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Abstract The human capacity to acquire sophisticated lan-
guage is unmatched in the animal kingdom. Despite the dis-
continuity in communicative abilities between humans and
other primates, language is built on ancient genetic founda-
tions, which are being illuminated by comparative genomics.
The genetic architecture of the language faculty is also being
uncovered by research into neurodevelopmental disorders that
disrupt the normally effortless process of language acquisi-
tion. In this article, we discuss the strategies that researchers
are using to reveal genetic factors contributing to communi-
cative abilities, and review progress in identifying the relevant
genes and genetic variants. The first gene directly implicated
in a speech and language disorder was FOXP2. Using this
gene as a case study, we illustrate how evidence from genetics,
molecular cell biology, animal models and human neuroim-
aging has converged to build a picture of the role of FOXP2 in
neurodevelopment, providing a framework for future en-
deavors to bridge the gaps between genes, brains and
behavior.
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Introduction

The acquisition of language is a formidable cognitive task, yet
children typically achieve mastery of their native tongues
without conscious effort, simply through engaging with the
everyday conversation of those around them. In this review,
we describe the progress made so far in elucidating the genetic
underpinnings of this remarkable human ability, with consid-
eration of how language is entwined with other cognitive
systems in an evolutionary and developmental context. We
aim to provide a broad perspective on genetic research into
language and communication, and are therefore unable to
offer a comprehensive discussion of research in every area,
but instead highlight recent developments, important themes,
and avenues for future investigation, and point interested
readers to in-depth reviews of individual topics.

Gateways into the Genetics of Language

The Evolutionary Perspective

Genome sequences are now available for dozens of vertebrate
species, including 10 or so primates and two species of extinct
hominin, Neandertal and Denisovan, enabling evolutionary
comparisons, and the detection of signals of positive selection
in the human lineage (Gaya-Vidal and Alba 2014). The inte-
gration of genetic data with information from ethology, com-
parative neuroscience and archaeology is revitalizing thinking
on the evolution of language (Fisher and Marcus 2006; Dediu
and Levinson 2013; Rilling 2014). Looking ahead, an impor-
tant complement to comparative genomics will be the use of
comparative transcriptomics and proteomics to uncover evo-
lutionary changes in the regulation of neural gene expression,
which may have been more important than modifications of
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the genes themselves in the evolution of the human brain
(Khan et al. 2013).

Emergence of Language in the Human Lineage

Though many of the facts of language evolution will remain
obscure, it is very likely that the human capacity for language
evolved from a genomic substrate present in the last common
ancestor of humans and chimpanzees and bonobos, through
the gradual accumulation of genetic changes over the inter-
vening 6 million years (Fisher and Marcus 2006). Some
cognitive precursors to language that are evident in chimpan-
zees and bonobos today are likely to have been present in this
ancestor, including the intelligence for problem solving, the
capacity for cultural innovation and learning, and a basic
theory of mind that enables the attribution of mental states to
others (Horner and de Waal 2009; Call and Tomasello 2008;
Seyfarth and Cheney 2014).

Although chimpanzees and bonobos cannot remotely
match the linguistic capabilities of a human child, careful
observation and experiment has shown that they have greater
communicative abilities than previously thought (Zuberbuhler
2014). These primates are very limited in their range of
vocalizations and ability to control and learn vocalizations,
but chimpanzees in the wild use a basic repertoire of gestures
for intentional communication in order to achieve goals
(Hobaiter and Byrne 2014; Roberts et al. 2014). Chimpanzees
and bonobos in captivity are able to map meanings onto
arbitrary symbols and use these for communication with
humans and conspecifics, including communication about
objects and events not in the here and now, pointing to a
communicative capacity that is latent in the wild (Lyn et al.
2014; Zuberbuhler 2014). However, the number of vocabu-
lary items they can learn is very small in comparison to a
human child, and they have an extremely limited ability to
combine these items to convey more complex meanings, so
there are still some apparent discontinuities between humans
and other primates with regard to communicative abilities.
The reason why the ancestors of humans went on to evolve
fully-fledged language, but the ancestors of chimpanzees and
bonobos did not, may relate to prior genetic changes
pertaining to sociality in the human lineage (Matsuzawa
2013). Among the Great Apes, humans are uniquely
prosocial, which increases the benefit-to-cost ratio of commu-
nication for individual fitness. The genetic basis of sociality is
therefore a key topic in language evolution.

It has been suggested that in an environment where selec-
tion favored the development of more sophisticated commu-
nication in ancient hominins, the benefits of the vocal channel
of communication provided a selective pressure for anatomi-
cal and neurological adaptations to increase the degree of
control over vocalization and the range of sounds that could
be produced (Fitch 2010; Simonyan 2014). The genetic basis

for these changes is not yet known. Anatomical adaptations
evident in the fossil record, together with other evidence,
suggest that the last common ancestor of modern humans
and Neandertals already had at least some capacity for speech
and language (Dediu and Levinson 2013). As a consequence,
both genomic changes that have occurred since the human-
Neandertal split, and changes that occurred earlier in the
human lineage, may have contributed to language evolution.

Human language is notable for its grammatical complexity.
It is unclear to what extent this complexity has arisen due to
genetically grounded cognitive developments versus cultural
processes not requiring any attendant genetic change (Kirby
et al. 2014). The enormous diversity in the grammatical rule
systems of the world’s languages indicates that the finer
details of these rule systems are not genetically encoded
(Evans and Levinson 2009). However, there may be cognitive
constraints that limit the possible characteristics of these rule
systems. We cannot yet conclude whether or not genetic
factors contribute to cognitive processes that underlie aspects
of grammatical processing.

Subsequent to the evolution of the capacity for language in
modern humans, genetic factors may also have played a role
in how new languages have arisen and changed in different
parts of the world over time. This is most strikingly illustrated
in communities where high rates of genetic deafness have
driven the emergence of new languages that are signed rather
than spoken (Gialluisi et al. 2013). A more widespread sce-
nario may be language change through the process of genetic
biasing, in which small inter-population differences in lan-
guage production, perception or processing abilities with a
genetic basis, are amplified over generations, leading to a shift
in some aspect of the language (Dediu 2011). For example,
inter-population differences in the anatomy of the vocal tract
could influence the phonemic inventories of different
languages.

Insights from Animal Communication

Human language is undoubtedly unique in the natural world.
But nonhuman species which have independently evolved
certain relevant features in their communication systems
may be useful models for gaining insights into the neurobiol-
ogy and genetics of language. A key example is the use of
songbirds, particularly the zebra finch, to study auditory-
guided vocal learning. This behavior seems to be strikingly
rare in animal communication and depends on a neurobiolog-
ical infrastructure that allows mappings to be built between
sounds that are heard, and the motor outputs which produce
them. Similarly to children acquiring spoken language, juve-
nile zebra finches learn their vocalizations incrementally dur-
ing a critical period by imitating an adult (Bolhuis et al. 2010).
The neural circuitry underlying vocal learning appears to be
partly shared by humans and songbirds, despite these species
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being separated by large evolutionary distances, pointing to a
deep homology (Fisher and Scharff 2009; Scharff and Petri
2011). Furthermore, the zebra finch genome has been se-
quenced, and sophisticated genetic experiments are possible
in this species, such as the identification of neural molecules
regulated by vocal behavior (Hilliard et al. 2012), and the
manipulation of the expression levels of genes of interest
during the critical song-learning period (Haesler et al. 2007).
Zebra finch vocalizations are made up of acoustic units known
as ‘syllables’, which are arranged in different ways in a rule-
governed fashion, producing a wide variety of sequences.
Birdsong thus shows similarities to human language that go
beyond vocal learning (Berwick et al. 2011). However, there
is no evidence yet that songbirds attach meaning to syllables,
or the way in which they are arranged, which limits the utility
of birdsong as a model for human language.

We might shed further light on the neurobiological foun-
dations of language by studying nonhuman mammals. Unfor-
tunately, the rodent species which are the mainstay of molec-
ular genetic research exhibit very limited vocal learning abil-
ities, although they can still be used to study basic processes
such as auditory-motor association learning (Kurt et al. 2012;
French and Fisher 2014). Certain language-relevant behaviors
have been investigated in species such as primates, dolphins,
elephants, seals and dogs, including the learning of vocaliza-
tions and of vocal labels, and the use of turn taking in inter-
action (Fedurek and Slocombe 2011; Reichmuth and Casey
2014; Griebel and Oller 2012; Takahashi et al. 2013; Janik
2014; Stoeger andManger 2014). Perhaps the most promising
mammalian models with regard to vocal learning are bats,
which have sophisticated vocal production and acoustic signal
interpretation skills, and have been shown to learn and adapt
their vocalizations for purposes such as organization of group
foraging (Knornschild 2014). Initial studies have already dem-
onstrated the feasibility of genetic manipulation in a bat spe-
cies (Chen et al. 2013).

