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Abstract

Int roduct ion: Dyslexia is a learning disabilit y in which reading (but  not  any other) 
impairment  is the most  prominent  symptom. There seems to be a high comorbidity among 
dyslexia and other learning disabilit ies, such as SLI, SSD or ADHD.
Development : The nulear defi cit  in dyslexia appears to correspond to an impairment  in 
phonological processing. St ructural and funct ional studies in dyslexic readers converge to 
indicate the presence of malformat ions in the brain areas corresponding to the reading 
systems, but  also a failure of these systems to funct ion properly during reading. Genes 
linked (or associated) to dyslexia have been shown to be involved in neuronal migrat ion 
and axon guidance during the format ion of the cortex. In the developing cerebral 
neocortex of rats, local loss of funct ion of most  of these genes not  only results in abnormal 
neuronal migrat ion and neocort ical and hippocampal malformat ions, but  also in defi cits 
related to auditory processing and learning. While the st ructural malformat ions resemble 
neuronal migrat ion abnormalit ies observed in the brains of individuals with developmental 
dyslexia, processing/ learning defi cits also resemble defi cits described in individuals 
affected by the disease.
Conclusions: On the whole, dyslexia seems to be on a cont inuum with typical reading at  
dif ferent  biological levels (genet ic, biochemical, physiological, cognit ive). Furthermore, 
certain elements belonging to some of these levels (mainly -some of the- genes linked or 
associated to the disease, but  also -some of the- neuronal st ructures whose development  
is regulated by these genes) would simultaneously belong to those of other cognit ive 
abilit ies, which give rise to diseases of a dif ferent  nature (i.e. non- dyslexic impairments) 
when they are impaired
© 2009 Sociedad Española de Neurología. Published by Elsevier España, S.L. All rights 
reserved.
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Introduction

The abil it y to read writ t en texts is acquired thanks to a 

process of  learning and specifi c t raining that  normally goes 

on for a long t ime, even though it  ends up with a 

considerable level of  automat ism. However,  a signifi cant  

percentage of  children do not  acquire this abil it y as a 

mat ter of  course, in spite of  going through the usual 

learning process and having a normal intellectual capacit y 

in other aspects.  Dyslexia is therefore a learning disorder 

characterised by an obvious diffi cult y in recognising 

writ t en words accurately and/ or fl uent ly,  as if  t here were 

a signifi cant  loss in the abil it y to decipher or spell t hem 

out . 1 Consequent ly,  t he competence fi nally acquired by 

dyslexics in these skil ls does not  correlate in the usual way 

with age, intell igence level,  general cognit ive abil it ies, 

and/ or educat ional st imuli received during their 

development . 2 Generally,  reading diffi cult ies are persistent  

and do not  disappear with t ime, although they can clearly 

be alleviated to a certain extent  if  appropriate correct ive 

therapy is given. 3 Overall,  t he prevalence of  this disorder 

has been est imated at  around 20% of  the given populat ion, 

even though it  is considered that  30%-35% of them could 

really have a much lower reading abil it y than considered 

basic (namely,  that  entail ing an ef fect ive comprehension 

of  what  is read). 4 Dyslexia has been reported as a disorder 

associated to all human language writ ing systems, including 

not  only those with alphabet ical or syllabic characters, 

but  also those of  a logographic nature. 5 In the specifi c case 

of  alphabet ical systems, dyslexia has been observed in 

languages whose orthography is t ransparent ,  t hat  is,  where 

there is a pract ically univocal correlat ion between 

phonemes and graphemes, as well as in others where this 

does not  occur. 6

More and more commonly, one tends to consider dyslexia 

(and generally all reading diffi cult ies) less as a discrete 

category (which, apart  from other considerat ions, would 

make reading abilit y it self  a bimodally dist ributed abilit y), 

but  rather that  it  consists of a part icular interval in a 

cont inuum that  makes up the reading competence. This is 
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Neurobiología y neurogenética de la dislexia

Resumen

Int roducción: La dislexia es un t rastorno cognit ivo que lleva aparej ada una competencia 
lectora reducida y que suele ser comórbido con ot ros que t ienen como característ ica 
dist int iva un défi cit  en la capacidad de aprendizaj e y de adquisición de competencias 
específi cas (fundamentalmente, t rastorno específi co del lenguaj e, de los sonidos del ha-
bla o por défi cit  de atención e hiperact ividad).
Desarrol lo: En el caso de la dislexia, el défi cit  nuclear parece corresponderse con una 
disfunción del componente fonológico de la memoria de t rabaj o verbal. El cerebro de los 
individuos disléxicos presenta diversos t ipos de malformaciones est ructurales, así como 
pat rones anómalos de act ividad cerebral durante las tareas de lectura y delet reo, que 
conciernen, ent re ot ras, a las áreas que integran el disposit ivo de procesamiento cuya 
act ividad se ha asociado con estas act ividades en la población no disléxica. Los genes 
ident ifi cados hasta la fecha cuya mutación parece const ituir un componente causal (o un 
factor de riesgo) signifi cat ivo en relación con el t rastorno codifi can proteínas que inter-
vienen en la regulación de la migración de determinados linaj es neuronales o del proceso 
de axonogénesis. La disminución del grado de expresión de los correspondientes genes 
ortólogos produce en el cerebro de los organismos modelo del t rastorno alteraciones 
est ructurales y funcionales semej antes a las observadas en los individuos disléxicos. Di-
chas alteraciones originan, a su vez, défi cit  audit ivos y cognit ivos que recapitulan sat is-
factoriamente los descritos en dichos individuos.
Conclusiones: En conj unto, resulta plausible la hipótesis de que la dislexia vendría a ser, 
en diferentes niveles de complej idad biológica (genét ico, bioquímico, fi siológico, cogni-
t ivo), y en mayor o menor grado, un ext remo del cont inuo de desarrollo que representa 
la capacidad de lectura en la población general; al mismo t iempo, algunos de los elemen-
tos que integran estos niveles (en part icular —varios de—, los genes relacionados con el 
t rastorno, así como —algunas de— las est ructuras neuronales cuyo desarrollo está regula-
do, en buena medida, por los programas que conforman dichos genes) podrían formar 
parte simultáneamente de los correspondientes a ot ras capacidades cognit ivas, cuya dis-
función da lugar a t rastornos de diferente naturaleza clínica.
© 2009 Sociedad Española de Neurología. Publicado por Elsevier España, S.L. Todos los 
derechos reservados.
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an interval that  is convent ionally delimited by virtue of 

certain stat ist ically characterist ic measures. People who 

have reached full reading competence would also form a 

part  of this cont inuum, together with those who usually are 

not  able to read fl uent ly.7 This dimensional concept  of 

reading abilit y means that  the impact  of dyslexia on 

individuals can vary. In principle, the groups that  can be 

made according to pedagogical or therapeut ic criteria 

should be mainly arbit rary and-also in principle-devoid of 

biological validity.4 However, as is discussed further on, the 

dimensional concept  of the disorder seems to agree fairly 

well with results derived from genet ic analysis. There are 

other results, obtained from psychomet ric tests normally 

used for diagnosis that  assess the diverse parameters and 

abilit ies relat ing to reading abilit y (phonological awareness, 

abilit y for phonological and orthographical deciphering, 

abilit y to read single words, listeme organisat ion pat tern, 

and abilit y to spell).  These results seem to show that  there 

are various subtypes of dyslexia,8 whose dif ferences would 

consequent ly exceed the components of the disorder that  

were merely phenotypic or clinical,  by bestowing a 

neurological and genet ic character as well.9

A lot  of evidence seems to indicate that  dyslexia also has 

an eminent ly neurobiological origin and is specifi cally 

caused by an abnormal development  and dysfunct ion of 

certain neural circuits. In turn, these st ructural and 

funct ional anomalies would originate, to a certain degree; 

from the mutat ion of certain genes.10 Our fi rst  obj ect ive 

was to review succinct ly the main st ructural and funct ional 

neural alterat ions in the brains of individuals who are 

dyslexic. An addit ional obj ect ive was to discuss the most  

relevant  factors that  seem to corroborate the idea that  

these anomalies have a fundamentally genet ic origin (which 

does not  mean that  the relevant  role played by environmental 

factors in the appearance and evolut ion of this disorder 

should be devalued). Therefore, the main part  of the art icle 

dissects the nature and funct ion of the genes ident ifi ed to 

date that  could be considered the main candidates (and not  

simply mere risk factors) for the appearance of the disorder. 

The paper’s last  obj ect ive, presented as the conclusion of 

everything discussed in it ,  is two-fold: fi rst ,  an evaluat ion 

of the implicat ions that  neurological and genet ic analyses 

of dyslexia have for a more precise understanding of it s 

biological nature (and therefore of human cognit ion); and 

second, bet ter diagnosis and t reatment  of this complex 

condit ion. In view of these obj ect ives and due to the nature 

of art icle review, special care has been taken to search for 

and choose the references consulted in preparing the 

document . Two fundamental criteria have been followed: 

1) a direct  link to these obj ect ives (and special relevance 

when referring to them) and how often it  is ment ioned in 

the work (as could not  be otherwise), but  especially 2) it s 
current  relevance. Consequent ly, preference has been given 

to the most  recent  publicat ions and the latest  advances 

produced in relat ion to the work’s obj ect ives and the 

dif ferent  quest ions t reated in it .  This has gained special 

importance with regard to the search for, ident ifi cat ion of, 

and molecular and funct ional characterisat ion of genes 

related to the disorder.

