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Introduction

Language acquisition in early childhood is remarkably robust. Even in cases of severe
neurological disorders, a child’s ability to understand and use language is often preserved to
some degree. Such findings demonstrate the human drive to communicate and underpin the
idea that language is innate (Pinker, 1994), and therefore is likely to be genetically driven.
There has been considerable debate in linguistics, philosophy, psychology and genetics as to
whether language acquisition is innate or taught, a blend of both, or perhaps a balance which
shifts at different points in a child’s development. This chapter will focus on the current
understanding of the role of genetics in language. When thinking about the role of genetics in
language acquisition, it is important to consider it within a framework of other external
influences discussed elsewhere in this book.

The extent to which language ability is inherited, or heritable, is well established in the field
(Barry, Yasin, & Bishop, 2007; Bishop, Adams, & Norbury, 2006; Stromswold, 1998).
Genetic factors play a key role in an individual’s ability to successfully acquire and use
language. Many genetic factors are usually involved, and they interact both with each other
and environmental factors in a complex way. In this chapter, we will explore how genetics
contribute to language, and how new genetic techniques can offer inroads into the molecular
basis of language acquisition. We will also discuss the limitations of genetic studies, what
they cannot tell us, and how this fits with our current understanding.

Genes do not act in isolation, and it is clear that environmental factors also play an important
role in the acquisition of language. For example, maternal education level, and by proxy
socio-economic status, is associated with academic and language abilities of their children
(Reilly et al., 2010). A similar story is seen in measures of general cognition; that the
mother’s socio-economic status is associated with a child’s IQ (Hanscombe et al., 2012). We
discuss some of the key findings of gene x environment studies and provide a snapshot of the
current understanding in the field, considering some of the limitations of this type of study
design.

The relationships between language and other aspects of cognition are equally difficult to
disentangle. As Vygotskii noted “A word devoid of thought is a dead thing, and a thought
unembodied in words remains a shadow” (Vygotskii, 2012). Language ability shows a strong
association with generalised cognitive ability: a high functioning child will generally develop
more advanced language at an earlier age, and conversely, a cognitively delayed child will be
more likely to struggle to meet language milestones. Language ability is also strongly linked
to other developmental domains such as reading, which closely relate and influence each
other. As such, these related domains need to be considered as part of a spectrum, and not
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considered as independent phenotypes. In terms of scientific study, this can be extremely
challenging. At a physiological level, language and speech are separate faculties (a mental
representation and the realisation of that representation, accordingly). Nonetheless, these two
attributes are intricately intertwined and can be difficult to disentangle at the behavioural
level. For this reason, we have chosen to use “language” as an umbrella term encompassing
both.

In this chapter we explore the current field of play in the genetics of language acquisition. We
begin by discussing the heritability of language and the role of family and twin studies in the
understanding of language. We go on to explore the inheritance mechanisms that are
implicated in language development. Finally, we look forward by considering how modern
DNA sequencing approaches are revolutionising the field of language genetics.

The Heritability of Language

There have been many studies that use twin pairs to evaluate the relative importance of
genetics in language ability. These studies compare specific traits between monozygotic (or
identical) twins, who share their entire DNA sequence, and dizygotic (or non-identical) twins
who, on average, share half of their segregating DNA, that is, a similar level to ordinary
siblings. Heritability studies look at the variation of a trait between and within twin pairs.
They estimate the proportion of variation in a given trait that can be explained by genetic
factors. Heritability estimates range from 0.0, for a trait that is entirely environmental, to 1.0,
for a trait that is entirely genetic.

Environmental effects are often unique to any given individual (e.g. bumping your head as a
child, or getting ill from a virus). This means that relationships between environmental
factors and outcomes can be hard to predict unless we have a very detailed history across lots
of individuals. Because twins are born and reared together, however, we can assume (rightly
or wrongly) that they have a higher level of shared environmental factors (e.g. number of
books in the home, number of days of education, parent’s socioeconomic status) than two
members of the general population (or even two members of the same family). This
assumption provides a powerful mechanism by which we can estimate the importance of
shared environmental influences upon a trait. If a given environment is shared between twins
and if this environment directly affects an outcome, then any given twin pair should be more
similar to each other than to any other member of the study population in terms of this
outcome. This is true for all twin pairs, regardless of whether they are identical or non-
identical. Similarly, by considering similarities between twin pairs, we can estimate the
relative importance of genetic effects. Identical twins share their entire segregating DNA
sequence. Thus, if genetic factors influence a given outcome, then identical twins should be
similar to each other in terms of that outcome. However, this tenet does not hold true for non-
identical twins who, on average, share only half of their DNA sequence.



