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2 
 

Abstract 1 

The capacity for language is one of the key features underlying the complexity of human 2 

cognition and its evolution. However, little is known about the neurobiological mechanisms that 3 

mediate normal or impaired linguistic ability. For developmental dyslexia, early post-mortem 4 

studies conducted in the 1980s linked the disorder to subtle defects in the migration of neurons in 5 

the developing neocortex. These early studies were reinforced by human genetic analyses that 6 

identified dyslexia susceptibility genes and subsequent evidence of their involvement in neuronal 7 

migration. In this review, we examine recent experimental evidence that does not support the link 8 

between dyslexia and neuronal migration. We critically evaluate gene function studies conducted 9 

in rodent models and draw attention to the lack of robust evidence from histopathological and 10 

imaging studies in humans. Our review suggests that the neuronal migration hypothesis of 11 

dyslexia should be reconsidered, and the anatomical and genetic basis of dyslexia should be 12 

approached with a fresh start. 13 

 14 
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1. Introduction 1 

One of the greatest challenges in understanding susceptibility to neurodevelopmental disorders 2 

lies in establishing a connection between studies on human brains, with neuroimaging or 3 

neuropathology, and findings at the molecular and cellular levels from studies of gene function in 4 

animal or cell models. There is complementarity in the level of granularity each approach can 5 

take: while the former typically offers large-scale features such as gray matter volume, white-6 

matter tract density and so on, the latter interrogates much more fine-grained problems such as 7 

molecular interactions, formation of synapses or physiological activity. The link between cortical 8 

migration defects and neurological and cognitive conditions is well established (Rakic 1988; 9 

Walsh and Goffinet 2000; Ayala et al. 2007). Our review specifically examines the link for 10 

dyslexia. 11 

 12 

For developmental dyslexia, there was a remarkable convergence of evidence from human 13 

studies and functional genetics in the mid-2000s. This line of work was initiated by a series of 14 

postmortem studies on the brain of dyslexic individuals that identified a large number of micro-15 

abnormalities in the organisation of cortical neurons in key regions of the language network 16 

(Galaburda and Kemper 1979; Galaburda et al. 1985; Kaufmann and Galaburda 1989; 17 

Humphreys et al. 1990). This led to suggestions that impaired neuronal migration may be a 18 

cellular antecedent to dyslexia (Galaburda 1985, 1992, 1993). With the identification of the first 19 

susceptibility genes for dyslexia in the early 2000s, researchers attempting to uncover their 20 

function in the brain found that they were involved in precisely this process during cortical 21 

development (Meng et al. 2005; Paracchini et al. 2006; Wang et al. 2006). This striking 22 

convergence led to the establishment of the hypothesis that dyslexia is a disorder of neuronal 23 

migration (Galaburda et al. 2006; Paracchini et al. 2007). Specifically, the claim is that newborn 24 

neurons derived from the ventricular zone of the cortex fail to move upwards as normal towards 25 

the cortical plate and end up misplaced, leading to subtle abnormalities in  brain structure, 26 

connectivity and, ultimately, function. This view fits with the ideas that (i) most of language and 27 

reading processing takes place in the neocortex and (ii) that defects leading to problems in these 28 

functions must be in place from an early stage in development.  29 

 30 
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From its origins in the late 1970s, the proposal has achieved a consensus-like status within much 1 

of the research community on language neurobiology. However, with technological advances and 2 

new evidence being uncovered, particularly in molecular and functional genetics, the time is ripe 3 

for an evaluation of the evidence surrounding the association between neuronal migration and 4 

dyslexia. 5 

 6 

In this review, we start by outlining the original findings from studies in both humans and animal 7 

models that lead to formulate the neuronal migration hypothesis. We then review recent studies 8 

on gene function and note concerns over reproducibility of some of those original findings, 9 

followed by an evaluation of how the candidate genes studied so far fit into the growing 10 

understanding of the genetic architecture of dyslexia. In the light of methodological issues 11 

surrounding the neuroanatomical analyses of dyslexia in human histological and imaging studies, 12 

the picture that emerges is that evidence for the neuronal migration hypothesis from human 13 

studies and animal models is not very robust, suffering from a number of limitations which cast 14 

doubt on the original hypothesis. The conclusion is that the link between dyslexia and neuronal 15 

migration should be considered with caution. 16 

 17 

2. Developmental dyslexia 18 

Developmental dyslexia refers to a deficit in reading ability in individuals with normal 19 

intelligence and educational opportunity, and no major sensory abnormalities (World Health 20 

Organisation 2008). It is one of the most common neurodevelopmental disabilities, affecting 5-21 

12% of school-aged children across different countries (Peterson and Pennington 2015). Children 22 

with dyslexia are slow to learn to read and, even if they attain adequate reading accuracy, they do 23 

not read fluently (Lefly and Pennington 1991). Dyslexia appears to be a complex, multi-factorial 24 

disorder with a strong genetic component in its aetiology, with heritability estimates from twin 25 

studies at 40-70% (Paracchini et al. 2007). Like other neurodevelopmental disorders, it 26 

commonly co-occurs with conditions including developmental language disorder (DLD; 27 

Snowling 2000; Newbury et al. 2011), attention deficit hyperactivity disorder (ADHD; Gilger 28 

1992; Germanò et al. 2010), and mathematical disability (Ritchie and Bates 2013; Davis et al. 29 

2014), amongst others (Richardson and Ross 2000; Pennington 2006; Eicher et al. 2015). 30 

 31 
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Despite extensive investigation, the neuropsychological mechanisms underlying dyslexia are not 1 

well understood, and proposals range from deficits specific to the phonological system and subtle 2 

problems in sensory perception, to impaired attention and motor deficits (for general reviews, see 3 

Shaywitz and Shaywitz 2008; Ramus and Ahissar 2012; Goswami 2015; Peterson and 4 

Pennington 2015; Paracchini et al. 2016). Although the phonological deficit theory is the most 5 

widely accepted, the specific nature of the deficit is a matter of much debate, as proposals 6 

typically only account for a subset of the observed abnormalities – a fact further complicated by a 7 

lack of consensus in diagnostic criteria and the highly heterogeneous nature of the disorder 8 

(Newbury et al. 2014; Bishop 2015). 9 

 10 

The neural architecture that supports reading involves a complex circuitry largely dependent on 11 

the core language network, a left-lateralised system involving temporo-parietal areas connected 12 

to the inferior frontal cortex via the arcuate fasciculus (Dehaene 2009; Price 2012; Friederici and 13 

Gierhan 2013; Carreiras et al. 2014; Hagoort 2014). A fundamental part of the reading circuitry is 14 

the visual word form area in the left fusiform gyrus which is responsible for word recognition, 15 

possibly as part of a specialisation for recognition of objects more generally (Logothetis and 16 

Sheinberg 1996; Cohen et al. 2002; Dehaene et al. 2005; Dehaene 2009). The reading network 17 

consists of two major pathways: a dorsal circuit involving the occipital, supramarginal and 18 

angular gyri, which connect to the premotor cortex and pars opercularis around Broca’s area in 19 

the inferior frontal cortex; and a ventral pathway which connects the left fusiform gyrus and the 20 

middle/anterior temporal gyrus with the pars triangularis in the frontal cortex (Dehaene 2009; 21 

Carreiras et al. 2014). 22 

 23 

A vast number of neuroimaging studies has been conducted over the past couple of decades with 24 

the goal of identifying the neurobiological basis of dyslexia. These have identified several 25 

features that are commonly observed in cohorts with reading impairment. These studies have 26 

predominantly focused on the neocortex and, at the structural level, suggest there is an altered 27 

degree of asymmetry in the planum temporale (Eckert 2004; Bloom et al. 2013; Altarelli et al. 28 

2014; Guadalupe et al. 2015), abnormal white matter integrity along the left arcuate fasciulus 29 

(Vandermosten et al. 2012; Zhao et al. 2016), and altered cortical thickness in the visual word 30 

form area (Richardson et al. 2011; Monzalvo et al. 2012; Altarelli et al. 2013), amongst other 31 
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findings. Functionally, hypoactivation of the left occipitotemporal region is one of the most 1 

consistent findings, particularly in the visual word-form area (Maisog et al. 2008; Richlan 2012; 2 

Norton et al. 2015). There are also reports of alterations in regions other than the cortex such as 3 

the thalamus (Livingstone et al. 1991; Díaz et al. 2012), the auditory brainstem (Hornickel and 4 

Kraus 2013) and the cerebellum (Stein 2001). However, there is little consensus with respect to 5 

our understanding of the neurobiology of dyslexia (see Shaywitz and Shaywitz 2008; Norton et 6 

al. 2015 for reviews). 7 

 8 

Elucidating the genetics of dyslexia has the potential to shed light on to the underlying 9 

neuropsychology and neurobiology. Several dyslexia susceptibility loci and candidate genes have 10 

been identified over the last two decades, with DYX1C1, DCDC2, KIAA0319 and ROBO1 11 

established as the main candidates from linkage and fine-mapping association studies (for 12 

reviews, see Carrion-Castillo et al. 2013; Kere 2014; Paracchini et al. 2016). Although these 13 

arguably remain as the strongest candidate genes to date, they have not been consistently 14 

replicated across studies (e.g. Carrion-Castillo et al. 2017; Becker et al. 2014; see also Scerri & 15 

Schulte-Körne 2010; Carrion-Castillo et al. 2013 for reviews) and they have received little or no 16 

support from genome-wide association studies (GWASs) conducted so far (Eicher et al. 2013; 17 

Field et al. 2013; Luciano et al. 2013; Gialluisi et al. 2014; see also Paracchini et al. 2016). 18 

However, it is worth noting that GWAS for dyslexia have been under-powered so far and variants 19 

with the strongest association to dyslexia (e.g. in genes RBFOX2, ABCC13, ZNF385D, COL4A2 20 

and FGF18) failed to survive genome-wide statistical scrutiny (Eicher et al. 2013; Field et al. 21 

2013; Luciano et al. 2013; Gialluisi et al. 2014). Furthermore, the largest GWASs to date have 22 

interrogated association to reading abilities in the normal range of variation as observed in 23 

general population samples, rather than investigating a cohort of dyslexics (Paracchini 2011; 24 

Newbury et al. 2014). GWAS have found suggestive evidence for DCDC2 in dyslexia 25 

susceptibility in a study that investigated the genetics of mathematical and reading disability 26 

(Davis et al. 2014). In addition, KIAA0319 was listed in the top 300 genes reported to be 27 

significantly associated with general cognitive ability in gene-based analyses conducted for a 28 

large sample (N= 280,360) (Davies et al. 2017). A number of other genes and types of variants 29 

such as CNVs (Poelmans et al. 2009; Pagnamenta et al. 2010; Veerappa et al. 2013) and rare 30 

coding mutations in CCDC136/FLNC, NCAN and CEP63 in isolated families (Einarsdottir et al. 31 
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2015; Adams et al. 2017; Einarsdottir et al. 2017) have been implicated in dyslexia. For recent 1 

detailed reviews on the genetics of dyslexia and language disorders, see (Carrion-Castillo et al. 2 

2013; Kere 2014; Newbury et al. 2014; Graham and Fisher 2015; Paracchini et al. 2016). 3 

 4 

3. Human neuroanatomy 5 

Before the advent of neuroimaging studies, one of the first investigations into the 6 

neuroanatomical basis of dyslexia came from the postmortem examination of the brain of a 12-7 

year-old boy, which identified abnormalities in the convolutional pattern of the parietal lobes 8 

bilaterally, thinning of the corpus callosum and misplaced neurons (ectopias) in the white matter 9 

(Drake 1968). But it took over ten years for new evidence to be uncovered, when a team led by 10 

Albert Galaburda at Harvard Medical School examined the brains of individuals with dyslexia 11 

across three separate reports (Galaburda and Kemper 1979; Galaburda et al. 1985; Humphreys et 12 

al. 1990). Using histopathological analyses with neuronal and myelin stainings, these studies 13 

investigated the brains of eight people, five males and three females, using serial sections 14 

spanning the rostro-caudal length of each brain to capture a detailed picture of their micro-15 

structure. One of the most prominent findings in these studies was the high incidence of small 16 

cortical malformations, typically appearing as layer I neuronal ectopias, with some laminar 17 

dysplasia and focal microgyria (Fig. 1). The number of anomalies observed in each of the brains 18 

varied between 30 to 140, and clustered around the left peri-sylvian region in the superior 19 

temporal gyrus and Heschl's gyrus (Brodmann areas 22, 41 and 42), key regions of the language 20 

network. As the authors point out, these micro abnormalities resembled somewhat the defects 21 

seen in cases published earlier (Drake 1968; Levine et al. 1981; Cohen et al. 1989). 22 

 23 

A separate study was conducted to examine whether similar cortical dysgenesis were present in 24 

non-dyslexic brains (Kaufmann and Galaburda 1989). Previous reports in control samples had 25 

identified up to 26 foci of anomalous micro-structure in the neocortex (Morel and Wildi 1952; 26 

Schulze et al. 1978) but concerns had been raised over whether these samples were representative 27 

of unaffected brains (Kaufmann and Galaburda 1989). Using rigorous method, Galaburda et al 28 

found that abnormalities similar to those observed in dyslexic brains were present in a minority 29 

of samples investigated (3 out of 10) and appeared in significantly smaller numbers (1-2) located 30 

away from language-related areas, predominantly in the cingulate cortex (Kaufmann and 31 
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Galaburda 1989). Given focal ectopias and microgyria are characteristic of abnormal neuronal 1 

migration during the development of the neocortex, these observations led to initial suggestions 2 

that impaired neuronal migration may be a cellular antecedent to dyslexia (Galaburda et al. 1985; 3 

Galaburda 1989, 1992, 1993). Around the same time, studies of mice with autoimmune disorders 4 

exhibiting similar cortical ectopias were found to suffer from auditory deficits similar to those 5 

described in dyslexics (Sherman et al. 1985, 1987; Galaburda 1992). Combined with reports of 6 

higher incidence of immune deficiencies in the dyslexic population, this provided some added 7 

support for the proposal (Galaburda 1992, 1993; Habib 2000). 8 

 9 

Further evidence in support of this view did not emerge until years later with the use of in vivo 10 

human neuroimaging methods. In two consecutive studies, structural magnetic resonance 11 

imaging (MRI) was used alongside behavioural tests on adults displaying a type of cortical 12 

migration malformation called periventricular nodular heterotopia (PVNH; Chang et al. 2005, 13 

2007), where masses of neurons accumulate near the lateral ventricles bordering the cortical wall. 14 

These authors reported that patients with PVNH performed poorly on reading tasks, with their 15 

performance resembling that seen in dyslexia. We discuss this evidence further below.  16 

 17 

4. Functional genetics and neuronal migration 18 

Molecular genetics studies gave further strength and support to the neuronal migration 19 

hypothesis. In the early and mid-2000s, the first candidate genes for dyslexia started to emerge 20 

and revealed DYX1C1, DCDC2, KIAA0319 and ROBO1 as the main dyslexia susceptibility genes 21 

(for a contemporary review, see Fisher and Francks 2006; Paracchini et al. 2007). At the time, 22 

little was known about the function of these genes inside cells and as part of neural circuits. 23 

Questions therefore emerged about their role in the healthy brain and in dyslexia. 24 