The origin of dyslexia

There have been several theories concerning the origin of 

dyslexia.11,12 It  has been pointed out  that  the nuclear defi cit  

of the disorder could be due to the inability to process (and 

discriminate) ext remely rapid acoust ic-type sensorial 

impulses (linguist ic and non-linguist ic).13 Likewise, taking 

into account  that  reading is an eminent ly visual act ivity, 

which requires correct ly processing the aspect  and form of 

the characters comprising the language’s writ ten form,8 it  

has been said that  dyslexia could be largely caused by a 

defi cit  in the ability to process visual st imuli.14 Taking into 

account  the automat ism that  in t ime ends up characterising 

reading ability (part icularly in cases where this is based on 

establishing a correlat ion between phonemes and 

graphemes), it  has also been said that  dyslexia could 

originate from (or that  its appearance could be signifi cant ly 

condit ioned by) a cerebellar dysfunct ion. It  should be 

remembered that  the cerebellum, aside from its role in 

motor cont rol, seems to form part  of verbal working memory, 

which allows short -term handling and storage of linguist ically 

relevant  informat ion.15 It  operates by maintaining the lexical 

elements present  in a phrase, thanks to their phonet ic 

propert ies; that  is, by act ing like a sort  of “ silent  speech”  

and thus “ refreshing”  the phonological representat ions of 

the terms.16 Therefore, especially when the verbal memory 

load is increased above working capacity in cort ical areas 

(and the reliability of the “ silent  speech”  mechanism is 

consequent ly compromised), the cerebellum acts by 

comparing acoust ic phonological representat ions with the 

art iculat ion of the “ silent  speech” .17 Finally, it  has been 

postulated that  the origin of dyslexia could be found in a 

dysfunct ion in the magnocellular pathway (which intervenes 

in act ivat ing and redirect ing at tent ion mechanisms in the 

higher-level cort ical areas). This would give rise to different  

sensorial defi cits, including those of an auditory and visual 

character ment ioned before (although possibly causing a 

cerebellar dysfunct ion as well).18,19 However, the maj ority of 

specialists consider that  the nuclear defi cit  of the disorder 

corresponds to a neural circuit  dysfunct ion that  is responsible 

for the phonological processing ability.12,20 This capacity is 

the result  of coordinat ing several related abilit ies, such as 

phonological awareness or the ability to decipher, store, and 

recuperate phonemes. Whenever this phonological defi cit  is 

found, we also see that  there is inadequate learning of 

existent  compat ibilit ies between phonemes and graphemes, 

thereby compromising normal acquisit ion of reading 

competence.12,21

Neurobiology of dyslexia

Neurobiological aspects of the ability to read 
in the normal population

Overall,  data from neuro-imaging analysis seem to indicate 

that  fl uent  reading is only possible if  there is correct  

interact ion between at  least  3 main processing systems, 

located in the left  cerebral hemisphere.
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The fi rst  of  these systems is situated in the vent ral part  

of  the occipitotemporal region and is integrated by several 

areas of  middle temporal and middle occipital gyrus. 22,23 

This area, known as the visual word form area (VWFA), 24,25 

receives informat ion f rom the ext ra-st riate cortex areas 

of  both hemispheres implicated in processing the purely 

visual st imuli related to the writ t en form of  words. One of 

the main dut ies this region seems to be guaranteeing a 

sort  of  competency in the visual recognit ion of  writ t en 

words and the sequences these form (in cont rast  to other 

visual st imuli) and allowing writ t en texts-and their 

components-to be perceived quickly during the reading 

process. 6

The 2 remaining systems together make up the so-called 

phonological system.26 The fi rst  of them is located in the 

dorsal temporo-parietal and from it  forms part  of the 

angular and supramarginal gyrus, as well as the posterior 

areas of the upper temporal lobe area.22,23 This system is 

specifi cally in charge of analysing words; it  seems to work 

as an integrat ing region where the associat ion between 

graphemes and phonemes is produced.27 In turn, the second 

of the systems that  make up the phonological system seems 

to be composed mainly of the lower front  lobe area, 

part icularly Broca’s area. It  is worth point ing out  that  this 

area has progressively stopped being considered as the only 

causal cort ical area of syntact ic organisat ion and speech 

motor execut ion. It  is now considered as one of the 

components in verbal working memory, as it  is precisely in 

charge of phonet ic tasks of a nature and part icipates 

part icularly in processing phonet ic t raits with a phonological 

value during word recept ion28,29 and generat ion.30-32 In this 

way, it s role in computat ion tasks inherent  to comprehension 

and syntact ic product ion is reduced to it s intervent ion in 

very specifi c aspects of both processes, fundamentally in 

tasks related to the applicat ion of the so-called 

t ransformat ional rules during the comprehension of speech 

and specifi c tasks in creat ing the process of syntact ic 

hierarchy during its generat ion.33 It  therefore does not  take 

part  direct ly in the basic combining act ivity needed to 

process sentences (generat ing const ituent  st ructure, lexical 

insert ion, etc.).

Neurobiological aspects of reading dysfunction 
in the normal population

From the neuroanatomical point  of  view, dyslexia seems to 

associate it self  t o various st ructural anomalies result ing 

f rom an abnormal neural migrat ion pat tern,  which mainly 

af fects the lef t  hemisphere perisylvian areas. 34,35 Among 

these anomalies ectopia,  dysplasia,  and microgyria stand 

out , 34,36 as well as the annexed perivent ricular nodular 

heteropias. 37 Likewise, the start  of  micro-st ructural white 

mat ter degradat ion has been seen in the temporo-parietal 

area in dyslexic individuals. 38,39 In certain cases, a change 

in grey mat ter volume has also been reported; this would 

af fect  certain cort ical areas (fundamentally the upper 

temporal gyrus and the temporo-occipital cortex of  the 

lef t  hemisphere) and would be associated to a modifi cat ion 

of  it s normal act ivat ion pat tern. 40 In fact ,  neuro-imaging 

studies have shown that  individuals with dyslexia show 

various anomalies in the act ivit y and funct ional organisat ion 

of  dif ferent  brain areas that  seem to intervene in the 

reading process (which were referred to previously). 41,42 

Consequent ly,  in global terms, we can see less general 

act ivit y in the lef t  hemisphere and a compensatory over-

act ivat ion of  certain right  hemisphere areas. Under-

act ivit y part icularly concerns the 2 subsystems of  the 

processing system implicated in reading abil it y that  are 

located in the posterior cerebral areas, 20,22,43 as well as in 

certain ext rast riate cortex areas of  the lef t  hemisphere 

and thalamus; however,  these are also located in certain 

areas of  the right  hemisphere, cent red on the fusiform, 

post  cent ral and temporal gyrus. 44 Over-act ivit y 

fundamentally corresponds to the previous subcomponent  

of  the processing system that  is in charge of  reading20,22,43 

(although there are dif fering opinions44),  as well as some 

other cort ical areas, mainly located in the right  hemisphere, 

including the inferior f rontal gyrus in this hemisphere, the 

counterpart  region to the occipitotemporal system it self  

(t hat  is,  t he VWFA23 area),  t he anterior insular,  and the 

thalamus. 44

It  has been reported that  some of the diffi cult ies that  

dyslexics characterist ically show during (and for) reading, 

part icularly those concerning incorrect  establishment  of 

grapheme-phoneme correlat ion-such as those seen during 

phonological pract ice/ segmentat ion-are specifi cally caused 

by the incorrect  interconnect ion pat tern between the 

previous processing subsystem and those that  follow. This is 

specifi cally due to a modulatory act ivity interrupt ion that  

comes from the funct ional relat ionship that  normally exists 

between fusiform gyrus, inferior frontal gyrus, and the 

lower port ion of the parietal lobe.45 Addit ionally, both in 

individuals who are dyslexic and in ineffi cient  adult  readers, 

who to a great  extent  read by recurring to memorised 

words, the occipitotemporal system is found to be connected 

to several memory systems located in the front  lobe of the 

left  hemisphere.46 This circumstance sat isfactorily agrees 

with the verifi cat ion that  the occipitotemporal subsystem 

locat ion normally ends up moving to a more posterior and 

medial posit ion as the age of the individual having the 

disorder4 increases. This is probably in relat ion to the 

consolidat ion of irregular processing in this system, in which 

memory plays a more important  role. It  is no wonder that  

precisely this more posterior and medial area is preferent ially 

act ivated during the reading process in normal people who 

speak languages that  use writ ing systems of an ideographic 

or logographic nature, whose characters consequent ly have 

to be memorised.47 This is dif ferent  to languages using 

alphabet ical or syllabic systems, where the act ivat ion 

pat tern, associated to establishing phoneme-grapheme 

links, is more anterior and lateral than in the aforement ioned 

model. It  is also worth point ing out  that , in the case of the 

fi rst  type of languages, the funct ional anomalies detected 

in dyslexics also seem to dif fer, to a certain degree, from 

those observed in individuals who speak alphabet ical 

languages. This means that  a greater decrease in act ivity 

(also related to a decrease in grey mat ter volume) is usually 

detected in the medial area of the frontal gyrus in the left  
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hemisphere.48 Finally, we must  also point  out  that  some 

researchers13,49 have related dyslexia to a dysfunct ion of 

certain neural circuits in charge of sensory st imuli 

processing, in part icular those located in the primary visual 

cortex.

