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Introduction 

The ability to learn complex language is arguably the most distinguishing evolutionary 

feature of the human species. Children commence learning language prior to birth, and while 

most children continue on a typical trajectory of language development, a subset of children 

fail to acquire language abilities at the same level as their peers. These developmental 

language disorders (DLD) have long term effects on social emotional skills, literacy, 

employment and wellbeing. Despite years of research, we continue to lack critical 

understanding of the biological underpinnings of language. Language disorders appear to be 

highly heritable, with a complex interaction of genetic and environmental factors thought to 

be the cause. Unlike childhood apraxia of speech (CAS), which commonly co-occurs with 

DLD and has been associated with multiple single gene causes, no monogenic cause has been 

identified to date. Linkage and association analyses have implicated a handful of genes in 

DLD populations, although small sample sizes have thus far restricted the number of 

candidate genes identified. Current heterogeneity within and between available cohorts 

makes comparison and replication of results difficult to achieve.  

This chapter provides an overview of the genetic bases of developmental language disorders, 

with an emphasis on the importance of defining the phenotype of DLD to inform gene 

discovery. As such, the first part of this chapter is dedicated to reviewing the specific features 

(the phenotype) of DLD in the genetic literature. The influence of historic variation in 
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diagnostic inclusion criteria on researchers’ abilities to compare and replicate genotype-

phenotype studies will also be discussed.  

The second part of this chapter is concerned with genes implicated in DLD. An exhaustive 

list of possible gene pathways and genetic syndromes associated with DLD is beyond the 

scope of this chapter. Rather, this chapter will (i) provide an overview of more recently 

identified gene pathways in populations with DLD; (ii) discuss multiple approaches to 

genetic analysis based on the hypothesized architecture of DLD and (iii) discuss the influence 

of epigenetics in this field of research. This chapter emphasizes the important role of 

estimating the genetic architecture of DLD in order to decipher underlying genetic 

associations.  

Phenotype of Developmental Language Disorder 

Language is a multidomain skill, encompassing both receptive and expressive abilities across 

the domains of morphology, phonology, syntax, semantics and pragmatics. Atypical language 

is associated with a range of aetiologies such as (i) acquired brain injury (e.g., stroke; 

Liégeois et al., 2019), traumatic brain injury (Haarbauer-Krupa et al., 2019; Liégeois et al., 

2013; Catroppa and Anderson, 2004; Ewing-Cobbs and Barnes, 2002) and brain tumour 

(Docking et al., 2016); (ii) neurodevelopmental conditions, such as Cerebral Palsy (Mei et al., 

2016), Autism Spectrum Disorder (Brignell et al., 2018) intellectual disability and Attention 

Deficit Hyperactivity Disorder (Sciberras et al., 2014); known genetic syndromes (St John et 

al., 2019; Morgan et al., 2015; Cleland et al 2010; White et al., 2010) and (iii) hearing 

impairment (Wake et al., 2005), to name but a few. By contrast, the term ‘idiopathic’ 

language disorder is used to describe children with language impairments not associated with 

any known cause such as those listed earlier. The potential genetic basis of idiopathic 

language disorder is the focus of this chapter. Historical terminology for this condition has 

included Specific Language Impairment (SLI), while recent nomenclature defines these 

conditions as Developmental Language Disorders (DLDs; Bishop et al., 2017; Bishop et al., 

2016) (See Chapter 1 for further discussion of terminological history). DLDs can be 

persistent in nature, leading to long-term functional limitations on literacy, social skills, 

employment and emotional wellbeing, and overall lower quality of life (Eadie et al 2018; 

Beitchman et al., 2014; Bretherton et al., 2014; Clegg et al., 2005; McKean et al., 2017; St 

Clair et al., 2011). Prevalence estimates of DLD range between 7 to 19% of children affected 

in the pre-school and early school years (McKean et al., 2017; Reilly et al., 2010; Tomblin et 
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al., 1997). Both genetic and environmental risk and protective factors are thought to influence 

a child’s acquisition and trajectory of language development (Morgan et al., 2015; Reilly et 

al., 2010; Reilly et al., 2007), leading to vast heterogeneity amongst DLD populations. This 

chapter will focus on the current understanding of the genetics of language disorder. 

Symptomatology and Diagnosis of Developmental Language Disorder 

As described earlier, Specific Language Impairment (SLI) is the historical term previously 

used to describe deficits in language ability relative to non-verbal intelligence, in children 

with idiopathic language disorder (Bishop et al., 2017; Bishop et al., 2016). Yet there has 

never been a clear consensus regarding the specific level of language deficit or non-verbal 

ability required for an SLI diagnosis. Most commonly in the SLI research literature, language 

testing scores greater than 1.25 standard deviations below the mean and Performance IQ 

scores of 85 or higher were suggested to be the required discrepancy for SLI diagnosis 

(Reilly et al., 2014). This differed from specified cut-off criteria in other diagnostic manuals, 

such as that of the ICD-10 (WHO, 2010), where diagnosis was determined based on language 

abilities greater than two standard deviations below the mean and at least one standard 

deviation lower than non-verbal IQ. In 2017, a Delphi study led by the CATALISE 

Consortium recommended Developmental Language Disorder (DLD) as the preferred 

diagnostic terminology for cases of language impairment where a child demonstrated a 

deficit in language ability, not associated with another biomedical aetiology (Bishop et al., 

2017; Bishop et al., 2016).  

Young children who are diagnosed with DLD typically present with a developmental history 

of delayed communication milestones such as the age of first words, production of two-word 

combinations and sentence generation. As these children reach primary school age, DLD 

generally manifests as low scores on standardised measures of receptive and expressive 

language, including vocabulary, grammar, reading and pragmatics (Conti-Ramsden et al., 

2001).There is high comorbidity of DLD with other developmental conditions, including 

speech sound disorders (estimated comorbidity between 11-77%, discussed in Shriberg et al. 

1999; 40.8% in Eadie et al. 2018) and literacy disorders such as dyslexia (estimated 

comorbidity between 17-29%; Catts et al., 2005). This comorbidity could be suggestive of 

shared genetic aetiologies between these conditions. In this next section, we briefly discuss 

phenotyping approaches used to characterise cohorts of children with DLD/SLI in studies 
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examining the genetic contribution of the condition. A more detailed explanation of the 

specific gene pathways associated with DLD will then be discussed in Part 2 of this chapter. 