 25 

DCDC2 was the first target of functional studies. The DCDC2 gene encodes a protein containing 26 

two doublecortin domains, motifs which had been strongly associated to neuronal migration via 27 

similarity (homology) to the DCX gene in studies with both humans and rats (Gleeson et al. 1998; 28 

Bai et al. 2003). In the light of evidence from human postmortem studies in individuals with 29 

dyslexia mentioned above, this suggested that DCDC2 may also be involved in mediating the 30 

migration of cortical neurons. Meng et al. (2005) tested this possibility using state-of-the-art 31 
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methodology called RNA interference (Davidson and Boudreau 2007; Rana 2007) in the 1 

developing cortex of rats as a model to probe the function of the protein. This method uses in 2 

utero electroporation to deliver DNA constructs to newborn neurons occupying the ventricular 3 

wall, at a time when neurons start their migration to the cortical plate (LoTurco et al. 2009; 4 

Reiner et al. 2012). In this and other similar studies, the DNA constructs encode a small hairpin 5 

RNA (shRNA) which, when expressed and processed, reduces the production of the protein 6 

encoded by the target gene by mediating the degradation of the relevant messenger RNA 7 

(mRNA). These shRNA constructs are electroporated into cells together with constructs encoding 8 

green fluorescent protein (GFP) so that cells that have and have not been targeted can be 9 

identified and distinguished from each other. As a control, the same procedure is conducted in 10 

another animal using the same conditions, but using an shRNA construct that has no predicted 11 

target (i.e. it should not ‘interfere’ with any gene). The position of neurons transfected in both 12 

conditions can then be compared to assess whether the shRNA targeting a specific gene affects 13 

neuronal migration. This method offers a fast and inexpensive way to lower or “knock-down” the 14 

activity of a protein by reducing its availability in a given cell or tissue. 15 

 16 

By delivering DCDC2-shRNA constructs to early neurons in the rat cortex, Meng et al knocked 17 

down the levels of the DCDC2 protein in neurons at the time they were undergoing migration. If 18 

the protein plays an important role in this process, it would be expected that its reduced 19 

availability in certain neurons would affect the neuron’s ability to move and, as a result, it would 20 

fail to occupy its intended position in the cortical plate. As such, in the test condition, it would be 21 

expected that the overall distribution of neurons along the cortical plate would be different when 22 

compared with control experiments. Four days after transfection, GFP-expressing neurons in 23 

control animals were found predominantly in the cortical plate, whereas in the cortices of 24 

embryos transfected with DCDC2-shRNA, the bulk of electroporated cells were significantly 25 

further from it, clustering around the intermediate and subventricular zones (Fig. 2). This 26 

indicates that shRNA knockdown of DCDC2 led to alterations in the migration of neurons in the 27 

developing cortex. This finding paved the way for work with the two other main candidate genes: 28 

work on KIAA0319 from our laboratory (Paracchini et al. 2006) and on DYX1C1 (Wang et al. 29 

2006) revealed a similar effect after knockdown of these genes, suggesting a role for the two 30 

proteins in neuronal migration (Fig. 2; Paracchini et al. 2007; Gabel et al. 2010). 31 
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 1 

Several other studies followed in attempts to refine the specific characteristics of the migration 2 

defects observed and the cellular events affected by shRNA-knockdown of each of these genes 3 

(Rosen et al. 2007; Burbridge et al. 2008; Peschansky et al. 2010; Currier et al. 2011; Adler et al. 4 

2013). Others also investigated how altered levels of the proteins affected rodent behaviour 5 

(Threlkeld et al. 2007; Szalkowski et al. 2011, 2012, 2013). More recently, a gene similar to 6 

KIAA0319 and the only other member of the gene family, KIAA0319-Like (or KIAA0319L), also 7 

reported to be associated with dyslexia (Couto et al. 2008), was probed for potential links to 8 

neuronal migration, and shRNA knockdown experiments also elicited problems in neuronal 9 

migration in the form of PVNH (Platt et al. 2013). Furthermore, the other main dyslexia 10 

candidate gene, ROBO1, was shown to be implicated in cell migration and axon growth, another 11 

developmental process that can lead to altered brain connectivity (Yuan et al. 1999; Hannula-12 

Jouppi et al. 2005; Lopez-Bendito et al. 2007). A summary of the studies targeting neuronal 13 

migration is shown in Table 1. Overall, these results presented a remarkable overlap in function 14 

between the main dyslexia susceptibility candidate genes which mirror in the observations made 15 

20 years before in postmortem studies in human brains, leading to the formulation of the 16 

hypothesis that dyslexia is a disorder of neuronal migration. As put by Galaburda et al. 2006: 17 

 18 

Variant function in any of a number of genes involved in cortical development [. . . ] can be 19 

responsible for subtle cortical malformations involving neuronal migration and axon growth, 20 

which in turn leads to abnormal cortico-cortical and cortico-thalamic circuits that affect 21 

sensorimotor, perceptual and cognitive processes critical for learning. (Galaburda et al 2006, p. 22 

1216) 23 

 24 

The convergence on neuronal migration from the different lines of evidence has established the 25 

causal chain illustrated in Figure 3 (path a+c) as the most prominent view on the neurobiological 26 

origins of dyslexia. A search on Google Scholar for the combination of terms 'neuronal migration' 27 

and 'dyslexia' yielded around 7000 returns. The neuronal migration deficit account is currently 28 

the most commonly cited hypothesis in the literature on the genetic basis of dyslexia, including 29 

citations from our laboratory (Fisher and Francks 2006; Schumacher et al. 2007; Smith 2007; 30 

Paracchini et al. 2007; Gabel et al. 2010; Scerri and Schulte-Körne 2010; Poelmans et al. 2011; 31 
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Carrion-Castillo et al. 2013; Giraud and Ramus 2013; Raskind et al. 2013; Kere 2014; Peterson 1 

and Pennington 2015).  2 

 3 

Nevertheless, with advances in methods, questions are starting to arise about whether this elegant 4 

causal model is correct or other pathways not including neuronal migration are involved (Fig. 3, 5 

path c). An important part of the focus of our research groups has been primarily on path a, that 6 

is, the link between dyslexia risk genes and disorders of neuronal migration. Doubts about the 7 

robustness of this link have arisen at a time when there has also been a reappraisal of path b, the 8 

link between dyslexia and risk genes, which we will also evaluate. Finally, we look more closely 9 

at the evidence for path c, the link between dyslexia and abnormal neuronal migration in humans. 10 

We conclude that a strong form of the neuronal migration account where it is the main aetiology 11 

of dyslexia is not sustainable. Finally, we suggest an agenda for future research that will allow us 12 

to determine whether abnormal neuronal migration plays any role in mediating the link between 13 

genetic variants and dyslexia. 14 

 15 

4.1. A - The path from dyslexia risk genes to disorders of neuronal migration 16 

4.1.1. Recent advances in functional genetics in mice fail to replicate findings from rat shRNA 17 

studies 18 

On the basis of the promising results from rat shRNA studies, several groups, including from our 19 

laboratory, started to develop gene-targeted mice to be used as a tool to gain a more detailed 20 

understanding of how these proteins are involved in neuronal migration and in brain function 21 

more generally. Knockout (KO) mice were generated for each of the genes mentioned above, 22 

carrying mutations to make them unable to produce a normal, functional copy of the protein – the 23 

result are animals where the specified protein is never present and, thus, unable to carry out its 24 

function inside a cell and in neural circuits. This approach differs from the shRNA method used 25 

in rats in that animals completely lack the protein product of a gene from embryogenesis, instead 26 

of simply reducing protein levels at the time and place in which the shRNA is introduced. The 27 

disruption is bigger and permanent, but requires no intervention during gestation. 28 

 29 

Based on the shRNA knockdown experiments, we would expect that absence of DCDC2 or 30 

KIAA0319 proteins, for example, would lead to problems in the migration of neurons during 31 
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cortical development. However, examination of the brains of each of these KO mice revealed no 1 

abnormalities in the organisation of neurons in the neocortex. Kiaa0319 (Fig. 4A; Martinez-2 

Garay et al. 2017), Dcdc2 (Wang et al. 2011), Dyx1c1 (Rendall et al. 2017) and Kiaa0319L 3 

(Guidi et al. 2017) displayed the normal layered structuring in the neocortex and no evidence of 4 

layer I ectopias, PVNH or other migration problems, contrary to what would be expected from 5 

the shRNA knockdown experiments conducted in rats. These studies are shown in Table 1. 6 

 7 

4.1.2. Discrepancies between knockdown and genetic models 8 

Such mismatches between knockdown and knockout methods are well known in the literature on 9 

cortical development and other domains (Corbo et al. 2002; Bai et al. 2003; Young-Pearse et al. 10 

2007; de Nijs et al. 2009; Pramparo et al. 2010; Housden et al. 2017). For dyslexia susceptibility 11 

genes, the only gene for which there has been concordance between migration defects in RNAi 12 

and KO experiments is Robo1 (Gonda et al. 2013). In Dyx1c1, ‘constitutive’, complete KOs 13 

exhibit major neuroanatomical defects due to severe hydrocephalus resulting from ciliary motility 14 

abnormalities (Tarkar et al. 2013) but when Dyx1c1 was knocked out specifically in the 15 

neocortex during its development (using a forebrain-specific mutant, Emx1-Cre, that targets 16 

cortical neurons only), cortical lamination remained unaffected (Rendall et al. 2017). In the case 17 

of Dcdc2 KOs, the layering of the cortex did not display any differences in comparison to 18 

wildtype control mice. It was only when shRNA was used to target the homologous protein DCX 19 

that absence of DCDC2 affected cortical migration: Dcdc2 KOs displayed a stronger impairment 20 

in radial migration following knockdown of DCX than the wildtype controls (Wang et al. 2011). 21 

Doublecortin family members are known to have partially overlapping functions (Deuel et al. 22 

2006; Koizumi et al. 2006) and it is possible that the absence of migration defects in Dcdc2 KOs 23 

may be due to compensation by the Dcx gene. This could also explain the lack of defects 24 

observed at least in Kiaa0319 or Kiaa0319L KOs (Guidi et al. 2017; Martinez-Garay et al. 2017). 25 

But this possibility was ruled out by examining double Kiaa0319;Kiaa0319L KO mice (Guidi et 26 

al. 2017), where both proteins are fully absent. These mice displayed no evidence of migration 27 

abnormalities (see Table 1 for a list of studies). 28 

 29 
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Different factors can contribute to the discrepancies between knockdown and genetic models. 1 

They include compensation in knockout models, distinct dynamics of shRNA versus Cre 2 

recombination, potential off target effects of shRNA constructs and interspecies differences. 3 

 4 

4.1.2.1. Compensation in KO models. Functional overlap between homologous genes is a 5 

common source of compensation (Ohno 1970; Gu et al. 2003), and robustness against null 6 

mutations such as those in KO mice is considered a key property of biological systems (Edelman 7 

and Gally 2001; Kitano 2004). Most genes and proteins do not operate alone and form part of 8 

complex gene circuits where degeneracy and redundancy play an important role in buffering 9 

against perturbations (whether genetic or not). Via a process of neuronal homeostasis, many 10 

cellular and molecular pathways can be activated to ensure a particular process takes place 11 

(Ramocki and Zoghbi 2008). Indeed, a recent study has shown that gene KOs are more likely to 12 

activate such compensatory networks by exploiting this plasticity of genetic circuits than 13 

knockdown methods, where protein function is disrupted acutely in an otherwise normal system 14 

(Rossi et al. 2015). This difference in buffering mechanisms could explain some of the 15 

discrepancy observed in phenotypes between the two approaches - in zebrafish, at least, the 16 

mismatch in phenotypes seen between genetic mutants and (morpholino) knockdowns has been 17 

estimated to amount to around 80% (Kok et al. 2015). 18 

 19 

4.1.2.2. Distinct dynamics of shRNA versus Cre recombination. This potential network-level 20 

compensation has been addressed by some of the studies with dyslexia susceptibility candidate 21 

genes using mice where a gene can be knocked out in a spatio-temporal specific manner. In these 22 

animals, also called floxed mice, the gene in question remains functional throughout development 23 

until the point in which DNA is in contact with a protein called Cre recombinase. This protein 24 

alters the sequence of the target gene and inhibits the production of functional proteins. In the 25 

studies mentioned here, DNA constructs expressing Cre recombinase are delivered via in utero 26 

electroporation, much in the same way used for the shRNA knockdown experiments done with 27 

rats. The result at the genetic level is the same as in constitutive KOs, except for the different 28 

time points of disruption and the proportion of cells affected – constitutive KOs target all cells, 29 

whilst the conditional method only disrupts gene function in the cells transfected with the Cre 30 

construct. Aside from the species difference, the two methods differ only with respect to the 31 
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molecular stage where gene function is disrupted – targeting mRNAs in the case of shRNA, or 1 

DNA in floxed mice. This approach recapitulates in mice the same developmental conditions of 2 

the shRNA knockdown experiments that originally linked the genes in question to neuronal 3 

migration, and it circumvents potential network-level compensation that may occur in 4 

constitutive KO mice. However, it is important to consider that the dynamics of protein 5 

knockdown will differ between the two systems, with shRNA providing a faster decrease than 6 

Cre-mediated recombination. 7 

 8 

Experiments have been conducted with this method to interrogate the function of Dcdc2, 9 

Kiaa0319 and the joint effect of Kiaa0319 and Kiaa0319L: the acute disruption did not lead to 10 

observable problems in migration in any of the three cases (Fig. 4B) (Guidi et al. 2017; Wang et 11 

al. 2011; Martinez-Garay et al. 2017). These results are in stark contrast to the findings obtained 12 

with shRNA for each of these genes (Meng et al. 2005; Paracchini et al. 2006; Platt et al. 2013). 13 

Although the differential dynamics between shRNA and Cre recombinase protein knockdown 14 

could partly explain these discrepancies, the magnitude of the difference between the results 15 

obtained by the two approaches for three separate genes makes this explanation highly unlikely. 16 

In the case of Dyx1c1, mice with conditional knockout potential are available (Rendall et al. 17 

2017) but there have been no reports showing the effects when using this approach. 18 

 19 

4.1.2.3. Off-target effects in shRNA knockdown. Although it is possible that rat-mouse species 20 

differences may be implicated (see below), there are strong reasons to believe that discrepancies 21 

in results are likely to derive from off-target effects triggered by the use of shRNA. RNA 22 

interference approaches have been a powerful tool for functional genetics and are widely used, 23 

but specificity has been a constant source of concern and a point of investigation over the years 24 

(see e.g., Grimm et al. 2006; Jackson and Linsley 2010; Housden et al. 2017). More importantly, 25 

it has been recently shown that shRNA-mediated knockdown of DCX leads to deficits in 26 

migration that are indistinguishable when performed in wild-type animals and in Dcx KO mice, 27 

where no Dcx mRNA is present (leaving no target for the shRNA) (Baek et al. 2014). Work on 28 

the schizophrenia susceptibility candidate gene Disc1 has revealed similar results, as cells 29 

electroporated with Disc1-shRNA vectors fail to migrate even in Disc1 KO brains (Kvajo et al. 30 