Due to therapeut ic implicat ions, we must  emphasise that  

carrying out  auditory process exercises and oral linguist ic 

t raining (which st imulates processing phonological tasks) in 

individuals who are dyslexic normally results in an increase 

in cort ical area act ivity that  is implicated in the phonological 

process together with a compensatory over-act ivat ion of 

other cort ical areas.50 These 2 increases seem to mit igate 

the symptoms associated to the disorder. This circumstance 

also indicates that  the processing system implicated in 

reading tasks is plast ic enough (even in adults) to guarantee 

achieving suffi cient  abilit y to discriminate cont rast ing 

phonological characterist ics as long as the st imulat ion is 

appropriate.13,50-52.

Neurogenetics of dyslexia

Dyslexia heritability

Dyslexia has a complex genet ic and environmental base. 49 

Generally, genet ic factors seem to explain 30%-70% of the 

variabilit y in reading abilit y observed in the normal 

populat ion.53 It  seems appropriate to confi rm something 

like this in certain aspects of this abilit y, part icularly certain 

endophenotypes of the disorder (that  is, any quant ifi able 

component  of the area found between the condit ion and 

the genes, which can appear as a cognit ive, neuroanatomical, 

neurophysiological, endocrinal or biochemical character54),  

such as: 1) phonological processing abilit y (for which genet ic 

cont ribut ion has been calculated at  60%-70% when assessed 

in terms of pseudoword reading abilit y); 2) orthographic 

processing abilit y (whose cont ribut ion for this would be 

between 30% and 60%),55,56 or 3) spelling abilit y (where 

heritabilit y would be 75%).57 Likewise, heritabilit y 

coeffi cients of the dif ferent  cognit ive processes that  

intervene in reading (and consequent ly the dif ferent  end 

phenotypes of the disorder) are related among themselves 

in such a way that , for example, the abilit ies for phonological 

and orthographical deciphering would cover up to 60%,8 

which would suggest  that  a part  of the genes implicated in 

these processes would presumably be the same. This would 

agree with (and explain to a great  extent ) the existence of 

an overlapping act ivat ion pat tern in the cerebral cent res in 

charge of this type of processes.58 It  has also been seen that  

genet ic factors infl uencing general intelligence or linguist ic 

competence (à la Chomsky) are similarly relevant  in reading 

competence.59,60

The t ransmission pat tern of  dyslexia,  based on the 

heritabil it y analyses carried out  through the standard 

methods (t ransmission of  the condit ion in family group 

studies,  regression studies that  compare dyslexia 

prevalence in groups of  twins,  whether ident ical or not , 

etc.) indicates that  the disorder is not  normally t ransmit ted 

as a Mendelian character and is a heterogeneous condit ion 

f rom a genet ic point  of  view. 61 Consequent ly,  dif ferent  

genes are implicated in it s appearance. 62 This t ype of 

analysis has been extended to dif ferent  endophenotypes 

of  the disorder (and to reading competence in general).  

For example, it  has been suggested that  the abil it y for 

pseudoword repet it ion would be inherited codominant ly 

and there would be 2 (or somet imes 3) genes implicated. 

Whereas, for example, considering phonological 

deciphering abil it y,  t here would be a polygenic background 

and 2 genes would probably be involved. 63 In any case, it  

should be remembered that  the heritabil it y level of  the 

disorder depends to a great  extent  on the environmental 

factor exposure level,  which must  be considered a risk for 

it s appearance. This,  in the specifi c case of  dyslexia, 

makes the heritabil it y observed inversely proport ional to 

the age of  the individuals af fected. 64

Dyslexia-related loci and dyslexia candidate genes 

This signifi cant  heritabilit y that  characterises dyslexia 

(which is dif ferent  than in other cognit ive disorders) has 

signifi cant ly st imulated the efforts to t ry to ident ify and 

st ructurally characterise hypothet ical genes whose mutat ion 

could be a signifi cant  causal component  of the disorder. For 

this, posit ional cloning is normally used, which allows the 

phenotype anomaly to be associated to a specifi c 

chromosomal fragment , which later sequences itself ,  so as 

to determine the nature of the gene (or genes) contained in 

it .  The main methodological tool in posit ional cloning is 

linkage or associat ion analysis, which consists of determining 

dyslexia co-heritabilit y with a suffi cient ly raised number of 

polymorphic genet ic markers (generally SNP, single 
nucleot ide polymorphisms), whose posit ion in each 

chromosome is known. In the case of linkage analysis, the 

process starts with a group of people whose family 

relat ionships are known, which notably reduces the number 

of genet ic markers needed to delimit  the area of interest . 49 

In cont rast , associat ion analysis is applied to populat ions 

consist ing of individuals whose family relat ionship is 

unknown, which in turn means that  a much greater number 

of polymorphic markers must  be used.65 The response 

capacity of associat ion analysis has been increased to a 

great  extent  by the recent  development  of the so-called 

GWAS (genome-wide associat ion studies). These studies, by 

using the whole genome, not  only make linkage analysis 

unnecessary, they also allow researchers to simultaneously 

determine the existence and locat ion of mult iple loci 

suscept ible to the disorder, instead of having to exclusively 

cent re on one (or several).66 Linkage and associat ion analysis 

have a clear advantage in making it  possible to establish 

genotype/ phenotype correlat ions when there is an absence 

of precise data concerning aet iology of a certain disorder. 

However, it  should be remembered that  it  is also certain 

that  the precision and relevance of these results are found 

to be condit ioned by several factors (for a more complete 

review, see Benítez-Burraco67);  one of the most  important  is 

the group of criteria used to defi ne, characterise, and assess 

the affected phenotype.10 Using a bat tery of psychomet ric 

tests is becoming more and more frequent  in the 
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ident ifi cat ion, characterisat ion, and select ion of the right  

phenotypes (instead of opt ing to rest rict  oneself  to a 

categorical defi nit ion of the disorder and its phenotypes, as 

was previously done). This is precisely what  has allowed 

dyslexia to be t reated, in the sense indicated previously, as 

a variable cont inuum (and as an ext reme of the cont inuum 

that  makes up the general populat ion’s reading abilit y) and 

consequent ly apply quant itat ive analysis methods to it s 

genet ic analysis. This has brought  about  the ident ifi cat ion 

of the corresponding quant itat ive t rait  loci (QTL), that  is, 

loci associated to quant itat ive t raits. These represent  

stat ist ically signifi cant  confi dence intervals where one gene 

or various genes, whose dysfunct ion under certain 

environmental condit ions and in a certain populat ion give 

rise to the phenotype studied or const itute a risk factor for 

it s appearance, are located in a specifi c chromosomal 

area.68-71 Apart  from that , in certain cases this type of 

analysis has been made easier or complemented with a 

detailed study of places where chromosomal rearrangement  

has occurred, as Karyotype exams of certain individuals 

affected by the disorder seem to indicate. The analysis of 

this nature can reach a considerable degree of resolut ion; 

for example, through fl uorescent  in sit u hybridizat ion 

(FISH), it  is consequent ly possible to detect  t ranslocat ions 

where chromosomal fragments of only 100kb are 

implicated.66

Linkage and associat ion studies in part icular, have 

ident ifi ed several loci that , if  they exist ,  are potent ially 

related to dyslexia (DYX1 to DYX9, according to the Human 

Gene Nomenclature Commit tee [ht tp:/ / www.gene.ucl.ac.

uk/ nomenclature/ ],  although the corresponding analysis 

has only been replicated in 4 of them: DYX1, DYX2, DYX5, 

and DYX6),66 as well as a great  many addit ional loci that  

could at t ribute a suscept ibilit y to the disorder. From 3 of 

these loci (DYX1, DYX2, and DYX5), it  has been possible to 

clone and ident ify a total of 4 genes considered dyslexia 

candidate genes. Detailed funct ional studies are being 

conducted on these genes to t ry and clear up their 

physiological role and establish the way their mutat ion 

cont ributes to the appearance of dyslexia.66 As discussed 

further on, this type of research seems to confi rm that  all 

the genes ident ifi ed up t il l now have a link to dyslexia. 

Genet ic character analyses have likewise confi rmed that  in 

this aspect  the disorder would const itute only an ext reme, 

in quant itat ive terms, of the genet ic factor (and 

environmental) group implicated in the normal populat ion’s 

reading abilit y (although it  is possible that  some of the 

genes that  confer suscept ibilit y to dyslexia do not  direct ly 

infl uence the reading abilit y of the non-dyslexic 

populat ion72).