Given that shared environment and genetic influences show different patterns of correlation
between and within twin pairs, we can use these patterns of variation to estimate the relative
importance of each of these factors. If a trait is purely genetic then monozygotic twins will
always have the same outcome and dizygotic twins will have the same outcome half of the
time. If a trait is purely down to shared environment then both monozygotic and dizygotic
twins will always have the same outcome as their twin pairs. If a trait is purely due to unique
environment then there will be a random pattern between twin type and outcome and, on
average, both types of twin pairs will have the same outcome about half of the time. In
reality, no trait can be clearly characterised into one of these three boxes, but by looking at
patterns of variation within a trait, we can estimate the importance of genetics and
environment. A major benefit to performing studies of this type is that these methods do not
necessarily require us to actually look at the genetic information to estimate heritability and
can be performed on large longitudinal study data sets.

An important finding in behavioural genetics is that the heritability of intelligence increases
steadily throughout life. In infancy, genetic influences account for about 20% of variation in
intelligence. In adulthood, they account for about 60% of variation. This, so-called, “Wilson
effect” is thought to reflect a “genetic-amplification” procedure in which children select
differential environments that compound their genetic propensities across a life-span (Plomin
& Deary, 2015). Interestingly, Finkel et al. (1998) found that language ability is strongly and
stably heritable across the adult life-span, and, perhaps unexpectedly that in this particular
study, language was independent of general cognition. This finding is supported by more
recent studies which suggest that gene x gene and gene x environment interactions become
increasingly important in verbal ability in later life (Reynolds & Finkel, 2015).

The Wilson effect is primarily reported in adult samples and general intelligence. However
the trends described are echoed in studies looking at language acquisition. In their study of
children spanning 2 to 12 years old, Hayiou-Thomas, Dale, and Plomin (2012) found that
environmental factors accounted for most of the differences seen in the 2 to 4 year old group,
while heritability increased between the 2 to 4 and 7 to 10 year old groups. Their work
suggested that genetic factors may become increasingly important as a child develops. Tosto
et al. (2017) refined this even further, and showed that the heritability of language increases
from age 7, 12 and 16. They also showed a strong genetic correlation between oral language
and reading comprehension at the ages 12 and 16, and to a lesser extent between oral
language and reading fluency at 7, 12 and 16. These findings again reflect studies of
cognition where it is found that although the influence of genetic factors increased over a life-
span, it is the same set of genetic factors that influence cognition over time. Furthermore, it is
found that the same set of genes influence multiple different aspects of intelligence, from
vocabulary to spatial memory to processing speed and executive function. These studies



clearly show that genetics plays an important role in the acquisition and maintenance of
language throughout life but also that these effects can be moderated by life course.

What is more challenging to delineate is the specific role of genetic factors across generalised
cognition, language and reading ability. The overlap of these developmental domains remains
one of the biggest challenges in behavioural genetics.

Heritability in Language Disorders

In addition to looking at heritability of language ability in the general population, there have
been several studies which specifically investigate the heritability of language disorders. The
term language disorder is the diagnosis given to children with persistent difficulties in the use
or understanding of language (Bishop et al., 2017). Within this broad umbrella term for all
children who struggle with language, there are several more specifically defined sub-groups.
These include developmental language disorders (DLDs), which overlap heavily with the
previously used category of specific language impairment (SLI), in which a primary language
difficulty exists without any other explanatory factor such as autism spectrum disorder
(ASD), hearing loss, or developmental delay. Childhood apraxia of speech (CAS), also
known as developmental verbal dyspraxia, is a specific fine motor control disorder affecting
speech production, and ultimately language ability, frequently due to mutations in the FOXP2
gene described later in this section. Specific subtypes and diagnosis of language impairments
are discussed in detail in section III of this book.

Developmental language disorders are extremely common and occur in 7% of school age
children, meaning we would expect to find two children with DLD in every primary school
class of thirty children (Norbury et al., 2016). The long-term effects of language disorders
present a significant burden on individuals and society alike. Children who struggle with
language have a greater chance of developing anxiety and depression in adolescence (Conti-
Ramsden & Botting, 2008), and are more likely to have lower socio-economic status in
adulthood (Ruben, 2000). Despite the clear social and economic importance of understanding
DLDs, we still do not understand much of the underlying aetiology.

DLDs have been shown by a number of studies to be highly heritable (Bishop, North, &
Donlan, 1995; Hayiou-Thomas, Oliver, & Plomin, 2005; Lewis & Thompson, 1992) and it is
clear that the risk of language disorder is increased if a first degree relative has a language
disorder (Stromswold, 1998). Interestingly, studies have shown that language shows a higher
degree of heritability in the lower range of language ability children than in the general
population (Dale et al., 1998; Spinath et al., 2004). This finding may suggest that shared



genetics factors are more relevant to the extremes of the ability spectrum, compared to the
typical range.

The understanding that environment is important in general cognitive ability (Finkel et al.,
1998) and that interactions between genetic and environmental factors can influence the
heritability of traits across time is crucial for the way in which we conceptualise both
language acquisition and language disorders (Bishop & Hayiou-Thomas, 2008). Differences
in testing procedures, how and when a child received a referral to speech and language
clinics, and 1Q can all affect the clinical diagnoses, which in turn, can affect heritability
estimates.