2012; Tsuboi et al. 2015). Although dosage can play a significant role in the triggering of off-31 
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target effects (Caffrey et al. 2011), several other reports have been published with parallel effects 1 

following the use of shRNA (Alvarez et al. 2006; McBride et al. 2008). But what then causes the 2 

migration abnormalities observed in these studies? In the example of Dcx (Baek et al. 2014), it 3 

was shown that shRNAs can lead to a disruption in levels of microRNAs which, in turn, can 4 

cause problems with cell migration (see also Grimm et al. 2006). While genome-editing 5 

approaches also have drawbacks, such specificity problems are a major issue with RNA-based 6 

methods (Housden et al. 2017). 7 

 8 

4.1.2.4. Interspecies differences. The study by Baek et al. also serves as comparison for the 9 

potential differences across species. In humans, null-mutations in the DCX gene can cause 10 

profound defects in cortical migration (Gleeson et al. 1998), and acute knockdown with shRNA 11 

in rats leads to parallel abnormalities (Bai et al. 2003), but mice carrying similar mutations do not 12 

display similar problems (Corbo et al. 2002; Pramparo et al. 2010). The same has been found for 13 

the LIS1 gene (Reiner 2013). In the studies with dyslexia-susceptibility genes in rodents 14 

mentioned above, shRNA knockdown has been performed exclusively in rats and genetic KO 15 

(constitutive or conditional) only in mice. Thus, it is possible that the discrepancies observed may 16 

result in part from differences across these two rodent species. So, could mouse-rat differences be 17 

responsible for the discrepant findings? This seems unlikely because when shRNA was used in 18 

mice for other genes, such as Dcx and Disc1, knockdown led to neuronal migration deficits that 19 

mirrored those obtained in rats (Bai et al. 2003; Ramos et al. 2006; Kvajo et al. 2012; Baek et al. 20 

2014; Tsuboi et al. 2015). Based on these results and the issues with specificity of shRNA 21 

mentioned above, and because of the lack of rat KO models for dyslexia susceptibility genes, the 22 

most parsimonious explanation would be that off-target effects are implicated in the results 23 

obtained with both mice and rats. However, a more important question that derives from this 24 

analysis is the degree of interspecies differences between humans and rodents. How much can we 25 

translate a lack of migration defects obtained in mice to the human brain? The DCX and Lis1 26 

examples highlight that mutations in the same genes in mice and humans do not necessarily lead 27 

to the same phenotype despite conserved molecular migration mechanisms. Size and complexity 28 

of the human brain are probably the main factors underlying these differences. 29 

 30 

 31 
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4.1.3. Functional genetics of dyslexia and neuronal migration 1 

What does this mean for our understanding of the functional genetics and neurobiology of 2 

dyslexia? Experimental methods are almost always imperfect or offer only indirect ways of 3 

interrogating the desired variables – because of this, specific findings must be demonstrated using 4 

more than one method so as to reduce the probability that observations are spurious or result from 5 

the experimental manipulation per se (Popper 1934). The association between dyslexia 6 

susceptibility genes and neuronal migration was shown using one method, but has not been 7 

confirmed with an alternative technique. The body of evidence outlined above raises questions 8 

about whether the original results are due to real modulation of gene function or methodological 9 

artefacts. On the face of this, the putative link between these genes and neuronal migration is far 10 

from established and lacks solid evidential support. As it stands, it is still an empirical question 11 

and future evidence may show it to hold. But this can no longer be mentioned without a statement 12 

of the known inconsistencies.  13 

 14 

4.2. B - The association between common genetic variants and dyslexia 15 

The evidence from functional genetics is based on studies conducted on 4 to 5 candidate genes: 16 

KIAA0319, DCDC2, DYX1C1, KIAA0319L and, to some extent, ROBO1. Although these genes 17 

correspond to the strongest candidates, they only explain a small fraction of the genetic 18 

component underlying dyslexia and are likely to be a small subset of genes implicated in 19 

susceptibility to a complex, heterogeneous disorder like dyslexia.  20 

 21 

The identification of these genes as susceptibility candidates was based primarily on the use of 22 

fine-mapping and positional cloning studies that were prevalent around the early 2000s. 23 

However, these methods precede the use of genome-wide approaches, be it GWAS or next 24 

generation sequencing (NGS), which have revolutionised molecular genetics and our 25 

understanding of the genetic architecture of complex disorders. While similar work on disorders 26 

of language is still in its early stages (Newbury et al. 2014; Graham and Fisher 2015; Paracchini 27 

et al. 2016), other neurodevelopmental disorders such as autism and schizophrenia have been 28 

shown to involve over a hundred risk variants which can vary in frequency (common vs rare) and 29 

phenotypic penetrance (small vs big effects; see e.g. Mitchell 2012; Bourgeron 2015). The 30 

number of genes implicated varies in the degree of confidence of association but is in the order of 31 
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hundreds – for example, the database AutismKB lists over 3000 candidate genes for autism, of 1 

which 150 are considered as high-confidence candidates (Xu et al. 2012). It is likely that a similar 2 

picture will emerge for the genetic architecture of dyslexia as research continues (Graham and 3 

Fisher 2015). As we advance in our understanding of the genetics of dyslexia, it may be that they 4 

become only marginal, historical candidates in the long run, much in the same way that has 5 

happened with other disorders, such as DISC1 in schizophrenia (Mitchell 2012). In particular, it 6 

has been shown that, in the context of GWASs, candidate genes for schizophrenia do not show 7 

stronger signals than non-candidates (Johnson et al. 2017). 8 

 9 

It has to be noted that a major limitation of genome-wide investigations for dyslexia is the 10 

relatively small sample size analysed so far which is in the range of a few thousands and is not 11 

sufficient to give adequate power to detect the expected small size effects (Park et al. 2010). 12 

Furthermore, we cannot refer to them as GWASs for dyslexia because they often test for genetic 13 

associations with reading abilities in the normal range of variation using general population 14 

samples (see Paracchini 2011; Newbury et al. 2014). Although genome-wide approaches to 15 

language disorders are not without their challenges, a growing body of work is starting to 16 

uncover new genes putatively implicated in dyslexia and these are associated with a range of 17 

different neurodevelopmental and neuronal functions such as regulation and function of ion 18 

channels, glucose transport, synaptic plasticity, and so on (Newbury et al. 2014; Graham and 19 

Fisher 2015; Paracchini et al. 2016).  20 

 21 

Recent functional studies are shedding new lights onto the function of the classical susceptibility 22 

genes. DCDC2, DYX1C1 and KIAA0319 are highly expressed in ciliated tissues (Ivliev et al. 23 

2011). Knock-down studies of Dyx1c1 in zebrafish and mouse confirmed a role in ciliogenesis 24 

(Tarkar et al. 2013) while Dcdc2 was found to regulate the length and function of cilia (Massinen 25 

et al. 2011). When disrupted, DYX1C1 and DCDC2 cause ciliopathies (Tarkar et al. 2013; 26 

Schueler et al. 2015). The already mentioned CEP63, identified by exome sequencing study in a 27 

large family with dyslexia, is required for cilia formation (Einarsdottir et al. 2015). These 28 

findings have led to the suggestion of a role of primary cilia in underlying dyslexia susceptibility 29 

(Brandler and Paracchini 2014; Kere 2014; Paracchini et al. 2016). While it remains possible that 30 

cilia could mediate neuronal migration, it is interesting to note that, for the patients with 31 
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ciliopathies carrying DYX1C1 and DCDC2 mutations, symptoms of dyslexia or other cognitive 1 

problems have not been reported. In addition, DCDC2 has been reported to be involved in 2 

synaptic transmission (Che et al. 2014, 2016), KIAA0319 in axon growth (Franquinho et al. 3 

2017) and KIAA0319L as a cell surface adenovirus receptor (Pillay et al. 2016). In addition, the 4 

zebrafish homolog of KIAA0319 has been recently found to be expressed in several structures 5 

other than the brain (otic vesicles, eyes and notochord), thus suggesting other functions (Gostic et 6 

al. 2018). It is possible that some of these processes may influence neuronal migration but 7 

convincing evidence is still lacking. A list of studies describing cellular functions of the main 8 

dyslexia candidate genes in neuronal migration and beyond is shown in Table 1. 9 

 10 

Another open question is how it is possible for a general process such as neuronal migration to 11 

specifically affect dyslexia. From a genetic point of view, it has to be considered that the variants 12 

associated with dyslexia predominantly fall within regulatory regions (thus, affecting levels of 13 

expression rather than the function of a gene), in line with what is known for most other complex, 14 

multifactorial traits. As such, it is unlikely that risk variants in genes such as KIAA0319 or 15 

DCDC2 are sufficient to lead to defects in neuronal migration or other neurodevelopmental 16 

pathways contributing to dyslexia – particularly given some of these risk variants are also 17 

commonly found in non-dyslexia populations – and thus must co-occur with other factors. This 18 

common misconception is one of the problems underlying many brain imaging or behavioural 19 

studies for neurodevelopmental traits in general. With specific reference to dyslexia, it has been 20 

assumed that common genetic variants such as those seen in DCDC2 have a large effect size, 21 

justifying analyses using very small samples, eventually leading to identification of false 22 

positives (for a recent study highlighting these issues see Scerri et al. 2017). 23 

 24 

4.3. C - The association between dyslexia and neuronal migration abnormalities in humans 25 

The hypothesis that dyslexia is a disorder of neuronal migration was originally based on 26 

postmortem neuropathological examinations of dyslexic brains. We should start by noting that 27 

the analyses of cortical structure performed in the original reports by Galaburda and colleagues 28 

were based on high standards and thorough examination of each of the brains (which were 29 

sectioned at 35 μm and every 20th examined). This meticulous examination of the samples 30 

available with serial analyses of sections was ground-breaking at the time, and indeed went 31 
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beyond current practice in modern human neuropathology. Most contemporary histopathological 1 

work involves investigation of only a few selected areas of the brain (see e.g McKavanagh et al. 2 

2015, where four BA areas are studied), not across the rostro-caudal length as in the dyslexia 3 

studies. Nevertheless, there are important issues with the postmortem analyses in human samples, 4 

most of which have been raised elsewhere but received little attention in the literature (Beaton 5 

1997; Altarelli et al. 2014). 6 

 7 

First, there are doubts over how representative of dyslexia the samples examined are. It should be 8 

stressed that postmortem brain material from dyslexic individuals is exceedingly rare, researchers 9 

typically have little control over clinical evaluation of patients whose brain come for analysis, 10 

and it is often inevitable that there will be limited information about how the diagnosis was made. 11 

The original case of Drake (1968) was an exception, as the child died soon after detailed 12 

psychological and cognitive assessments had been conducted. These confirmed he had normal IQ 13 

and reading difficulties, but also indicated a host of other issues: serious attentional, emotional 14 

and behavioural problems, as well as recurrent headaches and what sound like possible absence 15 

seizures: 'lapses of attention with staring into space, and "dizzy spells" with "blackouts"' (p. 487). 16 

As noted by Altarelli et al. (2014), the female cases examined in another study (Humphreys et al. 17 

1990) display co-morbidity with other neurological conditions which may confound the 18 

observations. The authors note that, of the three patients studied in the report, the first patient 19 

suffered from severe depression and attention deficits, whilst patient 3 had delayed language 20 

acquisition and was suspected for ADHD. A further problem lies with patient 2 never having 21 

received formal psychological assessment, leaving the extent of the reading disability unknown 22 

and the possibility of other conditions open. Diagnostic problems have also been noted for the 23 

male patients reported in Galaburda et al. 1985 (Beaton 1997). With respect to the first case 24 

reported, the authors point out in Galaburda and Kemper 1979 (p. 94) that the patient developed 25 

nocturnal seizures at the age of 16 years and he had delayed speech development. Case 2 in 26 

Galaburda et al. 1985 also presents a profile that goes beyond the typical assessment for dyslexia 27 

as the patient had notable language difficulties and received special education. 28 

 29 

If we take these considerations into account, only 3 of the 9 samples investigated could be 30 

considered free from other conditions. This does not necessarily invalidate a dyslexia diagnosis: 31 
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co-morbidity is expected given how commonly dyslexia co-occurs with other disorders, 1 

especially with delayed language and speech development or DLD (see e.g. Newbury et al. 2011; 2 

Bishop 2015). However, where there are comorbidities, it is difficult to know which aspect of the 3 

clinical presentation is related to neuropathological abnormalities. Epilepsy is a particularly 4 

challenging confound, given that neuronal migration abnormalities are often a focus for seizures 5 

(Lee et al. 2001). This does not mean these samples must be discarded; rather, co-morbidity must 6 

be carefully controlled for in such studies. 7 

 8 

Viewed from a contemporary lens, the main limitation of the early studies was that the analyses 9 

were not blinded (Lazic 2016): initially there was no control group and non-dyslexic samples 10 

were examined and reported separately (Kaufmann and Galaburda 1989). The ideal would be to 11 

have a control group of brains, matched for age and gender (including non-dyslexic cases 12 

affected by the same comorbid conditions as dyslexics), with the analysis done without 13 

awareness of which group the brain came from and following modern standards of postmortem 14 

human neuropathology (e.g. Adorjan et al. 2017). Blind experimental design is particularly 15 

important when examining microscopic details such as dyslamination and ectopias across a large 16 

number of sections. 17 

 18 

What about the other source of evidence - the studies that turn the question on its head and look 19 

at reading abilities in patients with PVNH? (Chang et al. 2005, 2007). On further inspection, the 20 

evidence presented from these studies is suggestive but not compelling, with experimental design 21 

again less than optimal. In the study by Chang et al (2005), a consecutive series of 10 patients 22 

with PVNH and epilepsy were evaluated. Nine of the ten had normal range IQ, and two had been 23 

formally diagnosed with dyslexia or a language-based disability in the past. On the Wide Range 24 

Achievement tests of reading and spelling, the mean scores were average or above-average. 25 

Many of the patients did, however, do poorly on the Nelson-Denny reading test and, on this basis, 26 

the authors concluded they were dyslexic. But this test, which stresses speed, was designed for 27 

college students, not for the general population. The fact that most participants were older than 28 

college students, and all were on anti-epileptic medication, makes the claim of dyslexia in these 29 

people far from convincing. The 2007 study had a better design: 10 patients with PVNH were 30 

compared with 10 dyslexics and 10 adults without dyslexia. Nevertheless, the groups were not 31 
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well matched: the normal readers were recruited through local universities and had a mean age of 1 

25.5 year, 10 years younger than the other two groups. It would have been preferable to use 2 

another patient group, or relatives of PVNH patients, to achieve a more closely matched 3 

comparison group against which to evaluate the patients. The PVNH patients (who included 5 4 

cases seen in the 2005 study) once again did poorly on speeded reading tests (as did the 5 

dyslexics), and were unimpaired on untimed reading (which the dyslexics also were unimpaired 6 

on, rather surprisingly). However, on a phonological awareness test, only the dyslexics were 7 

impaired. In this regard, the PVNH patients did not have a classic dyslexic profile. An additional 8 

correlational analysis of white matter fractional anisotropy and a rapid naming measure in six 9 