 

Phenotyping in genetic studies of Developmental Language Disorder 

The historical changes in nomenclature and a lack of consensus over diagnostic criteria for 

DLD have led to varied phenotyping approaches in studies examining the genetic architecture 

of this condition. A summary of the variation in phenotypic inclusion criteria for key genetic 

studies of SLI/DLD is presented in Table 3.1.  

This variation makes comparison and replication of results across genetic studies challenging. 

Further, it hinders the amalgamation of cohorts to increase sample sizes to lead to adequately 

powered meta-analyses. Clearly defined diagnostic criteria for language disorders is a critical 

aspect of methodological design for investigative genetic studies of DLD. The following 

section details genetic analysis approaches used in the field to date, and gene pathways 

revealed to be associated with DLD using these methods. 

 

 

 



 
 

 

Authors Study type Nomenclature Inclusion criteria: Language Inclusion criteria: 

Cognition 

Exclusion criteria 

Bishop et al. 

(1995) 

Twin study SLI Based on DSR-III-R criteria: SS ≤80 

on language measure. 

 

Must have significant impairment on 

≥1 of 4 language measures.  

 

Discrepancy of ≥20 

points between non-

verbal IQ and 

language measure. 

Mental retardation; ASD; SNHL; 

structural abnormality of 

articulators; serious visual 

impairment; medical syndrome; 

EAL status. 

Bartlett et al. 

(2002)  

 

Linkage study SLI Spoken Language Quotient SS ≤85  

 

Performance IQ ≥80  

+ 

Performance IQ ≥ 

Spoken Language 

Quotient 

Hearing impairment; Motor 

impairments or oral structural 

deviations affecting speech or 

non-speech movement of the 

articulators; Diagnosis of ASD, 

schizophrenia, psychoses, or 

neurological disorder. 

Falcaro et al. 

(2008)  

 

Linkage SLI Part of parent longitudinal study 

(Conti-Ramsden & Botting 1999; 

Conti-Ramsden et al. 1997) 

+ 

Attending language units in United 

Kingdom 

+ 

Language SS≤1SD at 1 time point 

during longitudinal parent study 

Performance IQ ≥80 Sensorineural hearing loss; EAL 

status; Medical condition likely 

to affect language; ASD 

diagnosis. 

Newbury et al. 

(2009) 

Linkage study SLI * CELF-R expressive or receptive SS 

≥1.5SD below normative mean 

 

*PIQ≥80 *MZ twinning, chronic illness 

requiring multiple hospital visits 

or admissions, deafness, an ICD-

10/DSM-IV diagnosis of 

childhood autism, EAL, care 

provision by local authorities, 

and known neurological disorders 



 
 

 

Villanueva et al. 

(2011) 

GWAS SLI Phonology and expressive and 

receptive morphosyntax SS>2 SD 

below population mean on  

PIQ>80th percentile Hearing impairment; oral motor 

or structural; Diagnosis of ASD, 

emotional difficulties, or 

neurological disorder. 

 

Luciano et al. 

(2013) 

GWAS 

(Population) 

Quantitative 

language across 

population 

Population study, low language 

determined based on non-word 

repetition tasks.  

- - 

Eicher et al. 

(2013) 

GWAS 

 

Language 

Impairment (+/- 

RD) 

z-score ≤-1 on ≥2 of 3 language tasks 

(phoneme deletion, verbal 

comprehension, non-word repetition) 

IQ ≥76 - 

Gialluisi et al. 

(2014) 

GWAS 

 

Language 

Impairment (+/- 

RD) 

3 cohorts with varied inclusion criteria: 

Cohort 1: SLIC * CELF-R expressive 

or receptive SS ≥1.5SD below 

normative mean. 

Cohort 2: UK Reading Disability (UK-

RD): diagnosis RD. 

Cohort 3: Colorado Learning 

Disabilities Research Centre 

(CLDRC): 2 datasets, one recruited on 

basis of diagnosis of RD, one on 

diagnosis of ADHD. Language 

SS≥3SD sample mean.  

Cohort 1: * PIQ≥80 

 

Cohort 2: Reading 

IQ discrepancy 

and/or IQ>90  

 

Cohort 3: FSIQ ≥70 

Cohort 1: *MZ twinning, chronic 

illness requiring multiple hospital 

visits or admissions, deafness, an 

ICD-10/DSM-IV diagnosis of 

childhood autism, EAL, care 

provision by local authorities, 

and known neurological disorders 

 

Cohort 2: - 

 

Cohort 3: If ≥3 SS were ≥3SD 

from mean 

Harlaar et al. 

(2014) 

GWAS 

(Population) 

 

Quantitative 

language across 

population 

Population study, low language 

determined using receptive language 

measures included in the cognitive test 

battery. 

- - 

St Pourcain et al. 

(2014) 

GWAS 

 

Quantitative 

language across 

population  

Population study, low language 

determined using MCDI. 

- - 

Nudel et al. 

(2014) 

GWAS 

 

SLI * CELF-R expressive or receptive SS 

≥1.5SD below normative mean 

 

* PIQ≥80 *MZ twinning, chronic illness 

requiring multiple hospital visits 

or admissions, deafness, an ICD-



 
 

 

10/DSM-IV diagnosis of 

childhood autism, EAL, care 

provision by local authorities, 

and known neurological disorders 

Evans et al. 

(2015)  

 

Linkage study Poor language Recruited from a longitudinal language 

study. Overall language composite 

score calculated based on 3 composite 

language scores representing overall 

language, vocabulary and sentence 

use. 

Performance IQ >70 

 

- 

Kornilov et al. 

(2016) 

GWAS 

Isolated 

population 

~400 

DLD Met impairment criterion (z-score<-1) 

on ≥2 quantitative phenotypes obtained 

via analysis of semi-structured speech 

samples.  

- Children attending specialist 

education settings. 

Devanna et al. 

(2017) 

Sequencing 

study 

SLI * CELF-R expressive or receptive SS 

≥1.5SD below normative mean 

* PIQ≥80 *MZ twinning, chronic illness 

requiring multiple hospital visits 

or admissions, deafness, an ICD-

10/DSM-IV diagnosis of 

childhood autism, EAL, care 

provision by local authorities, 

and known neurological disorders 

Chen et al. 