Limitations of Heritability Studies

Heritability studies have provided many key insights into the genetics of both language
acquisition and language disorders. There are, however, some important limitations to this
methodology that should be considered. Heritability studies measure a particular trait, in a
particular population, and a specific time. The way in which a trait is measured, the time at
which the measurements are taken, and the study population can affect heritability estimates.
As discussed below, genetic and heritability studies usually only consider additive genetic
effects, rather than gene x gene and gene x environment interactions. This is an important
point given that we know genetic effects themselves can change over time, responding to
differing environmental pressures. As heritability studies consider one (or a small number) of
traits, they cannot capture the multitude of factors that may be relevant at any one time.
Similarly, differences in inclusion criteria or how a trait is measured may have a major
impact on how heritable a trait is found to be (Bishop & Hayiou-Thomas, 2008). This last
point is especially pertinent to language disorders which currently lack gold-standard testing
procedures.

Twin studies suggest that heritability may vary for different aspects of language, for example
heritability estimates of speech production tend to be higher than those for vocabulary
(Bishop & Hayiou-Thomas, 2008; Hayiou-Thomas et al., 2006). This adds a further challenge
in determining heritability, as difference exist between sub-phenotypes of global language
ability and it is not always easy to distinguish between these subtypes.

There are also challenges with dealing with differences between monozygotic and dizygotic
twin groupings when it comes to the consideration of language-related traits. For example,
simply being born a twin is associated with delayed language, particularly for monozygotic
twins. Termed the “twinning effect” (Rice et al., 2014), this may act to decrease estimates of
genetic heritability by over-estimating shared environment influences. Rice et al. (2017)



recently showed that the twinning effect detected in younger children becomes less
pronounced between 4 and 6 years old as twins successfully catch up to their single child
peers. Similarly, they showed that the monozygotic twin pairs caught up to their dizygotic
and single child peers, and from four years old the twinning and zygosity effects are no
longer detectable.

Heritability studies have provided some interesting insights into language acquisition and
allow us to model changes in relative influences over the life-span. While they have shown
unequivocally that genetic factors play an important role in language, as in all genetic studies,
they rely upon the binary concepts of genetic and environment. This oversimplifies the
biological complexities of the genome, and how it interacts with conditions in a molecular
pathway, in a particular cell type, at a specific point in development, at the mercy of a
plethora of environmental factors. Heritability studies indicate that genetics may be
important, but they do not allow us to identify which specific genetic variants, molecular
pathways or cell types are involved. To begin to understand the underlying neuromolecular
pathways involved in language acquisition, we need to undertake molecular studies which
look at specific genes.

The Study of Language Through Extreme Traits

Language ability is thought to be a continuous and normally distributed trait, with most
people falling around the mean of the bell curve of ability, and fewer people at the extreme
ends of the range. As mentioned above, heritability studies indicate that the same genetic
effects contribute across the distribution of ability but that heritability increases at the
extremes. To a geneticist, therefore, the extremes of this spectrum (that is people who are
incredibly good at language or those who struggle with language) have the potential to be
most informative. These extremes have been the traditional place to begin exploring the
underlying molecular genetics of language. The underlying premise of studying participants
who sit at the extremes is that the neurological pathways or mechanisms that underpin their
disorder are also important to language development in the general population. These
extreme traits, known in genetics as phenotypes, are the key to understanding language
acquisition. Most commonly, these studies focus upon individuals with DLD. Since DLD is
characterised by “unexpected” language difficulties, they are presumed to represent a “pure”
form of language difficulties reducing confounding developmental issues that may confuse an
analysis.

Studying families in which several members share the same disorder has been a fruitful place
to begin looking for genes and molecular pathways that may be involved in language. This
approach assumes that family members with the same phenotype share the same underlying



genetic cause which results in their disorder. By investigating the regions shared between
affected family members, we can identify the potential cause of their disorder.

Mendelian Genetics

Genetic studies typically focus upon large families in which a severe form of disorder is
inherited in a characteristic way. These types of family-based disorders are termed Mendelian
disorders because they show similar inheritance patterns (recessive and dominant) to those
described by Gregor Mendel in his famous pea crossing experiment in the 1800’s. Mendel
showed that when he crossed purple flowering pea plants with white flowering pea plants, it
resulted in all purple flowering offspring. When he crossed these purple offspring to create
the next generation, he always ended up with the ratio of one white to three purple flowering
pea plants, indicating that the genetic factor determining white flowers was present in the first
generation even though it was not visible. Mendel explained this observation by proposing
that genetic factors are inherited in pairs (one from each parent). Within any given pair, some
outcomes can be genetically “dominant” (such as the purple flower) and some genetically
“recessive” (such as the white flower). Thus, he discovered it is possible for a pea plant to
carry a genetic variant (allele) that determines purple flowers and an allele that determines
white flowers. In this case, the flowers will appear purple, and the white allele will be masked
but still present. While we now understand that the picture is much more complicated than
this, the basic principle of dominant and recessive model still applies to many genetic
disorders and traits. Mendelian forms of language disorders are collectively rare, and may
represent the most severe forms. They have, however, been extremely important in our
understanding of language genetics.

To understand how Mendelian disorders can be used to understand language, we must first
cover some basic genetics principles.

