015-2425-6

Wieacker, P., and Wieland, I. (2005). Clinical and genetic aspects of craniofrontonasal syndrome: towards resolving a genetic paradox. Mol. Genet. Metab. 86, 110–116. doi: 10.1016/j.ymgme.2005.07.017

Wilkins, A. S., Wrangham, R. W., and Fitch, W. T. (2014). The “Domestication syndrome” in mammals: a unified explanation based on neural crest cell behavior and genetics. Genetics 197, 795–808. doi: 10.1534/genetics.114.165423

Wilson, C. W., Nguyen, C. T., Chen, M.-H., Yang, J.-H., Gacayan, R., Huang, J., et al. (2009). Fused has evolved divergent roles in vertebrate Hedgehog signalling and motile ciliogenesis. Nature 459, 98–102. doi: 10.1038/nature07883

Wincott, C. M., Kim, S., Titcombe, R. F., Tukey, D. S., Girma, H. K., Pick, J. E., et al. (2013). Spatial memory deficits and motor coordination facilitation in cGMP-dependent protein kinase type II-deficient mice. Neurobiol. Learn. Mem. 99, 32–37. doi: 10.1016/j.nlm.2012.10.003

Witt, S. H., Juraeva, D., Sticht, C., Strohmaier, J., Meier, S., Treutlein, J., et al. (2014). Investigation of manic and euthymic episodes identifies state- and trait-specific gene expression and STAB1 as a new candidate gene for bipolar disorder. Transl. Psychiatry 4, e426. doi: 10.1038/tp.2014.71

Witt, S. H., Sommer, W. H., Hansson, A. C., Sticht, C., Rietschel, M., and Witt, C. C. (2013). Comparison of gene expression profiles in the blood, hippocampus and prefrontal cortex of rats. In Silico Pharmacol. 1:15. doi: 10.1186/2193-9616-1-15

Wobber, V., and Hare, B. (2009). Testing the social dog hypothesis: are dogs also more skilled than chimpanzees in non-communicative social tasks? Behav. Process. 81, 423–428. doi: 10.1016/j.beproc.2009.04.003

Wobber, V., Hare, B., Maboto, J., Lipson, S., Wrangham, R., and Ellison, P. T. (2010). Differential changes in steroid hormones before competition in bonobos and chimpanzees. Proc. Natl. Acad. Sci. U.S.A. 107, 12457–12462. doi: 10.1073/pnas.1007411107

Wójciak, P., Remlinger-Molenda, A., and Rybakowski, J. (2012). The role of oxytocin and vasopressin in central nervous system activity and mental disorders. Psychiatr. Pol. 46, 1043–1052.

Woo, Y. J., Wang, T., Guadalupe, T., Nebel, R. A., Vino, A., Del Bene, V. A., et al. (2016). A common CYFIP1 variant at the 15q11.2 disease locus is associated with structural variation at the language-related left supramarginal gyrus. PLoS One 11:e0158036. doi: 10.1371/journal.pone.0158036

Xie, Q., Yang, Y., Huang, J., Ninkovic, J., Walcher, T., Wolf, L., et al. (2013). Pax6 interactions with chromatin and identification of its novel direct target genes in lens and forebrain. PLoS One 8:e54507. doi: 10.1371/journal.pone.0054507

Ye, Z., Stolk, A., Toni, I., and Hagoort, P. (2016). Oxytocin modulates semantic integration in speech comprehension. J. Cogn. Neurosci. 29, 267–276. doi: 10.1162/jocn_a_01044

Young, E. J., Lipina, T., Tam, E., Mandel, A., Clapcote, S. J., Bechard, A. R., et al. (2008). Reduced fear and aggression and altered serotonin metabolism in Gtf2ird1-targeted mice. Genes Brain Behav. 7, 224–234. doi: 10.1111/j.1601-183X.2007.00343.x

Zhang, C., Xu, Y., Chowdhary, A., Fox, D. III, Gurney, M. E., Zhang, H. T., et al. (2018). Memory enhancing effects of BPN14770, an allosteric inhibitor of phosphodiesterase-4D, in wild-type and humanized mice. Neuropsychopharmacology 43, 2299–2309. doi: 10.1038/s41386-018-0178-6

Zhang, H.-F., Dai, Y.-C., Wu, J., Jia, M.-X., Zhang, J.-S., Shou, X.-J., et al. (2016). Plasma oxytocin and arginine-vasopressin levels in children with autism spectrum disorder in China: associations with symptoms. Neurosci. Bull. 32, 423–432. doi: 10.1007/s12264-016-0046-5

Zhao, C., Avilés, C., Abel, R. A., Almli, C. R., McQuillen, P., and Pleasure, S. J. (2005). Hippocampal and visuospatial learning defects in mice with a deletion of frizzled 9, a gene in the Williams syndrome deletion interval. Development 132, 2917–2927. doi: 10.1242/dev.01871

Zhao, T., Yang, H., Tian, Y., Xie, Q., Lu, Y., Wang, Y., et al. (2016). SOX7 is associated with the suppression of human glioma by HMG-box dependent regulation of Wnt/β-catenin signaling. Cancer Lett. 375, 100–107. doi: 10.1016/j.canlet.2016.02.044