(2017) 

Sequencing 

study 

(SLIC Cohort) 

Severe SLI 

 

* CELF-R expressive or receptive SS 

≥1.5SD below normative mean 

*PIQ≥80 *MZ twinning, chronic illness 

requiring multiple hospital visits 

or admissions, deafness, an ICD-

10/DSM-IV diagnosis of 

childhood autism, EAL, care 

provision by local authorities, 

and known neurological disorders 

Table 3.1: Summary of phenotypic inclusion criteria for key studies of DLD/SLI. * = Study used SLIC cohort criteria; ADHD = Attention Deficit 

Hyperactivity Disorder; ASD = Autism Spectrum Disorder; EAL = English as an Additional Language; IQ = Intelligence Quotient; MCDI = 

MacArthur-Bates Communicative Development Inventory; RD = Reading disorder; SD = Standard Deviation; SNHL = Sensorineural Hearing 

Loss; SS = Standard Score.



 
 

 

The genetics of Developmental Language Disorder 

Heritability of DLD  

Contribution of twin studies for estimating heritability 

Across most conditions, the earliest models to interrogate strength of inheritance were twin 

models. If a trait is strongly genetic in origin, the concordance between monozygotic twins 

will be 100%, and dizygotic around 50%. If a trait is entirely due to shared environment, then 

the concordance between monozygotic twins will be very similar to that of the dizygotic 

twins as we assume that each twin pair is given a similar environment in which to grow up 

and develop.  

Bishop et al (1995) conducted a seminal early twin study in the field. She examined the 

heritability of SLI in 90 pairs of twins where at least one twin met the criteria for SLI. They 

found that the concordance (where both twins met the criteria for SLI) in monozygotic twins 

(identical twins who share 100% of their DNA) was almost 100%, whereas dizygotic twins 

(who share on average 50% of their DNA as with regular siblings) concordance was around 

50%. These early findings demonstrated a strong inherited contribution to SLI. A number of 

subsequent studies have supported this early finding (Lewis and Thompson, 1992, Hayiou-

Thomas et al., 2005) and today DLD is widely accepted to consistently show heritability of 

around ~75%. This heritability rate is considered extremely high for a complex and 

multifactorial disorder.  

Further evidence of the inherited basis of language disorders was shown by Stromswold 

(1998) who found the risk of language disorder increases if a first degree relative also has a 

language disorder. Language disorders appear more heritable than general language ability 

within the normal range across the general population, perhaps suggesting that these driving 

genetic factors have more impact upon risk of disorder than on typical language ability (Dale 

et al., 1998, Spinath et al., 2004). These studies illustrate the importance of correct diagnosis 

of language disorder as they indicate that the effects of genetic factors may differ between 

subsets of individuals. 

Complexity of language disorders 

Heritability studies have clearly shown the important contribution of genetics to language 

disorders, and to a lesser extent to language ability in general. However, these studies rely 

upon a falsely binary idea of genetics, our inherited material, and environment, which 



 
 

 

encapsulates everything else. This is an oversimplification of an enormously complex and 

dynamic system that changes over time in response to subtle signals that we are only 

beginning to understand. Furthermore, these approaches are limited in that they do not allow 

us to ascertain which variants, genes, molecular pathways or cell types are driving these 

complex systems.  

Despite there being a strong genetic contribution, the majority of language disorders cannot 

be classified as ‘genetic’ or ‘environmental’. Conceptually, language disorders are separated 

into two groups reflecting the expected underlying genetic contributions. In monogenic 

disorders, a single change in the DNA sequence is necessary and sufficient to cause disorder. 

All individuals carrying the variants will develop the disorder. It should be noted however, 

that even in these rare cases, the genetic background and environment can still play a role and 

are able to modify the clinical presentation of that variant. Most cases of DLD are considered 

as complex disorders. This means that they involve many inherited genetic variants that 

together confer a susceptibility (or risk), while being influenced by environmental factors. 

Within such complex disorders, variations in the genetic sequence are viewed as ‘risk 

factors’. The more genetic risk variants an individual carries, the more likely they are to 

develop DLD. Each of these risk variants usually has only a very small effect and increase in 

risk. This genetic ‘risk’ can be further modified by the environment, which may amplify or 

diminish the genetic risk. For example, environmental factors such as socioeconomic status 

(Locke et al., 2002, Law et al., 2011) may interact with genetic ‘risk’ to put a child at a 

higher risk of DLD. Complex disorders are sometimes described as a ‘perfect storm’ of 

circumstances in which each risk matrix is personalised to the individual (Virgin and Todd, 

2011).  

The advantage of conceptualising language disorders in this monogenic versus complex way 

is that is that the assumed genetic architecture can guide gene identification approaches. The 

identification of genes underlying monogenic disorders has traditionally been performed 

within large families and, more recently through the sequencing of trios (an affected 

individual and both parents - explained in more detail in the following section). If a disorder 

is assumed to be genetically complex, then association methods may be more appropriate.  

Mendelian Genetics Primer 

To fully understand how these genetic models work, we must first briefly cover the genetics 

of inheritance. The study of families has been the traditional starting point to look for variants 



 
 

 

that cause disease, leading to the identification of genes and molecular pathways involved in 

language. It is based on the premise that related individuals share their DNA with their family 

members. A child shares half of their DNA with their mother, half with their father, and, on 

average half with each sibling. In families where there is an inherited disease or disorder, this 

information can be used to find the variant that is causing the disease – termed a variant, 

mutation, or pathogenic allele. Genetic studies typically focus on large families where a 

severe disorder is inherited in a characteristic way, known as ‘Mendelian disorders’ because 

they show recessive or dominant inheritance patterns first recorded by Gregor Mendel in the 

1800’s.   

We each carry two copies of our DNA. One copy is inherited from our Father and the other 

from our Mother. Across each copy of DNA there are sites in the sequence that typically vary 

between individuals. These sites can be easily characterised using DNA sequencing methods 

which can characterise every single base pair of every single chromosome (whole genome 

sequencing) or every single base pair of every single gene (i.e. not the ‘spacer’ DNA found 

between genes - exome sequencing). Large-scale sequencing projects show that on average, 

we each carry around 1,000,000 sequence variants that differ from the common version found 

within our ethnic grouping. It is expected that about 2,000 of these will have an effect of the 

protein they encode (The 1000 Genomes Project Consortium, 2015). Most of these variants 

are considered to be harmless and make us who we are. In a monogenic disorder, where a 

given variant is considered both necessary and sufficient to cause disorder, therefore the 

primary challenge is to figure out which of these potential 2,000 variants that may have a 

function are directly involved in our disease of interest.  