The human genome carries the instructions for how to build a human. It can be thought of as
a book, with two identical copies carried in each cell in the body (Figure 1). Each book is
broken up into chapters which represent the chromosomes - individual chunks of genome
packaged into discreet units. We each have twenty two chapters and two sex chromosomes
(either XX or XY), making a total of 46 chromosomes. Each chapter can be further divided
into thousands of paragraphs, each representing a gene. Each paragraph contains a discrete
set of instructions to build a single protein, in the form of combinations of letters arranged
into words that are read by the molecular machinery within the cell. When there is a spelling
mistake, or mutation, in one of these genes, it can lead to a word becoming unreadable and
the meaning being completely changed. In some cases, these mutations can render the entire
paragraph nonsensical as the true meaning of the sentence can no longer be interpreted by the



cellular machinery. The protein may not be produced at all or may be unable to carry out its
function properly. These deficiencies may result in the person having a genetic disorder.

The The
GENOME GENOME _->
Book Book
— —
Each cell contains two copies of the genome The genome is grouped into separate chapters

Normal copy
The human genome contain three billion bases pairs,
The h . ~ .
geniome et e and if you stretched out all the DNA found in one

billion bases pairs, and if 2
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s __) Spelling mistake copy

The human grnome contain three billion bases pairs,
and if you stretched out all the DNA found in one
cell, it would be over two meters long.

A gene is like a paragraph, containing the A spelling mistake (mutation) can completely
instructions to build a protein change the meaning of the paragraph

Figure I - The human genome represented as a book.

Examples of the patterns typical of dominant and recessive inherited disorders are shown in
figure 2. Figure 2A shows a dominant inheritance pattern in a theoretical family of six. An
affected family member is indicated by a shaded shape, and males are represented by a square
and females by a circle. Figure 2A shows an affected Father (black square), unaffected
Mother (white circle), and half of the children (n=2/4) are also affected. This ratio of affected
offspring indicates that the underlying cause is likely to be dominantly inherited, that is, one
copy of the mutation is enough for the trait to be visible. In this instance the mutation is
shared by Father, and children 1 and 4. Dominant disorders are a special case where one
functional copy of the protein is not enough to do the job properly, and the cell cannot
function. In practice, a person still has two copies of the gene, but the dominant mutation
masks the second wild-type copy. The wild-type copy is still present, and can be passed onto
offspring but its function is overwritten by the mutant copy when both are present together.
An example of a dominantly inherited genetic disorder is Huntington’s disease, where
affected family members develop severe progressive neurological deterioration.



In contrast, recessive disorders require both copies of the gene to be disrupted before a trait is
visible. Figure 2B shows a recessive pedigree where both Father and Mother are unaffected.
One of their children is affected while the other three remain unaffected. This pattern is
typical of a recessive disorder. Both Father and Mother carry the mutation (termed carriers),
but one mutant copy is not enough to cause disorder. By chance, one in four children will
inherit two copies of the mutation (one from each parent) and so will be affected. The other
three children will all be unaffected but, on average, two of them will be carriers (one copy of
the mutation inherited) and so could pass a mutant allele onto their children. If their partner
also happens to be a carrier then their children may also be affected. In recessive disorders, an
affected person needs to inherit a mutation from both parents in the same gene. This
combination renders the protein completely dysfunctional leading to disease. In contrast to a
dominant disorder, these proteins are not dosage sensitive; as long as you can produce some
protein, the function of the cell will not be disrupted, so one copy of a mutation is tolerated.
Some examples of recessive genetic disorders include cystic fibrosis, Tay-Sachs disease, and
sickle cell anaemia.

Each person carries two copies of the gene
A Dominant Inheritance Pedigree

One functional
copy of the gene is

BO
not enough
I

Wild-type Mutant

B Recessive Inheritance Pedigree

I Both copies of the
[I__O gene carry the

mutation

Figure 24 shows an example dominant pedigree. Males are indicated by a square, females
by a circle, affected family members are indicated by a black shape, and white indicates
unaffected. In the example, the father is affected with disorder but the mother is not. Two of
four children have inherited the mutation from the father and have the disease, and two are
unaffected. Because the protein containing the mutation is dosage sensitive, inheriting only
one working copy is not sufficient to produce enough functional protein. Figure 2B shows an

Mutant Mutant




example recessive pedigree. In the example, neither father nor mother is affected but both are
carriers. One child is affected and carries two mutant copies, two children are carriers (one
copy) and one child is unaffected with no mutations inherited.