PVNH cases is not statistically significant when appropriate corrections are applied for multiple 10 

testing. One thing that is clear from these studies, and consistent with others with this patient 11 

group (Dubeau et al. 1995), is that outcomes are very diverse. The key question is not so much 12 

what the average reading ability is, but whether there is an increased risk of dyslexia, and if so, 13 

whether it is predictable from the PVNH characteristics. This is not possible to establish from the 14 

published cases to date. A further study of 10 children with PVNH (Felker et al. 2011) suffered 15 

from similar limitations: although a control group was used, they were from word-of-mouth 16 

referrals and had a mean IQ 20 points higher than the PVNH cases, four of whom were on anti-17 

epileptic medication. Six of the PVNH cases were reported to have a history of reading problems, 18 

and three of these received special education, but the presentation of the data as group means 19 

makes it difficult to establish their specific cognitive profile. 20 

 21 

Perhaps the most important piece of evidence from human studies is the absence of associations 22 

reported between neuronal migration abnormalities and dyslexia from brain imaging studies. One 23 

is reminded of the incident in a Sherlock Holmes story where a mystery was solved by observing 24 

that a dog didn't bark in the night during the theft of a racehorse (Conan Doyle, 1893). Since the 25 

studies by Chang et al, there appears to be only one further case linking PVNH and reading 26 

impairment despite hundreds of MRI images of dyslexic brains taken for other studies – for 27 

example, a meta-analysis by Jednoróg et al. 2015 included 236 cases. This negative evidence is 28 

not conclusive, since PVNH may be missed when not actively searched for. It is also possible 29 

that smaller abnormalities in cortical organisation resulting from neuronal migration deficits such 30 

as ectopias and dyslamination may be present in these samples but are simply too small to be 31 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



22 
 

detected with the field strength used in these in vivo neuroimaging studies. It has been long 1 

argued that cortical neuronal migration defects can be subtle and underestimated because of the 2 

differences in timing in different cortical areas (Rakic 1988). It is the case that a number of 3 

studies have reported that polymicrogyria, another type of cortical migration abnormality, 4 

appears to be enriched in individuals with more general impairment in language, not specific to 5 

reading (Guerreiro et al. 2002; Hage et al. 2004; Oliveira et al. 2008; Webster et al. 2008; 6 

Leventer et al. 2010), though this is not a common finding in children with developmental 7 

language disorder (Morgan 2013). 8 

 9 

5. Conclusion and future directions 10 

The neuronal migration hypothesis of dyslexia is based on two key lines of evidence: functional 11 

genetics on a handful of susceptibility candidate genes in rodents, and postmortem histopathology 12 

in human dyslexia cases. In this review, we outlined a number of issues surrounding both of these 13 

points which, altogether, question the strength of the evidence in favour of the neuronal migration 14 

view. We make the case that this position is untenable on the face of our current knowledge of 15 

the function of candidate genes studied so far, the genetic architecture of dyslexia and human 16 

neuropathology, unless the original findings are replicated using modern standards. 17 

Reproducibility is one of the key tenets of scientific research and there has been growing concern 18 

over its status in biomedical research in recent years (Bustin 2014, Begley and Ioannidis 2015; 19 

Munafò et al. 2017). When the first functional genetics results from in utero electroporations in 20 

rat embryos emerged, the convergence between those experiments and its parallels to human 21 

studies were remarkable, generating a great deal of excitement in the language sciences 22 

community. 23 

 24 

It is now time to become equally interested in engaging with the shortcomings of our own work 25 

and build on it so as to keep advancing our knowledge of the neurobiology of language and 26 

reading in the normal and diseased brain. At the cellular level, recent work has started to uncover 27 

new players and processes involved in dyslexia susceptibility, from axon growth (Franquinho et 28 

al. 2017) and modulation of synaptic transmission (Che et al. 2014, 2016), to the structure and 29 

function of primary cilia (Brandler and Paracchini 2014; Kere 2014; Paracchini et al. 2016). The 30 

identification of novel candidate genes shall also elicit new evidence and contribute to efforts of 31 
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uncovering other biological pathways. One important part of this debate is whether work 1 

conducted so far has been based on the best possible models – i.e. are rodents the best organisms 2 

to understand abnormalities of language and reading or should we be looking at alternatives? 3 

There are several examples of work in the language sciences using other species such as bats 4 

(Vernes 2017), songbirds (Fisher and Scharff 2009; Bloomfield et al. 2011; Prather et al. 2017), 5 

non-human primates (Takahashi et al. 2015; Hage and Nieder 2016), and so on (Kiggins et al. 6 

2012; Fitch 2017). Further work in human cell lines will also be important to understand the 7 

molecular function of candidate genes. Genome technology might identify rare variants 8 

contributing to dyslexia or within candidate genes for dyslexia in individuals with different 9 

conditions which might shed light on the function of these genes. 10 

 11 

We do not question that disrupted neuronal migration can have important consequences for 12 

cognitive development in humans. The question is how far this specific aetiology is implicated in 13 

causing dyslexia, and how specific an aetiology it is. To address the first question, we need 14 

studies that use the latest technological and statistical advances in neuroimaging, such as 15 

variations and improvements (e.g. 7T MRI) to identify subtle cortical malformations in large and 16 

well-documented series of individuals with dyslexia (Hong et al. 2014; Pardoe and Kuzniecky 17 

2014; Wang et al. 2015). This will help establish the prevalence of disorders of neuronal 18 

migration as a causal factor. In addition, to address the second question, there is a need for 19 

studies in the reverse direction, to look at the outcomes of individuals with features such as 20 

ectopias. These need to give careful consideration to design features such as selection of 21 

appropriate control groups and blinding of experimenters. We already know that the same genetic 22 

mutation can have remarkably variable impact on neurodevelopment (Wilson et al. 2017). We 23 

anticipate that the same may be true of abnormalities of neuronal migration. 24 
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Acknowledgements 26 

This work was supported by the Wellcome Trust (092071/Z/10/Z to A.P.M., Z.M. and A.V.-B., 27 

and 082498/Z/07/Z to D.V.M.B.); L.G.G. received a Doctoral Training Award from the Medical 28 

Research Council; S.P. is a Royal Society University Research Fellow. 29 

 30 

31 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



24 
 

References  1 

Adams AK, Smith SD, Truong DT, Willcutt EG, Olson RK, DeFries JC, Pennington BF, Gruen 2 

JR. 2017. Enrichment of putatively damaging rare variants in the DYX2 locus and the reading-3 

related genes CCDC136 and FLNC. Hum Genet 136:1395-1405. 10.1007/s00439-017-1838-z 4 

Adler WT, Platt MP, Mehlhorn AJ, Haight JL, Currier TA, Etchegaray MA, Galaburda AM, 5 

Rosen GD. 2013. Position of neocortical neurons transfected at different gestational ages with 6 

shRNA targeted against candidate dyslexia susceptibility genes. PLoS One 8:e65179. 7 

10.1371/journal.pone.0065179 8 

Adorjan I, Ahmed B, Feher V, Torso M, Krug K, Esiri M, Chance SA, Szele FG. 2017. 9 

Calretinin interneuron density in the caudate nucleus is lower in autism spectrum disorder. 10 

Brain 140:2028-2040. 10.1093/brain/awx131 11 

Altarelli I, Leroy F, Monzalvo K, Fluss J, Billard C, Dehaene-Lambertz G, Galaburda AM, 12 

Ramus F. 2014. Planum temporale asymmetry in developmental dyslexia: Revisiting an old 13 

question. Hum Brain Mapp 35:5717-5735. 10.1002/hbm.22579 14 

Altarelli I, Monzalvo K, Iannuzzi S, Fluss J, Billard C, Ramus F, Dehaene-Lambertz G. 2013. A 15 

functionally guided approach to the morphometry of occipitotemporal regions in 16 

developmental dyslexia: evidence for differential effects in boys and girls. J Neurosci 17 

33:11296-11301. 10.1523/JNEUROSCI.5854-12.2013 18 

Alvarez VA, Ridenour DA, Sabatini BL. 2006. Retraction of synapses and dendritic spines 19 

induced by off-target effects of RNA interference. J Neurosci 26:7820-7825. 20 

10.1523/JNEUROSCI.1957-06.2006 21 

Andrews W, Liapi A, Plachez C, Camurri L, Zhang J, Mori S, Murakami F, Parnavelas JG, 22 

Sundaresan V, Richards LJ. 2006. Robo1 regulates the development of major axon tracts and 23 

interneuron migration in the forebrain. Development 133:2243-2252. 10.1242/dev.02379  24 

Ayala R, Shu T, Tsai LH. 2007. Trekking across the brain: the journey of neuronal migration. 25 

Cell 128:29-43. 10.1016/j.cell.2006.12.021 26 

Baek ST, Kerjan G, Bielas SL, Lee JE, Fenstermaker AG, Novarino G, Gleeson JG. 2014. Off-27 

target effect of doublecortin family shRNA on neuronal migration associated with endogenous 28 

microRNA dysregulation. Neuron 82:1255-1262. 10.1016/j.neuron.2014.04.036 29 

Bai J, Ramos RL, Ackman JB, Thomas AM, Lee RV, LoTurco JJ. 2003. RNAi reveals 30 

doublecortin is required for radial migration in rat neocortex. Nat Neurosci 6:1277-1283. 31 

10.1038/nn1153 32 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



25 
 

Beaton AA. 1997. The relation of planum temporale asymmetry and morphology of the corpus 1 

callosum to handedness, gender, and dyslexia: a review of the evidence. Brain Lang 60:255-2 

322. 10.1006/brln.1997.1825 3 

Becker J, Czamara D, Scerri TS, Ramus F, Csepe V, Talcott JB, Stein J, Morris A, Ludwig KU, 4 

Hoffmann P, Honbolygo F, Toth D, Fauchereau F, Bogliotti C, Iannuzzi S, Chaix Y, Valdois 5 

S, Billard C, George F, Soares-Boucaud I, Gerard CL, van der Mark S, Schulz E, Vaessen A, 6 

Maurer U, Lohvansuu K, Lyytinen H, Zucchelli M, Brandeis D, Blomert L, Leppanen PH, 7 

Bruder J, Monaco AP, Muller-Myhsok B, Kere J, Landerl K, Nothen MM, Schulte-Korne G, 8 

Paracchini S, Peyrard-Janvid M, Schumacher J. 2014. Genetic analysis of dyslexia candidate 9 

genes in the European cross-linguistic NeuroDys cohort. Eur J Hum Genet 22:675-680. 10 

10.1038/ejhg.2013.199 11 

Begley CG, Ioannidis JP. 2015. Reproducibility in science: improving the standard for basic and 12 

preclinical research. Circ Res 116:116-126. 10.1161/CIRCRESAHA.114.303819 13 

Bishop DV. 2015. The interface between genetics and psychology: lessons from developmental 14 

dyslexia. Proc Biol Sci 282:20143139. 10.1098/rspb.2014.3139 15 

Bloom JS, Garcia-Barrera MA, Miller CJ, Miller SR, Hynd GW. 2013. Planum temporale 16 

morphology in children with developmental dyslexia. Neuropsychologia 51:1684-1692. 17 

10.1016/j.neuropsychologia.2013.05.012 18 

Bloomfield TC, Gentner TQ, Margoliash D. 2011. What birds have to say about language. Nat 19 

Neurosci 14:947-948. 10.1038/nn.2884 20 

Bourgeron T. 2015. From the genetic architecture to synaptic plasticity in autism spectrum 21 

disorder. Nat Rev Neurosci 16:551-563. 10.1038/nrn3992 22 

Brandler WM, Paracchini S. 2014. The genetic relationship between handedness and 23 

neurodevelopmental disorders. Trends Mol Med 20:83-90. 10.1016/j.molmed.2013.10.008 24 

Burbridge TJ, Wang Y, Volz AJ, Peschansky VJ, Lisann L, Galaburda AM, Lo Turco JJ, Rosen 25 

GD. 2008. Postnatal analysis of the effect of embryonic knockdown and overexpression of 26 

candidate dyslexia susceptibility gene homolog Dcdc2 in the rat. Neuroscience 152:723-733. 27 

10.1016/j.neuroscience.2008.01.020 28 

Bustin SA. 2014. The reproducibility of biomedical research: Sleepers awake! Biomol Detect 29 

Quantif 2:35-42. 10.1016/j.bdq.2015.01.002 30 

Caffrey DR, Zhao J, Song Z, Schaffer ME, Haney SA, Subramanian RR, Seymour AB, Hughes 31 

JD. 2011. siRNA off-target effects can be reduced at concentrations that match their individual 32 

potency. PLoS One 6:e21503. 10.1371/journal.pone.0021503 33 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



26 
 

Carreiras M, Armstrong BC, Perea M, Frost R. 2014. The what, when, where, and how of visual 1 

word recognition. Trends Cogn Sci 18:90-98. 10.1016/j.tics.2013.11.005 2 

Carrion-Castillo A, Franke B, Fisher SE. 2013. Molecular genetics of dyslexia: an overview. 3 

Dyslexia 19:214-240. 10.1002/dys.1464 4 

Carrion-Castillo A, Maassen B, Franke B, Heister A, Naber M, van der Leij A, Francks C, Fisher 5 

SE. 2017. Association analysis of dyslexia candidate genes in a Dutch longitudinal sample. 6 

Eur J Hum Genet 25:452-460. 10.1038/ejhg.2016.194 7 

Centanni TM, Booker AB, Chen F, Sloan AM, Carraway RS, Rennaker RL, LoTurco JJ, Kilgard 8 

MP. 2016. Knockdown of dyslexia-gene Dcdc2 interferes with speech sound discrimination in 9 

continuous streams. J Neurosci 36:4895-4906. 10.1523/JNEUROSCI.4202-15.2016 10 

Centanni TM, Booker AB, Sloan AM, Chen F, Maher BJ, Carraway RS, Khodaparast N, 11 

Rennaker R, LoTurco JJ, Kilgard MP. 2014. Knockdown of the dyslexia-associated gene 12 

Kiaa0319 impairs temporal responses to speech stimuli in rat primary auditory cortex. Cereb 13 

Cortex 24:1753-1766. 10.1093/cercor/bht028 14 

Chandrasekar G, Vesterlund L, Hultenby K, Tapia-Paez I, Kere J. 2013. The zebrafish orthologue 15 

of the dyslexia candidate gene DYX1C1 is essential for cilia growth and function. PLoS One 16 

8:e63123. 10.1371/journal.pone.0063123 17 

Chang BS, Katzir T, Liu T, Corriveau K, Barzillai M, Apse KA, Bodell A, Hackney D, Alsop D, 18 

Wong ST, Walsh CA. 2007. A structural basis for reading fluency: white matter defects in a 19 

genetic brain malformation. Neurology 69:2146-2154. 10.1212/01.wnl.0000286365.41070.54 20 

Chang BS, Ly J, Appignani B, Bodell A, Apse KA, Ravenscroft RS, Sheen VL, Doherty MJ, 21 

Hackney DB, O'Connor M, Galaburda AM, Walsh CA. 2005. Reading impairment in the 22 

neuronal migration disorder of periventricular nodular heterotopia. Neurology 64:799-803. 23 

10.1212/01.WNL.0000152874.57180.AF 24 

Che A, Girgenti MJ, LoTurco J. 2014. The dyslexia-associated gene DCDC2 is required for 25 

spike-timing precision in mouse neocortex. Biol Psychiatry 76:387-396. 26 

10.1016/j.biopsych.2013.08.018 27 

Che A, Truong DT, Fitch RH, LoTurco JJ. 2016. Mutation of the dyslexia-associated gene Dcdc2 28 

enhances glutamatergic synaptic transmission between layer 4 neurons in mouse neocortex. 29 

Cereb Cortex 26:3705-3718. 10.1093/cercor/bhv168 30 

Cohen L, Lehericy S, Chochon F, Lemer C, Rivaud S, Dehaene S. 2002. Language-specific 31 

tuning of visual cortex? Functional properties of the Visual Word Form Area. Brain 125:1054-32 