The Developmental Perspective

Native language proficiency is characterized by a vocabulary
of thousands of words, complex syntax, the ability to differ-
entiate fine shades of meaning, and an appreciation of non-
literal meanings and the social conventions of interaction.
Proficiency for everyday communication is attained at 4–
5 years of age, but the sophistication of language use con-
tinues to develop into adolescence. Thus, while first language
acquisition does not depend on conscious effort or formal
learning, it does require years of immersion in a community
of competent speakers who provide linguistic input for the
developing brain. Children are particularly sensitive to this
kind of information from early infancy, perhaps even before
birth, and automatically seek patterns in the input they receive.
Even before they can understand language, infants show a

strong predisposition to communicate via non-verbal means
such as eye gaze, facial expression and gestures, using turn
taking as a framework for interaction. To begin decoding the
meanings of the utterances they hear, children draw on a host
of different information sources, including linguistic and situ-
ational context, prosody, non-verbal cues from speakers, ex-
perience of past language use, knowledge of the world around,
and inferences about the speaker’s intentions and motivations.
Language acquisition thus draws on a range of cognitive
skills, which are likely to be influenced by a large network
of genes. At the neurobiological level, acquiring language
proficiency means developing the neural infrastructure for
rapid, automatic interconversion of acoustic streams, mean-
ings and motor outputs. Reading and writing, although they
are human inventions, draw heavily on the same cognitive
infrastructure as does spoken language, and bring in additional
aspects of visual and motor processing. The modern synthesis
of language neurobiology encompasses a greater range of
brain regions than the classical view centered on Broca’s and
Wernicke’s areas, involving highly distributed circuits in
which different groups of neurons are active during different
stages of processing (Hagoort 2014). Therefore, investigations
of genetic influences on brain structure and function, includ-
ing longitudinal studies, will be essential for understanding
how genes may contribute to the neural architecture
supporting language.

Developmental Communication Disorders

Given the complexity of the task, it may not be surprising that
some children struggle, even if only temporarily, with some
aspect of spoken or written language acquisition. For at least
one child in 20, these difficulties are persistent and severe
enough to interfere with their educational and social develop-
ment (Law et al. 2000; Scerri and Schulte-Korne 2010). In a
subset of cases, impairment is due to a medical condition
which directly limits the ability to perceive or produce speech,
such as deafness or a cleft palate. In other children, speech and
language problems occur in the context of a broader range of
cognitive deficits, which may result from brain trauma or be
part of a neurodevelopmental disorder such as intellectual
disability (ID) or autism spectrum disorder (ASD). Still, there
remains a substantial number of children whose speech or
language problems occur in the absence of any obvious ex-
planatory factors. There is considerable evidence of a substan-
tial genetic component to these unexplained speech and lan-
guage impairments (Newbury and Monaco 2010; Carrion-
Castillo et al. 2013). Studies of such disorders not only have
clinical and educational relevance, but can also help answer
fundamental questions about the genetic architecture under-
pinning human speech and language. In the following sections
we discuss a range of neurodevelopmental disorders in which
speech- or language-related deficits are a core feature
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Table 1 Developmental communication disorders

Speech sound disorder
(SSD)

Includes phonological disorder, in which
children experience problems learning to
conceptualize sounds, and articulation
disorder, in which children have difficulty
learning to physically produce sounds,
both resulting in substitutions and
omissions of speech sounds. Common
during language acquisition, affecting
approximately 16 % of 3 year old
children, persisting in 4 % of children at
6 years of age (Shriberg et al. 1999). The
DSM-IV category of phonological
disorder has been renamed to SSD in
DSM-V.

Dysarthria Impaired control of speech musculature,
resulting from neurological lesions or
neurodevelopmental problems. Affected
individuals experience disturbances in
breathing control, laryngeal function and
articulation resulting in slurred or slow
speech. Often observed in other disorders,
including CAS and EAS.

Childhood apraxia of
speech (CAS)

Problems with coordinating and sequencing
the orofacial movements required for
fluent speech, resulting in inconsistent
speech errors, which increase with
complexity of utterance. Sometimes
described as a speech sound disorder.
Also known as developmental verbal
dyspraxia (DVD).

Stuttering Disorder affecting the fluency of speech,
characterized by involuntary repetitions
or prolongations of syllables or words, or
by pauses in speech, known as blocks.
Onset is typically at ages 2–5, affecting
5 % of children. Persistent stuttering is
present in 1 % of the population (Kang
and Drayna 2011). The DSM-IV category
for stuttering has been renamed childhood
onset fluency disorder in DSM-V.

Dyslexia Difficulties in the mastery of reading and/or
spelling that cannot be explained by
inadequate opportunities to learn, visual
impairment, brain damage or other
neurodevelopmental disorders, such as
intellectual disability. Deficits are variable
in terms of severity and sometimes co-
occur with impairments in other cognitive
domains. Prevalence is at least 5 % in
school age children (Scerri and Schulte-
Korne 2010). Also known as reading
disability; referred to in DSM-V as
specific learning disability with
impairment in reading.

Specific language
impairment (SLI)

Unexplained delayed or disordered
acquisition and/or use of spoken language
(expressive and sometimes also receptive)
that interferes with daily life or school
work and is not explained by inadequate
opportunities to learn, hearing loss, brain
damage or other neurodevelopmental
disorders, such as intellectual disability.

Table 1 (continued)

Deficits are variable in terms of severity
and sometimes co-occur with impairments
in other cognitive domains. Prevalence
5–8 % in pre-school (Law et al. 2000;
Tomblin et al. 1997). Sometimes
persists into school-age and beyond.
DSM-IV included the categories
‘expressive language disorder’ and
‘mixed receptive-expressive language
disorder’, but in DSM-V these have
been collapsed into ‘language disorder’.

Social (pragmatic)
communication
disorder

Difficulties with the use of language in a
social context. Similar to language deficits
found in autism, but without restricted and
repetitive behaviors (Bishop et al. 2000).
Also known as pragmatic language
impairment.

Autism spectrum
disorder (ASD)

Variable degrees of impairment in social
interaction and communication, together
with stereotyped, repetitive or restricted
behaviours and interests, which emerge
during childhood. IQ is variable, but often
well below average. Language delay is
often present and there are always deficits
in using language in a social context. Two
developmental patterns are observed:
appearance of signs in infancy, or normal
development up to 2–3 years followed by
regression, particularly of language.
Prevalence of 1 %. Four times more
common in males than in females.
Autistic features are observed in various
known genetic syndromes, such as Rett
syndrome and Fragile X syndrome. DSM-
V category autism spectrum disorder
includes DSM-IV categories of autism,
Asperger syndrome, pervasive
developmental disorder not otherwise
specified, childhood disintegrative
disorder.

Intellectual disability
(ID)

Umbrella term used to group a large and
heterogeneous collection of disorders
characterized by deficits in cognitive
functions. Diagnosis requires an IQ <70,
together with significant impairment in
behaviours such as communication, self-
care, and social skills, which is evident
before the age of 18. May be classified as
mild (IQ 50–69), moderate (IQ 35–49)
and severe or profound (IQ<35).
Borderline intellectual disability refers to
individuals with IQ 70–80. Delays in
language development are common. ID is
a feature of many genetic disorders. ID is
syndromic if it occurs alongside other
clinical features, such as physical
abnormalities, or non-syndromic if it
occurs in isolation (30–50 % of cases;
Daily et al. 2000). Affects 2–3 % of the
population, most of whom have mild ID.
The DSM-IV category of mental
retardation has been renamed to
intellectual disability in DSM-V.
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(Table 1). Here, we refer to them collectively as developmen-
tal communication disorders, although we recognize that var-
ious different diagnostic groupings and terminologies have
been applied over the years; even now there is still not a full
consensus across the field over how such disorders should be
defined, clustered and named (Bishop 2014).

Different communication disorders are characterized by
different profiles of impairment (Table 1). For example, child-
hood apraxia of speech (CAS) is defined as a primary deficit
in programming the motor sequences which produce speech,
while specific language impairment (SLI) typically involves
impaired acquisition of vocabulary and syntax, and dyslexia is
diagnosed based on reading/spelling difficulties that occur
against a background of overtly normal spoken language.
Yet at the behavioral level, there are rarely clear-cut bound-
aries between different speech and language disorders, be-
tween ‘language-specific’ disorders and those that impact a
broader range of cognitive functions, or between disorder and
the lower range of normal ability (Pennington and Bishop
2009; Bishop 2010). This is partly because disorders are
diagnosed based on psychometric testing and clinical obser-
vations of communicative abilities, in which there is no abso-
lute dividing line between normal and abnormal performance.
Furthermore, each child has a unique profile of deficits, which
changes as the child develops, so there may be no single
diagnostic label which perfectly captures the difficulties of
an individual. Indeed, high levels of comorbidity have been
documented for most of the disorders discussed here. A lack
of clear distinctions between disorders is intrinsic to the sub-
ject under investigation: speech, language and reading largely
draw on shared cognitive processes, and are interwoven with
other cognitive systems that are not specific to language.

Moreover, communication abilities are central to all aspects
of educational and social development. It may therefore be
unreasonable to expect ‘pure’ disorders with narrow, consis-
tent phenotypes.