DYX1

The DYX1 locus corresponds to 15q21 and correlates not  

only with reading abil it y (isolated words) but  also with 

spell ing,  although apparent ly it  would not  do so with any 

specifi cally phonological dyslexia endophenotypes. 73-75 The 

mutat ion of  the DYX1C1 gene in this area (caused by a 

t ranslocat ion that  interrupts it s sequence) cosegregates 

with the disorder in the family analysed by Taipale et  al. 76 

The gene is made up f rom 10 exons and it s t ranscript ion 

seems to give way to dif ferent  mRNA (with sizes varying 

between 1kb and 5kb) thanks to a process of  alternat ive 

maturit y.  The main mRMA of  the gene encodes a protein of 

420 amino acids,  whose most  relevant  characterist ic is the 

presence of  3 tet rat ricopept ide repeats (TPR) domains in 

their carboxyl-thermal area. 76 These are regulatory factor 

characterist ics that  funct ion integrated into mult i-protein 

complexes, given that  they are responsible for protein-

protein interact ions. 77 A mult i protein complex intervenes 

in gene expression regulat ion, integrated by genet ic 

regulators TFII-I,  PARP1, and SFPQ. 78 The DYX1C1 gene is 

expressed in dif ferent  t issues, including lung, hepat ic, 

t est icular,  and brain.  In the case of  the brain,  and in an 

organism such as the rat ,  t he orthologous gene is expressed 

during embryonic development  in the whole forebrain, 

primarily in the neocortex,  hippocampus, and choroid 

plexus, as well as the cerebellum and st riatum. 79 In turn, 

the protein DYX1C1 is preferent ial ly located in the nucleus 

of  certain neurons and in the glial cells of  the cerebral 

cortex. 76 It  has been shown that  it  could specifi cally 

intervene in radial neuronal migrat ion regulat ion. 80 This 

hypothesis has been recent ly confi rmed thanks to the 

confi rmat ion that  in rats a decrease in the t ranscripted 

value of  the DYX1C1 gene during embryonic development , 

induced by RNA interference (RNAi),  signifi cant ly changes 

the normal migrat ion pat tern of  neurons in the 

perivent ricular region. This altered migrat ion pat tern 

init ial ly stops the migratory process of  certain neuron 

groups, and later causes the appearance of ,  specifi cally, 

an abnormal bimodal migratory pat tern.  This,  in turn 

displaces certain neurons to a lesser degree than usual and 

they are const rained in the white mat ter and cort ical layer 

VI,  while the maj orit y of  them are displaced further away 

than their usual dest inat ion. 79 An example of  other 

st ructural changes associated to gene expression decrease 

is the presence of  ectopia in the molecular layer of  the 

cortex,  af fect ing several cortex layers.  Another example 

consists of  the appearance of  a hippocampus malformat ion, 

which brings about  a change in it s normal anatomical 

organisat ion and af fects a quarter of  pyramidal neurons; 

this specifi cally result s in the appearance of  localised 

heterotopias,  part icularly in the CA1 area. 79 In rats,  t he 

neuron changes associated to decreased DYX1C1 gene 

messenger RNA (mRNA) values are not  confi ned to the 

st ructural plane, but  are also accompanied by signifi cant  

behavioural changes. These consist  fundamentally of  a 

decrease in the processing capacit y of  complex auditory 

st imuli t hat  occur during both childhood and adulthood 

(preferent ial ly associated to malformat ions that  af fect  

the cortex),  as well as decreased abil it y for spat ial capacit y 

(l inked, in this case, to hippocampus malformat ions). 81

The relat ionship between the DYX1C1 gene and dyslexia 

seems to be also confi rmed by the fact  that  dyslexic people 

studied up t il l now have had up to 8 dif ferent  polymorphisms 

detected in it s gene sequence, 2 of which seem to be 

unequivocally associated with the disorder and have 



Neurobiology and neurogenet ics of dyslexia 569

important  funct ional consequences. The fi rst  of them 

(–3G→A) affects the gene promoter area and modifi es the 

putat ive binding sequence of the mult i-protein complex 

integrated by the genet ic regulators TFII-I,  PARP-1, and 

SFPQ.78 These specifi cally produce a change in the binding 

level of factor TFII-I to the promoter (and consequent ly to 

gene expression),78 as well as of the t ranscript ion factors 

Elk-1 and HSTF (one must  take into account  that  factor Elk-

1 is a t ranscript ion act ivator that  in an organism such as a 

rat  has been related to learning tasks82,83).  The second 

polymorphism (1249G→T) would give rise to a t runcated 

protein that  could not  be funct ional,76 given that  the absent  

fragment  seems to be necessary and suffi cient  to promote 

normal radial neuron migrat ion.80 Aside from this, it  has 

been indicated that  these 2 polymorphisms (as well as other 

dif ferent  ones, situated in both the gene promoter area and 

modifi es the putat ive binding sequence of the mult i-protein 

complex integrated by the genet ic regulators TFII-I,  PARP-1, 

and SFPQ.78 These specifi cally produce a change in the 

binding level of factor TFII-I to the promoter (and 

consequent ly to gene expression),78 as well as of the 

t ranscript ion factors Elk-1 and HSTF (one must  take into 

account  that   factor Elk-1 is a t ranscript ion act ivator that  in 

an organism such as a rat  has been related to learning 

tasks82,83).  The second polymorphism (1249G→T) would give 

rise to a t runcated protein that  could not  be funct ional, 76 

given that  the absent  fragment  seems to be necessary and 

suffi cient  to promote normal radial neuron migrat ion.80 

Aside from this, it  has been indicated that  these 2 

polymorphisms (as well as other dif ferent  ones, situated in 

both the gene promoter area in the encoder one) are mainly 

correlated to the dyslexia endophenotype that  corresponds 

to short  term memory dysfunct ion.84,85 At  any rate, one 

should also state the fact  that  many researchers have 

quest ioned the link of the DYX1C1 gene to the disorder.86 

They claim that  there is a signifi cant  percentage of dyslexic 

individuals who have none of these polymorphisms, while it  

has been detected in non-dyslexics who show many gene 

sequence changes. It  has even been reported that  it  could 

really be another gene that  corresponds to QTL for the 

dyslexia exist ing in 15q21.10

DYX2

A second locus for the disorder seems to be in the 6p2287-89 

area. It  corresponds to a QTL related to several dyslexia 

components,  including those of  a phonological and 

orthographical nature87 t hat  are part icularly l inked to the 

most  serious variants of  the condit ion. 90 Several associat ion 

studies have made it  possible to progressively delimit  t he 

chromosomal f ragment  implicated, unt il  suggest ing that  

there are 2 genes that  could correspond to locus DYX2. 

The fi rst  would be DCDC2,  located in 6p22.1,  which is 

mainly expressed in the entorhinal cortex,  inferior 

temporal cortex,  medial t emporal cortex,  hypothalamus, 

amygdala,  and hippocampus. 91 It  was init ial ly suggested 

that  there was a relat ionship between dyslexia and certain 

polymorphisms of  this gene and, to a lesser degree, 

between the disorder and specifi c delet ions that  af fected 

int ron 2,  which had eliminated several binding tandem 

mot ives to the t ranscript ion factors PEA3 and NF-ATp that  

intervene in the cerebral development  regulat ion. 91 (In 

mouse PEA3, it  specifi cally intervenes in the arborisat ion 

regulat ion of  the peripheral motor neurons, 92 while NF-ATp 

modulates the axonogenesis implicated in establishing 

neuron connect ions during embryonic development 93).  

However,  the spat ial expression pat tern seems to be the 

same in dyslexic and non-dyslexic individuals.  Consequent ly, 

it  has been indicated that  gene mutat ion could give rise in 

dyslexics to a protein funct ion deregulat ion, caused by a 

change in normal gene expression values. 91 The DCDC2 

gene encodes a protein that  has 2 doublecort in (DCX) 

domains implicated in microtubule binding, 94 which are 

similar to those exist ing in the DCX protein.  A DCX mutat ion 

gives rise to a t ype of  l issencephaly and seems to intervene 

in neuron migrat ion regulat ion. 95 It  has consequent ly been 

proposed that  the DCDC2 protein could also part icipate in 

neuron migrat ion regulat ion, intervening part icularly in 

determining the correct  posit ion of  neurons in several 

cortex layers.  This could have a modulator role in this 

regulatory system, instead of  being an essent ial component , 

as would be the DCX case. 91 This hypothesis seems to be 

corroborated by the confi rmat ion that  in rats a decrease in 

knockdown (RNAi-induced DCDC2 gene expression) in 

cort ical neuron progenitor cells in the embryo vent ricular 

area causes a serious alterat ion in the normal neuronal 

migrat ion pat tern,  which to a great  extent  af fects the 

pyramidal neurons of  the hippocampus. Among the 

consequences of  this alterat ion, one should ment ion: 1) 
t he appearance of  a bimodal migratory pat tern (in which 

up to a third of  neurons exceed their usual dest inat ion in 

their migrat ion, while a tenth of  them hardly leave the 

vent ricular area);  2) a signifi cant  change in the normal 

cerebral cortex organisat ion pat tern;  and 3) t he appearance 

of  heterotopic neurons in the perivent ricular area. 96 

Schumacher et  al97 have confi rmed the relat ionship 

between the DCDC2 gene with the most  serious dyslexia 

variant ,  while Wilcke et  al98 have recent ly done so with 

less serious non-dysphonet ic dyslexia variants (which are 

consequent ly dyseidet ic).

