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1. Introduction 

 

Mental retardation (MR) is a frequent cause of serious handicap and 

it represents the most common reason for referral to genetic services 1. It 

is also one of the most important unsolved problems in healthcare 

throughout the world. Since 2002 MR is defined as “a disability 

characterized by significant limitations both in intellectual functioning and 

in adaptive behavior as expressed in conceptual, social and practical 

adaptive skills, originating before 18 years of age.” 2. It is estimated that 

2-3% of the general population is affected by MR with a sex ratio (male to 

female) of 1.5 1,3,4. Increasingly, the term ‘intellectual disability’ is being 

used instead of ‘mental retardation’.  

Intellectual functioning is commonly determined by performance in a series 

of standardized tests (O.M.S. 1980) that allow the definition of the 

“Intelligence Quotient” (IQ) of an individual. Assuming a population mean 

IQ of 100, MR can be divided into four degrees of severity, based on IQ 

measurements (World Health Organization,WHO; American Psychological 

Association APA): 

 

1- MILD with an IQ between 50 and 70 

2- MODERATE, with an IQ between 35 and 50 

3- SEVERE, with an IQ between 20 and 35 

4- PROFOUND with an IQ below 20 

 

It is calculated that moderate to profound MR has a prevalence of 0,3-

0,5% in the population, and that this prevalence increases to about 1-1,5% 

when mild MR is included in the estimate 5. There are more than 1000 

Mendelian disorders listed in the OMIM database (Online Mendelian 
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Inheritance in Man; http://www.ncbi.nlm.nih.gov/Omim/searchomim) in 

which MR is one or the only clinical feature. When MR is the only clinical 

feature, the condition is referred to as nons-pecific or non-syndromic; if 

MR is accompanied by other physical or neurological features, the condition 

is referred to as specific or syndromic. 6,7. The underlying causes of MR 

are extremely heterogeneous 8 (Fig.1). Establishing the cause of MR is 

essential for prognosis, management, and genetic counseling and frequently 

represents a challenge.  

 

 
Figure 1: Causes of mental retardation (modified from Stevenson et al., 

2003) 

 

In the majority of diagnosed cases the cause of MR is unknown; about 25-

40% of severe MR and most of mild MR cases remain unexplained 5. The 

interaction between genetic and environmental factors seems to play an 

important role in the pathogenesis of mild MR 3. In the portion of cases 

with known etiology, environmental causes including very premature birth, 
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head trauma, brain infections, fetal alcohol syndrome or exposure to toxic 

agents, are estimated to underlie 10-30% of moderate to profound MR and 

about 15% of mild MR 9. An additional 30-40% of moderate to profound MR 

and 15% of mild MR are due to chromosomal or single-gene alterations 9. 

Patients with chromosomal rearrangements belong to syndromic MR. 

These include well known and relatively common disorders such as Down 

syndrome (trisomy 21), Prader-Willi and Angelman syndromes (15q11.3 

deletion), William syndrome (7q11.2 deletion) or Wolf-Hirschorn syndrome 

(deletion of distal 4p). In addition, subtle subtelomeric rearrangements 

missed by standard cytogenetic analysis were estimated to account for 

about 7% of children with moderate to profound MR and 0,5% of children 

with mild MR 9. Diagnosis in patients with small rearrangements is now being 

greatly facilitated by recent techonological developments that allow the 

investigation of the human genome at a resolution that is 50-100 times 

higher than that of routine chromosome analysis by karyotyping 10-12. In 

particular Array CGH, which in analogy with karyotyping has been termed 

“molecular karyotyping, is able to detect rearrangement as small as 10 kb, 

and it can provide a diagnosis in an estimated 4–17% of previously 

undiagnosed MR patients 13-15. 
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1.1 X-linked mental retardation (XLMR) 

 

In 1938 Penrose reported the observation that mental retardation is 

significantly more common in males than in females, with the ratio of 

affected males to females being 1.3:1 16. Subsequent studies confirmed this 

observation and the description of large families with X-linked inheritance 

pattern laid the concept that X-linked gene defects play an important role 

in the etiology of MR 17. The concentration of genes causing MR may be 

twice as high on the X chromosome compared to autosomes 18.  