It is also worth noting that research into the genetic basis of
developmental communication disorders has focussed pre-
dominantly on children of European ancestry growing up
learning English. It is important to increase the amount of
research conducted in other populations, for at least two
reasons. First, some DNA variants occur at different frequen-
cies in different populations, which may affect the prevalence
of language disorders. For instance, unusually high rates of
SLI have been observed on Robinson Crusoe island, which
might be explained by a founder effect in this isolated Chilean
population (Villanueva et al. 2011). Non-European popula-
tions carry a number of unique genetic variants not found in
Europeans, some of which might contribute to risk of
language-related problems. A recent example is the report of
a deletion in TM4SF20 in southeast Asian populations impli-
cated in language delay and cerebral white matter
hyperintensities, probably via production of a toxic protein
(OMIM 615432) (Wiszniewski et al. 2013). Second, lan-
guages are diverse in their phonology and syntax (Evans and
Levinson 2009), and also in their orthographic systems, which
leads to different manifestations of disorders such as SLI and
dyslexia (Leonard 2014; Richlan 2014). Novel types of dis-
order may be found in languages that have typological fea-
tures not found in English, such as lexical tone (Wong et al.
2009). Investigation of impairment in sign language offers an
interesting opportunity to identify language deficits dissociat-
ed from speech (Mason et al. 2010).

Normal Variation and Exceptional Abilities

The significance of inter-individual variation in linguistic
abilities in the non-language-impaired population has only
recently come to the fore in linguistics research, which has
tended to focus on identifying those aspects of language
acquisition and processing that are universal (Fisher and
Vernes 2015). Some of this variation is due to environmental
factors, and to stochastic effects in neurodevelopment, but
multiple studies using twins and adoptees have shown that a
large proportion of the variation is heritable (Stromswold
2001; Christopher et al. 2013). There is, for example, heritable
variability in the developmental trajectories of spoken and
written language acquisition, in the ultimate level of attain-
ment in parameters such as vocabulary size, and in the apti-
tude for language learning after childhood. A few studies in
recent years have examined the influence of putative genetic
risk variants for language disorders on linguistic ability in
healthy individuals (Whitehouse et al. 2011a; Scerri et al.
2011; Paracchini et al. 2008; Paracchini 2011). However,
normal variation in language abilities also has the potential

Table 1 (continued)

Epilepsy-aphasia
spectrum disorders

Group of epilepsy syndromes characterized
by seizures originating in the
centrotemporal area that begin in
childhood and disappear after puberty.
Linguistic, cognitive and behavioural
impairments develop concurrently with
the seizures. In mild forms of the disorder,
such impairments resolve completely
after remission of seizures. In severe
forms, individuals may be left with a
severe and permanent language disorder
and other impairments of cognitive
functioning. Includes Landau-Kleffner
syndrome and ECSWS (epileptic
encephalopathy with continuous spike-
and-wave during sleep) at the severe end,
IEAD (intermediate epilepsy-aphasia
disorder) in the middle, and BECTS
(benign childhood epilepsy with
centrotemporal spikes) at the mild end.
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to be a novel source of insights into the genetic foundations of
speech and language, an avenue that is only just beginning to
be explored with genome-wide association studies (GWAS)
(Harlaar et al. 2014; St Pourcain et al. 2014a).

Finally, in the future, insights into the genetic underpin-
nings of language may be gained from focusing on the upper
end of the ability spectrum - children who are particularly
successful in the acquisition of spoken and written language,
and adults who have superior linguistic abilities. Such indi-
viduals may have reciprocal patterns of alleles to those with
language disorders, thus comparing the two ends of the ability
spectrum could add power to genetic studies. There are also
intriguing cases of individuals with truly exceptional skills
such as hyperlexia and polyglotism, often in the context of
ASD and alongside impairments in other cognitive domains
(Smith and Tsimpli 1995) – these individuals are an untapped
resource for genetic studies.

Paradigms in the Genetic Investigation of Developmental
Communication Disorders

The Genetic Architecture of Developmental Communication
Disorders

Following on from the completion of the human genome se-
quencing project, large-scale efforts over the last decade have
sought to comprehensively describe the molecular genetic var-
iation that exists in general population samples across theworld.
The human genome includes several million single-nucleotide
polymorphisms (SNPs) with minor allele frequencies of greater
than 1 %. These represent common variants which arose thou-
sands of years ago, prior to the dispersal of human populations.
In addition, every individual carries thousands of rare variants
which have arisen more recently. Remarkably, each individual
also carries around 50–100 de novo mutations, which are
variants that are not present in either parent but arose during
oogenesis or spermatogenesis. The sequencing studies which
have uncovered these de novo variants highlight that novel
mutations can occur anywhere in the genome (although some
mutations might result in prenatal lethality and hencemay never
be observed in the human population).

On top of these single nucleotide variants (SNVs), there are
insertions or deletions of small numbers of nucleotides, and
structural variations in chromosomes involving deletions or
duplications of thousands or millions of nucleotides, known as
copy number variations (CNVs). Even balanced transloca-
tions, in which parts of different chromosomes are exchanged
without loss of genetic material, are occasionally found in
generally healthy individuals. All of these types of genetic
variation may potentially contribute to normal variation in
communicative abilities and to developmental communication

disorders. More severe forms of disorder may also involve
gross chromosomal abnormalities, such as aneuploidy, unbal-
anced translocations and large CNVs (van Bokhoven 2011).

Each developmental communication disorder, as currently
defined, is an umbrella term which encompasses not only a
good deal of phenotypic variability, but also considerable geno-
typic variation. In common with other continuous traits, linguis-
tic abilities (and the disorders which affect them) are likely to
have a heterogeneous genetic architecture. For example, in some
cases, speech and language impairments are classicalMendelian
disorders caused by a single, rare, fully-penetrant variant of large
effect (Lai et al. 2001). Common forms of disorder with non-
Mendelian inheritance could alternatively result from the addi-
tive effects of a large number of common variants, each with an
individually tiny effect on the phenotype in question (Plomin
et al. 2009, 2013). Probably the most typical scenario is that
disorder occurs as the product of multiple rare and common
variants with varying individual effect sizes that combine to
determine a level of risk, which is then modulated by environ-
mental influences and random processes in neurodevelopment
(Mitchell 2007, 2012). The overlapping deficits and high level
of comorbidity observed among different communication dis-
orders mean that distinct conditions may sometimes represent
alternative manifestations of the same genetic risk variants.
Therefore, in addition to the situation where one phenotype
corresponds to many genotypes, we can also expect that one
genotype corresponds to multiple phenotypes.

Table 2 outlines the range of experimental paradigms that
have been applied to molecular studies of developmental
communication disorders to tackle their heterogeneous genet-
ic architecture and make best use of available resources
(Newbury and Monaco 2010; Kang and Drayna 2011;
Deriziotis and Fisher 2013; Newbury et al. 2014). This re-
search field is at a relatively early stage of development and
studies need (when possible) to take an unbiased genome-
wide approach to gene-hunting. It can be difficult to establish
robustly phenotyped collections (extended families and/or
large sets of cases) that are suitable for genome-wide para-
digms. Thus, many studies have instead targeted genes that
have been suggested, but sometimes not proven, to be risk
factors in prior reports. As a consequence, the research field
has focused disproportionately on a limited pool of candidate
genes. Care must be taken not to overemphasize the impor-
tance of these genes, in comparison to pursuing the necessar-
ily ambitious studies required for a fully genome-wide view.

Phenotypes in Genetic Studies of Language

For genetic studies of rare monogenic disorders, it is usually
important to have an unambiguous, dichotomous affection
status. When investigating common disorders with a complex
genetic basis, it is similarly possible to employ a dichotomous
distinction, for example in a case–control study design.
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Table 2 Examples in the genetic investigation of language and disorders

Presumed genetic
basis

Experimental design Considerations Selected examples

Any genetic factors Twin study: phenotypes of pairs of
monozygotic and dizygotic twins.

Used to assess heritability of a trait. No DNA sampling
required. Can control for both pre- and post-natal
environmental influences. Note that heritability is
not an intrinsic property of a phenotype nor can
it be applied to an individual. It is a statistical
description of variance in a given population at a
specific time, against a particular background of
environmental factors.

(Christopher
et al. 2013)

Adoption study: phenotypes of adopted
children, their adoptive parents and,
optionally, their biological parents.

No DNA sampling required. Does not exclude
pre-natal environmental influences.

(Petrill et al. 2006)

Dominant disorders Linkage using genome-wide genotyping
of common polymorphic markers in a
large family segregating the phenotype
in a dominant fashion (using as many
members of the family as possible).

Powerful strategy to reduce search space for causal
variants. Inexpensive using traditional low-
density genetic markers. Dichotomous affection
status is required. Consideration should be given
to reduced penetrance and phenocopy. Linked
regions are large (tens of Mb) and may contain
>100 genes, so follow-up sequencing is required
to identify the causal variant.

(Fisher et al. 1998)

NGS in a family segregating the phenotype
in a dominant fashion.

More expensive than traditional linkage, but
obviates the need for follow-up sequencing to
identify causal variants. Can also be performed
in conjunction with traditional linkage to first
highlight a genomic region of interest. Multiple
rare variants may co-segregate with the
phenotype, requiring further investigation. Earlier
studies undertook WES as it was cheaper and
coding variants are more likely to have a
functional effect. There is now a shift to WGS to
improve coverage of coding regions and include
non-coding regions (Meynert et al. 2014).

No examples in
communication
disorders yet.

Targeted candidate gene sequencing in proband
of a family segregating the phenotype in a
dominant fashion and, optionally, additional
family members.

Requires previous identification of a gene harboring
causal variants. Useful as a follow up to WES
results to identify additional cases.

(Lesca et al. 2013)

Karyotyping (to identify translocations) and
array CGH (to identify CNVs) in proband of
a family segregating the phenotype in a
dominant fashion and, optionally, parents
and siblings.