However, for other researchers99,100 the stat ist ically 

signifi cant  relat ionship between dyslexia and chromosome 

6 would happen in specifi cally the 6p22.2 area, very close 

to the previous one, where the KIAA0319 gene is found. This 

gene is mainly expressed in nerve t issue, 101 with the 

peculiarity that , at  least  in mice, it  does so during neocortex 

development , coinciding with the neural migrat ion 

process.102 The gene encodes a highly glycosylated membrane 

protein (either N-glycosylated or O-glycosylated), which 

contains several PKD repeats (which seem to intervene in 

the interact ion between neurons and glial cells) and which 

will act  in vivo in a dimeric way, thanks to there being 

various cysteine-rich areas in it s sequence located in both 

inside and also in the t ransmembrane domain surroundings. 103 

In rats, an RNAi-induced decrease in mRNA values causes 

the maj ority of the neurons to remain detained in the 

proliferat ive vent ricular area.102 In view of all this evidence, 

it  has been proposed that  the protein KIAA0319 would 
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intervene in the interact ion and adhesion phenomena that  

take place between neurons and radial glial cell fi bres. In 

this way, the migrat ion of certain cerebral cortex neuron 

populat ions is regulated during embryonic development . In 

any case, one should bear in mind that  the maturity pat tern 

of the gene seems complex, because at  least  3 alternat ive 

t ranscripts are detected in vivo.  Two of these t ranscripts 

would give rise to proteins that  lack t ransmembrane 

domain,104 with the peculiarity that  1 of them (the KB form, 

which exclusively lacks amino acids encoded by exon 19) 

would secrete itself  outside the cell.  This would mean it  

might  funct ion as a component  of a signal t ransduct ion 

route, as suggested by the MANSC and PKD domains present  

in the protein.103 

With regard to the causal relat ionship between dyslexia 

and gene mutat ion, a posit ive correlat ion between certain 

haplotypes and a decrease in gene expression has been 

established.102 The relat ionship between the disorder and 

certain mutat ions that  specifi cally affect  the area that  

regulates its expression, part icularly that  situated far above 

the fi rst  exon, has also been demonst rated.105 Recent  studies 

have not  only related KIAA0319 gene mutat ion with the 

appearance of dyslexia, but  they have indicated that  this 

gene plays a relevant  role in the development  of (and in the 

natural variabilit y associated to) the reading abilit y of the 

general populat ion.61,106

It  is possible that  each of these 2 genes infl uences a 

certain component  of dyslexia, as the DCDC2 gene seems to 

show a greater relat ionship to the dyslexia endophenotype 

corresponding to spelling abilit y, while KIAA0319 does the 

same with that  which corresponds to the seriousness of the 

disorder and perhaps also with that  of phonological 

deciphering abilit y. Apart  from that , the indicat ions that  

both genes could physiologically interact  are also 

signifi cant 105,107 and one of the most  relevant  indicat ions in 

this respect  is the fact  that  certain studies point  to that  the 

most  signifi cant  associat ion in this chromosome 6 area with 

dyslexia is that  it  would take place specifi cally with certain 

SNPs located precisely in the regulatory area of the KIAA0319 
gene.105 However, for other researchers, despite these 

promising results, not  only the DCDC2 gene but  also the 

KIAA0319 gene make up simple risk factors for the disorder, 

whose relevance would depend on the analysed person’s 

genet ic background or even on the process followed for the 

analysis.108

DYX3

The third locus for dyslexia is located in chromosome 2, 

possibly in the 2p16-p15 area109,  although the 2p11 area110 

and even the 2q22.3111 have also been indicated as 

probable.  Francks et  al112 set  out  a 60-75 Mb fragment  of 

the fi rst  of  these areas as the possible DYX3 locus. It  would 

be fundamentally associated to the phonological awareness 

endophenotype, l ikewise ruling out  that  the dyslexia 

candidate genes would be 2 of  those present .  This is 

part icularly t rue in the case of  SEMA4F,  which encodes the 

protein implicated in determining the direct ion of  axon 

growth cone development ,  and OTX1,  which encodes a 

homeot ic t ranscript ion factor implicated in the regulat ion 

of  forebrain specifi cat ion and regionalisat ion. Anthoni et  

al113 have recent ly suggested that  locus associated to 

dyslexia present  in this chromosome could correspond to a 

157kb f ragment  situated in the 2p12 area, in such a way 

that  the 2 risk haplotypes ident ifi ed by them (which 

overlap each other and have a j oint  surface area of  16kb) 

would be found specifi cally in the chromosome area 

consist ing of  the MRPL19 and C2ORF3 genes on the one 

hand, and FLJ13391 on the other.  This region would have 

certain long-distance regulators for the expression of  the 

genes MRPL19 and C2ORF.  Several research result s  seem 

to point  to this,  including the following factors that  should 

be ment ioned: 1) t he fact  that  the l inkage imbalance 

observed is greater in the specifi c case of  these 2 genes; 

2) t he circumstance that  genes MRPL19 and C2ORF3 co-

express themselves in several areas of  the adult  brain;  3) 
t he confi rmat ion that  C2ORF3 expression sat isfactorily 

correlates with that  of  other genes related to dyslexia, 

part icularly with genes DYX1C1, ROBO1 and DCDC2,  while 

MRPL19 does so with KIAA0319;  4) t he fact  that  none of 

the non-synonymous changes detected in the encoding 

sequences have a signifi cant  relat ionship with the disorder; 

and 5) t he fact  that ,  in people heterozygous for risk 

alleles,  MRPL19 and C2ORF3 gene expression would be less 

than that  detected in normal heterozygotes. 113 In brain 

t issue, MRPL19 gene expression seems to give rise to a 

single t ranscript , 113 which encodes one of  the proteins that  

the mitochondrial ribosomes114 integrate.  In turn,  C2ORF3 

mRNA seems to suf fer some type of  alternat ive processing, 113 

with the main mRNA encoding a protein of  781 amino acids 

of  unknown funct ion. 115

DYX4

This fourth locus of the disorder is found in the 6q11.2-q12 

area. It  is mainly related to spelling abilit y and phonological 

encoding,116 even though no gene has been cloned from it  

yet .

DYX5

The fi f th locus of the disorder corresponds to the 

chromosomal area 3p12-q13. The ROBO1 gene, considered 

as the fourth main dyslexia candidate gene ident ifi ed unt il 

now, is located in this area. and a correlat ion between the 

disorder and lower gene expression has therefore been 

established. 117 Several facts indicate that  the protein 

encoded by the ROBO1 gene could intervene in axon 

growth regulat ion, probably in those that  cross f rom one 

brain hemisphere to the other. 117,118 In Drosophi la,  for 

example, the orthologous gene ROBO encodes a membrane 

receptor that  forms part  of  a signal t ransduct ion chain 

implicated in the regulat ion of  axon and dendrite growth. 119 

However,  in mice, the ROBO1 gene (fundamentally 

expressed in the cerebral cortex and the developing 

thalamus) does so in a way complementary to Slit ,  a 

negat ive regulator of  axon growth. It  has been reported 

that  the Robo1 protein specifi cally intervenes in growth 
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regulat ion of  fi bres proj ected outside the brain cortex 

together with those that  form part  of  the thalamocort ical 

proj ect ions. 120 Finally,  in Xenopus laevis,  t he Slit -Robo 

receptor binding seems to inhibit  t he st imulat ing ef fect  

that  net rin-1 has on axon genesis.  This consequent ly 

cont ributes to modulat ing the compet it ive ef fect  that  

signals of  at t ract ion and repulsion have on the speed and 

direct ion of  axon growth. 121 

It  is worth ment ioning that  locus DYX5 has also been 

related to what  is known as speech-sound disorder (SSD). 122 

This is a cognit ive dysfunct ion whose most  normal clinical 

manifestat ion is making errors in the generat ion of speech 

sounds, caused by many dif ferent  problems, which while 

they affect  art iculat ion, mainly concern phonological and/

or linguist ic processing.123 The SSD locus in the 3p12-q13 

area has been part icularly correlated to the dyslexia 

endophenotype that  corresponds to phonological 

memory.124

DYX6

This locus corresponds to the chromosomal area 18p11.2125,  

although in this case it  has also been impossible to ident ify 

any candidate gene from it .126 Nevertheless, the linkage 

analysis carried out  up t il l now suggests that  it  is one of the 

most  promising loci from a stat ist ical point  of view. It  is 

especially linked to the endophenotypes in single word 

reading abilit y and phonological awareness.25

DYX7

The seventh dyslexia locus is found in the 11p15.5 area and 

linkage analysis that  point  to it  was carried out  by Hsiung et  

al.127 Among all the many genes in this area, those suggested 

as dyslexia candidates are: 1) the SCT gene,  which encodes 

so-called secret in, a neuropept ide of the VIP/ glucagon 

family, whose act ivity is necessary for normal brain 

development 128,129;  2) the STIM1 gene,  that  presumably 

intervenes in regulat ion of nervous system development  

and in response to external st imuli and encodes a protein 

that  seems to part icipate in many cellular interact ions and 

signal t ransduct ion processes130;  3) the MTR1 (TRPM5) gene,  
whose funct ional characterist ics and physiological role 