Inherited Family Models 

There are two common forms of inheritance that are most relevant to monogenic language 

disorders; recessive and dominant. Recessive inheritance requires both copies of a gene to be 

non-functional for disorder to occur; as long as some protein is produced (even half), the cell 

can function. In this instance, both parents usually carry a single deleterious variant. They do 

not present with a disorder as both copies of the gene need to be disrupted to have an effect. 

But if a child inherits both dysfunctional gene copies disorder will occur even though the 

parents were unaffected. In contrast, dominant disorders occur in the presence of a single 

dysfunctional gene copy. In this case one functional copy of the gene is not enough for the 

cell to function properly. In dominant disorders, affected children will usually inherit the 



 
 

 

disorder from an affected parent who also carries the dysfunctional gene. However, an 

interesting feature of dominant disorders is that inheriting a dominant variant may not always 

result in the disease phenotype. This is termed ‘incomplete penetrance’. A variant is said to 

be ‘fully penetrant’ when inheriting the variant always results in the disease. Fully penetrant 

dominant conditions are rare and in practice most dominant disorders show incomplete 

penetrance, often making them difficult to identify.  

De Novo Inheritance Model 

Although most pathogenic variants are inherited within the models described above, an 

alternative does exist; de novo variants occur spontaneously in an embryo rather than being 

inherited. During foetal development, all individuals acquire new variants that become fixed 

within that individual. It is estimated that approximately 100 so-called de novo variants occur 

in every individual. These variants are not inherited from parents but can alter the risk of 

disorder if they have a significant effect upon protein function. The de novo sequencing 

paradigm focuses upon families in which a child is affected by a severe neurodevelopmental 

disorder for which there is no family history - the trio sequencing approach of the affected 

child and both unaffected parents. The paradigm asserts that such patterns of disorder are 

likely to arise from de novo changes that affect gene function. This is a powerful approach 

because the number of de novo variants that fit this expectation is usually low allowing the 

effective narrowing of the dataset. 

Rare variants in Language Disorders 

The best characterised and most studied mode of inheritance is the Mendelian inheritance of 

rare variants, showing either recessive (two copies of the variant) or dominant inheritance 

(one copy of the variant, where one working copy is not enough). The types of causative 

variants in both recessive and dominant inheritance patterns tend to be very rare in the 

general population; usually found in less than 1% of the population, but often more like 

0.1%, or never previously reported. In addition, these rare variants have a detrimental impact 

upon the cell i.e. a large effect size resulting in a clearly defined phenotype (the top left of the 

infographic in Figure 1). The best example of a rare Mendelian variant in language disorders 

is the FOXP2 gene where a variant led to childhood apraxia of speech (CAS) phenotype in 

the KE family (Lai et al., 2001). CAS is a “deficit in speech-motor programming and/or 

planning that affects a child’s ability to perform the spatiotemporal parameters of movement 

sequences, resulting in errors in speech sound production and prosody” (American Speech-



 
 

 

Language-Hearing Association, 2007, p 1.). This dominantly inherited variant was shared by 

affected family members but never by unaffected members, and rather unusually was found 

to be fully penetrant where all carriers were affected by CAS. Variants in FOXP2 are a well 

characterised cause of the CAS phenotype with many independent cases being described in 

the literature (MacDermot et al., 2005, Moralli et al., 2015, Reuter et al., 2017, Tomblin et 

al., 2009, Turner et al., 2013, or for review see Morgan et al., 2017). Individuals with reduced 

levels of the FOXP2 protein always have expressive language difficulties with delayed and 

unintelligible speech but typical non-verbal intelligence, fitting the diagnosis of CAS 

(Morgan et al 2017). Despite the apraxic presentation, affected individuals have intact gross- 

and fine-motor skills. Although highly penetrant, FOXP2 mutations are extremely rare; it is 

estimated that they account for about 2% of CAS cases (MacDermot et al., 2005) and are not 

thought to contribute to other forms of language disorder (Eising et al., 2018).  

The example of FOXP2 is an extremely unusual case, where a fully penetrant and dominant 

variant results in a clearly defined phenotype, and most unusually in a large multi-

generational family. No other studies of rare variants in speech and language disorders have 

been able to replicate this exceptional finding. With the advent of genomic sequencing 

technologies, studies have begun to apply both exome sequencing and de novo sequencing 

approaches to speech and language disorders. After the identification of FOXP2, a 

proliferation of studies naturally focused upon known partners or targets of the FOXP2 gene 

such as CNTNAP2 and FOXP1 (Hamdan et al., 2010, Horn et al., 2010, O'Roak et al., 2011, 

Bacon and Rappold, 2012, Srivastava et al., 2014, Lozano et al., 2015, Sollis et al., 2015). 

Since these genes are known to function in similar cellular roles to FOXP2, they represent 

attractive candidates for speech and language-related traits. While such studies uncovered 

relevant cases, these were affected by widespread neurodevelopmental difficulties, often 

accompanied by global developmental delay rather than the specific speech and language 

disorders attributed to FOXP2 disruption (Sollis et al., 2015). 

Current approaches to gene identification utilise high-throughput sequencing. The strength of 

these studies lies in their ability to evaluate variation at a genome-wide level, providing 

complete sequencing data across all known genes. Although it is necessary to filter the large 

number of variants catalogued, the targeting of already known candidate genes restricts the 

potential to identify new candidate genes. As population sequence data become more readily 

available, filtering often relies upon the identification of rare variants with predicted 

deleterious effects. One recent example of this was a study by Chen et al. (2017) who 



 
 

 

performed whole exome sequencing on 43 individuals with severe forms of SLI. They 

identified three individuals with variants in genes (ERC1, GRIN2A and SRPX2) that fully 

explained their SLI status. They also identified a number of variants in new candidate genes, 

showing an overrepresentation of variants in genes involved in molecular pathways already 

linked to neurodevelopmental disorders. Interestingly, many of the identified variants showed 

incomplete segregation, meaning that unaffected family members may carry them. This 

suggests that these rare variants maybe risk factors rather than Mendelian variants per se.  