CNVs can also be assessed using genome-wide
genotyping data.

(Taipale et al. 2003)

Recessive disorders Linkage combined with targeted sequencing
or NGS of affected and unaffected family
members of a large consanguineous family.

Linkage is useful to narrow down the genomic region
of interest prior to sequencing candidate genes.

(Strauss et al. 2006)

NGS and array CGH in probands with
severe sporadic disorders and their parents.

Mutations may be homozygous or compound
heterozygous.

(Gilissen et al. 2014)

Severe sporadic
disorders caused
by a de novo event

Karyotyping (to identify translocations) and
array CGH (to identify CNVs) in probands.
Data from parents required to confirm a de
novo event.

CNVs can also be assessed using genome-wide
genotyping data. Data from parents required to
confirm a de novo event. Deletions of the same
gene in unrelated probands support a causal role.

(Sebat et al. 2007)

NGS in probands with severe sporadic disorder
and their unaffected parents (and optionally
siblings).

An effective way to identify causal variants, given that
there is on average one coding de novo change per
genome. Mutations in the same gene in unrelated
probands support a causal role.

(Gilissen et al. 2014)

Complex traits Linkage using genome-wide genotyping of
common polymorphic markers in multiple
nuclear families.

Can be carried out using dichotomous affection status,
or directly with respect to quantitative measures of
the genes of interest. Linkage has low genetic
resolution and is best suited for detecting
approximate locations of risk genes with relatively
large effect sizes. Requires intensive follow-up
studies to pinpoint etiological variants in
regions of linkage.

(Fisher and
DeFries 2002)
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However it can sometimes be preferable to use quantitative
measures to characterize affected individuals and their unaf-
fected relatives, with the potential to also apply these across
different related disorders, and even in unselected population
cohorts (Carrion-Castillo et al. 2013; Newbury et al. 2014;
Paracchini 2011). Quantitative measures circumvent problems
arising from variations in diagnostic criteria. In addition, for
studies of linguistic skills, use of such measures can be useful
for capturing the continuous nature of variation between nor-
mal and clinical populations. Quantitative measures include
psychometric tests that aim to target sub-skills of verbal and
non-verbal cognition. For children who are too young for such
testing, questionnaires completed by parents can provide use-
ful quantitative data (Whitehouse et al. 2011b).

A key approach to characterizing communication disorders
for genetic studies is to employ endophenotypes - heritable
traits that could act as markers for a given condition and that
are hypothesized to be closer to the underlying biology.
Endophenotypes for communication disorders can be behav-
ioral measures, such as performance on psychometric tests, or
neurobiological measures of brain structure or activity. A
widely-used endophenotype for language impairment is the
nonword repetition task, in which subjects are asked to repeat
a pronounceable but meaningless string of speech sounds.
This task has been suggested to represent a measure of pho-
nological short-term memory, but performance in the task is
also correlated with various other linguistic measures, sug-
gesting that performance in tasks such as nonword repetition

may be influenced by nearly as broad a range of cognitive
processes as a surface phenotype like language impairment.

Neurobiological endophenotypes can be captured by an
array of non-invasive neuroimaging techniques, including
magnetic resonance imaging (MRI), electroencephalography
(EEG) and magnetoencephalography (MEG). Differences in
brain anatomy and activity have been observed in individuals
with various language and reading impairments (Watkins
2011; Eicher and Gruen 2013). Neurobiological variation
has also been documented among normally-performing indi-
viduals, including in the anatomy of language-related brain
structures and in the activation patterns during language pro-
cessing, such as the degree and direction of language lateral-
ization (Tanner and Van Hell 2014; Mazoyer et al. 2014;
Thiebaut de Schotten et al. 2011). It may therefore be possible
tomake connections between genetic variation, brain structure
and function, and linguistic performance. Interestingly, sever-
al studies have reported evidence that some of the putative risk
variants for language-related disorders have detectable effects
in the brains of unaffected individuals (Scerri et al. 2012; Pinel
et al. 2012; Whalley et al. 2011; Dennis et al. 2011; Tan et al.
2010; Scott-Van Zeeland et al. 2010; Kos et al. 2012; Darki
et al. 2012), but see Hoogman et al. 2014. Neurobiological
endophenotypes may enable identification of components of
the genetic infrastructure underlying language that cannot be
discovered using only behavioral measures. The effects of
some of the gene variants which modulate the development
of language-related circuitry may be dampened or masked at

Table 2 (continued)

Presumed genetic
basis

Experimental design Considerations Selected examples

GWAS using genome-wide genotyping of
common SNPs (typically 250,000 to
2,500,000) in a large number of individuals.

Ideally >2000 samples are required to
compensate for the large numbers of
SNPs being tested, and to account for the
likely small effect sizes of common variants
on genetically complex traits. Can be carried
out as a case–control or continuous-variable
design. Associated SNPs are not necessarily
functional variants, which may be up to tens
or hundreds of kb away, depending on
linkage disequilibrium structure.

(Harlaar et al. 2014)

Array CGH to identify CNVs in groups of
affected and unaffected individuals.

Comparisons can be made between affected
and unaffected siblings or between groups
of unrelated individuals to determine relative
burden of CNVs between the different groups.

(Girirajan et al. 2011)

Candidate gene association study - genotyping
of common SNPs (typically <50) in
candidate genes, typically in hundreds of
individuals.

Requires previous identification of variants
associated with a trait harboring causal
variants. Can be done as a case–control
or continuous-variable design.

(Becker et al. 2014)

Genome-wide data (genotyping or sequencing)
on a genetically-isolated community with
high incidence of disorder.

Could be a founder mutation, or enrichment
of common risk variants.

(Villanueva et al.
2011)

NGS next generation sequencing,WESwhole exome sequencing,WGSwhole genome sequencing,CGH comparative genomic hybridization,CNV copy
number variant, SNV single nucleotide variant, GWAS, genome-wide association study
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the behavioral level due to neural plasticity – such plasticity is
known to compensate for trauma to the normal language
processing centres if this occurs during development (Moosa
et al. 2013). However, the impact of these genetic variants
might still be apparent through their effects on neuroanatomy
or on brain activity patterns during language processing.

Studies using neurobiological measures have so far been
limited by small sample sizes, which reduce power and in-
crease the rate of false-positive findings (Ioannidis 2005). As
such, independent replication is essential, but has so far been
lacking (Hoogman et al. 2014). Nonetheless, neurobiological
endophenotypes hold great promise for bridging genetics and
behavior. It is already feasible to robustly investigate relation-
ships between genetic variants and some aspects of brain
structure via large-scale neuroimaging genomics studies in
thousands of participants (Thompson et al. 2014), while anal-
ysis of brain function on this kind of scale represents a major
hurdle for the future (Fisher 2015).

Interpreting the Relevance of Genetic Variation to Phenotypic
Variation

Microarray technology and next-generation sequencing per-
mit the rapid acquisition of comprehensive genetic informa-
tion from large numbers of individuals, but the interpretation
of these data in relation to language phenotypes remains
challenging (Deriziotis and Fisher 2013; Cooper and
Shendure 2011). Given that we know little about the relevant
biology at this point, one difficulty is the lack of clear a priori
candidate genes. Prioritisation of candidates is aided by the
growing knowledge of genes muta ted in other
neurodevelopmental disorders, together with information
from databases of protein expression and function, such as
the human proteome map (Kim et al. 2014). Nevertheless,
studies of human genetic disease continue to uncover causal
variants in unexpected genes.

A second difficulty is identifying disorder-related variants
against the very high background of incidental variation found
in each person's genome (Cooper and Shendure 2011). Most
studies prioritize variants affecting protein-coding sequences
because they are more likely to have a biological effect, and
their functional impact appears easier to predict. But even
though the effect of a variant on protein sequence can readily
be predicted in silico, and truncating or frameshift mutations
(which often dramatically alter the structure of the protein) can
reasonably be assumed to be deleterious to protein function,
we do not yet have a complete overview of how many copies
of each gene are required for normal development. That is,
heterozygous protein-damaging variants (those that affect on-
ly one gene copy) might still have little consequence at the
cellular, tissue or organism level, if the intact gene copy is
sufficient for normal function. Moreover, in any given protein
many single-residue changes will be tolerated individually.

Software tools such as SIFT and Polyphen-2 use publically
available biochemical and evolutionary data to make bioin-
formatic predictions about whether a missense variant is likely
to be pathogenic (Ng and Henikoff 2003; Adzhubei et al.
2010). However, these tools have moderate sensitivity and
low specificity – one study found that 31–32 % of pathogenic
variants were predicted to be benign, while 84–87% of benign
variants were predicted to be pathogenic (Flanagan et al.
2010; Dorfman et al. 2010). More accurate assessments may
be gained by considering each variant in the context of the
three-dimensional structure of the protein (Venselaar et al.
2013; Preeprem and Gibson 2014).