1069.  33 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



27 
 

Cohen M, Campbell R, Yaghmai F. 1989. Neuropathological abnormalities in developmental 1 

dysphasia. Ann Neurol 25:567-570. 10.1002/ana.410250607 2 

Conan Doyle A. 1893. Memoirs of Sherlock Holmes. London: George Newnes. 3 

Corbo JC, Deuel TA, Long JM, LaPorte P, Tsai E, Wynshaw-Boris A, Walsh CA. 2002. 4 

Doublecortin is required in mice for lamination of the hippocampus but not the neocortex. J 5 

Neurosci 22:7548-7557.  6 

Couto JM, Gomez L, Wigg K, Cate-Carter T, Archibald J, Anderson B, Tannock R, Kerr EN, 7 

Lovett MW, Humphries T, Barr CL. 2008. The KIAA0319-like (KIAA0319L) gene on 8 

chromosome 1p34 as a candidate for reading disabilities. J Neurogenet 22:295-313. 9 

10.1080/01677060802354328 10 

Currier TA, Etchegaray MA, Haight JL, Galaburda AM, Rosen GD. 2011. The effects of 11 

embryonic knockdown of the candidate dyslexia susceptibility gene homologue Dyx1c1 on 12 

the distribution of GABAergic neurons in the cerebral cortex. Neuroscience 172:535-546. 13 

10.1016/j.neuroscience.2010.11.002 14 

Davidson BL, Boudreau RL. 2007. RNA interference: a tool for querying nervous system 15 

function and an emerging therapy. Neuron 53:781-788. 10.1016/j.neuron.2007.02.020 16 

Davies G, Lam M, Harris SE, Trampush J, Luciano M, Hill WD, Hagenaars SP, Ritchie SJ, 17 

Marioni RE, Fawns-Ritchie C, Liewald DC, Okely J, Ahola-Olli A, Barnes CLK, Bertram L, 18 

Bis JC, Burdick KE, Christoforou A, DeRosse P, Djurovic S, Espeseth T, Giakoumaki S, 19 

Giddaluru S, Gustavson DE, Hayward C, Hofer E, Ikram MA, Karlsson R, Knowles E, Lahti 20 

J, Leber M, Li S, Mather KA, Melle I, Morris D, Oldmeadow C, Palviainen T, Payton A, 21 

Pazoki R, Petrovic K, Reynolds CA, Sargurupremraj M, Scholz M, Smith JA, Smith AV, 22 

Terzikhan N, Thalamuthu A, Trompet S, van der Lee SJ, Ware EB, Windham BG, Wright MJ, 23 

Yang J, Yu J, Ames D, Amin N, Amouyel P, Andreassen OA, Armstrong N, Attia JR, Attix D, 24 

Avramopoulos D, Bennett DA, Böhmer AC, Boyle PA, Brodaty H, Campbell H, Cannon TD, 25 

Cirulli ET, Congdon E, Conley ED, Corley J, Cox SR, Dale AM, Dehghan A, Dick D, 26 

Dickinson D, Eriksson JG, Evangelou E, Faul JD, Ford I, Freimer NA, Gao H, Giegling I, 27 

Gillespie NA, Gordon SD, Gottesman RF, Griswold ME, Gudnason V, Harris TB, 28 

Hatzimanolis A, Heiss G, Holliday EG, Joshi PK, Kähönen M, Kardia SLR, Karlsson I, 29 

Kleineidam L, Knopman DS, Kochan N, Konte B, Kwok JB, Le Hellard S, Lee T, Lehtimäki 30 

T, Li S-C, Liu T, Koini M, London E, Longstreth WT, Lopez OL, Loukola A, Luck T, 31 

Lundervold AJ, Lundquist A, Lyytikäinen L-P, Martin NG, Montgomery GW, Murray AD, 32 

Need AC, Noordam R, Nyberg L, Ollier W, Papenberg G, Pattie A, Polasek O, Poldrack RA, 33 

Psaty BM, Riedel-Heller SG, Rose RJ, Rotter JI, Roussos P, Rovio S, Saba Y, Sabb FW, 34 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



28 
 

Sachdev PS, Satizabal C, Schmid M, Scott RJ, Scult MA, Simino J, Slagboom PE, Smyrnis N, 1 

Soumaré A, Stefanis NC, Stott DJ, Straub RE, Sundet K, Taylor AM, Taylor KD, Tzoulaki I, 2 

Tzourio C, Uitterlinden A, Vitart V, Voineskos AN, Vuoksimaa E, Wagner M, Wagner H, 3 

Weinhold L, Wen KH, Widen E, Yang Q, Zhao W, Adams HHH, Arking DE, Bilder RM, 4 

Bitsios P, Boerwinkle E, Chiba-Falek O, Corvin A, De Jager PL, Debette S, Donohoe G, 5 

Elliott P, Fitzpatrick AL, Gill M, Glahn DC, Hägg S, Hansell NK, Hariri A, Ikram MK, 6 

Jukema JW, Kaprio J, Keller MC, Kremen WS, Launer L, Lindenberger U, Palotie A, 7 

Pedersen NL, Pendleton N, Porteous DJ, Räikkönen K, Raitakari O, Ramirez A, Reinvang I, 8 

Rudan I, Rujescu D, Schmidt R, Schmidt H, Schofield PW, Schofield PR, Starr JM, Steen 9 

VM, Trollor JN, Turner ST, Van Duijn CM, Villringer A, Weinberger DR, Weir DR, Wilson 10 

JF, Malhotra A, McIntosh AM, Gale CR, Seshadri S, Mosley T, Bressler J, Lencz T, Deary IJ. 11 

2017. Ninety-nine independent genetic loci influencing general cognitive function include 12 

genes associated with brain health and structure (N = 280,360). bioRxiv. 10.1101/176511 13 

Davis OS, Band G, Pirinen M, Haworth CM, Meaburn EL, Kovas Y, Harlaar N, Docherty SJ, 14 

Hanscombe KB, Trzaskowski M, Curtis CJ, Strange A, Freeman C, Bellenguez C, Su Z, 15 

Pearson R, Vukcevic D, Langford C, Deloukas P, Hunt S, Gray E, Dronov S, Potter SC, 16 

Tashakkori-Ghanbaria A, Edkins S, Bumpstead SJ, Blackwell JM, Bramon E, Brown MA, 17 

Casas JP, Corvin A, Duncanson A, Jankowski JA, Markus HS, Mathew CG, Palmer CN, 18 

Rautanen A, Sawcer SJ, Trembath RC, Viswanathan AC, Wood NW, Barroso I, Peltonen L, 19 

Dale PS, Petrill SA, Schalkwyk LS, Craig IW, Lewis CM, Price TS, Donnelly P, Plomin R, 20 

Spencer CC. 2014. The correlation between reading and mathematics ability at age twelve has 21 

a substantial genetic component. Nat Commun 5:4204. 10.1038/ncomms5204 22 

de Nijs L, Leon C, Nguyen L, Loturco JJ, Delgado-Escueta AV, Grisar T, Lakaye B. 2009. 23 

EFHC1 interacts with microtubules to regulate cell division and cortical development. Nat 24 

Neurosci 12:1266-1274. 10.1038/nn.2390 25 

Dehaene S. 2009. Reading in the Brain: The New Science of How We Read. New York: Penguin 26 

Publishing Group. 27 

Dehaene S, Cohen L, Sigman M, Vinckier F. 2005. The neural code for written words: a 28 

proposal. Trends Cogn Sci 9:335-341. 10.1016/j.tics.2005.05.004 29 

Deuel TA, Liu JS, Corbo JC, Yoo SY, Rorke-Adams LB, Walsh CA. 2006. Genetic interactions 30 

between doublecortin and doublecortin-like kinase in neuronal migration and axon outgrowth. 31 

Neuron 49:41-53. 10.1016/j.neuron.2005.10.038 32 

Diaz B, Hintz F, Kiebel SJ, von Kriegstein K. 2012. Dysfunction of the auditory thalamus in 33 

developmental dyslexia. Proc Natl Acad Sci U S A 109:13841-13846. 34 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



29 
 

10.1073/pnas.1119828109 1 

Drake WE. 1968. Clinical and pathological findings in a child with a developmental learning 2 

disability. J Learn Disabil 1:486-502. 10.1177/002221946800100901 3 

Dubeau F, Tampieri D, Lee N, Andermann E, Carpenter S, Leblanc R, Olivier A, Radtke R, 4 

Villemure JG, Andermann F. 1995. Periventricular and subcortical nodular heterotopia. A 5 

study of 33 patients. Brain 118:1273-1287.  6 

Eckert M. 2004. Neuroanatomical markers for dyslexia: a review of dyslexia structural imaging 7 

studies. Neuroscientist 10:362-371. 10.1177/1073858404263596 8 

Edelman GM, Gally JA. 2001. Degeneracy and complexity in biological systems. Proc Natl Acad 9 

Sci U S A 98:13763-13768. 10.1073/pnas.231499798 10 

Eicher JD, Powers NR, Miller LL, Akshoomoff N, Amaral DG, Bloss CS, Libiger O, Schork NJ, 11 

Darst BF, Casey BJ, Chang L, Ernst T, Frazier J, Kaufmann WE, Keating B, Kenet T, 12 

Kennedy D, Mostofsky S, Murray SS, Sowell ER, Bartsch H, Kuperman JM, Brown TT, 13 

Hagler DJ, Jr., Dale AM, Jernigan TL, St Pourcain B, Davey Smith G, Ring SM, Gruen JR. 14 

2013. Genome-wide association study of shared components of reading disability and 15 

language impairment. Genes Brain Behav 12:792-801. 10.1111/gbb.12085 16 

Eicher JD, Stein CM, Deng F, Ciesla AA, Powers NR, Boada R, Smith SD, Pennington BF, 17 

Iyengar SK, Lewis BA, Gruen JR. 2015. The DYX2 locus and neurochemical signaling genes 18 

contribute to speech sound disorder and related neurocognitive domains. Genes Brain Behav 19 

14:377-385. 10.1111/gbb.12214 20 

Einarsdottir E, Peyrard-Janvid M, Darki F, Tuulari JJ, Merisaari H, Karlsson L, Scheinin NM, 21 

Saunavaara J, Parkkola R, Kantojarvi K, Ammala AJ, Yiu-Lin Yu N, Matsson H, Nopola-22 

Hemmi J, Karlsson H, Paunio T, Klingberg T, Leinonen E, Kere J. 2017. Identification of 23 

NCAN as a candidate gene for developmental dyslexia. Sci Rep 7:9294. 10.1038/s41598-017-24 

10175-7 25 

Einarsdottir E, Svensson I, Darki F, Peyrard-Janvid M, Lindvall JM, Ameur A, Jacobsson C, 26 

Klingberg T, Kere J, Matsson H. 2015. Mutation in CEP63 co-segregating with developmental 27 

dyslexia in a Swedish family. Hum Genet 134:1239-1248. 10.1007/s00439-015-1602-1 28 

Felker MV, Walker LM, Sokol DK, Edwards-Brown M, Chang BS. 2011. Early cognitive and 29 

behavioral problems in children with nodular heterotopia. Epilepsy Behav 22:523-526. 30 

10.1016/j.yebeh.2011.08.010 31 

Field LL, Shumansky K, Ryan J, Truong D, Swiergala E, Kaplan BJ. 2013. Dense-map genome 32 

scan for dyslexia supports loci at 4q13, 16p12, 17q22; suggests novel locus at 7q36. Genes 33 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



30 
 

Brain Behav 12:56-69. 10.1111/gbb.12003 1 

Fisher SE, Francks C. 2006. Genes, cognition and dyslexia: learning to read the genome. Trends 2 

Cogn Sci 10:250-257. 10.1016/j.tics.2006.04.003 3 

Fisher SE, Scharff C. 2009. FOXP2 as a molecular window into speech and language. Trends 4 

Genet 25:166-177. 10.1016/j.tig.2009.03.002 5 

Fitch WT. 2017. Empirical approaches to the study of language evolution. Psychon Bull Rev 6 

24:3-33. 10.3758/s13423-017-1236-5 7 

Franquinho F, Nogueira-Rodrigues J, Duarte JM, Esteves SS, Carter-Su C, Monaco AP, Molnar 8 

Z, Velayos-Baeza A, Brites P, Sousa MM. 2017. The dyslexia-susceptibility protein 9 

KIAA0319 inhibits axon growth through Smad2 signaling. Cereb Cortex 27:1732-1747. 10 

10.1093/cercor/bhx023 11 

Friederici AD, Gierhan SM. 2013. The language network. Curr Opin Neurobiol 23:250-254. 12 

10.1016/j.conb.2012.10.002 13 

Gabel LA, Gibson CJ, Gruen JR, LoTurco JJ. 2010. Progress towards a cellular neurobiology of 14 

reading disability. Neurobiol Dis 38:173-180. 10.1016/j.nbd.2009.06.019 15 

Gabel LA, Marin I, LoTurco JJ, Che A, Murphy C, Manglani M, Kass S. 2011. Mutation of the 16 

dyslexia-associated gene Dcdc2 impairs LTM and visuo-spatial performance in mice. Genes 17 

Brain Behav 10:868-875. 10.1111/j.1601-183X.2011.00727.x 18 

Galaburda AM. 1985. Developmental dyslexia: A review of biological interactions. Ann Dyslexia 19 

35:19-33. 10.1007/BF02659178 20 

Galaburda AM. 1989. Ordinary and extraordinary brain development: Anatomical variation in 21 

developmental dyslexia. Ann Dyslexia 39:65-80. 10.1007/BF02656901 22 

Galaburda AM. 1992. Dyslexia. N Engl J Med 327:279; author reply 280-281. 23 

10.1056/NEJM199207233270413 24 

Galaburda AM. 1993. Neurology of developmental dyslexia. Curr Opin Neurobiol 3:237-242.  25 

Galaburda AM, Kemper TL. 1979. Cytoarchitectonic abnormalities in developmental dyslexia: a 26 

case study. Ann Neurol 6:94-100. 10.1002/ana.410060203 27 

Galaburda AM, LoTurco J, Ramus F, Fitch RH, Rosen GD. 2006. From genes to behavior in 28 

developmental dyslexia. Nat Neurosci 9:1213-1217. 10.1038/nn1772 29 

Galaburda AM, Sherman GF, Rosen GD, Aboitiz F, Geschwind N. 1985. Developmental 30 

dyslexia: four consecutive patients with cortical anomalies. Ann Neurol 18:222-233. 31 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



31 
 

10.1002/ana.410180210 1 

Germano E, Gagliano A, Curatolo P. 2010. Comorbidity of ADHD and dyslexia. Dev 2 

Neuropsychol 35:475-493. 10.1080/87565641.2010.494748 3 

Gialluisi A, Newbury DF, Wilcutt EG, Olson RK, DeFries JC, Brandler WM, Pennington BF, 4 

Smith SD, Scerri TS, Simpson NH, Luciano M, Evans DM, Bates TC, Stein JF, Talcott JB, 5 

Monaco AP, Paracchini S, Francks C, Fisher SE. 2014. Genome-wide screening for DNA 6 

variants associated with reading and language traits. Genes Brain Behav 13:686-701. 7 

10.1111/gbb.12158 8 

Gilger JW. 1992. Using self-report and parental- report survey data to assess past and present 9 

academic achievement of adults and children. J Appl Dev Psychol 13:235-256. 10.1016/0193-10 

3973(92)90031-C 11 

Giraud AL, Ramus F. 2013. Neurogenetics and auditory processing in developmental dyslexia. 12 