Eising et al. (2018) applied the de novo paradigm described above in 19 CAS cases allowing 

the identification of rare de novo variants in the CHD3, SETD1A and WDR5 genes. The 

relevance of CHD3 has since been confirmed in a follow-up study that collated 34 cases with 

CHD3 variants (Snijders Blok et al., 2018). Loss-of-function variants in this gene lead to 

speech and language deficits accompanied by macrocephaly often in the presence of severe 

neurodevelopmental difficulties (Snijders Blok et al., 2018). Interestingly, CHD3 has 

previously been shown to interact with the FOXP2 protein indicating that shared pathways 

may exist between candidate genes (Estruch et al., 2016). It therefore follows that the 

investigation of shared functional pathways represents a viable approach to gene 

identification. Accordingly, Eising et al. (2018) characterised functional pathways in brain 

development allowing the identification of a further five candidates variants in their CAS 

cases, namely KAT6A, SETBP1, ZFHX4, TNRC6B and MKL2. Some of these genes again 

overlap with previous studies and candidates. SETBP1 was identified as a candidate gene in a 

screen of Russian families affected by SLI and a variant was also identified in an unrelated 

CAS case (Kornilov et al., 2016). Disruption of SETBP1 has previously been described in 

individuals with motor delay and intellectual disability. Such overlaps illustrate the 

importance of a growing body of evidence; the more comparable datasets available, the easier 

it is to spot patterns between cases. This is particularly important when individual variants are 

rare. 

There are a large number of Mendelian rare variants that have been shown to cause language 

disorders, and a complete review is outside the scope of this chapter. These are reviewed in 

detail by Fisher and Scharff (2009), Graham and Fisher (2013), Barnett and van Bon (2015), 

and most recently Mountford and Newbury (2018).  

 

 



 
 

 

The Role of Rare Variants in Complex Disease 

Traditionally, geneticists have thought about genetically influenced disorders as either 

Mendelian or complex in nature, and considered them to be binary. This arbitrary distinction 

reflects the tools used to study them; family-based small scale studies for Mendelian 

disorders to identify high effect size and extremely rare variants, and larger cohorts of cases 

and controls to identify shared common variants or region which confer a moderate effect 

size. It is currently extremely technically challenging to identify common or rare variants 

which only confer a small (or even moderate) effect size, as none of our current genetic 

approaches have the resolution to detect these smaller contributory effects. In practice, very 

few disorders actually fit this binary division. 

The landscape on rare variants is slowly transforming, and they are increasingly being seen as 

relevant to complex disorders and contributing to an individual’s overall risk of developing a 

disease phenotype (Blair et al., 2013, Franic et al., 2015). This way of thinking is highlighted 

by a recent paper on the contribution of rare variants to ASD (Constantino, 2018), exploring 

the way in which combinations of rare variants contribute to a shift in risk matrix.  

Recently, a study looked at the contribution of rare variants to two traits body mass index 

(BMI) and height traditionally thought of as complex traits (Wainschtein et al., 2019). 

Heritability for BMI was estimated at 0.4 and therefore 0.6 due to environment, and 0.79 for 

height with 0.21 due to environment. Staggeringly, they found that rare variants with allele 

frequencies of between 0.001% and 1% in the population account for 0.54 of heritability for 

height and 0.51 for BMI, respectively. This astonishing study shows that rare variants 

account for a large proportion of the ‘missing heritability’ that we encounter in complex 

disease, and that they are as relevant to complex disease as to Mendelian diseases. A recent, 

large GWAS study found that the type of variant is highly related to the subtype of ASD: de 

novo variants were more common in individuals with ASD and intellectual disability 

compared to those with ASD only, and that that common variants appeared to contribute 

more to high functioning subtypes of ASD (Grove et al., 2019). Their findings suggest that 

rare variants likely play a bigger role in severe disorder, whereas common variants are 

present in less severe phenotypes.   

Similarly, genetic studies show the overlap between other disorders and often implicate a 

gene in more than one subtype of neurodevelopmental disorder suggesting a shared genetic 

aetiology. The principal example of this is the gene CNTNAP2, which was first identified as a 



 
 

 

gene of interest because it is regulated by FOXP2 (Vernes et al., 2008). The CNTNAP2 gene 

has been associated with performance in language-related tasks in families with language 

disorders (Devanna et al., 2017), and its role in increased risk of neurodevelopmental 

disorder replicated in both population (Vernes et al., 2008, Whitehouse et al., 2011), dyslexia 

(Peter et al., 2011, Newbury et al., 2011), and ASD (Alarcon et al., 2008, Arking et al., 2008, 

Centanni et al., 2015). This substantial phenotypic overlap shows that a single gene can play 

a role in many disorders, and therefore we may need to consider neurodevelopmental 

disorders as a whole rather than sub-categorising into specific phenotypes. It also suggests 

that FOXP2-related pathways are likely to be involved in a more global range of 

neurodevelopmental processes, and not just specific to language development.    

Copy Number Variants (CNVs) 

Copy number variants (CNVs) are submicroscopic deletions or duplications of genetic 

material that range from a few hundred bases of DNA to entire chromosomes. As well as 

carrying a number of variants in our DNA, we also each carry between six and ten CNVs. 

Some of these are inherited from our parents, but some of them are not inherited and occur 

sporadically in an individual’s DNA (termed de novo). CNVs have been definitively linked to 

developmental disorders (Beckmann et al., 2007) particularly large and rare CNVs have been 

found to be enriched in individuals with autism (Sanders et al., 2015), intellectual disability 

(Coe et al., 2014) and attention deficit hyperactivity disorder (Lionel et al., 2011).  

Overall burden of CNVs has been shown to play a role in DLD. Simpson et al. (2015) 

detected increased CNV burden in cases and their unaffected relatives, again in the SLIC 

Cohort. More recently, (Kalnak et al., 2018) found that DLD individuals harboured more and 

larger rare CNVs that the typically developing controls. No repetitive common CNVs 

account for the burden, and CNVs tend to be individually rare. These findings indicate that an 

increased burden of CNVs may play a key role in mediating an increased risk of language 

disorder.  

The potential effect of an individual CNV can be difficult to determine and it depends upon 

which genes are affected, and how much it impacts upon the function of those genes. Many 

CNVs are tolerated and have little to no discernible effect on cellular function, whereas some 

are extremely damaging and result in clear genetic conditions. These micro-deletion/-

duplication syndromes often affect global neurodevelopment and have been associated with 

severe speech and language disorders. In particular, deletions of chromosome 16p11 have 



 
 

 

been associated with a penetrant form of CAS (Raca et al., 2013, Newbury et al., 2013, 

Fedorenko et al., 2016) although these apraxic features are usually accompanied by other 

neurobehavioral deficits (Mei et al., 2018).  