The identification of X-linked conditions is easier due to the 

hemizygosity of males, who inevitably show the phenotype when harbouring 

a mutant allele. In females the normal allele on the second X chromosome 

can compensate for a mutation in an X-linked gene, thus resulting in the 

absence of a phenotype or in a milder phenotype, possibly because of 

skewed X-inactivation 19,20. The low percentage of affected females in 

familiar cases of X-linked mental retardation (XLMR), suggests that the 

majority of XLMR cases have a recessive inheritance. The prevalence of 

recessive inheritance of XLMR in familial cases is not unexpected, since MR 

patients usually do not reproduce and consequently, it is more likely that 

dominant conditions lacking healthy carriers remain limited to the single 

individual. 

XLMR is estimated to cause about 10 % of all inherited cases of MR 

in males with a frequence of 1:600 males 21. However, the male excess in 

XLMR cannot be caused by X-linked gene defects alone 22. Different 

explanations have been given for this phenomenon over the years, including 

social biases and hormonal contribution. Another explanation could be 

different gene-dosage in the two sexes. Many genes on X chromosome 

escape from X-inactivation totally or at least partly. For most of these, 
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there is no functionally equivalent homologue on Y chromosome, which could 

explain gender specific differences in the predisposition for certain 

diseases. Furthermore Y chromosome genes could be directly responsible 

for these sex differences, as SRY which has a male-specific effect on 

brain function 23,24 hypothesized the existence of X-linked risk factors for 

MR, as X-linked polymorphisms. Such polymorphisms affect cognitive 

abilities, but without causing evident MR in most, and thus causing little or 

no decrease in reproductive fitness. Such alleles would result in MR only 

when associated with predisposing genetic combinations (of X-linked or 

autosomal alleles) or environmental conditions. X-linked modifiers would be 

expected to have a stronger effect on the frequency of mild MR and this is 

compatible with the observation that the male excess is significantly 

higher in mild than in severe forms of MR. 

Clinical and genetic observations have shown that XLMR includes a 

very heterogeneous set of conditions responsible for a large number of 

inherited MR cases. The classification of MR can be based on the 

underlying causes (genetic, environmental or their combination) and/or on 

the timing of onset (pre-, peri-, postnatal) 25.  

In 1991, Kerr et al. proposed the classification of XLMR into 

syndromic (MRXS) and non-syndromic (MRX) 6. Patients with MRX only have 

reduced mental capacities, whereas patients with MRXS have additional 

clinically recognizable features, such as neuromuscular abnormalities, 

dysmorphisms and congenital malformations. It is estimated that 2/3 of 

XLMR is non-syndromic 1. Syndromic XLMR conditions were subdivided into 

four classes 26-31: (a) syndromes, with concurrent physical anomalies in 

various combinations, (b) neuromuscular conditions, with associated 

neurologic and/or muscular symptoms, (c) metabolic conditions and (d) 

dominant conditions. However, classes (c) and (d) are not based on a clinical 
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presentation, but on the biochemical mechanism (c) or on the mode of 

inheritance (d). Hence more recently XLMR conditions have been 

categorized into only three classes based on clinical presentation: (a) 

syndromes, characterized by multiple congenital anomalies and defects in 

organs/tissues other than (but also including) the brain; (b) neuromuscular 

disorders, characterized by neurological or muscular symptoms (epilepsy, 

dystonia, spasticity, muscle weakness, and so on) but no malformations and 

(c) nonspecific conditions (MRX), where MR is the only consistent clinical 

manifestation among the affected individuals 7,32. The importance of this 

classification is represented by its practical value. The list of genes that 

have been implicated in non-syndromic and syndromic forms of XLMR 

continues to grow. In the last update of the on-line XLMR database 

(http://xlmr.interfree.it/home.htm) 215 XLMR conditions are reported 

subdivided by clinical presentation and according to their mapping status 

(97 mapped and 82 cloned genes). (Tab. 1) 

  