Curr Opin Neurobiol 23:37-42. 10.1016/j.conb.2012.09.003 13 

Gleeson JG, Allen KM, Fox JW, Lamperti ED, Berkovic S, Scheffer I, Cooper EC, Dobyns WB, 14 

Minnerath SR, Ross ME, Walsh CA. 1998. Doublecortin, a brain-specific gene mutated in 15 

human X-linked lissencephaly and double cortex syndrome, encodes a putative signaling 16 

protein. Cell 92:63-72.  17 

Gonda Y, Andrews WD, Tabata H, Namba T, Parnavelas JG, Nakajima K, Kohsaka S, 18 

Hanashima C, Uchino S. 2013. Robo1 regulates the migration and laminar distribution of 19 

upper-layer pyramidal neurons of the cerebral cortex. Cereb Cortex 23:1495-1508. 20 

10.1093/cercor/bhs141 21 

Gostic M, Martinelli A, Tucker C, Yang Z, Gasparoli F, Dholakia K, Sillar K, Tello J, Paracchini 22 

S. 2018. The dyslexia susceptibility KIAA0319 gene shows a highly specific expression 23 

pattern during zebrafish development supporting a role beyond neuronal migration. bioRxiv. 24 

10.1101/267617 25 

Goswami U. 2015. Sensory theories of developmental dyslexia: three challenges for research. Nat 26 

Rev Neurosci 16:43-54. 10.1038/nrn3836 27 

Graham SA, Fisher SE. 2015. Understanding language from a genomic perspective. Annu Rev 28 

Genet 49:131-160. 10.1146/annurev-genet-120213-092236 29 

Grati M, Chakchouk I, Ma Q, Bensaid M, Desmidt A, Turki N, Yan D, Baanannou A, Mittal R, 30 

Driss N, Blanton S, Farooq A, Lu Z, Liu XZ, Masmoudi S. 2015. A missense mutation in 31 

DCDC2 causes human recessive deafness DFNB66, likely by interfering with sensory hair cell 32 

and supporting cell cilia length regulation. Hum Mol Genet 24:2482-2491. 33 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



32 
 

10.1093/hmg/ddv009 1 

Grimm D, Streetz KL, Jopling CL, Storm TA, Pandey K, Davis CR, Marion P, Salazar F, Kay 2 

MA. 2006. Fatality in mice due to oversaturation of cellular microRNA/short hairpin RNA 3 

pathways. Nature 441:537-541. 10.1038/nature04791 4 

Gu Z, Steinmetz LM, Gu X, Scharfe C, Davis RW, Li WH. 2003. Role of duplicate genes in 5 

genetic robustness against null mutations. Nature 421:63-66. 10.1038/nature01198 6 

Guadalupe T, Zwiers MP, Wittfeld K, Teumer A, Vasquez AA, Hoogman M, Hagoort P, 7 

Fernandez G, Buitelaar J, van Bokhoven H, Hegenscheid K, Volzke H, Franke B, Fisher SE, 8 

Grabe HJ, Francks C. 2015. Asymmetry within and around the human planum temporale is 9 

sexually dimorphic and influenced by genes involved in steroid hormone receptor activity. 10 

Cortex 62:41-55. 10.1016/j.cortex.2014.07.015 11 

Guerreiro MM, Hage SR, Guimaraes CA, Abramides DV, Fernandes W, Pacheco PS, Piovesana 12 

AM, Montenegro MA, Cendes F. 2002. Developmental language disorder associated with 13 

polymicrogyria. Neurology 59:245-250.  14 

Guerrero-Cazares H, Lavell E, Chen L, Schiapparelli P, Lara-Velazquez M, Capilla-Gonzalez V, 15 

Clements AC, Drummond G, Noiman L, Thaler K, Burke A, Quinones-Hinojosa A. 2017. 16 

Brief Report: Robo1 regulates the migration of human subventricular zone neural progenitor 17 

cells during development. Stem Cells 35:1860-1865. 10.1002/stem.2628 18 

Guidi LG, Mattley J, Martinez-Garay I, Monaco AP, Linden JF, Velayos-Baeza A, Molnar Z. 19 

2017. Knockout mice for dyslexia susceptibility gene homologs KIAA0319 and KIAA0319L 20 

have unaffected neuronal migration but display abnormal auditory processing. Cereb Cortex 21 

27:5831-5845. 10.1093/cercor/bhx269 22 

Habib M. 2000. The neurological basis of developmental dyslexia: an overview and working 23 

hypothesis. Brain 123:2373-2399.  24 

Hage SR, Joaquim RS, Carvalho KG, Padovani CR, Guerreiro MM. 2004. [Diagnosis of children 25 

with specific language impairment using a developmental scale]. Arq Neuropsiquiatr 62:649-26 

653. /S0004-282X2004000400015 27 

Hage SR, Nieder A. 2016. Dual neural network model for the evolution of speech and language. 28 

Trends Neurosci 39:813-829. 10.1016/j.tins.2016.10.006 29 

Hagoort P. 2014. Nodes and networks in the neural architecture for language: Broca's region and 30 

beyond. Curr Opin Neurobiol 28:136-141. 10.1016/j.conb.2014.07.013 31 

Hannula-Jouppi K, Kaminen-Ahola N, Taipale M, Eklund R, Nopola-Hemmi J, Kaariainen H, 32 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



33 
 

Kere J. 2005. The axon guidance receptor gene ROBO1 is a candidate gene for developmental 1 

dyslexia. PLoS Genet 1:e50. 10.1371/journal.pgen.0010050 2 

Hong SJ, Kim H, Schrader D, Bernasconi N, Bernhardt BC, Bernasconi A. 2014. Automated 3 

detection of cortical dysplasia type II in MRI-negative epilepsy. Neurology 83:48-55. 4 

10.1212/WNL.0000000000000543 5 

Hornickel J, Kraus N. 2013. Unstable representation of sound: a biological marker of dyslexia. J 6 

Neurosci 33:3500-3504. 10.1523/JNEUROSCI.4205-12.2013 7 

Housden BE, Muhar M, Gemberling M, Gersbach CA, Stainier DY, Seydoux G, Mohr SE, Zuber 8 

J, Perrimon N. 2017. Loss-of-function genetic tools for animal models: cross-species and 9 

cross-platform differences. Nat Rev Genet 18:24-40. 10.1038/nrg.2016.118 10 

Humphreys P, Kaufmann WE, Galaburda AM. 1990. Developmental dyslexia in women: 11 

neuropathological findings in three patients. Ann Neurol 28:727-738. 10.1002/ana.410280602 12 

Ivliev AE, t Hoen PA, van Roon-Mom WM, Peters DJ, Sergeeva MG. 2012. Exploring the 13 

transcriptome of ciliated cells using in silico dissection of human tissues. PLoS One 7:e35618. 14 

10.1371/journal.pone.0035618 15 

Jackson AL, Linsley PS. 2010. Recognizing and avoiding siRNA off-target effects for target 16 

identification and therapeutic application. Nat Rev Drug Discov 9:57-67. 10.1038/nrd3010 17 

Jednorog K, Marchewka A, Altarelli I, Monzalvo Lopez AK, van Ermingen-Marbach M, Grande 18 

M, Grabowska A, Heim S, Ramus F. 2015. How reliable are gray matter disruptions in 19 

specific reading disability across multiple countries and languages? Insights from a large-scale 20 

voxel-based morphometry study. Hum Brain Mapp 36:1741-1754. 10.1002/hbm.22734 21 

Johnson EC, Border R, Melroy-Greif WE, de Leeuw CA, Ehringer MA, Keller MC. 2017. No 22 

evidence that schizophrenia candidate genes are more associated with schizophrenia than 23 

noncandidate genes. Biol Psychiatry 82:702-708. 10.1016/j.biopsych.2017.06.033 24 

Kaufmann WE, Galaburda AM. 1989. Cerebrocortical microdysgenesis in neurologically normal 25 

subjects: a histopathologic study. Neurology 39:238-244.  26 

Kere J. 2014. The molecular genetics and neurobiology of developmental dyslexia as model of a 27 

complex phenotype. Biochem Biophys Res Commun 452:236-243. 10.1016/j.bbrc.2014.07.102 28 

Kidd S, Lieber T, Young MW. 1998. Ligand-induced cleavage and regulation of nuclear entry of 29 

Notch in Drosophila melanogaster embryos. Genes Dev 12:3728-3740.  30 

Kiggins JT, Comins JA, Gentner TQ. 2012. Targets for a comparative neurobiology of language. 31 

Front Evol Neurosci 4:6. 10.3389/fnevo.2012.00006 32 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



34 
 

Kitano H. 2004. Biological robustness. Nat Rev Genet 5:826-837. 10.1038/nrg1471 1 

Koizumi H, Tanaka T, Gleeson JG. 2006. Doublecortin-like kinase functions with doublecortin to 2 

mediate fiber tract decussation and neuronal migration. Neuron 49:55-66. 3 

10.1016/j.neuron.2005.10.040 4 

Kok FO, Shin M, Ni CW, Gupta A, Grosse AS, van Impel A, Kirchmaier BC, Peterson-Maduro 5 

J, Kourkoulis G, Male I, DeSantis DF, Sheppard-Tindell S, Ebarasi L, Betsholtz C, Schulte-6 

Merker S, Wolfe SA, Lawson ND. 2015. Reverse genetic screening reveals poor correlation 7 

between morpholino-induced and mutant phenotypes in zebrafish. Dev Cell 32:97-108. 8 

10.1016/j.devcel.2014.11.018 9 

Kvajo M, McKellar H, Gogos JA. 2012. Avoiding mouse traps in schizophrenia genetics: lessons 10 

and promises from current and emerging mouse models. Neuroscience 211:136-164. 11 

10.1016/j.neuroscience.2011.07.051 12 

Lazic SE. 2016. Experimental Design for Laboratory Biologists: Maximising Information and 13 

Improving Reproducibility. Cambridge: Cambridge University Press. 14 

Lee MC, Kim GM, Woo YJ, Kim MK, Kim JH, Nam SC, Suh JJ, Chung WK, Lee JS, Kim HI, 15 

Choi HY, Kim SU. 2001. Pathogenic significance of neuronal migration disorders in temporal 16 

lobe epilepsy. Hum Pathol 32:643-648. 10.1053/hupa.2001.24997 17 

Lefly DL, Pennington BF. 1991. Spelling errors and reading fluency in compensated adult 18 

dyslexics. Ann Dyslexia 41:141-162. 10.1007/BF02648083 19 

Leventer RJ, Jansen A, Pilz DT, Stoodley N, Marini C, Dubeau F, Malone J, Mitchell LA, 20 

Mandelstam S, Scheffer IE, Berkovic SF, Andermann F, Andermann E, Guerrini R, Dobyns 21 

WB. 2010. Clinical and imaging heterogeneity of polymicrogyria: a study of 328 patients. 22 

Brain 133:1415-1427. 10.1093/brain/awq078 23 

Levine DN, Hier DB, Calvanio R. 1981. Acquired learning disability for reading after left 24 

temporal lobe damage in childhood. Neurology 31:257-264.  25 

Livingstone MS, Rosen GD, Drislane FW, Galaburda AM. 1991. Physiological and anatomical 26 

evidence for a magnocellular defect in developmental dyslexia. Proc Natl Acad Sci U S A 27 

88:7943-7947.  28 

Logothetis NK, Sheinberg DL. 1996. Visual object recognition. Annu Rev Neurosci 19:577-621. 29 

10.1146/annurev.ne.19.030196.003045 30 

Lopez-Bendito G, Flames N, Ma L, Fouquet C, Di Meglio T, Chedotal A, Tessier-Lavigne M, 31 

Marin O. 2007. Robo1 and Robo2 cooperate to control the guidance of major axonal tracts in 32 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



35 
 

the mammalian forebrain. J Neurosci 27:3395-3407. 10.1523/JNEUROSCI.4605-06.2007 1 

LoTurco J, Manent JB, Sidiqi F. 2009. New and improved tools for in utero electroporation 2 

studies of developing cerebral cortex. Cereb Cortex 19:i120-125. 10.1093/cercor/bhp033 3 

Luciano M, Evans DM, Hansell NK, Medland SE, Montgomery GW, Martin NG, Wright MJ, 4 

Bates TC. 2013. A genome-wide association study for reading and language abilities in two 5 

population cohorts. Genes Brain Behav 12:645-652. 10.1111/gbb.12053 6 

Maisog JM, Einbinder ER, Flowers DL, Turkeltaub PE, Eden GF. 2008. A meta-analysis of 7 

functional neuroimaging studies of dyslexia. Ann N Y Acad Sci 1145:237-259. 8 

10.1196/annals.1416.024 9 

Martinez-Garay I, Guidi LG, Holloway ZG, Bailey MA, Lyngholm D, Schneider T, Donnison T, 10 

Butt SJ, Monaco AP, Molnar Z, Velayos-Baeza A. 2017. Normal radial migration and 11 

lamination are maintained in dyslexia-susceptibility candidate gene homolog Kiaa0319 12 

knockout mice. Brain Struct Funct 222:1367-1384. 10.1007/s00429-016-1282-1 13 

Massinen S, Hokkanen ME, Matsson H, Tammimies K, Tapia-Paez I, Dahlstrom-Heuser V, 14 

Kuja-Panula J, Burghoorn J, Jeppsson KE, Swoboda P, Peyrard-Janvid M, Toftgard R, Castren 15 

E, Kere J. 2011. Increased expression of the dyslexia candidate gene DCDC2 affects length 16 

and signaling of primary cilia in neurons. PLoS One 6:e20580. 10.1371/journal.pone.0020580 17 

McBride JL, Boudreau RL, Harper SQ, Staber PD, Monteys AM, Martins I, Gilmore BL, 18 

Burstein H, Peluso RW, Polisky B, Carter BJ, Davidson BL. 2008. Artificial miRNAs mitigate 19 

shRNA-mediated toxicity in the brain: implications for the therapeutic development of RNAi. 20 

Proc Natl Acad Sci U S A 105:5868-5873. 10.1073/pnas.0801775105 21 

McKavanagh R, Buckley E, Chance SA. 2015. Wider minicolumns in autism: a neural basis for 22 

altered processing? Brain 138:2034-2045. 10.1093/brain/awv110 23 

Meng H, Smith SD, Hager K, Held M, Liu J, Olson RK, Pennington BF, DeFries JC, Gelernter J, 24 

O'Reilly-Pol T, Somlo S, Skudlarski P, Shaywitz SE, Shaywitz BA, Marchione K, Wang Y, 25 

Paramasivam M, LoTurco JJ, Page GP, Gruen JR. 2005. DCDC2 is associated with reading 26 

disability and modulates neuronal development in the brain. Proc Natl Acad Sci U S A 27 

102:17053-17058. 10.1073/pnas.0508591102 28 

Mitchell KJ. 2012. What is complex about complex disorders? Genome Biol 13:237. 10.1186/gb-29 

2012-13-1-237 30 

Monzalvo K, Fluss J, Billard C, Dehaene S, Dehaene-Lambertz G. 2012. Cortical networks for 31 

vision and language in dyslexic and normal children of variable socio-economic status. 32 

Neuroimage 61:258-274. 10.1016/j.neuroimage.2012.02.035 33 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



36 
 

Morel F, Wildi E. 1952. [Disseminated nodular dysgenesis of the frontal cortex]. Rev Neurol 1 