Disruptions of the FOXP2 gene by deletion or duplication invariably lead to CAS (Zeesman 

et al., 2006, Feuk et al., 2006, Lennon et al., 2007). Other rare CNVs reported in single 

isolated CAS cases have led to the identification of new candidate genes BCL11A (Peter et 

al., 2014), ERC1 (Thevenon et al., 2013) and SEMA6D (Ercan-Sencicek et al., 2012), and 

validated through later sequencing studies (Chen et al., 2017, Soblet et al., 2018), although 

their specific role in language disorders is yet to be elucidated. Similarly, Morgan et al., 

(2018) showed that patients with Koolen de Vries Syndrome (Koolen et al., 2004) caused by 

either a 17q21.31 microdeletion or variants in the KANSL1 gene lead to striking CAS and 

dysarthria. The frequency of CNVs involved in language disorders may range from extremely 

rare through to fairly common. It is therefore difficult to place them on the infographic 

(Figure 3.1) as the effect size and frequency of each CNV needs to be considered 

individually.   

Common Genetic Model 

We have come to understand that the inheritance model for DLDs likely involves a number 

of variants which together interact with environment to contribute to genetic susceptibility or 

risk. Termed the ‘complex genetic model’ it means that each variant contributes to an 

individual’s overall level of risk of developing a language disorder.  

Genetics studies of common variants in complex diseases broadly follow two approaches: 

linkage studies and genome-wide association studies (GWAS). Linkage studies are based on 

identifying chromosome regions where individuals who are more similar at the genetic level 

are more similar at the phenotypic level. This type of genetic study was popular in the early 

2000’s and has been highly fruitful in the identification of genes involved in language 

disorders which we will explore in the next section. GWAS analyses identify genetic variants 

that are more common in affected cases than in unaffected controls. Both of these approaches 

assume that the disease is caused by a small number of shared genes, and that the study 

participants are relatively similar to each other i.e. the same ethnicity or from the same 

geographical region.  

 



 
 

 

Linkage analyses 

Linkage studies are used to identify regions of the genome which are shared between affected 

individuals and/or family members. Within the complex genetic model of common variants, 

linkage studies are well suited to the identification of common variants present in more than 

10% of the population and with a moderate to large effect size. Their particular strength is the 

identification of shared variants that may be common within a particular population and 

contributing to a common disorder. Major examples of successful linkage studies in 

SLI/DLD come from the Specific Language Impairment Consortium (SLIC) cohort (S. L. I. 

Consortium, 2002). By looking for shared regions of DNA across the whole genome, the 

authors were able to identify a strong association to between the 16q24 (called SLI1) 

chromosomal region and nonword repetition, and also the 19q13 region (SLI2) and the 

CELF-R measure of expressive language (shown in Figure 2A). Further refining of these 

regions identified clear signals in two genes; C-mad inducing protein (CMIP) and calcium-

transporting ATPase type 2C member 2 (ATP2C2) (Newbury et al., 2009). Both of these 

contain common alleles which confer a moderate effect size of increased risk (Figure 1). 

Additional studies have further supported the role of CMIP (Van der Aa et al., 2012) and 

ATP2C2 (Smith, 2011) in language disorders through the identification of cases carrying 

CNVs. 

Interestingly, Newbury et al. (2009) found that CMIP was associated with language, reading 

and spelling in the SLIC cohort and the general population perhaps contributing to 

phonological language skills across the entire range of language ability. In contrast, ATP2C2 

was associated with language measures in the SLIC cohort, but only showed association 

within the language-impaired group in the general population.   

This suggests that ATP2C2 may be associated with language ability specifically in language 

impaired individuals. This idea of a gene having different roles is termed ‘pleiotropy’, 

meaning a gene may have several phenotypes associated with it which can express under 

certain circumstances. See Scerri et al. (2011) and Newbury et al. (2011) for further reading 

on pleiotropy.  

A small number of other linkage studies have been able to successfully identify candidate 

regions. Bartlett et al. (2002) performed an association on five large Canadian families with a 

history of familial SLI. Both language and reading phenotypes were tested for association. 

Chromosomal region 13q21 showed the strongest association with a reading-impaired 



 
 

 

phenotype, and two additional regions 2p22 and 17q23 showed more moderate associations 

to the overall phenotype associated language delayed phenotype (Figure 2B). Most recently, 

Evans et al. (2015) examined 147 sibling pairs where at least one sibling had a diagnosis of 

SLI. The strongest association was identified for phonological memory at chromosome 

regions 10q23.33 and 13q33.3 (Figure 2C).  

Linkage studies are notoriously difficult to replicate in other populations. Particularly with 

disorders as heterogeneous as DLD, it is not unexpected that a single or small number of 

chromosomal regions consistently show association with language disorder phenotypes 

(Reader et al., 2014). The power to statistically detect a genetic signal in this way is 

extremely limited if that signal is not shared consistently between family units.  

Genome-Wide Association Studies 

A more common approach to identifying genomic regions associated with DLD is to perform 

a genome-wide association study (GWAS). GWAS studies use up-to-date genetic 

technologies to look for shared variants in affected participants compared to unaffected 

controls. The density of markers in this method gives a finer genomic resolution, often 

simultaneously looking at 300,000 variants instead of the thousands used in linkage studies. 

Similarly, the number of study participants tends to be an order of magnitude larger than seen 

in linkage studies. A recent study GWAS on schizophrenia detected over 100 novel regions 

implicated in the disease (Ripke et al., 2014). To achieve this impressive level of resolution, 

they recruited 37,000 schizophrenia cases and 113,000 unaffected controls. None of the 

GWAS performed of DLDs or related phenotypes have been on this scale, however, the 

community recognises that a concerted and collaborative effort needs to be made to achieve 

such a thing. A recent GWAS of ASD tested 18,000 Danish individuals in the iPSYCH 

consortia with a diagnosis of ASD, and almost 28,000 unaffected controls (Grove et al., 

2019). They were able to identify a number of novel loci which overlapped those identified 

by previous GWAS studies into schizophrenia, depression and educational attainment 

strongly suggestive of neuropsychiatric and neurodevelopmental disorders aetiological 

commonality.  

A number of GWAS have been performed on SLI/DLD, and overlapping phenotypes, and the 

identified genetic regions of are summarised in Table 3.2 (evaluated and reviewed by 

Carrion-Castillo et al. (2016)). As with the linkage studies, these show little consistency in 

the genomic regions found to be associated between the seven studies.  