would be similar to those of the STIM1131 gene; and 4) the 

HRAS gene,  which encodes a GTPase that  takes part  in a 

signal t ransduct ion chain implicated in long-term 

potent iat ion regulat ion, synapt ic plast icity, and neural 

growth and dif ferent iat ion,132 and whose mutat ion is also 

related to aut ism.133 

However, the most  appealing candidate in this respect  

seems to be the DRD4 gene,  which encodes the dopamine 

D4 receptor.  There are at  least  3 reasons for this:  1) because 

in the case of this gene, the stat ist ical l inkage analysis 

value is part icularly high 127;  2) the fact  that  certain 

polymorphic variants of the gene (mainly the one known as 

the DRD4 VNTR genotype, characterised by the presence of 

7 tandem repet it ions of a 48 pb fragment  located in exon 

3) have been related to the disorder through at tent ion 

defi cit  and hyperact ivit y disorder (ADHD)134-137.  This would 

agree sat isfactorily with the comorbidit y of ten seen 

between dyslexia and ADHD, 138,139 part icularly that  which 

corresponds to some of it s endophenotypes, such as 

inat tent ion (but  not  to hyperact ivit y-impulsiveness)140;  and 

3) because the gene expresses it self  in the hippocampus 

and the frontal cortex, 141,142 which are brain areas that  

intervene in execut ive funct ions, l inguist ic processing, 

memory, and at tent ion. However, it  should indicated that  

unt il now no stat ist ically signifi cant  l ink has been detected 

between dyslexia and any of the alleles of the DRD4 
genotype associated to ADHD. 127 This means that  in the 

case of the fi rst  of  these disorders, other polymorphic 

variants from the gene or even another close gene might  

be implicated.

DYX8

The eighth dyslexia locus corresponds to the chromosomal 

area 1p34-p36.143,144 This locus presents the peculiarity that  

it  has a gene homologous to KIAA0319,  called KIAA0319L,  
one of whose haplotypes seems to have a quite a signifi cant  

relat ionship with certain dyslexia endophenotypes. This is 

part icularly t rue of reading effi ciency (a compound 

parameter that  j oint ly assesses ident ifi cat ion abilit y and 

deciphering of isolated words) and with quick naming of 

obj ects and colours.145 The locus has also been related to 

ADHD.146

DYX9

The ninth and last  dyslexia locus is found in Xq27.3. 147 The 

interest  that  it  has lies in the fact  that  several indicat ions 

seem to show that  in the case of this disorder there should 

be risk alleles associated to gender148;  one of the most  

relevant  is the greater prevalence of males in the 

condit ion.149 It  should also be taken into account  that  this 

area has been related to what  is known as the fragile X 

(chromosome) syndrome,150 one of the most  frequent  forms 

of hereditary mental retardat ion, which includes many 

speech disturbances151,152 among its characterist ic symptoms 

but  also those of a linguist ic nature.153 Furthermore, these 

speech disturbances are caused by t ranscript ion silencing 

through FMR1 gene methylat ion in the maj ority of cases.154 

This gene encodes a regulator capable of modulat ing 

interpretat ion in up to 4% of the cerebral genes through the 

format ion of complex ribonucleoproteins (mRNP) in the 

neural nucleus.155 It  therefore plays a crucial role in neural 

plast icity regulat ion,156,157 thanks to it s role in determining 

the proper establishment  and appropriate funct ioning of 

dendrit ic spines.158

Other dyslexia-related loci 

As well as the previous loci,  it  has been suggested that  

there is a signifi cant  stat ist ical link between dyslexia and 

certain areas of chromosomes 7 and 13, part icularly in areas 

7q32.2,110 13q12,159 13q21,160 and 13q22.1,125 as well as areas 

18q22.2-q22.3 and 21q21-q22. 125 However, neither of these 

results has been replicated up to now. 
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There is no doubt  that  area 7q32.2 is of  part icular 

interest ,  given that  it s delet ion seems to entail,  among 

other symptoms, an anomalous language development  as 

occurs with those described by Sarda et  al161 and Zeesman 

et  al, 162 which af fect  the areas 7q31.2-7q32.3 and 7q31.2-

7q32.2 respect ively.  This phenotype anomaly certainly 

seems to be caused specifi cally by haploinsuffi ciency of 

the FOXP2 gene located in 7q31, which encodes a 

t ranscript ion repressor that  seems to regulate certain 

aspects of  this neural dif ferent iat ion process. These are 

part icularly needed for the correct  organisat ion and/ or 

normal funct ioning of  certain cort ical-thalamus-st riate 

circuit s associated to motor planning, sequent ial behaviour, 

and procedural learning; they are consequent ly relevant  

for l inguist ic st imuli processing. As is well known, gene 

mutat ion leads to recept ive and expressive diffi cult ies of 

many kinds, which have generally been described as a 

orofacial dyspraxia l inked to development  or a spast ic 

dysarthria,  but  that  include specifi cally l inguist ic character 

defi cit s that  af fect  (among other aspects) the abil it y to 

store relevant  phonological informat ion in the verbal 

working memory and perhaps in the sequent ial art iculat ion 

process unit s with a phonological value, which is 

part icularly relevant  in the case of  dyslexia. 163-166 It  is t rue 

that  even in cases where the analysis seemed to suggest  

there was a relat ionship between dyslexia and the 7q32 

area, it  has been possible to fi nd individuals having a 

mutated FOXP2 gene. 110 In addit ion,  we cannot  yet  discard 

the hypothesis that  these supposed mutat ions could have 

af fected some of  the regulatory regions of  the gene. In 

any case, the conclusions of  the analysis carried out  in this 

respect  current ly point  to the fact  that  none of  the loci 

related to specifi c language impairment  (SLI) would really 

overlap with those related to dyslexia. 167 This is t rue 

despite having f requent ly seen that  individuals showing 

SLI normally end up present ing some form of  dyslexia 

during their development .  In fact ,  it  has been indicated 

that  this comorbidit y between SLI and dyslexia could be 

explained by the fact  that ,  t o a great  extent ,  t he fi rst  

seems to have also been caused by a defi cit  in short -term 

phonological memory and perhaps by a defi cit  in temporal 

resolut ion abil it y as well. 168 For this reason, a great  part  of 

the loci related to the “ canonical”  SLI forms (that  is,  not  

associated to FOXP2 gene mutat ion) are st il l  part icularly 

appealing a prior i  in the case of  dyslexia,  as happens 

especially with locus SL1. This is associated to 3 variables 

that  assess reading abil it y and, consequent ly,  phonological 

working memory; locus SLI3,  associated to the 

endophenotype SLI “ reading abil it y disorder” ,  and an 

addit ional locus situated in 17q23 and associated to the 

phenotypic component  “ reading problems” .  Whether the 

end the FOXP2 gene is or is not  implicated in the appearance 

of  dyslexia,  what  is certain is that ,  bearing in mind all 

t hese facts,  it  has been suggested that  both disorders 

should have a part ial ly common genet ic base. 169 All t he 

shared genes would therefore be mainly those that  take 

part  in establishing and making short -term phonological 

memory funct ion. 168 On the other hand, it  is st il l  signifi cant  

that  certain chromosomal rearrangements that  af fect  this 

area-especially balanced chromosome t ranslocat ions 

t (1;7)(q21.3;q34) and t (7;22)(q32;q11.2)-have been 

correlated to the Coffi n-Siris syndrome. 170,171 This has been 

characterised by, among other symptoms, a moderate 

mental retardat ion that  on occasions means slower 

language emergence, although l inguist ic ontogeny seem to 

end up complet ing it self  normally in some people. 172

Regarding areas present  in chromosome13, it  is equally 

signifi cant  that  the13q21 area in part icular, where one of 

the QTL related to SLI is actually located–specifi cally locus 

SLI3, which, as previously indicated, is found to be st rongly 

associated to the endophenotype for reading abilit y 

defi cit .160 As far as the13q12 area, one should take into 

account  that  the 13q13.2-q14.1 area, part icularly, 

corresponds to an aut ism locus (AUTS3) that  shows a 

stat ist ically signifi cant  linkage to a subtype of this disorder 

that  includes among its dist inct ive symptoms several types 

of specifi cally linguist ic defi cits.173 The area 13q13.2-q14.1 

includes at  least  4 genes that  express themselves in the 

brain and whose products are presumably implicated with 

it s development : NBEA, MAB21L1, DCAMKL1,  and MADH6 
(SMAD9)174 (for a complete review on this area, see Benítez-

Burraco175).  On the other hand, the CENPJ176 gene is found in 

13q12.2, which corresponds to locus MCPH6 and encodes a 

J protein associated to the cent romere, which would be 

implicated in microtubule nucleat ion.177,178 This gene 

mutat ion gives rise to a primary microcephaly, a congenital 

microcephaly subtype where there are characterist ically no 

serious neurological changes or dysmorphias179 and in which 

abnormal cort ical volume reduct ion is specifi cally due to a 

decrease in the number of neurons.180 However, there is 

again no evidence of a possible relat ionship between this 

gene and dyslexia to date.

The loci discussed up t il l now have been ident ifi ed 

principally through populat ion samples composed of 

individuals affected by the disorder (in categorical terms). 