Both these example pedigrees show the odds of inheriting a Mendelian mutation under both
recessive and dominant models. However, in practice, patterns can vary from this theoretical
model. A point of interest is that inheriting mutations is not always deleterious. We can
inherit single copies of recessive mutations without adverse effects, and some changes do not
affect protein function at all. Most mutations are inherited but on average, 100 mutations
occur new (termed de novo) in every generation. Some of these will be deleterious, some may
be advantageous and many will be neutral. To return to the Genome book analogy, non-
damaging changes may alter how a word is spelled in a sentence, but the meaning can still be
clearly interpreted. These types of tolerated changes are termed genetic variants, and are
relatively common in the human genome. In general, a mutation eliminates the meaning of a
critical word but may also alter the meaning to be more efficient. This is analogous to text
speak where the spelling of words is altered but the meaning retained in a more efficient
manner. These changes to the genome represent evolutionary changes that spread through
families and populations over time. On average, the Human Genome carries around 2,000
protein altering changes (The 1000 Genomes Project Consortium, 2015), and over 1,000,000
genetic variants. The challenge in any genetic study is to figure out which of these are
relevant to the disorder of interest.

Families provide a unique opportunity to study genetic contributions to disorders and traits.
Children inherit half of their DNA from each parent. This means they share half of their
segregating DNA with their Mother, half with their Father, and, on average, half with their
sibling(s). We can use these shared regions to narrow down our search for relevant mutations.
For example, if both children in a given family are affected, we can look for regions of the
genome that are shared between them reducing our search space by 50%. Additional siblings
and relatives allow us to further narrow our focus. Large families therefore represent a
particularly useful tool for gene identification, particularly if they have multiple affected and
unaffected family members. This approach is relatively straightforward if one mutation is
involved and individuals can be classified as affected or unaffected. For example, in Figure
2A, we know that the Father, child 1 and child 4 all share the same mutation, whereas
Mother, child 2 and child 3 do not. This principle forms the basis of Mendelian genetics
studies, and has been extremely powerful in understanding the underlying cause of severe
language disorders in families. We will explore some of these in the next section.

Insights from Mendelian Studies
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The first, and most well-known example of a gene to be associated with a language disorder
involved the KE family (Lai et al., 2001). Several members in this large multigenerational
family present with a form of language disorder known as childhood apraxia of speech (CAS)
(Figure 3). This disorder, described in detail in Chapter 19, manifests with a specific
difficulty in the fine motor control movements required to produce speech sounds. In their
studies of the KE family, Lai ef al. identified a dominant mutation in the gene FOXP2. This
mutation was found to be present in a single copy in all affected family members, but never
in unaffected individuals. This gene encodes an important protein involved in the regulation
of many developmental genes (Carlsson & Mahlapuu, 2002). Subsequent studies identified
additional mutations in other unrelated individuals with CAS, and mutations in FOXP?2 are
now a well characterised cause of CAS (MacDermot et al., 2005; Moralli et al., 2015; Reuter
et al., 2017; Tomblin et al., 2009; Turner et al., 2013). Because it regulates other genes,
changes in the levels of the FOXP2 protein can have big knock-on effects upon many
pathways. They are therefore usually dominant — one mutation is enough to cause disorder.
However, mutations in FOXP?2 are still extremely rare, and represent the genetic cause for
only about 2% of CAS cases (Worthey et al., 2013). The KE family is an extremely unusual
and special case. Cases of FOXP2 mutations are collectively rare, and to find a large
multigenerational family with a clearly dominant form of language disorder is exceptional.
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Figure 3 Showing the family pedigree from the KE family. Affected family members are
coloured in black, and unaffected family members are in white. Males are represented by
squares and females by circles. Adapted from Watkins et al. (2002).

FOXP2’s most important and best characterised function is its role in the growth and control
of neurons in the developing brain (Chabout et al., 2016; Spiteri et al., 2007; Vernes et al.,
2011). This role has been shown to be important in neuroplasticity and is thought to be key to
how we learn language. Studies in song-birds and mice show that FOXP2 also regulates
neuroplasticity and vocalisations in other species. Perhaps somewhat surprisingly, FOXP2 is
not just a brain protein, but it plays a role in the regulation of hundreds of genes in many parts
of the human body that are unaffected by the mutation that causes CAS. For some reason,
these mutations seem to particularly affect the brain.
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FOXP?2 paved the way for our current understanding of the molecular pathways involved in
language development. Because of this, FOXP?2 is often referred to as a ‘molecular window’
into speech and language (Fisher & Scharft, 2009). It has formed the basis for an entirely new
field of research, and has led to a wealth of discoveries that aid our understanding. One such
example is the identification of the CNTNAP2 gene (Vernes et al., 2008), a synaptic protein,
which is regulated by FOXP2, and has also been associated with both language disorders
(Devanna et al., 2017), ASD (Alarcon et al., 2008; Arking et al., 2008) and a wide range of
neuropsychiatric disorders and functions. Such studies indicate that FOXP2-regulated
pathways are likely to be important in brain development and relevant to many cognitive
processes beyond language acquisition.

The identification and characterisation of FOXP2 has facilitated important insights into how
the human brain develops language. However current understanding is far from
comprehensive, and many questions remain. Each identified pathway can open up additional
questions and networks that need exploring. For example, we know that immature neurons
require guiding to find their way to the final location where they then fully mature. These
represent important steps in brain development (Vernes et al., 2011; Vernes et al., 2007).
Retinoic acid, a metabolite of vitamin A, has been shown to play a vital role in cellular
differentiation of neurons (Devanna, Middelbeek, & Vernes, 2014) and is driven by FOXP2.
These neurodevelopmental pathways are critical for brain function, and it appears that their
role in language may be extremely important and understudied.