Ultimately, empirical work is required to properly deter-
mine the effects of variants on protein function. Proteins have
diverse functions in cells, for example, they are essential for
synthesis and release of neurotransmitters and they form the
ion channels which mediate neuronal firing. Because every
protein has a unique function, studies of protein activity are
intrinsically low-throughput and designing appropriate assays
requires prior knowledge of the normal activities of the pro-
tein. The more that is known about the protein, the more
aspects of its function can be examined, and hence a more
complete picture of the effect of a variant on protein function
can be gained. Most proteins that have so far been implicated
in language phenotypes (including FOXP2, the most well
known of these) were virtually uncharacterized at the time of
discovery. Where available, knowledge on related proteins
can help design assays for uncharacterized proteins. Once
effective assays have been devised for a particular protein,
they can be applied in the future to assess the contribution of a
novel variant to a person’s phenotype. Such work is important
to avoid misattributing a causal role to a variant just because it
occurs in a well-known protein (Guidugli et al. 2014).

It remains extremely difficult to judge the importance of
non-coding variants that are identified in genomic screening
(Deriziotis and Fisher 2013; Cooper and Shendure 2011).
Non-coding DNA makes up over 98 % of the genome and
generally harbors more variation than coding DNA because it
is not under such strong purifying selection, although around
3–4 % of non-coding DNA is highly conserved and shows
evidence of selection, suggesting that these regions may have
conserved roles in regulating gene expression. Variants in
non-coding DNA can cause disease through misregulation
of gene expression, and may account for a large proportion
of normal phenotypic variation (Makrythanasis and
Antonarakis 2013; Kilpinen and Dermitzakis 2012).
Though the precise location and mechanism of action
of most regulatory elements remains unknown, a wealth
of informative data is now available from sources such
as the ENCODE project and RegulomeDB, and advances
in techniques such as genome editing are increasing our
ability to experimentally investigate non-coding variation
(Boyle et al. 2012; Kim and Kim 2014).
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Progress in the Genetic Understanding of Developmental
Communication Disorders

Childhood Apraxia of Speech

The first gene implicated in a developmental communication
disorder was discovered through studies of a large UK pedi-
gree, known as the KE family, in which approximately half of
the individuals are affected by CAS (Table 1), accompanied
by difficulties in expressive and receptive language abilities,
affecting both oral and written language (Watkins et al. 1999;
Fisher et al. 1998; Fisher and Scharff 2009). Affected mem-
bers of the family carry a heterozygous missense mutation in
the FOXP2 gene, which encodes a transcription factor that
regulates expression of other genes (Lai et al. 2001). Several
additional cases of CAS related to FOXP2 haploinsufficiency
have been reported (Feuk et al. 2006; Zeesman et al. 2006;
Lennon et al. 2007; Shriberg et al. 2006; MacDermot et al.
2005; Turner et al. 2013; Laffin et al. 2012; Rice et al. 2012;
Palka et al. 2012). The cellular and neurobiological functions
of FOXP2 have been explored using a range of in vitro and
in vivo approaches (see Bridging the gap between genes and
language: FOXP2 as a case study).

Only a small proportion of cases of CAS are due to FOXP2
mutation, but it is difficult to estimate the precise proportion
since most published studies have looked at only a handful of
cases. One screen of 49 probands identified a single causal
variant in FOXP2 (MacDermot et al. 2005). Other genes that
may act as risk factors in CAS includeBCL11A, which encodes
a transcription factor with a well-characterized role in regulat-
ing hemoglobin expression. BCL11A has also been implicated
in controlling neurite outgrowth in cooperation with CASK, a
protein mutated in cases of ID (Sankaran et al. 2010; Kuo et al.
2009, 2010a, b). A hemizygous de novo deletion in BCL11A
was found in a child with CAS and dysarthria, general oral and
gross motor dyspraxia, hypotonia, expressive language delay
and mild intellectual delay (Peter et al. 2014). Larger de novo
deletions including BCL11A and adjacent genes have been
reported in children with language problems alongside skeletal
and organ defects (Hancarova et al. 2013).

Deletions of the ERC1 gene on 12p13.3 were described in
nine unrelated patients with delayed speech development,
most of whom had a diagnosis of CAS (Thevenon et al.
2013). In another report, three affected siblings with CAS,
cognitive abnormalities and minor malformations were found
to carry an unbalanced 4q;16q translocation (Shriberg et al.
2008).Microdeletions in 16p11.2 may also increase the risk of
CAS (Newbury et al. 2012; Raca et al. 2013). CAS has
sometimes been observed as a feature associated with a
known genetic syndrome. For example, CAS has been esti-
mated to affect ~24 % of people with the rare metabolic
disorder, galactosemia (OMIM 230400), which is caused by
homozygous or compound heterozygous mutation of the

GALT gene (Shriberg et al. 2011). CAS with normal intellec-
tual performance was reported in one patient with an atypical
manifestation of cri du chat syndrome (deletion of 5p15.2-
p15.3, OMIM 123450) (Marignier et al. 2012). Exome se-
quencing and studies of CNVs may reveal additional candi-
date genes for CAS (Worthey et al. 2013; Laffin et al. 2012).

CAS is sometimes regarded as a type of speech sound
disorder (SSD), but SSD has also been viewed as a separate
disorder, or one which may be related to SLI. The difficulty in
classifying SSD arises partly because it can include both
articulatory and phonological deficits (see Table 1). The pres-
ence of phonological deficits has also suggested etiological
overlap with dyslexia, and some genomic regions linked to
dyslexia have shown linkage to SSD (Newbury and Monaco
2010). Additional genomic loci in SSD have been identified
more recently, but no candidate genes have been pinpointed
within any of the reported linkage intervals (Peter et al. 2012).

Stuttering

Linkage studies for persistent stuttering (see Table 1) conduct-
ed in several different populations have implicated multiple
genomic loci and different modes of inheritance (Kang and
Drayna 2011; Raza et al. 2012, 2013; Domingues et al. 2014).
A linkage study in a large consanguineous Pakistani family
led to the identification of a linkage peak on chromosome 12
(Kang et al. 2010). Sequencing of all the genes in this region
identified a missense mutation (E1200K) in the GNPTAB
gene. The same mutation was found in affected members of
several other Pakistani families. Subsequent targeted sequenc-
ing in unrelated individuals of Asian and European descent
uncovered further missense variants in GNPTAB, and in the
related genes GNPTG and NAGPA (Kang et al. 2010). The
same research team recently reported an excess of rare coding
variants inGNPTAB and NAGPA (although not inGNPTG) in
an expanded sample of stuttering cases (Han et al. 2014), but
further independent replication studies are needed to deter-
mine the overall contribution of mutations in these genes to
the etiology of developmental stuttering.

GNPTAB, GNPTG and NAGPA encode enzymes involved
in the mannose-6-phospate pathway for lysosomal enzyme
targeting (Coutinho et al. 2012). It is perhaps surprising that
such a fundamental metabolic pathway should be involved in
a relatively specific disorder like stuttering. Indeed, mutations
in these genes are known to cause severe recessive metabolic
disorders. Mutations in GNPTG cause mucolipidosis IIIγ
(OMIM 252650), whereas mutations in GNPTAB cause
mucolipidosis IIα/β (OMIM 252500) and the less severe
mucolipidosis IIIα/β (OMIM 252600). All three disorders
include skeletal, cardiac and other defects. Patients with
mucolipidosis II typically show developmental delay and
ID, whereas those with mucolipidosis III have normal intelli-
gence or mild cognitive impairments. The variants identified
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in individuals with stuttering are different from those impli-
cated in mucolipidosis and probably have less severe effects
on protein function - individuals homozygous for the E1200K
mutation in GNPTAB do not show features of mucolipidosis.
Functional characterization has been performed for three mis-
sense variants in NAGPA identified in stuttering cases, which
demonstrated reduced enzymatic activity, supporting their
etiological significance (Lee et al. 2011).

Specific Language Impairment and Dyslexia

SLI is perhaps the most common developmental disorder
affecting spoken language skills, and typically involves prob-
lems that also extend to the written domain (Table 1). Dyslex-
ia, by contrast, is defined as isolated difficulties in reading
and/or spelling without obvious impairments in spoken lan-
guage. Nevertheless, many children with dyslexia have been
shown to display subtle deficits in phonological skills that
may (at least in part) account for their difficulties with written
language. Both SLI and dyslexia are diagnosed on the basis of
excluding explanatory factors. Thus, these disorders are by
nature heterogeneous in severity and in the observed profile of
deficits, which might change as a child develops. Language
impairments and reading/spelling difficulties show high levels
of comorbidity, which suggests a possible common genetic
etiology (Pennington and Bishop 2009). The initial leads in
unravelling the genetic basis of these disorders came from
linkage studies first reported over 15 years ago, whichmapped
several genomic loci that might contain risk genes (Carrion-
Castillo et al. 2013; Newbury and Monaco 2010; Fisher and
DeFries 2002). Linkage studies highlight broad chromosomal
intervals containing many different genes. Two complemen-
tary approaches have been used to pinpoint the most promis-
ing candidate genes within these linkage regions. One method
involves association screening of polymorphic markers within
the target interval. This kind of work led to the identification
of putative risk SNPs in KIAA0319, DCDC2, and MRPL19/
C2ORF3 in dyslexia, and in CMIP and ATP2C2 in SLI
(Francks et al. 2004; Meng et al. 2005; Anthoni et al. 2007;
Newbury et al. 2009). The second method relies on observa-
tions of affected cases or families with chromosomal rear-
rangements disturbing a known region of interest. For exam-
ple, mapping of rare translocation breakpoints in dyslexia
implicated the genes DYX1C1 and ROBO1 as candidates for
the disorder (Hannula-Jouppi et al. 2005; Taipale et al. 2003).