However, there are some addit ional loci that  have been 

ident ifi ed thanks to applying linkage analysis and associat ion 

to samples corresponding to nuclear endophenotypes of 

dyslexia. Besides those previously ment ioned regarding SLI 

and SSD, it  is worth point ing out  specifi cally that  those 

associated to phonological memory (assessed by a 

pseudoword repet it ion test ) include areas 4p12 and 12p and 

probably also 17q.181

Other dyslexia candidate genes (or genes that 
should at least be considered as risk factors)

Analysing certain chromosomal rearrangements has led to 

the ident ifi cat ion of addit ional dyslexia candidate genes (or 

genes whose mutat ion could favour the appearance of the 

disorder in certain individuals and/ or populat ions): This is 

the part icular case of genes PCNT, DIP2A, S100B,  and 

PRMT2,  located in an approximately 300 kb fragment  

belonging to the 21q22.3 area (located at  only 5 Mb from 

that  previously related to the disorder by Fisher et  al125),  

whose delet ion has recent ly been related to dyslexia. 182 The 

most  promising gene in this respect  seems to be DIP2A,  
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which encodes a protein that  forms part  of the so-called 

recycling route of the AMPA-type glutamate receptor.183,184 

This seems to play a crucial role in synapt ic plast icity 

regulat ion,184 which is in turn necessary for cognit ive 

processes (such as learning and memory) that  depend on 

hippocampus act ivity184 and seem to be affected in dyslexic 

people.185 In mice, the orthologous gene is abundant ly 

expressed in the cent ral nervous system, once the ident ity 

of dif ferent  brain areas is established. That  is why it  has 

been pointed out  that  the role played by the Dip2 protein 

could consist  of proport ioning certain axon posit ional 

signals, which would be determinant  for both their normal 

growth and correct ly establishment  of neural interconnect ion 

pat terns.186 In turn, the PCNT gene (which was found only 

part ly deleted in individuals examined by Poelmans et  al182) 

encodes the so-called pericent rin 2, which regulates the 

gamma tubulin binding to the cent rosome nucleus during 

the microtubule nucleat ion, a fundamental stage for normal 

spindle development  during mytosis.187 It  should be 

remembered that  many cognit ive disorders caused by 

mutat ion of genes encoding proteins that  interact  with the 

microtubules have been described (such as the ASPM, CYLN2 

or MAPT genes188);  l ikewise, some genes related to dyslexia 

it self  and the genes DCX and FLNA have been indicated (see 

further on).

Conclusions

Current  knowledge concerning the neural and genet ic 

causes of dyslexia is a step in allowing us to observe, with a 

greater base, the (complex) aet iology of this disorder. It  

also makes it  possible to observe the way in which the brain 

circuits related to dif ferent  aspects of cognit ion emerge 

and organise themselves during development . The general 

framework that  results from this growing corpus of genet ic, 

biochemical, histological, anatomical, and physiological 

data is that  the mutat ion of certain genes (among which 

DYX1C1, DCDC2, KIAA0139,  and ROBO1 are probably 

included) lead to dysfunct ional proteins that  produce 

certain changes in the normal migrat ion and interconnect ion 

pat tern in certain neural populat ions. These in turn bring 

about  specifi c anatomical and physiological changes in 

certain brain areas, which consequent ly cause abnormal 

speech sound processing, but–above all–give rise to a 

dysfunct ion in the phonological component  of the verbal 

working memory. The peculiarity is that  the fi rst  of these 2 

defi cits cont ributes to reinforcing the scope of the second 

during the init ial development  stages, even though it  

generally ends up disappearing as the individual ages. 189,190 

The causal relat ionship between the dyslexia candidate 

genes (or those that  can be considered as risk factors for it s 

appearance) ident ifi ed up t il l now and the cognit ive 

dysfunct ions characterist ically associated to this disorder 

has been corroborated and reinforced in the last  few years 

thanks to the development  of animal models and, in 

part icular, thanks to the results derived from dif ferent  RNAi 

experiments carried out  on rodents. The most  signifi cant  

conclusion in this respect  has been that  the st ructural 

changes caused by a decrease in orthologous gene expression 

are substant ially similar to those described in the brains of 

individuals with dyslexia, with the possible except ion of 

ROBO1,  on which there is no data available to date. 

However, these changes are also observed (especially in 

perivent ricular nodular heterotopia aggregates) in 

individuals affected by other il lnesses caused by an abnormal 

cort ical neural migrat ion; an example is what  is called 

perivent ricular heterotopia,191 where, signifi cant ly, a lower 

reading abilit y is found as one of it s dist inct ive symptoms, 

even in cases where the intellectual quot ient  is normal. 192 It  

is likewise of no less signifi cance that  this condit ion is 

caused by a mutat ion of the FLNA gene,  which encodes a 

fi lament -1 (a phosphoprotein implicated in the same way as 

DCDC2 in regulat ion of microtubule dynamics and, 

part icularly, in establishing cross react ions among the act in 

fi laments, which seem to be necessary for correct  cell 

movement  regulat ion. This fact , coupled with the situat ion 

that  the expression of the gene is part icularly high during 

brain cortex development , seems to corroborate the 

hypothesis that  the FLNA protein could also be essent ial 

during embryogenesis for correct  regulat ion of neural 

migrat ion up to the fi nal dest inat ion in the brain cortex.191 

Aside from this, and at  a higher biological complexity level, 

orthologous gene inact ivat ion in dyslexia candidate genes 

also gives rise to dysfunct ions that  also great ly recapitulate 

those observed in dyslexic people, as they bring about  a 

defi cit  of an auditory and cognit ive nature that  has to, j ust  

as properly, correlate with that  observed in individuals with 

dyslexia.190

A part icularly relevant ,  very important  quest ion 

consequent ly arises10:  nothing less than the reason why 

the mutat ion of  specifi c genes gives rise to a specifi c 

cognit ive disorder.  The genes in quest ion are ones 

seemingly cont rolled by the general aspects of  the 

migrat ion and neural interconnect ion process and that  are 

not  only expressed in brain areas specifi cally integrated 

with the processing system related to reading (as described 

before),  but  also in other dif ferent  areas, both during 

embryonic development  and in adulthood. The cognit ive 

disorder referred to is one that ,  up to a certain point ,  is 

cl inically homogenous (although it  is t rue that ,  as pointed 

out  at  the start  of  t his review, several subtypes could 

exist ) and seems to af fect  certain specifi c cognit ive 

abil it ies.  So why do these specifi c mutated genes cause 

this specifi c cognit ive disorder? (And this quest ion is posed 

without  even considering the fact–a most  signifi cant  one–

that  hardly any of  these regions can be characterised as 

being exclusively in charge of  a certain t ype of  process 

because these areas seem to have more of  a mult ifunct ional 

character,  t aking into account  the amount  of  resolut ion 

available through the non-invasive neuroimaging 

techniques current ly used in their in vivo analysis.)

This quest ion fi rst ly links to some of the problems 

discussed in this art icle related to the defi nit ion of the 

dyslexic phenotype. However, it  is also clear that  it  

necessarily refers to the way that  the genes intervene in 

brain development  and funct ion (as is characterised later in 

this art icle) as well as with the following in part icular: 
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1)  t he l imitat ions to which the clinical categorisat ion of 

the disorder must  face when defi ning a syndrome on the 

basis of  the homogenisat ion of  the dysfunct ions observed 

in a group of  individuals,  a categorisat ion that  

consequent ly wil l  not  always properly grasp (and that  

wil l  usually leave aside) the (relat ive) phenotypic 

variabil it y that  is in fact  not iced among individuals 

af fected by the disorder. 

2)  the existence itself  of dif ferent  subtypes of the disorder 

(pointed out  earlier in this art icle), which cannot  be 

explained j oint ly by referring to a sole et iological 

hypothesis either. 

3)  the comorbidity often observed between dyslexia and 

other cognit ive disorders that  start  in infancy and display 

a learning abilit y defi cit  and specifi c competency 

acquisit ion as a common characterist ic (part icularly SLI, 

SSD and ADHD).

The previous factors have led to the suggest ion that  

instead of describing dyslexia as an independent , clinically 

homogeneous disorder, it  might  be more appropriate to 

describe it  as a part icular subtype of a cognit ive disorder or, 

if  you wish, as a specifi c manifestat ion of a more general 

cognit ive defi cit .  This would mean that  there would be 

other subtypes or manifestat ions that  would correspond to 

what  we have t radit ionally been describing as comorbid 

disorders of dyslexia and even as dif ferent  subtypes of it .  

Alternat ively (although, in realit y it  would be bet ter to say 

in a complementary manner), it  has also been pointed out  

that , j ust  as in the case of other il lnesses with a signifi cant  

hereditary component  (and including other language 

disorders), what  has been characterised as a discrete 

clinical ent ity could really correspond to a conglomerat ion 

of dif ferent  disorders with similar symptoms caused by 

dif ferent  defi cits. This would mean that  each of these 

defi cits would increase the probabilit y of suffering a disorder 

suscept ible to being clinically characterised as dyslexia. In 

the specifi c case of this condit ion (and although the defi cit  

that  would have a nuclear character would involve 

phonological processing abilit y, as also seems to be t rue in 

the case of SLI and probably SSD), auditory or visual 

character defi cits would decisively cont ribute to increasing 

its incidence and/ or seriousness.