Zipser, B., Schleking, A., Kaiser, S., and Sachser, N. (2014). Effects of domestication on biobehavioural profiles: a comparison of domestic guinea pigs and wild cavies from early to late adolescence. Front. Zool. 11:30. doi: 10.1186/1742-9994-11-30

Zollikofer, C. P. E., and Ponce de León, M. S. (2010). The evolution of hominin ontogenies. Semin. Cell Dev. Biol. 21, 441–452. doi: 10.1016/j.semcdb.2009.10.012

Zweier, C. (2012). Severe intellectual disability associated with recessive defects in CNTNAP2 and NRXN1. Mol. Syndromol. 2, 181–185.

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

Copyright © 2019 Niego and Benítez-Burraco. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg



OPS/images/fpsyg-10-00521-g001.jpg
Reduced head/brain size
(changes in the limbic system)

‘Elfin face’
(short philtrum;
short and flat nose bridge;
wideseteyes)

4" Pointy ears

Small and retrussive jaws
Small and short teeth

Hypersociability
Reduced visuospatial abilities
Enhanced gaze attention
Decreased aggression
Increased attentive behavior
Anxiety disorders and attention

problems

Short stature
Growth retardation
duringinfancy

Abnormal response of
the HPA axis
(decreasedcortisol response to challenging tasks;
increased oxytocin and vasopressin basal levels;
abnormal adrenal function)

Accelerated sexual maturity

Depigmentation (particularly, in the eye)
Premature graying of the hair






OPS/images/fpsyg-10-00521-g002.jpg
FZD9 WBSCR22

WBSCR27 é
e QHSPA:LB

CHMP4B

VPS37D

O

PRKG2

EPHBA4

MLXIPL

ABHD11

EIE2S2 ePLXNA4
SNAP29 FKBP6
i g | RNPC3
SNRPD1
POLR1E

TUBGCP5S

DNAJC30

MLXIPL

RFC

éVPSE’»?Di
g TBL2

ABHD11

BCL7B

i eWBSCR28

WBSCRZ?
BAZ1B

@,







OPS/images/fpsyg-10-00521-g003.jpg
logFC

1,5

0,5

0

BAZ1B
LINGO2
ALDH1L2

PPAPDC1B

TE S R2E 2890302588382 888 38

=¥ Bt f833ErzREEEE45EE65885

& S =28Z23I5ZH”0EDTG 5 S
Gene name | Description logFC FDR Pvalue
BAZ1B Bromodomain Adjacent To Zinc Finger Domain 1B -0,890 7,50,E-26
LINGO2 Leucine Rich Repeat And Ig Domain Containing 2 -0,519 2,58,E-03
ALDH1L2 Aldehyde Dehydrogenase 1 Family Member L2 -0,474 3,64,E-04
ENKUR Enkurin, TRPC Channel Interacting Protein -0,453 1,30,E-04
KIT KIT Proto-Oncogene Receptor Tyrosine Kinase -0,409 3,04,E-06
RELL1 RELT Like 1 -0,398 2,12,E-05
KIF27 Kinesin Family Member 27 -0,349 3,58,E-05
PAX3 Paired Box 3 -0,348 4,13,E-02
GGT7 Gamma-Glutamyltransferase 7 -0,327 7,02,E-03
C0Q108B Coenzyme Q10B -0,286 3,36,E-04
MSRB3 Methionine Sulfoxide Reductase B3 -0,278 1,86,E-03
PDE4D Phosphodiesterase 4D -0,265 3,31,E-03
AHCYL2 Adenosylhomocysteinase like 2 0,264 1,58,E-05
LAMC2 Laminin Subunit Gamma 2 0,273 3,80,E-05
SPTBN5 Spectrin Beta, Non-Erythrocytic 5 0,284 2,14,E-04
CLEC5A C-Type Lectin Domain Containing 5A 0,286 5,99,E-03
SETBP1 SET Binding Protein 1 0,299 1,93,E-03
STAB1 Stabilin 1 0,301 2,41,E-02
CASP7 Caspase 7 0,321 1,38,E-02
TBXAS1 Thromboxane A Synthase 1 0,330 3,58,E-02
CYFIP1 Cytoplasmic FMR1 Interacting Protein 1 0,336 2,91,E-03
CYP1A2 Cytochrome P450 Family 1 Subfamily A Member 2 0,343 2,87,E-05
CD36 CD36 Molecule 0,367 1,01,E-02
OTOF Otoferlin 0,381 5,34,E-03
FBXO10 F-Box Protein 10 0,390 2,15,E-05
LIMD1 LIM Domains Containing 1 0,405 7,95,E-06
PPAPDC1B Phospholipid Phosphatase 5 0,413 1,31,E-03
TFCP2L1 Transcription Factor CP2 Like 1 0,546 8,25,E-05
CKM Creatine Kinase, M-Type 0,648 4,42,E-11
MYOF Myoferlin 0,935 1,22,E-07
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