A large number of subsequent studies have tested these
candidate genes for association with affection status or with
various psychometric measures, in cohorts with the same
disorder as the original linkage cohort, or with the other of
the two disorders (Carrion-Castillo et al. 2013). Association
with quantitative measures in general population cohorts has
also been investigated (Paracchini et al. 2008, 2011; Scerri
et al. 2011). Results have been mixed, with some studies

reporting evidence of association while others do not. This
outcome may partly be due to the arbitrary threshold of
statistical significance applied in the studies, as well as diffi-
culties in correcting for multiple testing, and it is possible that
a subset of the original findings first implicating these candi-
dates represent false-positives (Carrion-Castillo et al. 2013;
Newbury et al. 2014). It is also debatable whether a finding of
association with a different phenotype, or with the opposite
direction of effect, represents a replication (Newbury et al.
2014). A recent large association study for four major candi-
date genes – KIAA0319, DCDC2, MRPL19/C2ORF3 and
DYX1C1 – across eight dyslexia cohorts did not find any
associations that were significant across all cohorts (Becker
et al. 2014). Thus there has been a need for a fresh look for
candidate genes.

To this end, novel loci of interest have recently been
suggested by new linkage screens and the first GWAS in
SLI, dyslexia and general population cohorts, and replication
should be sought for these loci (Bartlett et al. 2014; Field et al.
2013; Nudel et al. 2014; Luciano et al. 2013; Harlaar et al.
2014; Eicher et al. 2013; Gialluisi et al. 2014). These studies
have highlighted the absence of single common variants of
large effect on language-related phenotypes. The way forward
is therefore to seek larger sample sizes for GWAS studies, but
also to consider the effects of rare variants, which have been
found to be important in other neurodevelopmental conditions
(see section on Intellectual disability and autism spectrum
disorders below). A small number of families with potentially
monogenic language-related syndromes have also been re-
ported, suggesting that there is still a place for Mendelian
disorders in illuminating the genetic foundations of language
(Briscoe et al. 2012; de Kovel et al. 2004; Peter et al. 2012,
2013; Addis et al. 2010).

An alternative to genome-wide screening is to select can-
didate genes based on their involvement in molecular net-
works already known to be disrupted in communication dis-
orders. FOXP2 has not been directly implicated in other
communication disorders beyond CAS, underlining the spec-
ificity of the phenotype resulting from FOXP2 disruptions
(Newbury et al. 2002; Han et al. 2014; Toma et al. 2013).
However, given that it is a transcription factor, genes regulated
by FOXP2 could have roles in other forms of language disor-
der. Several studies have together identified thousands of
genes that are potentially regulated by FOXP2 in at least one
tissue or developmental timepoint (Spiteri et al. 2007; Vernes
et al. 2007, 2011; Konopka et al. 2009). One early study
(Vernes et al. 2008) chose to follow up specifically on
CNTNAP2, which encodes a neuronal cell-surface transmem-
brane protein. A complete absence of CNTNAP2 protein (also
known as CASPR2) causes a syndrome of childhood-onset
focal epilepsy leading to language regression, severe ID, and
social and behavioral problems (OMIM 610042), with many
aspects of the phenotype mirrored in Cntnap2-deficient mice
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(Strauss et al. 2006; Zweier et al. 2009; Penagarikano et al.
2011). Common SNPs across CNTNAP2 were tested for
association with quantitative language measures in families
with SLI, which revealed association with a cluster of intronic
SNPs (Vernes et al. 2008). These same variants have been
associated with language measures in other samples, and there
is also evidence that heterozygous loss-of-function mutations
and common SNPs in CNTNAP2 represent a risk factor for
neurodevelopmental disorders (Whitehouse et al. 2011a;
Luciano et al. 2013; Rodenas-Cuadrado et al. 2014).

Most of the candidate risk SNPs identified so far for SLI
and dyslexia have been located in non-coding regions of the
genome. This poses a challenge for functional investigations
aimed at gaining insights into the molecular mechanisms
underpinning disorder because the biological role of much
non-coding DNA is poorly understood, making it hard to
design appropriate assays. An additional important consider-
ation when designing experiments to probe the effects of non-
coding variation is that a variant showing association with a
phenotype is not necessarily responsible for that phenotype
because a number of nearby variants will be in linkage dis-
equilibrium (will be inherited together). Nonetheless, several
studies have reported potential effects of non-coding variation
on gene expression (Anthoni et al. 2007; Paracchini et al.
2006; Dennis et al. 2009; Tran et al. 2014; Peschansky et al.
2010; Hannula-Jouppi et al. 2005). For example, a SNP in the
promoter of KIAA0319 that showed association with dyslexia
reduced gene expression in an in vitro assay and created a
binding site for the transcriptional repressor POU2F1 (Dennis
et al. 2009). Approaches that combine genetic association
with experimental investigations in in vitro and in vivomodels
will be vital to understanding the role of non-coding variation
in neurodevelopment.

The protein products of the genes harboring candidate risk
variants for SLI and dyslexia were largely uncharacterized at
the time when they were first associated with these disorders.
Research examining the basic biology of these proteins has
led to some interesting discoveries. For example,DYX1C1 has
been shown to play a role in the primary cilium and mutations
of this gene are now known to cause a monogenic form of the
disorder primary ciliary dyskinesis (Carrion-Castillo et al.
2013; Tarkar et al. 2013). In utero gene knockdown in rats
has been a major strategy for examining the role of dyslexia
candidate genes in brain development (Szalkowski et al. 2012;
Threlkeld et al. 2007; Gabel et al. 2011). These experiments
have consistently produced deficits in neuronal migration that
were intriguing in the light of an early report of heterotopias in
postmortem brains from individuals with dyslexia (Galaburda
et al. 1985). However, such results should be viewed with
caution because migration deficits from in utero knockdown
in rats do not appear to be supported by investigations in other
systems, such as gene knockouts in mice (e.g., see Wang et al.
2011) and there is new evidence suggesting that the

knockdown methodology is susceptible to off-target effects
(Baek et al. 2014). Effects of risk variants on human brain
anatomy and function have also been suggested by imaging
and electrophysiological studies, although (as noted above)
sample sizes for the relevant studies have been small and
underpowered, so independent replication is still needed
(Scerri et al. 2012; Pinel et al. 2012; Cope et al. 2012;
Lamminmaki et al. 2012; Whalley et al. 2011; Dennis et al.
2011; Tan et al. 2010; Scott-Van Zeeland et al. 2010; Kos et al.
2012; Darki et al. 2012).

Intellectual Disability and Autism Spectrum Disorders

Linguistic abilities, general cognitive abilities and social cog-
nition are highly inter-related, both during development and in
some accounts of language evolution. General cognitive abil-
ity is highly heritable, but GWAS studies have struggled to
find significant effects for common variants, nor has any
association been found with low-frequency CNVs (Davies
et al. 2011; McRae et al. 2013; Kirkpatrick et al. 2014).
GWAS studies for social behavior have faced similar difficul-
ties (Ebstein et al. 2010; St Pourcain et al. 2013, 2014b).
However, a GWAS for educational attainment in over
100,000 individuals identified three SNPs which reached
genome-wide significance, and these associations were repli-
cated in a further sample of 25,000 individuals (Rietveld et al.
2013), illustrating that very large sample sizes do have the
power to detect small contributions from common SNPs to
normal phenotypic variation.

A complementary approach for uncovering the genetic
basis of these cognitive faculties has been to look at disorders
in which they are disrupted, namely ID, an impairment in
general cognitive ability, and ASD, in which deficits in social
interaction and communication are a defining feature
(Table 1). ID and ASD are highly comorbid (Brereton et al.
2006; Matson and Shoemaker 2009), and there is a large
degree of variation in the profile of language skills within
each class of disorder. Language is often relatively preserved
in cases of mild ID (IQ of 50–70). Individuals with ASD in the
absence of ID may develop fluent language, but often with
deficits in pragmatic aspects of language comprehension in
addition to impaired use of language in social interaction.
These milder forms of ID and ASD border on normal varia-
tion, and an additional category of pragmatic language im-
pairment has been proposed for individuals who show the
linguistic deficits characteristic of ASD but without the repet-
itive behaviors (Gibson et al. 2013). Mild forms of ID and
ASD appear to have a complex genetic basis, possibly with
significant contributions from environmental influences
(Gaugler et al. 2014; van Bokhoven 2011).

In contrast, language is usually highly impaired or absent in
individuals with moderate-to-severe ID, with or without fea-
tures of ASD. Children affected by severe ID and/or ASD are
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generally born to healthy parents, and accordingly de novo
chromosomal translocations and aneuploidy are major causes
of these disorders (van Bokhoven 2011). Other modes of
inheritance consistent with sporadic disorder are autosomal
recessive, X-linked, and imprinting, and examples of all of
these are also found for severe ID (des Portes 2013; Musante
and Ropers 2014; Buiting 2010). Recently, sequencing of
probands and parents has confirmed that single de novo
protein-altering mutations are also causal in a significant pro-
portion of cases (Gilissen et al. 2014; Krumm et al. 2014;
Veltman and Brunner 2012). ID sometimes occurs in the con-
text of a syndromic disorder, in which there are co-occurring
developmental defects in other organs (van Bokhoven 2011). In
many cases these syndromes are known to result from single
point mutations, or deletions affecting certain genes. Since
genes frequently have pleiotropic roles in the development of
multiple organ systems, disorders in which linguistic and other
cognitive deficits occur alongside physical abnormalities may
be no less informative about the genetic underpinnings of
language than supposedly language-specific disorders. For ex-
ample, the importance of FOXP2 in brain circuits involved in
speech and language is not diminished by the fact that it also
plays key roles in lung development (Shu et al. 2007).