On the other hand, the diffi culty presented in achieving 

a precise clinical separat ion between the dif ferent  language 

disorders (but  also among these and others that  

simultaneously affect  the dif ferent  and/ or general cognit ion 

aspects) does not  dif fer from other cont roversies of the 

same qualitat ive nature. Examples of these are: 

1)  Cont roversies around the t rue nature and real scope of 

the disassociat ions would presumably be seen in the 

individuals af fected by l inguist ic (as well as cognit ive) 

disorders acquired in the sense that  the l inguist ic 

competence dysfunct ion observed in–for example–the 

maj orit y of  aphasic individuals seems to af fect  the 

general language aspects and not  so much specifi c 

grammat ical ent it ies such as those defi ned by 

l inguist ics193 (for a more detailed discussion, see 

Benitez-Burraco67).

2)  Cont roversies that  likewise refer to cognit ive disorders 

linked to development . An exemplary case would be 

Williams-Beuren syndrome, where supposedly only the 

visuospat ial type of cognit ion is affected, while linguist ic 

competence would be substant ially preserved.94

3)  Cont roversies observed regarding the real consequences 

for linguist ic competence a mutat ion of certain genes 

affect ing cognit ion would entail,  as can be the exemplary 

case of FOXP2 in relat ion to language.67,163-166 

4)  Cont roversies stemming from the relevant  confi rmat ion 

of linguist ic dysfunct ions associated to many of these 

disorders that  can vary along the ontogeny and in 

response to correct ive therapy.

However, despite these diffi cult ies, it  is no less certain 

that  in a disorder such as dyslexia: 1) a characterist ic 

discrepancy between reading abilit y development  and the 

manner and the rhythm in which the rest  of the cognit ive 

capacit ies are acquired is typically seen during ontogeny; 2) 
all individuals affected by the disorder show very similar 

cerebral malformat ions and abnormal brain act ivat ion 

pat terns during reading tasks; and 3) although (as 

commented before in the art icle) the neural processing 

system implicated in reading tasks is suffi cient ly plast ic, it  

is hardly ever able to completely correct  all dysfunct ions 

associated to a dyslexic disorder (independent ly of what  

type of therapy has been followed).

Finally,  focusing specifi cally on comorbidit y,  given the 

data that  we current ly have, the most  plausible explanat ion 

is that  comorbid disorders must  share some sort  of 

underlying defi cit .  This defi cit  could somet imes be caused 

by the same brain dysfunct ion, caused by the mutat ion of 

the same gene. This is what  would happen, for example, in 

the case of  SSD and dyslexia related to phonological 

memory and locus DYX3 (where the ROBO1 gene is located). 

Another example is what  seems to happen with SSD and 

certain aut ism subtypes that  seem to have a l inguist ic 

character defi cit  (although we should probably also include 

the syndromes of  Angelman and Prader-Will i here) related 

to the 15q11-13 area. 175,195 This factor would mean that  

some of  the neural circuit s comprising part  of  the 

processing devices that  depend on cognit ive capacit ies 

af fected in these disorders could be the same. 

Consequent ly,  t he development  and operat ing capacit y of 

biological complexit y levels related to these cognit ive 

abil it ies could be regulated, to a certain extent ,  by 

part ial ly-overlapping genet ic programmes. In the specifi c 

case of  dyslexia and comorbid disorders (especially SLI and 

SSD), shared genes would therefore fundamentally be 

those that  take part  in regulat ing development  and 

establishing the general interconnect ion pat tern of  the 

neural circuit s causing short -term phonological 

memory. 168

In l ight  of  everything that  has previously been discussed, 

it  seems reasonable to report  t hat  it  is advisable not  to 

cont inue thinking of  dyslexia as a disorder caused by the 

dysfunct ion of  circuit s,  st ructures or neural devices that  

specifi cally cause reading and spell ing abil it y,  which would 

work autonomously with respect  to other circuit s, 
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st ructures or devices implicated in processing informat ion 

of  a l inguist ic or even non-l inguist ic nature.  Therefore, 

based on the general characterisat ion of  cognit ion by 

Marcus, 196 as well as l inking biological foundat ions to 

reading competency, what  is relevant  in neural terms is 

not  j ust  that  there are specifi c port ions of  brain t issue 

devoted exclusively to processing informat ion related to 

encoding and deciphering graphemes (although it  is 

possible that  some may exist ),  but  that  there is an exact  

design of  a specifi c interconnect ion pat tern.  This could 

connect  neural circuit s,  st ructures, and devices that  

should really be seen as computat ion mechanism 

subcomponents used in resolving many varied tasks. These 

tasks would of  course include those related to reading. On 

the other hand, one must  consider that  only init ial 

propert ies of  a neural system (of  reading) of  this nature 

and created in this way would really be suitable for set t ing 

up and operat ing a development  programme (and. to a 

great  extent ,  one that  was genet ically coded).  This 

programme would (solely) be in charge of  regulat ing 

proliferat ion, migrat ion, and, to a certain point ,  st ructural 

and funct ional specialisat ion of  the neurons that  const it ute 

the diverse circuit  st ructures and areas that  make up this 

system. This could be achieved basically thanks to the 

programmed induct ion of  axon and dendrite growth, as 

well as by establishing synapt ic contacts among neurons. 

However,  the synapt ic interconnect ion pat terns generated 

in this way would have an excessively generic character 

(“ the X-type neurons have to connect  to the Y-type ones” ), 

so as to end up generat ing a fully working neural 

architecture. 9 Consequent ly,  t he it inerary of  development  

and fi nal characterist ics for this system, responsible for 

reading competence, would be necessarily and substant ial ly 

condit ioned by the way that  those init ial characterist ics 

were remodelled through the individual’s l ife according to 

the environmental ambience in which he or she grows up 

and the st imuli (educat ional and/ or therapeut ic) that  she 

or he receives (something ult imately possible thanks to 

the plast icit y-always cont rolled and l imited-inherent  to 

the maj orit y of  neural st ructures).

Something similar should be confi rmed with the genes 

ident ifi ed up t il l  now, whose mutat ion seems to const it ute 

a signifi cant  causal component  (or a risk factor) in the 

appearance of  dyslexia.  In this case, what  is also relevant  

is not  so much the ident it y of  and the physiological role 

played by these genes, but  fundamentally the exact  

characterisat ion of  the architecture of  the genet ic 

programme to which they form belong This genet ic 

architecture j oins with other factors (such as epigenet ic 

nature,  those related to maternal heritabil it y,  t hose 

derived f rom the dynamics of  the development  process 

it self -and which make up the ontogenet ic environment , 

t hose concerning the remaining levels of  the biological 

subst rate complexit y of  reading abil it y,  as well as those of 

environmental nature),  cont ribut ing to regulate the 

development  (and to a certain extent ,  t he funct ioning) of 

circuit s and neural st ructures that  integrate the processing 

systems that  make reading possible.  The most  plausible 

hypothesis regarding this programme is that  the maj orit y 

of  genes that  form part  of  it  would have a pleiot ropic 

nature.  This would signify that  they would undertake 

dif ferent  funct ions in dif ferent  places and t imes during 

the organism’s ontogeny. (In this sense, it  is important  to 

emphasise that  all t he dyslexia candidate genes ident ifi ed 

to date are expressed not  only in other brain areas apart  

f rom those that  are not  integrated in the neural system 

implicated in reading abil it y,  but  these candidate genes 

are also expressed outside the cent ral nervous system.) 

Simultaneously,  the candidate gene products would also 

act  in a coordinated fashion (in space and t ime) to give 

rise to a basic neural architecture in this processing system 

(polygenism).  Ult imately,  t his concept ion of  the role 

played by genes in neural subst rate development  whose 

dysfunct ion brings about  dyslexia would make it  possible 

to explain it s phenotypic heterogeneit y and it s genotypic 

variabil it y,  which result s in there being various subtypes as 

well as dif ferent  candidate genes and dif ferent  genet ic 

risk factors in dif ferent  populat ions and for dif ferent  

subtypes. This also means the possibil it y that  some of 

these risk alleles are present  in non-af fected individuals, 

that  certain af fected individuals do not  show the same risk 

alleles,  and that  some individuals that  show the same risk 

alleles present  dif ferent  degrees of  af fectat ion. This 

concept  would l ikewise make it  possible to explain the 

comorbidit y observed between dyslexia and other language 

and cognit ion disorders.  Consequent ly,  on the one hand, in 

a polygenic context  l ike this,  t he cont ribut ion of  each 

dysfunct ional product  to the abnormal phenotype wil l 

always be (in general terms) small,  very unpredictable, 

and condit ioned by the cont ribut ion of  the mult it ude of 

other genes. Such dysfunct ional cont ribut ion wil l  also be 

condit ioned by the molecular and ontogenic context  and 

by the environmental st imuli t he individual receives during 

development .  On the other hand, in an again pleiot ropic 

context ,  a defect ive gene wil l  simultaneously form part  of 

2 (or more) dif ferent  genet ic programmes; this means that  

it s mutat ion wil l  af fect  development  (and funct ion) of  2 

(or more) st ructural circuit s or neural devices at  the same 

t ime and, consequent ly,  2 (or more) cognit ive processes 

concurrent ly.  This in turn wil l  lead to cl inical symptoms 

that  are suscept ible to being interpreted as characterist ics 

of  2 (or more) dif ferent  cognit ive disorders.
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