 
Table 1: Count of XLMR conditions by clinical presentation: syndromes, 

           neuromuscular conditions and nonspecific/MRX conditions 
        (Chiurazzi et al., 2008) 
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In MRX patients have no biochemical abnormalities or evident phenotypic 

manifestations other than MR to distinguish them from unaffected males in 

the family 7. The absence of distinctive features arranges the linkage 

analysis an objective method for genetic classification but only in familiar 

cases with multiple occurrences of MRX. Hence, MRX loci localized to non-

overlapping regions were designed by the “MRX” acronym and a progressive 

number as MRX1, MRX2, MRX3 and so on 6. In 1988 Suthers et al. mapped 

the first MRX family (MRX1) 33. During the years other families have been 

identified and mapped to defined regions of X chromosome. For the first 

families, MRX symbols were assigned on the basis of mapping to overlapping 

intervals, that is different families mapping to the same region were 

assigned the same MRX number. However, it was soon evident that this 

method was not working well for different reasons. The naming was not 

coordinated and different groups accidentally assigned the same MRX 

symbol to different MRX loci. It was possible that a new family could have 

mapped to a region overlapping with more than one established MRX locus. 

Furthermore, new markers became available and the localizations for 

existing MRX loci were being refined. In 1992, in order to overcome these 

problems, new nomenclature guidelines were introduced. It was established 

that each family for which a linkage interval could be determined (LOD 

score value> 2) should be considered as a distinct entity irrespective of the 

possible overlapping with other MRX loci 7. At present there are 92 

distinct MRX loci mapped on the X chromosome 

(http://www.ggc.org/xlmr.htm) (Fig. 2) 



Figure 2: MRX genes . (Modified from “Greenwood Genetic Center XLMR  Update”.) 



For long time, the identification of new MRX genes seemed to be an almost 

impossible task, given the extensive genetic heterogeneity of this 

condition. However, in spite of this difficulty, the progress in genome 

analysis and the establishment of large collaborations between clinical and 

molecular research teams have led to great progress since the 

identification of FMR2 in 1996 34-36. Until now 34 MRX genes have been 

identified (http://www.ggc.org/xlmr.htm). (Fig.2). 

Syndromic X-linked mental retardation (MRXS) is characterized by 

MR and abnormalities like growth alteration, distinctive craniofacial 

appearance, neuromuscular findings, behavioural abnormalities, or metabolic 

disturbances. Up to now 70 MRXS genes have been identified 

(http://www.ggc.org/xlmr.htm) (Fig. 3). 

 



Figure 3: MRXS Genes. (Modified from “Greenwood Genetic Center XLMR  Update”.) 
  



Among MRXS, Fragile X syndrome (FRAXA) (MIM 309550) is probably the 

most common XLMR condition and the best studied. This condition has an 

estimated prevalence of 1 in 4000-6000 in men and 1 in 8000-10000 in 

women. The overall prevalence is 1.5 per 10000 individual. It accounts for 

15-25% of all patients with XLMR 5. Patients show mental retardation and 

specific physical (long face, large, prominent ears, a high arched palate, flat 

feet, and macroorchidism) and behavioral anomalies (hyperactivity, 

avoidance of eye contact, and repetitive speech as well as autistic 

features) 37. At molecular level the disorder is due to a dynamic mutation 

caused by expansion of a CGG repeat located in the promoter region at 5’ 

end of FMR1 gene 38.  The expansion of the repeat above 200 CGG results 

hypermethylation of the promoter region, aberrant heterochromatinization 

and silencing of FMR1 gene resulting in the absence of the gene product 

(FMRP) and this in FRAXA 37,39-41. 

 However, it should be noted that several genes, such as MECP2, 

ATRX,SLC6A8, RSK2, OPHN1, ARX, PQBP1, MTC8, AP1S2, FGDY and 

JARID1C (Tab. 2), which were initially identified as causative genes for 

MRXS, have been found mutated in patients with isolated mental 

retardation 1. These data suggest that mutation type or other factors, such 

as genetic background, might modulate the phenotype resulting from an 

alteration in one of these genes. We could assert that the original 

distinction between MRX and MRXS is not so straightforward as initially 

believed. However, the terms MRX and MRXS could be still useful in a 

clinical practice, providing a first phenotypic classification of the family, 

before performing molecular analysis. 
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1.2 Known XLMR genes 

 