Aside from FOXP2, genetic studies have also identified some unlikely pathways in the quest
to understand language disorders. One particularly example is the gene GNPTAB which was
identified across large, multigenerational Pakistani families with persistent stuttering (Kang
et al., 2010). The GNPTAB gene encodes a lysosomal protein that is important for the
recycling of proteins within cells. This represents a basic cellular process that is relevant to
all cells and, as with FOXP2, appears to affect brain cells in particular. Disruption of
lysosomal pathways can lead to a variety of symptoms from developmental delay to seizures,
deafness and blindness. Exactly how this mechanism is linked to stuttering and language is
yet to be uncovered, but it is clear that there is still a lot to be investigated, and discovered.

Insights into mechanism can also come from the opposite end of the language ability
spectrum. A recent study identified a rare variant in a Serbian family with the ability to
reverse words with incredible speed and precision (Prekovic et al., 2016). The variant lies in
the gene RIC3, which is involved in establishing communication systems between neural
cells. Prekovic and colleagues showed that the family members able to backwards speak
rapidly have exceptional working memory, allowing words to be reversed. The mechanisms
involved in this pseudo-language may shed light on natural language-acquisition processes.
This study shows that novel genes and pathways can be identified not just from language
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disorders, but that families with super language abilities can be just as useful in discovering
new mechanisms underlying language acquisition.

Limitations to Mendelian Studies

Each of the above cases provides an example of when a family or a small number of
individuals led to the identification of a gene. Each gene is part of a specific molecular
pathway which leads to an improved understanding of individual influences upon language.
Each new gene identified may only directly affect a small number of individuals, but it can,
as in the case of FOXP2, open up a “molecular window” facilitating major insights in
neurodevelopment and revolutionising the field (Fisher & Scharff, 2009). Each finding is a
small part of a highly complex picture, with each new insight providing a gateway into
specific processes and pathways of importance. Language acquisition is clearly an extremely
complex process involving many aspects of neurodevelopmental and a plethora of genetic
and environmental factors. It is likely that a large numbers of molecular pathways play a role
in the successful acquisition of language, and to gain a clear picture of how this works will be
extremely challenging. Nonetheless, the more steps we can uncover, the more links we can
make and the clearer the picture will become.

In each of the three cited examples, the variant responsible has fallen within the coding
region of the genome, creating a clearly and easily interpretable mutation. However, the
majority of the Human Genome does not directly code for proteins. Variations in these
regions are far less well understood, but are likely to play a role in how genes are controlled.
Interpreting these non-coding variants can be extremely challenging, and as a result, clear
links between genetic changes and protein function can be few and far between. As the
current understanding of these non-coding variants increases, this will improve.

Complex genetic models

Mendelian disorders represent a special case in which a single mutation is necessary and
sufficient to cause a disorder that is easily identifiable and distinct from typical development.
However, we know that in the majority of cases, these principles are unlikely to hold. The
diagnosis of DLD is not always clear-cut. Individuals can have borderline diagnoses, simply
because the inclusion criteria are arbitrarily assigned, and will often miss children who sit on
this border. Even in cases where children are clearly affected, the nature of disorder will vary
between individuals and over time. DLD diagnoses represent a spectrum of severity and
dimensions and it is unclear whether the same factors contribute across these dimensions. In
the majority of cases, Mendelian dominant and recessive models will not be appropriate. We
have come to understand that there is not one clear genetic cause for the majority of DLD
cases, but that the model instead involves many variants that interact to contribute to genetic
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susceptibility or risk. This is termed a “complex genetic model”, meaning that each variant
contributes to an individual’s overall level of risk of developing a language disorder. Coming
back to our analogy, this is akin to many spelling errors spread across a paragraph that
obscure the meaning. While “text-speak” can make communication more efficient, the
combination of contracted variations can sometimes make it difficult to understand. The
knowledge of the surrounding context and external factors (such as exposure to technology)
may affect the ability of the individual to cope with these combined variations. Similarly,
combinations of genetic variations can put an individual at an increased risk of disorder. A
familiar example of a complex disorder is type 2 diabetes — it is a common disorder in which
a balance of genetic susceptibility and lifestyle factors combine to modulate individual risk
(Fuchsberger et al., 2016). Each individual genetic variant and lifestyle factor explains a
proportion of the risk matrix but the combinations of factors can differ between individuals
and no one factor alone explains the majority of risk.

One successful method for identifying genetic risk variants is to perform a genome wide
association study (GWAs). These look for shared variants that are over-represented in a large
cohort of unrelated patients. GWAs are excellent at identifying common variants in common
disease but rely upon careful diagnosis of affection status and explain only part of the genetic
risk model. By definition, complex genetic disorders involve hundreds of genetic variants,
many of which will only have a small impact upon risk. These variants are much more
challenging to identify than the high impact variants associated with Mendelian disorder.