(Paris) 87:251-270.  2 

Morgan A. 2013. Speech-language pathology insights into genetics and neuroscience: beyond 3 

surface behaviour. Int J Speech Lang Pathol 15:245-254. 10.3109/17549507.2013.777786 4 

Munafò MR, Nosek BA, Bishop DVM, Button KS, Chambers CD, Percie du Sert N, Simonsohn 5 

U, Wagenmakers E-J, Ware JJ, Ioannidis JPA. 2017. A manifesto for reproducible science. 6 

Nat Hum Behav 1:0021. 10.1038/s41562-016-0021 7 

Newbury DF, Monaco AP, Paracchini S. 2014. Reading and language disorders: the importance 8 

of both quantity and quality. Genes (Basel) 5:285-309. 10.3390/genes5020285 9 

Newbury DF, Paracchini S, Scerri TS, Winchester L, Addis L, Richardson AJ, Walter J, Stein JF, 10 

Talcott JB, Monaco AP. 2011. Investigation of dyslexia and SLI risk variants in reading- and 11 

language-impaired subjects. Behav Genet 41:90-104. 10.1007/s10519-010-9424-3 12 

Norton ES, Beach SD, Gabrieli JD. 2015. Neurobiology of dyslexia. Curr Opin Neurobiol 30:73-13 

78. 10.1016/j.conb.2014.09.007 14 

Ohno S. 1970. Evolution by Gene Duplication. New York: Springer-Verlag. 15 

Oliveira EP, Hage SR, Guimaraes CA, Brandao-Almeida I, Lopes-Cendes I, Guerreiro CA, 16 

Teixeira KC, Montenegro MA, Cendes F, Guerreiro MM. 2008. Characterization of language 17 

and reading skills in familial polymicrogyria. Brain Dev 30:254-260. 18 

10.1016/j.braindev.2007.08.010 19 

Pagnamenta AT, Bacchelli E, de Jonge MV, Mirza G, Scerri TS, Minopoli F, Chiocchetti A, 20 

Ludwig KU, Hoffmann P, Paracchini S, Lowy E, Harold DH, Chapman JA, Klauck SM, 21 

Poustka F, Houben RH, Staal WG, Ophoff RA, O'Donovan MC, Williams J, Nothen MM, 22 

Schulte-Korne G, Deloukas P, Ragoussis J, Bailey AJ, Maestrini E, Monaco AP. 2010. 23 

Characterization of a family with rare deletions in CNTNAP5 and DOCK4 suggests novel risk 24 

loci for autism and dyslexia. Biol Psychiatry 68:320-328. 10.1016/j.biopsych.2010.02.002 25 

Paracchini S. 2011. Dissection of genetic associations with language-related traits in population-26 

based cohorts. J Neurodev Disord 3:365-373. 10.1007/s11689-011-9091-6 27 

Paracchini S, Diaz R, Stein J. 2016. Advances in dyslexia genetics-New insights into the role of 28 

brain asymmetries. Adv Genet 96:53-97. 10.1016/bs.adgen.2016.08.003 29 

Paracchini S, Scerri T, Monaco AP. 2007. The genetic lexicon of dyslexia. Annu Rev Genomics 30 

Hum Genet 8:57-79. 10.1146/annurev.genom.8.080706.092312 31 

Paracchini S, Thomas A, Castro S, Lai C, Paramasivam M, Wang Y, Keating BJ, Taylor JM, 32 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



37 
 

Hacking DF, Scerri T, Francks C, Richardson AJ, Wade-Martins R, Stein JF, Knight JC, Copp 1 

AJ, Loturco J, Monaco AP. 2006. The chromosome 6p22 haplotype associated with dyslexia 2 

reduces the expression of KIAA0319, a novel gene involved in neuronal migration. Hum Mol 3 

Genet 15:1659-1666. 10.1093/hmg/ddl089 4 

Pardoe H, Kuzniecky R. 2014. Advanced imaging techniques in the diagnosis of nonlesional 5 

epilepsy: MRI, MRS, PET, and SPECT. Epilepsy Curr 14:121-124. 10.5698/1535-7597-6 

14.3.121 7 

Park JH, Wacholder S, Gail MH, Peters U, Jacobs KB, Chanock SJ, Chatterjee N. 2010. 8 

Estimation of effect size distribution from genome-wide association studies and implications 9 

for future discoveries. Nat Genet 42:570-575. 10.1038/ng.610 10 

Pennington BF. 2006. From single to multiple deficit models of developmental disorders. 11 

Cognition 101:385-413. 10.1016/j.cognition.2006.04.008 12 

Peschansky VJ, Burbridge TJ, Volz AJ, Fiondella C, Wissner-Gross Z, Galaburda AM, Lo Turco 13 

JJ, Rosen GD. 2010. The effect of variation in expression of the candidate dyslexia 14 

susceptibility gene homolog Kiaa0319 on neuronal migration and dendritic morphology in the 15 

rat. Cereb Cortex 20:884-897. 10.1093/cercor/bhp154 16 

Peterson RL, Pennington BF. 2015. Developmental dyslexia. Annu Rev Clin Psychol 11:283-307. 17 

10.1146/annurev-clinpsy-032814-112842 18 

Pillay S, Meyer NL, Puschnik AS, Davulcu O, Diep J, Ishikawa Y, Jae LT, Wosen JE, Nagamine 19 

CM, Chapman MS, Carette JE. 2016. An essential receptor for adeno-associated virus 20 

infection. Nature 530:108-112. 10.1038/nature16465 21 

Platt MP, Adler WT, Mehlhorn AJ, Johnson GC, Wright KA, Choi RT, Tsang WH, Poon MW, 22 

Yeung SY, Waye MM, Galaburda AM, Rosen GD. 2013. Embryonic disruption of the 23 

candidate dyslexia susceptibility gene homolog Kiaa0319-like results in neuronal migration 24 

disorders. Neuroscience 248:585-593. 10.1016/j.neuroscience.2013.06.056 25 

Poelmans G, Buitelaar JK, Pauls DL, Franke B. 2011. A theoretical molecular network for 26 

dyslexia: integrating available genetic findings. Mol Psychiatry 16:365-382. 27 

10.1038/mp.2010.105 28 

Poelmans G, Engelen JJ, Van Lent-Albrechts J, Smeets HJ, Schoenmakers E, Franke B, Buitelaar 29 

JK, Wuisman-Frerker M, Erens W, Steyaert J, Schrander-Stumpel C. 2009. Identification of 30 

novel dyslexia candidate genes through the analysis of a chromosomal deletion. Am J Med 31 

Genet B Neuropsychiatr Genet 150B:140-147. 10.1002/ajmg.b.30787 32 

Popper KR. 1934. The Logic of Scientific Discovery. London: Routledge. 33 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



38 
 

Pramparo T, Youn YH, Yingling J, Hirotsune S, Wynshaw-Boris A. 2010. Novel embryonic 1 

neuronal migration and proliferation defects in Dcx mutant mice are exacerbated by Lis1 2 

reduction. J Neurosci 30:3002-3012. 10.1523/JNEUROSCI.4851-09.2010 3 

Prather JF, Okanoya K, Bolhuis JJ. 2017. Brains for birds and babies: Neural parallels between 4 

birdsong and speech acquisition. Neurosci Biobehav Rev 81:225-237. 5 

10.1016/j.neubiorev.2016.12.035 6 

Price CJ. 2012. A review and synthesis of the first 20 years of PET and fMRI studies of heard 7 

speech, spoken language and reading. Neuroimage 62:816-847. 8 

10.1016/j.neuroimage.2012.04.062  9 

Rakic P. 1988. Defects of neuronal migration and the pathogenesis of cortical malformations. 10 

Prog Brain Res 73:15-37. 11 

Ramocki MB, Zoghbi HY. 2008. Failure of neuronal homeostasis results in common 12 

neuropsychiatric phenotypes. Nature 455:912-918. 10.1038/nature07457 13 

Ramos RL, Bai J, LoTurco JJ. 2006. Heterotopia formation in rat but not mouse neocortex after 14 

RNA interference knockdown of DCX. Cereb Cortex 16:1323-1331. 10.1093/cercor/bhj074 15 

Ramus F, Ahissar M. 2012. Developmental dyslexia: the difficulties of interpreting poor 16 

performance, and the importance of normal performance. Cogn Neuropsychol 29:104-122. 17 

10.1080/02643294.2012.677420 18 

Rana TM. 2007. Illuminating the silence: understanding the structure and function of small 19 

RNAs. Nat Rev Mol Cell Biol 8:23-36. 10.1038/nrm2085 20 

Raskind WH, Peter B, Richards T, Eckert MM, Berninger VW. 2013. The genetics of reading 21 

disabilities: from phenotypes to candidate genes. Front Psychol 3:601. 22 

10.3389/fpsyg.2012.00601 23 

Reiner O. 2013. LIS1 and DCX: Implications for brain development and human disease in 24 

relation to microtubules. Scientifica (Cairo) 2013:393975. 10.1155/2013/393975 25 

Reiner O, Gorelik A, Greenman R. 2012. Use of RNA interference by in utero electroporation to 26 

study cortical development: the example of the doublecortin superfamily. Genes (Basel) 27 

3:759-778. 10.3390/genes3040759 28 

Rendall AR, Tarkar A, Contreras-Mora HM, LoTurco JJ, Fitch RH. 2017. Deficits in learning 29 

and memory in mice with a mutation of the candidate dyslexia susceptibility gene Dyx1c1. 30 

Brain Lang 172:30-38. 10.1016/j.bandl.2015.04.008 31 

Richardson AJ, Ross MA. 2000. Fatty acid metabolism in neurodevelopmental disorder: a new 32 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



39 
 

perspective on associations between attention-deficit/hyperactivity disorder, dyslexia, 1 

dyspraxia and the autistic spectrum. Prostaglandins Leukot Essent Fatty Acids 63:1-9. 2 

10.1054/plef.2000.0184 3 

Richardson FM, Seghier ML, Leff AP, Thomas MS, Price CJ. 2011. Multiple routes from 4 

occipital to temporal cortices during reading. J Neurosci 31:8239-8247. 5 

10.1523/JNEUROSCI.6519-10.2011 6 

Richlan F. 2012. Developmental dyslexia: dysfunction of a left hemisphere reading network. 7 

Front Hum Neurosci 6:120. 10.3389/fnhum.2012.00120 8 

Ritchie SJ, Bates TC. 2013. Enduring links from childhood mathematics and reading 9 

achievement to adult socioeconomic status. Psychol Sci 24:1301-1308. 10 

10.1177/0956797612466268 11 

Rosen GD, Bai J, Wang Y, Fiondella CG, Threlkeld SW, LoTurco JJ, Galaburda AM. 2007. 12 

Disruption of neuronal migration by RNAi of Dyx1c1 results in neocortical and hippocampal 13 

malformations. Cereb Cortex 17:2562-2572. 10.1093/cercor/bhl162 14 

Rossi A, Kontarakis Z, Gerri C, Nolte H, Holper S, Kruger M, Stainier DY. 2015. Genetic 15 

compensation induced by deleterious mutations but not gene knockdowns. Nature 524:230-16 

233. 10.1038/nature14580 17 

Scerri TS, Macpherson E, Martinelli A, Wa WC, Monaco AP, Stein J, Zheng M, Suk-Han Ho C, 18 

McBride C, Snowling M, Hulme C, Hayiou-Thomas ME, Waye MMY, Talcott JB, Paracchini 19 

S. 2017. The DCDC2 deletion is not a risk factor for dyslexia. Transl Psychiatry 7:e1182. 20 

10.1038/tp.2017.151 21 

Scerri TS, Schulte-Korne G. 2010. Genetics of developmental dyslexia. Eur Child Adolesc 22 

Psychiatry 19:179-197. 10.1007/s00787-009-0081-0 23 

Schueler M, Braun DA, Chandrasekar G, Gee HY, Klasson TD, Halbritter J, Bieder A, Porath 24 

JD, Airik R, Zhou W, LoTurco JJ, Che A, Otto EA, Bockenhauer D, Sebire NJ, Honzik T, 25 

Harris PC, Koon SJ, Gunay-Aygun M, Saunier S, Zerres K, Bruechle NO, Drenth JP, Pelletier 26 

L, Tapia-Paez I, Lifton RP, Giles RH, Kere J, Hildebrandt F. 2015. DCDC2 mutations cause a 27 

renal-hepatic ciliopathy by disrupting Wnt signaling. Am J Hum Genet 96:81-92. 28 

10.1016/j.ajhg.2014.12.002 29 

Schulze KD, Braak H. 1978. [Brain warts]. Z Mikrosk Anat Forsch 92:609-623.  30 

Schumacher J, Hoffmann P, Schmal C, Schulte-Korne G, Nothen MM. 2007. Genetics of 31 

dyslexia: the evolving landscape. J Med Genet 44:289-297. 10.1136/jmg.2006.046516 32 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



40 
 

Shaywitz SE, Shaywitz BA. 2008. Paying attention to reading: the neurobiology of reading and 1 

dyslexia. Dev Psychopathol 20:1329-1349. 10.1017/S0954579408000631 2 

Sherman GF, Galaburda AM, Behan PO, Rosen GD. 1987. Neuroanatomical anomalies in 3 

autoimmune mice. Acta Neuropathol 74:239-242.  4 

Sherman GF, Galaburda AM, Geschwind N. 1985. Cortical anomalies in brains of New Zealand 5 

mice: a neuropathologic model of dyslexia? Proc Natl Acad Sci U S A 82:8072-8074.  6 

Smith SD. 2007. Genes, language development, and language disorders. Ment Retard Dev 7 

Disabil Res Rev 13:96-105. 10.1002/mrdd.20135 8 

Snowling MJ. 2000. Dyslexia. Oxford: Blackwell Publishers Ltd. 9 

Stein J. 2001. The magnocellular theory of developmental dyslexia. Dyslexia 7:12-36. 10 

10.1002/dys.186 11 

Szalkowski CE, Booker AB, Truong DT, Threlkeld SW, Rosen GD, Fitch RH. 2013. Knockdown 12 

of the candidate dyslexia susceptibility gene homolog Dyx1c1 in rodents: effects on auditory 13 

processing, visual attention, and cortical and thalamic anatomy. Dev Neurosci 35:50-68. 14 

10.1159/000348431 15 

Szalkowski CE, Fiondella CG, Galaburda AM, Rosen GD, Loturco JJ, Fitch RH. 2012. 16 

Neocortical disruption and behavioral impairments in rats following in utero RNAi of 17 

candidate dyslexia risk gene Kiaa0319. Int J Dev Neurosci 30:293-302. 18 

10.1016/j.ijdevneu.2012.01.009 19 

Szalkowski CE, Hinman JR, Threlkeld SW, Wang Y, LePack A, Rosen GD, Chrobak JJ, 20 

LoTurco JJ, Fitch RH. 2011. Persistent spatial working memory deficits in rats following in 21 

utero RNAi of Dyx1c1. Genes Brain Behav 10:244-252. 10.1111/j.1601-183X.2010.00662.x 22 

Takahashi DY, Fenley AR, Teramoto Y, Narayanan DZ, Borjon JI, Holmes P, Ghazanfar AA. 23 

2015. LANGUAGE DEVELOPMENT. The developmental dynamics of marmoset monkey 24 

vocal production. Science 349:734-738. 10.1126/science.aab1058 25 

Tarkar A, Loges NT, Slagle CE, Francis R, Dougherty GW, Tamayo JV, Shook B, Cantino M, 26 