 
 

 

 

 

Study Sample no. Cohort Type Chr. assoc. 

Luciano et al. (2013) ~6,500 Population 21 

Eicher et al. (2013) ~170 Selected reading and language 

impaired 

3, 4, 13 

Nudel et al. (2014) ~250 Selected (parent of origin) 5, 14* 

St Pourcain et al. 

(2014) 

~10,000 Population 3* 

Gialluisi et al. (2014) ~1,800 Selected reading and language 

impaired 

7, 21 

Harlaar et al. (2014) ~2,000 Population 2, 10 

Kornilov et al. (2016) ~400 Isolated population 9, 21 

Table 3.2: Summary of findings from Genome-wide Association studies of spoken language 

disorders.  

This characteristic lack of replicability between the chromosomal regions between studies 

reflects a number of key factors. Firstly, there are substantial differences in the methods used 

between studies and therefore differences in phenotyping. The lack of gold-standard 

diagnostic criteria for SLI/DLD mean that the phenotypes between cohorts vary dramatically, 

and it is therefore uninformative to compare between them. Secondly, it reflects the aetiology 

of DLDs being underpinned by the small effect size of many contributing variants. It suggests 

that there is no one, or small number of genes driving DLDs, but that there may be many 

variants each conferring a small increase in risk. In general, common variants carry only a 

small effect size, and the risk variants detected by the linkage and GWAS studies are no 

exception - in Figure 1, these variants lie in the bottom right corner falling in the ‘Common 

Variants with Small Effects Identified by GWAS’ region of the infographic. Genes identified 

from GWAS regions inform investigations into monogenic language disorders, and, vice 

versa, genes implicated in monogenic language disorders can inform GWAS studies.  

As the list of candidate genes grows, so does our understanding of the underlying biological 

mechanisms and our ability to predict risk. By considering all variants implicated within a 

GWAS, even those that do not reach significance, we are able to derive “polygenic profiles” 

which allow us to consider differences and similarities between disorders. These scores are 

typically derived from extremely large GWAS studies, from which it is possible to identify a 



 
 

 

set of common variants that maximally capture genetic effects upon the outcome of interest. 

Although we are not quite there with respect to DLD yet, early studies indicate that this is a 

promising area of research. Shared genetic effects have been shown to exist between 

cognitive ability and educational outcomes and between language development and 

psychosocial outcomes (Newbury et al., 2019). As polygenic profiles are developed, they 

become more sensitive and specific allowing more accurate inferences. For example, initial 

profiling of educational attainment explained approximately 2% of variance (Rietveld et al., 

2013) while current scores explain as much as 13% (Lee et al., 2018). Polygenic methods are 

currently being developed with regard to both language disorder (Newbury et al., 2019) and 

dyslexia (Gialluisi et al., 2019). 

Missing heritability and outstanding issues 

The common variant model of inheriting a number of risk variants each conferring a small or 

moderate effect size only partly explains the genetics of language disorders. This knowledge 

gap is often referred to as the ‘missing heritability’, reflecting the lack of understanding as to 

how genetic differences drive the majority of language disorder cases. In this chapter, we will 

cover some of the other models that underpin language disorders covering Mendelian 

disorders through to less well studied phenomena such as epigenetic effects.  

Gene-Gene Interactions 

Gene-gene interactions, also known as epistasis, are when two alleles interact with each other 

to result in a phenotype not seen when only one of the alleles is present. These are sometimes 

referred to modifiers or genetic background when in the context of dominant variants, or a 

‘second hit’ of another variant in a different gene with is also having an effect. Conceptually, 

both of these interactions fit the Mendelian disease models but it could be equally applied to 

complex disorders to increase risk and heterogeneity of symptoms. Gene-gene effects have 

not been studied in language disorders as they require an a priori knowledge of which genes 

to look at, but they are known to play a role in the variable severity of microdeletion 

disorders (Veltman and Brunner, 2010) and sex chromosome trisomy cases (Rocca et al., 

2016, Le Gall et al., 2017). Thus, it seems extremely likely that gene-gene interactions will 

contribute to language disorders and this relatively new field of research shows great promise 

to understand the interactions between key language genes.  

 



 
 

 

Gene-Environment Interactions 

Gene-environment interactions refer to a genetic effect which is modulated in response to an 

environmental effect. Again, there are no examples of this in language disorders, but it is 

highly likely to play an important role. The commonly referenced example of gene-

environment interaction is in the serotonin transporter SLC6A4, also known as 5-HTTLPR 

which was linked to depression. The widely accepted theory was that there are two versions 

of the SLC6A4 protein; a short and a long form. The short form has been associated with 

increased risk of poor developmental outcomes which only express when profound 

environmental stress is experienced, whereas the short version is associated with positive 

developmental outcomes in a positive environment (van Ijzendoorn et al., 2012).  Recently, 

this body of work was called into question by a large study of >600,000 participants that 

failed to replicate links between depression and SLC6A4 (Border et al., 2019). This example 

provides evidence of the complexities of substantiating genetic effects and interactions, 

which may vary between tissues types and over developmental course.  

Epigenetics 

Epigenetics is a relatively new field of research which looks at changes in the regulation of a 

gene in response to environment. There are a number of mechanisms that exert epigenetic 

control over the regulation of a gene, some may be passed onto offspring and some are not. 

Two of the best characterised epigenetic mechanisms are DNA methylation and histone 

modification. Both of these regulatory mechanisms have been shown to play a role in 

neurological degenerative disorders; Alzheimers disease (Nicolia et al., 2017) and 

Parkinson’s disease (Park et al., 2016), consecutively. Epigenetic regulatory mechanisms 

have been proposed by a number of groups as a likely to play a role in DLDs (Smith, 2011, 

Rice, 2012, Kraft and DeThorne, 2014). This represents a very plausible layer of genetic 

control that is likely to contribute to the complexity and heterogeneity of language disorders. 

To date, no studies have successfully shown an association between epigenetic regulation and 

DLDs. However, as we generate a better understanding of individual differences in 

epigenetic markers (Gunasekara et al., 2019), we are starting to be able to identify systematic 

changes that may be related to disorder risk. Early evidence suggests that prenatal epigenetic 

changes can persist throughout life (Heijmans et al., 2008) and that these changes may be important 

in brain development (Kupers et al., 2019). These findings indicate that this area has strong 

potential for future research. 