DLDs present several difficult challenges to gene identification approaches. Although some
candidate genes (CNTNAP2, CMIP, ATP2C?2) and chromosome regions (chromosome 15q
deletions) have been identified, large-scale studies are still few and far between. Several
GWAs studies have been completed but no variants have been found to confer an increased
risk of language disorders across investigations (Carrion-Castillo et al., 2016; Eicher et al.,
2013; Gialluisi et al., 2014; Harlaar et al., 2014; Luciano et al., 2013; Nudel et al., 2014; St
Pourcain et al., 2014). For a recent review of candidate genes and GWAs, we refer the reader
to Carrion-Castillo et al. (2016). The lack of replication is characteristic of complex genetic
disorders and is likely to reflect the low effect size of the contributory variants. In order to
detect these variants, a GWAs on a huge scale would need to be performed. The goal post for
number of participants required to detect moderate impact variants is demonstrated by a
recent study into the genetics of schizophrenia which tested 37,000 schizophrenia patients
and an enormous 113,000 controls, and were able to identify over 100 new regions of the
genome (Ripke et al., 2014). This number shows that while previous studies have provided
some useful insights, they are woefully underpowered to detect moderate impact variants.
Most GWAs studies to date have had hundreds to thousands of participants, but as evidenced
by the success of the schizophrenia study, larger numbers provide the power to detect regions
with a lower effect size and are therefore harder to detect. GenLang (http://genlang.org/) is a
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global initiative set up to address the challenges of study size and standardisation of
phenotyping.

To conduct a “successful” GWAs, all participants must be characterised in the same way and
all cases must share an underlying genetic aetiology. This can be particularly problematic for
a disorder like DLD, in which we understand little of the contributing biology. When
studying Mendelian inherited disorders that run in families, it is relatively easy to precisely
split phenotypes into subsets, drawing clear boundaries around what constitutes DLD, and
what constitutes an overlapping phenotype such as dyslexia or ASD. In unrelated individuals
and a trait that differs between individuals and over time, this can be a daunting task. If two
individuals are both classified as affected but, in fact, have different conditions, the
assumptions underlying GWAs will be violated and the power to detect underlying factors
will be reduced.

A ray of light in this sobering reality is offered by the heritability studies described at the
beginning of this chapter. Recall that these studies suggest that the genetic contributions to
verbal ability are relatively stable over time and overlap with those influencing other
cognitive domains. If this is true, some genetic contributions will be shared between
individuals even when clinical presentations differ slightly. Thus the GW As approach can be
used to detect these related and overlapping factors by lumping cases into broad phenotypes
with shared related pathways. This premise is supported at the molecular level where we find
that some genes contribute to multiple neurodevelopmental traits (e.g. CNTNAPZ2 in Rodenas-
Cuadrado, Ho, and Vernes (2014)) while others may contribute to particular subsets of
individuals and disorders (e.g. DCDC?2 in Scerri et al. (2011). These overlaps confound the
identification of disorder-specific variants but may actually assist in the identification of
variants that affect general cognition and language. It may not be possible to separate out
those that impact language only from those that affect cognitive processes in general. These
scenarios make performing a large-scale GWAs of DLD an intimidating and exciting
prospect.

Interactive Effects and Epigenetics

The complexity of language acquisition is evident from the neurological mechanisms of brain
development. The genes encoded in our DNA play a vital role which we are only just
beginning to understand, but they only tell part of the story. It is evident that environment
plays perhaps an equally important role in language development. But how do our genes
interact with our environment to make us better or worse at language? A relatively novel area
of science attempts to address questions such as this by considering gene x gene, gene x
environment interactions and epigenetic effects.
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As explained above, we know that some genes play a general role in development while
others have a more specific effect. Similarly, the role of a given genetic variants may be
modulated by other variants or in particular environments. Genetic studies tend to consider
specific genes or variants as independent factors but we know that genes act within dynamic
interacting pathways that are responsive to environmental factors. The serotonin transporter
gene SLC6A4 has been associated with depression. A common variation within this gene
results in two alternative protein forms - a short form (s) or a long form (1). The short form
has been shown to increase the risk of negative developmental outcomes but this effect only
becomes apparent when environmental stress is encountered (van Ijzendoorn, Belsky, &
Bakermans-Kranenburg, 2012). Conversely, the short form is associated with positive
developmental outcomes when the environment is positive (van [jzendoorn et al., 2012). This
fascinating study highlights how the same genetic variant can be associated with differential
outcomes in response to a particular environment. If the environment was not considered
within a study then the outcomes associated with the short form would be mixed and no clear
pattern would be seen. It is only by this consideration that the patterns become clear.
Although environment is clearly important in language and neurodevelopment, the number of
dimensions associated with gene x gene or gene X environment screens currently prohibit the
analysis of realistic models unless these studies are hypothesis driven.