The XLMR gene products can be found in all cell compartments: 30% 

in the nucleus, 28% in the cytoplasm, 16% in the organelles and 22% are 

either membrane bound or secreted (Fig. 4a) 32. Gene Ontology analysis 

revealed that these proteins have different functions inside the cell. Some 

of them are related to signal transduction (19%) and regulation of 

transcription (22%). Furthermore, a large number of XLMR proteins is 

involved in other biological pathways: metabolism (15%), DNA and RNA 

processing (6%),protein synthesis (3%), regulation of cell cycle and 

ubiquitin pathways (7%) (Fig. 4b) 32. These fundamental processes may 

disproportionately affect cognition because of a brain-specific expression 

pattern of the corresponding genes. It is important to note that XLMR 

genes may be expressed in the brain but not in neurons; for example, PLP1 

encodes for the proteolipid protein 1, a major component of myelin that is 

expressed exclusively in oligodendrocytes, that is, in the supporting cells 

belonging to the glia 42.  
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Figure 4: Pie charts illustrating (a) subcellular localization and (b) 
the molecular function of proteins encoded by the 82 known XLMR 
genes, according to the available Gene Ontology annotations 
(www.geneontology.org). (Modified from Chiurazzi et al., 2007) 

 

 

For all XLMR genes identified, to date knowledge of the 

pathogenesis is very limited. However, common pathways have been 

identified for some of them. In particular, three pathways appear to be 

targeted from mutations in multiple MRX genes: regulation of actin 
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cytoskeleton through Rho-GTPases signaling; synaptic vesicle transport; 

chromatin remodeling and gene expression regulation. 

 

1-Regulation of actin cytoskeleton through Rho-GTPases signaling 

 The neuron contains a specialized structural network named 

cytoskeleton, composed of three types of filamentous structures: actin 

microfilaments, microtubules and neurofilaments. The actin cytoskeleton of 

neurons is essential for morphologic differentiation, including development 

of specialized dendritic morphology, neurite outgrowth, establishment of 

cell polarity, synapse formation, synaptic plasticity and protein transport 43. 

In addition, for the correct functioning of fully differentiated neurons, it 

is essential that the actin cytoskeleton remains modifiable to allow 

dendritic plasticity, a process which is considered essential for learning, 

memory and cognition 44. The members of Rho family of GTPases are small 

GTP-binding proteins which have a key role in signalling pathways controlling 

the organization of actin cytoskeleton; in the neuronal cells they are known 

to regulate growth cone morphology as well as growth cone guidance 45-47. 

Rho proteins cycle between an active form (when complexed to GTP) and an 

inactive form (when complexed to GDP). Their activity is directly regulated 

by two main classes of proteins: Guanine-nucleotide exchange factors 

(GEF), which stimulate GDP release and GTP uptake, thereby switching 

GTPases ‘on’; and GTPase activating proteins (GAP) which stimulate GTPase 

activity thus favoring the conversion from the active GTP-bound to the 

inactive GDP-bound state, switching GTPases ‘off’. Once activated, Rho 

GTPases activate downstream effectors, such as PAK proteins, which 

mediate their effect on actin cytoskeleton reorganization 46. The discovery 

of XLMR genes that enconde for proteins involved in Rho GTPases signalling 
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suggests that MR result from altered development or plasticity of neuronal 

networks 43(Tab. 3).  

 

 

 

 

In agreement with this hypothesis, alterations in dendritic spines have 

been observed in mouse and cellular models of various genes (PAK3, 

ARHGEF6, FMR1) 48,49. An additional member of this group is ACSL4 gene. 

ACSL4, also known as FACL4 (long-chain fatty acyl-CoA ligase 4), has been 

found mutated by our group in three MRX families 50,51. ACSL4 protein adds 

Coenzyme A to long chain fatty acids, with high preference for arachidonic 

acid 52,53. The exact function of ACSL4 in brain is presently unknown. 

However we have recently we shown that neurons lacking Acsl4 present 

considerably less spines and an increased percentage of filopodia which are 

generally considered as precursors of dendritic spines 54. Since has been 

reported that arachinoid acid, ACSL4 substrate, is involved in the 
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regulation of actin cytoskeleton, it is not unlikely that also the absence of 

Acsl4 might result in alterations of actin dynamics, as consequence of 

increased levels of free arachidonic acid 55. 