Etiological mutations that cause ID and/or ASD have been
found in a large number of different genes, confirming that
these are not monolithic disorders, but umbrella terms for a
large collection of genetically-distinct entities. Newmonogenic
ID and ASD syndromes are continuously being discovered,
and some of these reveal specific molecular links between ID/
ASD and more language-specific disorders. Two recently-
discovered syndromes are caused by haploinsufficiency of
transcription factors that are known to directly interact with
FOXP2 (Li et al. 2004; Sakai et al. 2011; Deriziotis et al. 2014).
One syndrome results from mutations of FOXP1, a paralog of
FOXP2 which shows partially overlapping expression in brain
regions including the striatum (Ferland et al. 2003). The other
syndrome results frommutations in TBR1, which is involved in
cortical development and is co-expressed with FOXP2 in layer
6 of the cortex (Hevner et al. 2001; Willsey et al. 2013). Both
syndromes are characterized by global developmental delay,
ID, speech delay and varying degrees of language deficits
(O’Roak et al. 2011; Traylor et al. 2012; Palumbo et al. 2013;
Palumbo et al. 2014; O’Roak et al. 2012; Belengeanu et al.
2014; Le Fevre et al. 2013; Bacon and Rappold 2012). In
addition, autistic behaviors are found in all cases with TBR1
disruptions and in some individuals with FOXP1 mutations.
The language deficits in the distinct disorders caused by
disruptions in FOXP1, TBR1 and FOXP2 may relate to
dysregulation of common downstream targets as a result of
loss of protein-protein interactions. This hypothesis is support-
ed by the fact that pathogenic mutations that disrupt the TBR1
protein result in loss of interaction with FOXP2 (Deriziotis
et al. 2014).

Studies of common SNPs, rare SNVs and CNVs, in the
context of ID and ASD, have together yielded thousands of
genes in which variation may contribute differing degrees of
risk for the development of these disorders, and/or influence
the severity of the disorder (Huguet et al. 2013; van Bokhoven
2011). Among this collection of genes we can attempt to
identify biological themes that are useful to narrow the search
space for language-related genes, for example in prioritizing
variants identified from next-generation sequencing data
(Deriziotis and Fisher 2013). Unsurprisingly, synaptic homeo-
stasis is an overarching theme in ID/ASD genetics, including
categories of proteins such as ion channels, cell adhesion
molecules, signal transduction proteins, and proteins involved
in mRNA metabolism and chromatin modification (Huguet
et al. 2013; Srivastava and Schwartz 2014; Pinto et al. 2014).

An interesting insight from genetic investigations of ID and
ASD is that some genetic lesions cause severe cognitive
deficits, whilst leaving language abilities relatively intact.
These include the preserved speech or ‘Zapella’ variant of
Rett syndrome (OMIM 312750) which is caused by de novo
mutations in the MECP2 gene (Neul et al. 2010). MECP2 is
on the X-chromosome, therefore mutations are lethal in males
and only females are observed to be affected. In contrast to
individuals with typical forms of Rett syndrome, individuals
with the preserved speech variant recover some language after
regression, despite IQs of <50. A second example is Williams
syndrome (OMIM 194050) which is caused by hemizygous
deletion of 28 genes on 7q11.23 (Pober 2010). Affected
individuals have physical abnormalities and a cognitive pro-
file that includes weaknesses in spatial and problem-solving
domains, but relative strengths in language. Furthermore,
people with Williams syndrome have very sociable personal-
ities, in contrast to individuals with the preserved speech
variant of Rett syndrome who display features of ASD. One
caveat is worth stressing here. Even in neurodevelopmental
disorders where speech and/or language skills appear to be
preserved relative to other cognitive domains, neuropsycho-
logical studies usually reveal abnormalities as compared to
typical age-matched children (Thomas et al. 2009). Further
investigation will be needed to clarify the intersections and
boundaries of language, sociality and general cognition, and
how these relate to genetic factors.

Epilepsy-Aphasia Spectrum Disorders

It is has been noted that there are connections and overlaps
between epilepsy and SLI, dyslexia and SSD (Clarke et al.
2007; Pal 2011). Of particular interest are the epilepsy-aphasia
spectrum (EAS) disorders – a group of related epilepsy syn-
dromes of varying severity associated with language impair-
ments (OMIM 245570) (Table 1). EAS is characterized by
seizures (bursts of excessive, synchronous cortical neuronal
activity) which originate in the centrotemporal area, close to
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cortical regions involved in language processing (Van Bogaert
2013). Seizures begin in childhood and are accompanied by
variable regression in language and cognitive abilities and
behavioral changes. Language skills may recover after the
remission of seizures that occurs in adolescence, or may be
permanently impaired. Although the genetic architecture of
EAS disorders is still not fully understood, studies have shown
that heterozygous disruptions of GRIN2A account for around
10–20 % of cases, including both inherited and de novo
occurrences of the disorder (Lesca et al. 2013; Lemke et al.
2013; Carvill et al. 2013; DeVries and Patel 2013). GRIN2A
encodes a subunit of the NMDA receptor, a ligand- and
voltage-gated cation channel which is central to synaptic
plasticity (Fan et al. 2014). Functional analysis of two mis-
sense mutations found in patients with EAS has confirmed
that these mutations affect the opening and closing of the ion
channel (Lesca et al. 2013). Mutations in GRIN2B, a paralog
of GRIN2A, are found in patients with ID and/or ASD
(O’Roak et al. 2011; Dimassi et al. 2013). GRIN2A and
GRIN2B can be interchanged to form a functional NMDA
receptor; GRIN2B is expressed during fetal development but
is replaced by expression of GRIN2A postnatally (Liu et al.
2004). These findings highlight the importance of the NMDA
receptor in brain development and homeostasis.

The SRPX2 gene, located on the X-chromosome, was
previously implicated in EAS since a missense variant was
found to co-segregate with seizures and CAS in one family
(Roll et al. 2006). However, all family members who experi-
ence seizures were subsequently found to have a GRIN2A
mutation and no further SRPX2mutations have been reported
in EAS (Lesca et al. 2013; Reinthaler et al. 2014). The SRPX2
variant in question is not specific to the family but is a rare
variant present in the general European population (Piton et al.
2013). Two members of the family with CAS, but no seizures,
carried the SRPX2 variant but not the GRIN2A variant, so a
role for SRPX2 in CAS cannot be excluded (Lesca et al. 2013).
Because of the well-established contributions of FOXP2 to
CAS, it was hypothesized that FOXP2 might regulate SRPX2,
and there is some supporting evidence for this link (Roll et al.
2010; Sia et al. 2013). In utero knockdown of Srpx2 in rat
cortex resulted in neuronal migration deficits and epileptiform
activity (Salmi et al. 2013), but given the possibility of off-
target effects in such knockdown experiments (Baek et al.
2014), knockout mouse models would also aid in understand-
ing the relevance of SRPX2 to brain development.

Bridging the Gap Between Genes and Language: FOXP2
as a Case Study

As described in the previous section, a number of candidate
genes and genetic variants are emerging in relation to human

communication. The ultimate aim is to explain how these
genes and variants influence communicative abilities through
effects on neurodevelopment and brain function. This will
require integration of experimental approaches from molecu-
lar and cellular biology, animal models and brain imaging. In
the case of disorders, functional work is also necessary to
establish causality for a particular variant, and can furthermore
provide insights into pathogenic mechanisms which might
enable therapeutic interventions. Knowledge gleaned from
functional work can feed back to gene discovery efforts by
highlighting key biological pathways which may harbor ad-
ditional variants relevant to communication disorders (Fig. 1).

A framework for bridging the gap between genetics and
behavior is provided by a decade of research into FOXP2
(Fisher and Scharff 2009; Graham and Fisher 2013). It is still
not fully understood why disruption of one copy of this gene
should lead to a severe speech and language disorder, but
considerable progress has been made in elucidating both
molecular-level effects and consequences for higher-level
brain function. As a first step towards understanding the
pathophysiology of FOXP2-related language disorder, molec-
ular biological studies showed that two different FOXP2
mutations found in language-impaired individuals result in a
loss of DNA-binding and transcriptional regulation activity
(Vernes et al. 2006). Coupled with the observation of CAS in
people with whole gene deletions affecting FOXP2, this indi-
cates that the molecular mechanism of the disorder likely
involves FOXP2 haploinsufficiency leading to dysregulation
of neural target genes. Several studies have therefore
attempted to identify such neural targets. However, there is
limited overlap between datasets, and the crucial targets of
FOXP2 with regard to language disorder remain unclear
(Spiteri et al. 2007; Vernes et al. 2007; Vernes et al. 2011;
Konopka et al. 2009). One key set of FOXP2 targets may be
those involved in neurite outgrowth. Genes in this category
were found to be enriched among putative targets in embry-
onic mouse brain, leading to the discovery that neurons from
mice that completely lack Foxp2 exhibit reduced neurite out-
growth, which could impair neuronal connectivity in the
developing brain (Vernes et al. 2011).