Schwartz D, Jahnke C, Olbrich H, Werner C, Raidt J, Pennekamp P, Abouhamed M, Hjeij R, 27 

Kohler G, Griese M, Li Y, Lemke K, Klena N, Liu X, Gabriel G, Tobita K, Jaspers M, 28 

Morgan LC, Shapiro AJ, Letteboer SJ, Mans DA, Carson JL, Leigh MW, Wolf WE, Chen S, 29 

Lucas JS, Onoufriadis A, Plagnol V, Schmidts M, Boldt K, Roepman R, Zariwala MA, Lo 30 

CW, Mitchison HM, Knowles MR, Burdine RD, Loturco JJ, Omran H. 2013. DYX1C1 is 31 

required for axonemal dynein assembly and ciliary motility. Nat Genet 45:995-1003. 32 

10.1038/ng.2707 33 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



41 
 

Threlkeld SW, McClure MM, Bai J, Wang Y, LoTurco JJ, Rosen GD, Fitch RH. 2007. 1 

Developmental disruptions and behavioral impairments in rats following in utero RNAi of 2 

Dyx1c1. Brain Res Bull 71:508-514. 10.1016/j.brainresbull.2006.11.005 3 

Truong DT, Che A, Rendall AR, Szalkowski CE, LoTurco JJ, Galaburda AM, Holly Fitch R. 4 

2014. Mutation of Dcdc2 in mice leads to impairments in auditory processing and memory 5 

ability. Genes Brain Behav 13:802-811. 10.1111/gbb.12170 6 

Tsuboi D, Kuroda K, Tanaka M, Namba T, Iizuka Y, Taya S, Shinoda T, Hikita T, Muraoka S, 7 

Iizuka M, Nimura A, Mizoguchi A, Shiina N, Sokabe M, Okano H, Mikoshiba K, Kaibuchi K. 8 

2015. Disrupted-in-schizophrenia 1 regulates transport of ITPR1 mRNA for synaptic 9 

plasticity. Nat Neurosci 18:698-707. 10.1038/nn.3984 10 

Vandermosten M, Boets B, Wouters J, Ghesquiere P. 2012. A qualitative and quantitative review 11 

of diffusion tensor imaging studies in reading and dyslexia. Neurosci Biobehav Rev 36:1532-12 

1552. 10.1016/j.neubiorev.2012.04.002 13 

Veerappa AM, Saldanha M, Padakannaya P, Ramachandra NB. 2013. Family-based genome-14 

wide copy number scan identifies five new genes of dyslexia involved in dendritic spinal 15 

plasticity. J Hum Genet 58:539-547. 10.1038/jhg.2013.47 16 

Velayos-Baeza A, Levecque C, Kobayashi K, Holloway ZG, Monaco AP. 2010. The dyslexia-17 

associated KIAA0319 protein undergoes proteolytic processing with γ-secretase-independent 18 

intramembrane cleavage. J Biol Chem 285:40148-40162. 10.1074/jbc.M110.145961 19 

Vernes SC. 2017. What bats have to say about speech and language. Psychon Bull Rev 24:111-20 

117. 10.3758/s13423-016-1060-3  21 

Walsh CA, Goffinet AM. 2000. Potential mechanisms of mutations that affect neuronal migration 22 

in man and mouse. Curr Opin Genet Dev 10:270-274. 23 

Wang Y, Paramasivam M, Thomas A, Bai J, Kaminen-Ahola N, Kere J, Voskuil J, Rosen GD, 24 

Galaburda AM, Loturco JJ. 2006. DYX1C1 functions in neuronal migration in developing 25 

neocortex. Neuroscience 143:515-522. 10.1016/j.neuroscience.2006.08.022 26 

Wang Y, Yin X, Rosen G, Gabel L, Guadiana SM, Sarkisian MR, Galaburda AM, Loturco JJ. 27 

2011. Dcdc2 knockout mice display exacerbated developmental disruptions following 28 

knockdown of doublecortin. Neuroscience 190:398-408. 10.1016/j.neuroscience.2011.06.010 29 

Wang ZI, Jones SE, Jaisani Z, Najm IM, Prayson RA, Burgess RC, Krishnan B, Ristic A, Wong 30 

CH, Bingaman W, Gonzalez-Martinez JA, Alexopoulos AV. 2015. Voxel-based 31 

morphometric magnetic resonance imaging (MRI) postprocessing in MRI-negative epilepsies. 32 

Ann Neurol 77:1060-1075. 10.1002/ana.24407 33 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



42 
 

Webster RI, Erdos C, Evans K, Majnemer A, Saigal G, Kehayia E, Thordardottir E, Evans A, 1 

Shevell MI. 2008. Neurological and magnetic resonance imaging findings in children with 2 

developmental language impairment. J Child Neurol 23:870-877. 10.1177/0883073808315620 3 

Wilson R, Geyer SH, Reissig L, Rose J, Szumska D, Hardman E, Prin F, McGuire C, Ramirez-4 

Solis R, White J, Galli A, Tudor C, Tuck E, Mazzeo CI, Smith JC, Robertson E, Adams DJ, 5 

Mohun T, Weninger WJ. 2017. Highly variable penetrance of abnormal phenotypes in 6 

embryonic lethal knockout mice. Wellcome Open Res 1:1. 10.12688/wellcomeopenres.9899.2 7 

World Health Organisation. 2008. International statistical classification of diseases and related 8 

health problems. 10th ed. Geneva, Switzerland: WHO Press. 9 

Xu LM, Li JR, Huang Y, Zhao M, Tang X, Wei L. 2012. AutismKB: an evidence-based 10 

knowledgebase of autism genetics. Nucleic Acids Res 40:D1016-1022. 10.1093/nar/gkr1145 11 

Yeh ML, Gonda Y, Mommersteeg MT, Barber M, Ypsilanti AR, Hanashima C, Parnavelas JG, 12 

Andrews WD. 2014. Robo1 modulates proliferation and neurogenesis in the developing 13 

neocortex. J Neurosci 34:5717-5731. 10.1523/JNEUROSCI.4256-13.2014 14 

Young-Pearse TL, Bai J, Chang R, Zheng JB, LoTurco JJ, Selkoe DJ. 2007. A critical function 15 

for beta-amyloid precursor protein in neuronal migration revealed by in utero RNA 16 

interference. J Neurosci 27:14459-14469. 10.1523/JNEUROSCI.4701-07.2007 17 

Yuan W, Zhou L, Chen JH, Wu JY, Rao Y, Ornitz DM. 1999. The mouse SLIT family: secreted 18 

ligands for ROBO expressed in patterns that suggest a role in morphogenesis and axon 19 

guidance. Dev Biol 212:290-306. 10.1006/dbio.1999.9371 20 

Zhao J, Thiebaut de Schotten M, Altarelli I, Dubois J, Ramus F. 2016. Altered hemispheric 21 

lateralization of white matter pathways in developmental dyslexia: Evidence from spherical 22 

deconvolution tractography. Cortex 76:51-62. 10.1016/j.cortex.2015.12.004 23 

 24 

25 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



43 
 

Figure legends 1 

Figure 1. Micro-abnormalities in the cerebral cortex in postmortem histopathological 2 

studies of dyslexia. (A-C) Nissl staining of serial sections from the dyslexia case in Galaburda 3 

and Kemper 1979 where the cerebral cortex shows signs of cortical defects in the form of layer 1 4 

ectopias (A, arrowhead; scale = 1 mm), dysplasia in the left cingulate cortex (B; scale = 2 mm), 5 

as well as neurons in the white matter (arrowhead) and dyslamination in the occipital cortex (C; 6 

scale = 2 mm). (D) The distribution of micro abnormalities in a case from Galaburda et al. 1985 7 

showing these to be concentrated around the left peri-sylvian area of the brain as shown in the 8 

schematic diagram of the left (L) and right (R) hemisphere where black dots denote the location 9 

of identified defects. Images adapted from Galaburda and Kemper 1979, Galaburda et al. 1985. 10 

 11 

Figure 2. RNA interference against key dyslexia susceptibility genes (Kiaa0319, Dcdc2, 12 

Dyx1c1) impairs neuronal migration after in utero electroporation in the developing cortex 13 

of rat embryos. Images show sections of the developing rat neocortex four days after 14 

electroporation, with targeted neurons in green due to the presence of GFP for labelling. In the 15 

control experiment, neurons are seen occupying the entire length of the cortical wall, with most 16 

neurons in the cortical plate or intermediate zone. A dramatic difference is seen in the case of 17 

neurons targeted with shRNA constructs against Kiaa0319, Dcdc2 or Dyx1c1, as the majority 18 

occupy the ventricular or intermediate zone, with only a small proportion in the cortical plate. 19 

Adapted from Paracchini et al. 2007. 20 

 21 

Figure 3. Possible relationship between susceptibility genes and dyslexia. Diagram depicting 22 

view where susceptibility genes have a direct causal relationship (solid lines) to dyslexia via 23 

defects in neuronal migration (a, c), or one where risk genes lead to dyslexia via a more complex, 24 

indirect route (dashed line; b). 25 

 26 

Figure 4. Genetic deletion of KIAA0319 does not affect neuronal migration in mice. (A) 27 

Images show sections of the neocortex of mice immunolabelled to identify neurons in the upper 28 

layer of the mouse neocortex (Cux1+, II-IV, green) and those in the lower layers (Ctip2+, V-VI, 29 

red) for control (+/+), animals lacking one functional copy of Kiaa0319 (+/-) and Kiaa0319 KO 30 

(-/-) mice at 10 days post-partum (P10). The distribution of the two groups of neurons appears to 31 
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be the same across the different conditions as they occupy their determined layer, despite the 1 

absence of KIAA0319 in the case of mutants, contrary to what would be expected were 2 

KIAA0319 to play a role in neuronal migration. (B) Sections of the neocortex of mouse embryos 3 

following in utero electroporation with Cre recombinase to disrupt the genetic sequence of 4 

Kiaa0319 and eliminate the production of functional protein. Animals were electroporated at 5 

embryonic day E14.5 and analysed 4 days later, using control animals (+/+), mice with one copy 6 

of Kiaa0319 with conditional KO potential (F/+) and mice with both conditional KO copies of 7 

Kiaa0319 (F/F). Cells electroporated are shown in green, with all cells labelled with DAPI in 8 

blue. Neurons lacking one (F/+) or both (F/F) copies of Kiaa0319 (green cells) appear to occupy 9 

the cortical plate, near the marginal zone, in the same proportion as that seen in the control 10 

sample (+/+), suggesting they were able to migrate as normal. Scale bars = 100 μm. MZ, 11 

marginal zone; CP, cortical plate; IZ, intermediate zone; SVZ, sub-ventricular zone; VZ, 12 

ventricular zone. Modified from Martinez-Garay et al. 2017. 13 

 14 
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Table 1. Functional studies on key dyslexia susceptibility genes. 
 

Gene Study Method Species Comments 

Dyx1c1 Evidence in favour of a role in neuronal migration 

 Wang et al. 2006 shRNA Rat  

 Rosen et al. 2007 shRNA Rat Hippocampal malformation 

 Threlkeld et al. 2007 shRNA Rat Hippocampal malformation 

 Currier et al. 2011 shRNA Rat  

 Adler et al. 2013 shRNA Rat  

 Szalkowski et al. 2013 shRNA Rat Hippocampal malformation 

 Evidence against a role in neuronal migration 

 Rendall et al. 2017 Gene KO Mouse  

 Other functions 

 Threlkeld et al. 2007 shRNA Rat Auditory processing & 

spatial learning 

 Szalkowski et al. 2011 shRNA Rat Working memory 

 Szalkowski et al. 2013 shRNA Rat Auditory processing & 

visual attention 

 Chandrasekar et al. 

2013 

 Zebrafish Cilia development / function 

 Tarkar et al. 2013 Gene KO Mouse Cilia development / function 

 Rendall et al. 2017 Gene KO Mouse Learning & memory 

Dcdc2 Evidence in favour of a role in neuronal migration 

 Meng et al. 2005 shRNA Rat  

 Burbridge et al. 2008 shRNA Rat Hippocampal malformation 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.26637v1 | CC BY 4.0 Open Access | rec: 7 Mar 2018, publ: 7 Mar 2018



46 
 

 Wang et al. 2011 shRNA Mouse (Dcx knockdown in Dcdc2 

KO) 

 Adler et al. 2013 shRNA Rat  

 Evidence against a role in neuronal migration 

 Wang et al. 2011 Gene KO Mouse Constitutive and acute KO 

 Other functions 

 Gabel et al. 2011 Gene KO Mouse Memory & visuo-spatial 

perception 

 Massinen et al. 2011  Neuronal 

cultures 

Cilia development / function 

 Centanni et al. 2016 shRNA Rat Speech sound 

discrimination 

 Che et al. 2014 Gene KO Mouse Synaptic transmission (slice 

physiology) 

 Truong et al. 2014 Gene KO Mouse Auditory processing & 

memory 

 Grati et al. 2015  Human 

cell lines 

Cilia development 

 Che et al. 2016 Gene KO Mouse Synaptic transmission (slice 

physiology) 

Kiaa0319 Evidence in favour of a role in neuronal migration 

 Paracchini et al. 2006 shRNA Rat  

 Peschansky et al. 2010 shRNA Rat  

 Szalkowski et al. 2012 shRNA Rat  

 Adler et al. 2013 shRNA Rat  
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 Evidence against a role in neuronal migration 

 Martinez-Garay et al. 

2017 

Gene KO Mouse Constitutive and acute KO 

 Guidi et al. 2017 Gene KO Mouse Constitutive and acute KO 

 Other functions 

 Peschansky et al. 2010 shRNA Rat Neuronal branching 

 Velayos-Baeza et al. 

2010 

 Human 

cell lines 

Possible intracellular 

signalling 

 Szalkowski et al. 2012 shRNA Rat Memory & auditory 

processing 

 Szalkowski et al. 2013 shRNA Rat White matter volume 

 Centanni et al. 2014 shRNA Rat Neuronal excitability (slice 

physiology) 

 Martinez-Garay et al. 

2017 

Gene KO Mouse Prepulse inhibition + 

anxiety 

 Franquinho et al. 2017 Gene KO Mouse Axon growth 

   Nuronal 

cultures 

 

Kiaa0319L Evidence in favour of a role in neuronal migration 

 Platt et al. 2013 shRNA Rat  

 Evidence against a role in neuronal migration 

 Guidi et al. 2017 Gene KO Mouse Constitutive and acute KO 

 Other functions 

 Pillay et al. 2016  Human 

cell lines 

Cell surface receptor 
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  Gene KO Mouse  

 Guidi et al. 2017 Gene KO Mouse Auditory processing 

Robo1 Evidence in favour of a role in neuronal migration 

 Andrews et al. 2006 Gene KO Mouse  

 Lopez-Bendito et al. 

2007 

Gene KO Mouse Interneurons 

 Gonda et al. 2013 Gene KO 

/ shRNA 

Mouse  

 Guerrero-Cazares et al. 

2017 

 Human 

neural 

stem cells 

 

 Other functions 

 Kidd et al. 1998 Gene KO Fruitfly Axon guidance 

 Andrews et al. 2006 Gene KO Mouse Axon guidance 

 Yeh et al. 2014 Gene KO 

/ shRNA 

Mouse Cell division 
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