The observed spine anomalies might thus be a secondary effect of an 

abnormal actin organization due to ACSL4 absence.  

 

2- Synaptic vesicle transport 

A second pathway potentially altered in MRX patients is that of 

synaptic vesicle transport and recycling regulating neurotransmitter 

release. The transfer of information in the nervous system, which is 

essential for cognitive functions, depends on intercellular communication 

through synapses. The synaptic vesicles are located at the pre-synaptic 

terminal. After membrane depolarization, synaptic vesicles fuse with the 

pre-synaptic membrane and release neurotransmitters in the synaptic cleft. 

The vesicles are then recycled and filled again with neurotransmitter 

molecules. The correct regulation of this process is essential for correct 

synapse functionality and thus normal brain functioning. This process is 

regulated by another family of GTPases, Rab proteins 56. These proteins 

cycle between an active GTP-bound form inserted in vesicle membrane, and 

an inactive GDP-bound cytoplasmic form. Their activity is tightly regulated 

by GTPases-activating proteins (GAPs) and GDP dissociation inhibitors 

(GDI) which are required to retrieve the GDP-bound form of Rab proteins 

from the membrane and to make them available as a soluble cytoplasmic 

reservoir for subsequent re-use 57.  

Among MRX genes, six participate in this process, suggesting that MR in 

these patients could be a consequence of an alteration of synaptic vesicle 

cycling process resulting in altered synaptic function (Tab. 4) 
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3-Chromatin remodelling and gene expression regulation 

Gene expression is an other important process that can be altered in 

MRX patients. Selective expression of certain genes and inhibition of 

others is necessary for the correct differentiation and functioning of all 

cell types, including neurons. Gene expression can be regulated either by 

the modulation of chromatin structure or by the regulation of activity of 

the molecules involved in the different steps of the process which lead 

from the gene to the mature functional protein. Inactive genomic regions 

are usually characterized by a condensed chromatin structure enriched in 

hypoacetylated forms of H3 and H4 histones. In addition, the promoters of 

inactive genes are usually hypermethylated, while expressed genes have an 
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open chromatin structure with unmethylated promoters. Hypoacetylation 

and hypermethylation can be stably maintained through mitosis and can 

thus be passed on to daughter cells.  

Mutations in genes belonging to this pathway genes suggest that MR could 

arise from an alteration of epigenetic mechanisms regulating gene 

expression and silencing (Tab. 5). A member of this group is MECP2 

(Methyl-CpG-binding Protein 2) gene which is responsible of Rett syndrome 

(see below for the description). 
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Orphan mechanisms 

Little is known about the function of the other MRX genes, for which 

no common pathways have been identified so far. SLC16A2 encodes for a 

creatine transporter belonging to a protein superfamily of transporters 

responsible foe a neurotransmitter uptake 58. Thus mutations in SLC16A2 

might result in an alteration in neurotransmitter release, as for SLC6A8. 

AGTR2 encodes for AT2, a seven transmembrane domain G-protein-coupled 

type 2 receptor for angiontensin II 59. Its function in brain is unknown. It 

seems to be involved in several functions in neurons, including ionic fluxes, 

cell differentiation, and axonal regeneration  suggesting that an alteration 

in one of these pathways following AGTR2 absence might lead to mental 

retardation 60-63 .(Tab. 6) 
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1.3 Rett syndrome 

Rett syndrome (RTT, OMIM#312750) is a progressive 

neurodevelopmental disorder affecting almost exclusively girls with an 

incidence of 1:10000 female births. It represents the second genetic cause 

of severe mental retardation in females 64. The early observation that the 

syndrome occurred exclusively in females suggested an X-linked dominant 

inheritance with possible male lethality. Since RTT familial cases are 

extremely rare, it took years of research to find data supporting this 

genetic model. Typically, RTT is characterized by a period of nearly normal 

development followed by regression with loss of social motor, and 

communication skills, combined with the occurrence of specific features, 

including hand stereotypies, microcephaly, autonomic disturbances or 

epilepsy 65 (Fig. 5). 
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Figure 5: Onset and Progression of RTT Clinical Phenotypes After a period of 
normal development, a healthy-looking baby girl falls into developmental stagnation, 
followed by rapid deterioration, loss of acquired speech, and the replacement of 
purposeful use of the hands with incessant stereotypies, a characteristic of the 
syndrome. Patients also develop social behaviour abnormalities and are often 
misdiagnosed as having autism. The condition worsens with loss of motor skills and 
profound cognitive impairment. In addition, patients suffer from anxiety, seizures, 
and a host of autonomic abnormalities (Chahrour & Zoghbi, 2007) 