To date, there have not been any studies published investigating the molecular gene x
environment specific to language. However it represents an exciting future direction for the
field. As noted above, it is sometimes difficult to delineate genetic effects from
environmental effects, particularly when considering parents and children, who often share
both genetics and environment. Gene X environment correlation is the term given to traits
which influence each other, and then become part of the shared environment. This is
particularly relevant to behavioural genetics where a genetic predisposition may alter the
home environment, which then affects the phenotypic outcomes. For example, a recent study
found that latent factors of maternal language significantly predict storybook exposure in
children (Puglisi et al., 2017). It is important to bear in mind that correlation does not equate
to causality, and that directionality cannot be assumed. Studies of gene x gene (Asbury,
Wachs, & Plomin, 2005) and gene x environment correlation (Dale et al., 2015) have been
attempted using twins, and while they are not the optimum way to tackle this question, they
do represent the first studies of this exciting new approach.

The role of environmental factors in genetic susceptibility of DLDs offers an interesting
research route. It may be that genetic susceptibility interacts with environmental factors such
as lower socioeconomic status, that put a child at a higher risk of developing a language
disorder given the “perfect storm” of conditions (Virgin & Todd, 2011). That is to say, each
susceptibility variant may only contribute a small amount of risk, but when inherited
together, under the right conditions, they may be enough to result in a language disorder.

Another new field of research that considers differential effects is epigenetics. It refers to
alterations in gene regulation in response to environmental stimuli, without changing the
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underlying DNA sequence. Some of these epigenetic modifications are heritable (inherited by
the next generation) and some are not. Two of the most commonly referred to epigenetic
mechanisms are DNA methylation and histone modification, but in general any extrinsic
mechanism by which a gene is modulated can be referred to as epigenetics. DNA methylation
and histone modifications refer to two different ways in which chemical modifications can
modulate gene expression and both have been related to neurological dysfunction. For
example, changes in DNA methylation profile have been associated with neurological
disorders, particularly neurodegenerative disorders such as late onset Alzheimer’s disease
(Nicolia et al., 2017). Increased histone modifications in in dopaminergic neurons are
associated with Parkinson’s disease (Park et al., 2016). These modifications have long been
recognised as methods of gene expression regulation but recent research indicates that
epigenetic changes are much more dynamic than previously thought, and can alter in
response to external factors such as diet, presence of toxins, or the environment in the womb,
setting up new axes of epigenetic X environment interactions. In addition, we now understand
that such modifications may be inherited leading to trans-generational changes in gene
expression in response to environmental factors. Epigenetic changes therefore represent an
intriguing mechanism which may partially explain the complex interplay between genetics
and environmental factors, and why certain conditions results in a specific change in some
people.

Epigenetic factors have been proposed as a possible contributory mechanism for DLDs by
several groups (Kraft & DeThorne, 2014; Rice, 2012; Smith, 2011). Although no direct
associations between language disorders and epigenetic control have been reported in the
literature, recent studies do suggest a role for these mechanisms in ASD. Increased
methylation of the oxytocin receptor gene (OXTR) and the reelin gene (RELN) have both
been reported in individuals affected by ASD (reviewed by Loke, Hannan, and Craig (2015)).
This system therefore represents a highly plausible mechanism which may be of relevance to
language disorder.

Future Directions for the Genetics of Language Acquisition

Language disorders are incredibly common but have proved difficult to study due to the
complexity of the trait and contributory mechanisms and influences. The underlying genetic
mechanisms remain far from solved. Many valuable insights have come from studying
families at the phenotypic extremes, and from studies looking at the population, as whole.
There is still much to understand about how genetics plays a role in language acquisition.

The advent of Next Generation Sequencing (NGS) has opened up exciting possibilities for
studying the role of genetics in language disorders. NGS allows for the rapid sequencing of
the entire genome simultaneously, providing more complete genetic information than
previously possible. The current challenge is the computational analysis that is required to
make sense of such enormous volumes of data, and remains a bottle neck for genomic
investigations. Similarly, NGS can be cost prohibitive, both in terms of the performing the
sequencing itself, but also the cost of the computational resources and expertise required to
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use it. NGS has revolutionised genetics, and will certainly be key to future advances in the
genetics of language. Such studies (Chen et al., 2017; Devanna et al., 2017; Eising et al.,
2018) are starting to appear in the literature and have facilitated the identification of new
genes and pathways although sample sizes remain small.

In the future, genetic screening could be used to identify children at an increased risk of
developing DLD and help them to access the most appropriate treatment, early. Intervention
may well be effective, even if a child’s particular disorder is largely genetic in origin, and
access to the most appropriate educational support may improve the child’s outcome. It may
even be possible to use a genetic risk profile to guide the most effective form of educational
support, using this to insure a child receives the most appropriate type of intervention.

Several challenging areas are currently being addressed by researchers around the world. The
most fundamentally important being the efforts to develop better diagnostic terminology for
DLDs (Bishop et al., 2016; Bishop et al., 2017). These will form a solid foundation for future
studies. Larger studies, with systematic phenotyping of thousands of DLD cases and controls
will allow for the identification of large and moderate impact genetic variants as risk factors
for DLD. These will implicate new genes and molecular mechanisms in language acquisition,
developing our understanding of how the brain learns to use language to communicate.
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