The role of FOXP2 in the development of neural circuitry
has been further investigated using several mutant mouse lines
(Fisher and Scharff 2009; French and Fisher 2014). Mice
lacking functional Foxp2 (the rodent ortholog of human
FOXP2) have developmental delays and severe motor impair-
ments, dying at 3–4 weeks after birth (French and Fisher
2014). Mice with one functional copy of Foxp2 are normal
or show mild developmental delays, depending on the geno-
mic background, but in-depth investigations have uncovered
deficits which may help explain the speech impairments ob-
served in patients with FOXP2-related CAS. In particular,
mice heterozygous for the mutation found in the KE family
show impaired long-term depression in corticostriatal circuits
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and significant deficits in motor-skill learning (Groszer et al.
2008). Follow-up in vivo electrophysiology studies in awake-
behaving mice indicated abnormally high basal activity in
medium spiny neurons of the striatum and alterations in
striatal plasticity during motor-skill learning (French et al.
2012). Additional studies with mutant mice have highlighted
deficits in the processing and integration of auditory informa-
tion (Kurt et al. 2009; Kurt et al. 2012). In both humans and
mice, FOXP2 is expressed in brain regions including the
striatum, cerebellum, thalamus and cortex (Ferland et al.
2003; Lai et al. 2003; Fisher and Scharff 2009). The profile
of language impairments observed in individuals with FOXP2
disruptions may represent a compound disorder resulting from
reduction in levels of this transcription factor in multiple brain
areas involved in speech and language. It will therefore be
interesting to employ conditional knock-out mice to investi-
gate the consequences of reduced expression in different brain
structures in isolation (French et al. 2007).

Several studies have reported on effects of Foxp2 disrup-
tion on the ultrasonic vocalizations of mouse pups, but these
vocal behaviors are not a good model for human speech and
such findings should be viewed with caution (see Fisher and
Scharff 2009; French and Fisher 2014 for more extensive
discussion). More relevant to speech are investigations of
zebra finches, which have addressed potential contributions
of FoxP2 (the songbird ortholog of human FOXP2) to vocal
learning (Wohlgemuth et al. 2014). In juvenile birds, FoxP2

levels are increased in Area X, a striatal nucleus involved in
vocal learning, during the critical period for song-learning
(Haesler et al. 2004) and are downregulated when adult males
are practising their songs without directing them to a female
(Miller et al. 2008; Teramitsu andWhite 2006; Teramitsu et al.
2010). Furthermore, viral-based knockdown ofFoxP2 in Area
X results in reduced spine density of medium spiny neurons
(Schulz et al. 2010) and impairs song-learning (Haesler et al.
2007;Murugan et al. 2013). Thus, both investigations of vocal
learning in songbirds and of motor-skill learning in mouse
models point to roles for FOXP2 in neural plasticity. It is
therefore possible that this gene, which has a particularly high
level of sequence conservation in vertebrates, has ancient roles
in general motor learning that have been co-opted in support
of vocal learning in both the human and zebra finch lineages.

Structural MRI studies in the KE family have uncovered
subtle abnormalities in several regions of the brain, including
the precentral gyrus and Broca’s area, the caudate nucleus, and
the cerebellum (Vargha-Khadem et al. 1998; Watkins et al.
2002). Intriguingly, there is high concordance between sites of
pathology and the regions where FOXP2 is normally
expressed (Lai et al. 2003). Furthermore, functional imaging
during language tasks has found activation differences in these
regions in affected family members (Vargha-Khadem et al.
1998; Watkins et al. 2002; Liegeois et al. 2003; Liegeois et al.
2011). A general issue with brain imaging studies of
language-related disorders is that the individuals studied are

Fig. 1 Studies of human
variation and comparison with
other species yield genes and
genetic variants with putative
roles in communicative abilities.
Molecular and cellular
investigations, animal models and
brain imaging can be used to
evaluate the relevance of these
genes and variants in
neurodevelopment. Findings
from such investigations can
highlight biological themes, with
the potential to feed back to
inform gene discovery efforts.
MRI- magnetic resonance
imaging; fMRI- functional
magnetic resonance imagining;
EEG- electroencephalography;
MEG- magnetoencephalography;
eQTL- expression quantitative
trait locus; ENCODE-
encyclopaedia of DNA elements;
GWAS- genome-wide association
study; SIFT- sorting intolerant
from tolerant
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typically adults or older children who have had the disorder for
many years. It is therefore difficult to determine if the observed
differences in the brain are a cause or an effect of the disorder.
The functional activation differences observed in affected
members of the KE family may indeed be an effect of the
disorder, reflecting a necessary reorganization of language pro-
cessing pathways. However, because the anatomical differ-
ences exist in the context of a single genetically-defined disor-
der, and overlap with regions of FOXP2 expression, they are
more likely to have a developmental origin and to underlie the
behavioral deficit. Some reports have suggested that common
SNPs in FOXP2 have an effect on brain structure and/or
function. However, an association study in >1300 people from
the general population did not find evidence that common
variants of FOXP2 lead to detectable neuroanatomical differ-
ences, suggesting that such effects are limited to variants that
have marked effects on protein function (Hoogman et al. 2014).

Evolutionarily novel contributions of FOXP2 to human
languagemay have resulted from changes in its temporospatial
expression pattern, changes in its downstream targets, or
changes in the amino acid sequence of the protein. The ex-
pression pattern of this gene is broadly conserved in verte-
brates, although it remains possible that there may have been
subtle alterations in our lineage (Lai et al. 2003; Ferland et al.
2003; Teramitsu et al. 2004). It is highly likely that there are
differences in sets of downstream targets in different species,
and that such changes may have been influential in driving
evolutionary differences in hominin neurodevelopment, but
the crucial changes with regard to language have not yet been
clearly identified (Nelson et al. 2013; Konopka et al. 2009).
Two amino acid substitutions in FOXP2 occurred in the hu-
man lineage since the split from chimpanzees, against a gen-
erally low background of amino acid change during vertebrate
evolution (Enard et al. 2002; Enard 2011). There is evidence
that these substitutions affect target regulation and synaptic
plasticity, but the molecular mechanism of these effects is still
unknown (Konopka et al. 2009; Enard et al. 2009; Reimers-
Kipping et al. 2011). Interestingly, a selective sweep may have
occurred at the FOXP2 locus within the last 200,000 years, but
is not explained by the amino acid substitutions and may
instead relate to non-coding changes affecting FOXP2 regula-
tion, or may be a false-positive finding (Coop et al. 2008;
Maricic et al. 2013; Graham and Fisher 2013).

The molecular networks radiating from FOXP2 may hold
additional language-related factors, including proteins and
microRNAs regulating FOXP2 expression, FOXP2-
interaction partners, and genes regulated by FOXP2. Several
studies have identified putative members of this FOXP2 mo-
lecular network (Coutinho et al. 2011; Clovis et al. 2012; Shi
et al. 2013; Spiteri et al. 2007; Vernes et al. 2007; Konopka
et al. 2009; Vernes et al. 2011; Li et al. 2004; Chokas et al.
2010; Sakai et al. 2011; Zhou et al. 2008). In previous sections
we have discussed the relationship of the FOXP2 target,

CNTNAP2, and the FOXP2 interacting proteins, TBR1 and
FOXP1, to communication disorders. However, for most of
the molecules in the FOXP2 interaction network, the rele-
vance to speech and language is still to be explored.

Concluding Remarks

As a research field, the genetics of human communication may
still be in its infancy, but the fascinating insights gained so far
have opened the way for the necessarily ambitious projects
which will follow. When framing research questions about
language evolution and development, it is important to incor-
porate the most current knowledge from a range of fields such
as linguistics, evolutionary anthropology, neurobiology, and
ethology. Next-generation sequencing offers the chance to ob-
tain large amounts of genetic information, but efforts need to be
channelled into computational and experimental methods to
identify biologically relevant variants. It remains a challenge
to recruit large cohorts of subjects and characterize their lan-
guage abilities and success will depend on international collab-
oration between researchers across different disciplines.

The results of these studies could prove to have great signif-
icance for science and society. Amajor area of importancewill be
in understanding the genetic basis of communication disorders,
which are common and have a considerable impact on educa-
tional, social, economic and emotional outcomes. A better under-
standing of underlying risk factors may enable genetic tests for
early identification of at-risk children, with the possibility of
intervention to ameliorate the effects, as well as more precise
diagnosis and optimized educational assistance, a better predic-
tion of long-term outcomes, and a greater understanding in
society. In the case of ASD, ID and EAS, genetic studies have
already revolutionized our understanding of the etiology of these
disorders, and are kick-starting a shift in the approach to diagnosis
from phenotype-first to genotype-first (Stessman et al. 2014).
Language problems occur not only in the context of
neurodevelopmental disorders, but also in neuropsychiatric and
neurodegenerative conditions. Therefore, an understanding of the
molecular neurobiology of language is of wide clinical impact,
and has relevance to a broad range of neuropsychology questions.

Finally, insights into the genetic foundations of human com-
munication will have an impact on all fields of research which
touch upon the evolution or prehistory of our species, since the
emergence of language is a key theme in the human story.
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