 
 
According to the criteria of Hagberg, classical and atypical RTT cases 

could be distinguished. Atypical or variant RTT can be divided into several 

subgroups 66,67. These variants have some, but not all diagnostic features of 

RTT and can be milder or more severe. They include: i) the infantile seizure 

onset variant, with seizure onset before regression; ii) "forme fruste" with 

a milder and incomplete clinical course; iii) the congenital variant, lacking 

the normal perinatal period; iv) the late regression variant, which is rare 

and still controversial; v) the Zappella variant (previously known as the 

preserved speech variant, PSV), in which girls recover the ability to speak 
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in single words or third person phrases and display an improvement of 

purposeful hand movements. Furthermore, in our Italian cohort of patients, 

we have described a “highly functioning PSV” associated with acquisition of 

more complex language function including use of first person phrases 68. In 

this variant, girls acquire a better control of their hands and they are able 

to draw figures and write simple words. The degree of mental retardation 

in these girls is also milder than in Z-RTT and their IQ can be as high as 

50.  

Since more than 99% of RTT cases are sporadic, it was very hard to 

map the disease locus by traditional linkage analysis. Using information 

from rare familial cases, exclusion mapping identified the Xq28 candidate 

region, and subsequent screening of candidate genes in RTT patients 

revealed mutations in MECP2 (Methyl-CpG-binding Protein 2) gene 69. 

MECP2  mutations account for approximately 95% of cases with classic 

RTT and for a lower percentage (20-40%) of variant patients 64.  

A large degree of phenotypic variability has been observed in 

individuals with MECP2 mutations. In 2000, we described a family in which 

a MECP2 mutation segregated in male patients with recessive X-linked 

mental retardation (XLMR) and spasticity 70. Other studies identified 

MECP2 mutations in males with nonspecific mental retardation, males with 

severe neonatal encephalopathy, males with language disorder and 

schizophrenia, males with X-linked syndrome of psychosis, pyramidal signs, 

and macro-orchidism (PPM-X), Angelman syndrome and infantile autism 71-81.  

The spectrum of mutation types includes missense, nonsense, and 

frameshift mutations, with over 300 unique pathogenic nucleotide changes 

described (http://mecp2.chw.edu.au/; http://www.biobank.unisi.it) 82,83, as 

well as deletions encompassing whole exons 84-86. Eight missense and 

nonsense mutations account for 70% of all mutations, while small C-terminal 
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deletions account for another 10%, and complex rearrangements constitute 

6%. Furthermore, duplications spanning the MECP2 locus have been found in 

several patients with severe mental retardation and progressive spasticity 

and in members of three families with non specific mental retardation 87,88.  

MECP2 gene (OMIM #300005) encodes for a broadly expressed 

nuclear protein that was originally characterized as a transcriptional 

repressor 89. MeCP2 is a member of the methyl-CpG binding protein family  

has two conserved functional domains, the methyl-CpG binding domain 

(MBD) and the transcription repression domain (TRD) 90. MeCP2 binds to 

methylated DNA through the MBD and effects gene silencing by imparting 

changes in chromatin structure via the interaction with the corepressor 

Sin3A and the histone deacetylase complex 91. MeCP2 also associates with 

the corepressors c-Ski and N-CoR via the TRD and forms complexes with 

these repressors independently from its interaction with Sin3A 92. In 

addition, MeCP2 inhibits transcription directly at the level of the 

preinitiation complex through the interaction of the TRD domain with the 

transcription factor IIB 93. MeCP2 also contains a nuclear localization signal 

(NLS) within the TRD domain, necessary for transport of the protein into 

the nucleus 94, and a C-terminal domain, which may affect the stability and 

function of the entire protein 95. MeCP2 also interacts with the RNA-

binding protein Y box-binding protein 1 (YB1) to regulate splicing of 

reporter constructs 96. In order to identify new neuronal target of 

epigenetic regulation of MeCP2 “ChIP on chip” analysis was performed 97. 