 
 

 

Summary 

This chapter has provided a phenotypic overview of DLD and outlined current understanding 

of the genetic underpinnings of this disorder. While advances in the fields of genetic 

technologies and bioinformatics have allowed for more in-depth research and the discovery 

of associated gene pathways, the picture has become equally more complex. A handful of 

genes have been implicated in DLD populations, yet rather than the monogenic causes 

implicated in previous studies of disorder, Genome-Wide Association Studies have shown 

that DLDs are more likely the result of combinations of many variants, each conferring a 

small increase in risk. To date, small sample sizes have restricted the number of candidate 

genes identified in these studies, thus recruitment of larger-scale cohorts will be key to 

uncovering further variants. Past studies have been based on varied inclusion criteria, 

reflecting historical lack of a consensus definition or classification system for DLD. The 

importance of consistent, fine-grain phenotyping in genetic studies of these populations going 

forward is thus important in order that studies may be replicated, and cohorts can be 

considered collectively. Sophisticated deep phenotyping of the language, speech and 

cognitive abilities will be critical in understanding the genotype-phenotype interactions of 

candidate genes. Epigenetic influences also likely contribute to the phenotype observed and 

will be an important area of future research. Greater understanding of the genetic 

underpinnings of DLD is of critical importance in the age of personalised medicine. This 

work has direct implications in the clinical setting for informing timely diagnoses and genetic 

counselling, while allowing for the development of targeted therapies and improved long-

term outcomes for the DLD population.  

  



 
 

 

Figure 3.1 shows an infographic showing the categories of genetic models. Along the x axis 

is allele frequency which shows how frequently a variant is present in the population. Each 

person carries two copies of every letter of our DNA, and each of these is termed an ‘allele’. 

Where a person carries the most common form of the allele, this is referred to as a wild-type 

allele but can be thought of as the regular ‘standard’ version. We are interested in the 

variant non-typical form of the allele which is termed the ‘minor allele’. It is the frequency of 

these ‘minor alleles’ in the population that is of particular interest in genetics. In a complex 

genetic model, we would expect that a variant might be carried by many people in the 

population. Usually a common allele is considered to be carried by between 5% and 50% of 

the population, or in other words a minor allele frequency of 5-50%. The y axis shows the 

effect size of the variant. This reflects the severity of the impact of carrying that particular 

variant (or allele), so a variant with a small effect size may be easily tolerated whereas a 

variant with a large effect size will be very likely to result in a phenotype. A number of 

familiar diseases fall into this complex genetic model, where the variant is very common in 

the population. One particularly strong example of a common variant with a large effect size 

is the apolipoprotein E variant ε4 (APOE-ε4) in Alzheimer’s disease (Lambert et al., 2009). 

This is a very common variant of APOE which is carried by about 10-15% of people. 



 
 

 

Carrying this allele of APOE doubles the chance of developing Alzheimer’s disease, which in 

complex genetics terms is considered to be a large effect size. Conversely, some common 

variants have been found to have a small effect size, where carrying the variant increases 

risk by a small amount. One example of this is the Lemur Tyrosine Kinase 2 gene, LMTK2, 

which is present in around 43% of the population, and slightly increases the chance of 

developing prostate cancer (Eeles et al., 2008). Each of these individual genetic variants 

increases risk of developing a disease to various extents, but lifestyle and environmental 

factors still contribute to the overall risk of developing the disease.  

 

 

 

 

  



 
 

 

Figure 3.2 shows Manhattan plots showing regions of genetic association. Figure 3.2A 

shows regions 16q24 (SLI1) associated with nonword repetition and 19q13 region (SLI2) 

associated with the CELF-R measure of expressive language (adapted from S. L. I. 

Consortium (2002)). Figure 3.2B region 13q21 associated with a reading-impaired 

phenotype, and 2p22 and 17q23 associated with language delay (adapted from Bartlett et al. 

(2002)). Figure 3.2C shows regions 10q23.33 and 13q33.3 associated with phonological 

memory (adapted from Evans et al. (2015)). 
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List of items for glossary: 

Allele: a variation of a genetic sequence that is a single variant or region of DNA 

relevant to a disorder or characteristic 

Childhood Apraxia of Speech: a neurological speech sound disorder resulting from 

deficits in speech-motor programming and/or planning 

Complex Genetic Disorder: a disorder which results from a combination of genetic 

and environmental factors 

Copy Number Change (CNV): submicroscopic losses and gains of genetic material 

De novo genetic model: a genetic model in which the causative variant is not inherited 

from either parent, but has occurred spontaneously 

Dizygotic Twins: non-identical twins who share approximately half of their DNA 

Dominant Inheritance: when inheriting one copy of a causative variant is enough to 

result in a genetic disorder  

Epigenetics: a field of genetic study which examines factors outside of the DNA 

sequence that can affect the way in which genes work. For example, the regulatory 

control of genes in which they are turned on and off  

Gene-gene interaction: also known as epistasis – where variants in two genes interact 

with each other, resulting in a phenotype that would not occur in the presence of only 

one of the alleles 

Gene-environment interaction: where a genetic variant or allele is modulated by 

environmental effects 

Genome-Wide Association Study: a method for studying regions of the genome 

commonly shared by affected individuals in complex disease 

Fully penetrant: see dominant inheritance – when a disorder always results from 

inheriting causative variant(s) 

Heritability: the extent to which a trait is thought to be genetically inherited 

Incomplete penetrance: see dominant inheritance – when a disorder does not always 

result from inheriting a causative variant(s)  

Linkage Study: a method for studying regions of the genome that are shared between 

affected relatives to aid identification of genes involved in a characteristic 

Mendelian Inheritance: inheriting high impact variant(s) from parents that result in a 

phenotype  

Missing heritability: the proportion of a characteristic that is thought to be biological, 

but is yet to be understood 

Monozygotic Twins: identical twins who share 100% percent of their DNA 

Phenotype: An observable set of characteristics resulting from the expression of 

genetic variants and interaction with environment 

Pleiotropy: when variants in a gene result in different disorders 

Rare Variant: a rare genetic spelling mistake found in less than 1% of the population 

Recessive Disorder: when two copies of causative variants are needed to be inherited 

in order for a genetic disorder to occur 

Trait: a particular characteristic or quantitative measure 

Variant, genetic: a spelling change carried in the DNA, also known as an allele or 

mutation 
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