These studies reveal several important new findings of high significance to 

understanding MeCP2 function and its relation to Rett syndrome. 

Unexpectedly, they showed that the majority of MeCP2 bound promoters 

are on active genes. Therefore, MeCP2 promoter occupancy is not 

consistent with only gene silencing. Furthermore, these analysis show that 
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the majority of promoters with the highest methylation levels are not 

bound by MeCP2 and a large number of MeCP2 binding sites are found 

outside of transcription units and CpG islands. These data suggest to 

consider MeCP2 as a “transcriptional regulator” instead on a “ 

transcriptional repressor”.  

 The apparent lack of MECP2 mutations in a proportion of clinically 

well defined RTT cases suggests the existence of additional RTT loci 

supporting the idea of genetic heterogeneity. In 2005, mutations in CDKL5 

were identified in patients with the onset early seizure variant of RTT 

syndrome 98-104. CDKL5 (OMIM #300203; also known as serine threonine 

kinase 9 (STK9)) is located in Xp22 encodes for a product belongs to the 

serine–threonine kinase family, which shares homology with members of the 

mitogen-activated protein and cyclin dependent kinase (CDK) families 105. 

CDKL5 is a large protein of 1030 amino acids with an estimated molecular 

weight of 116 kDa containing a conserved serine-threonine kinase domain 

within its N-terminus and a large C-terminal region 105. It is a ubiquitous 

protein mainly expressed in the brain, testes and thymus 106, whose 

expression varies in different brain areas and during development 107. Cdkl5 

shuttles between nucleus and cytoplasm 107. Its subcellular distribution 

seems to be modulated by its C terminal tail, which is responsible for an 

active nuclear export mechanism 107. Moreover this big tail seems to act as 

a negative regulator of the catalytic activity of CDKL5  106  and probably 

this function is enclosed in the last 240 residues 108.  

The observation that mutations in MECP2 and CDKL5 cause similar 

phenotypes suggested that these genes may be involved in the same 

molecular pathway. To verify this hypothesis, previous study compared the 

expression patterns of Mecp2 and Cdkl5 in embryonic and postnatal mouse 

brains dimostrating that the two genes have an overlapping temporal and 
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spatial expression profile during neuronal maturation and synaptogenesis 101. 

Furthermore, the two proteins physically interact and that CDKL5 is indeed 

a kinase able to phosphorylate itself and to mediate MeCP2 phosphorylation 

(Fig. 6). 

 

 

 
Figure 6: Interaction between CDKL5-MeCP2. A region of MeCP2 including the last 
residues of TRD and residues belonging to the C-terminal domain represents the 
main interfacting surface (red circle). CDKL5 is a kinase able to phosphorylate itself 
and mediates the phosphorylation of MeCP2. The green circles represent the 
phosphate groups. 
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1.4 Autosomal MR 

 

With the assumption that 8-10% of moderate-to-severe forms of MR 

are X linked, the majority of the gene defects underlying MR must be 

autosomal. Severe dominant forms of MR are rarely familial because 

affected individuals do not reproduce. Genes causing autosomal dominant 

familial non-syndromic MR have not been reported, although several genes 

assumed to be involved in autosomal dominant non-syndromic MR have been 

identified by mapping of the chromosomal breakpoints in patients with 

balanced chromosomal aberrations 109. Functional considerations and 

epidemiological data suggest that the majority of the gene defects that 

give rise to the disease will be inherited as recessive traits. The autosomal 

recessive forms  may be considered common and they may be due to 

mutations in many hundred if not thousand different genes 110. By analogy 

with XLMR, non-syndromic forms of autosomal MR are supposed to be more 

common than syndromic forms 111. 

In contrast to the significant progress in XLMR research, there is 

still a gap in the knowledge about the genetic basis of autosomal non-

syndromic MR. Only five genes causing autosomal recessive nonsyndromic 

MR have been identified: PRSS12 on chromosome 4q26, CRBN on 3p26, 

CC2D1A on 19p13, GRIK2 on 6q16 and TUSC3 on 8p22 112-116. Mutations in 

PRSS12, CRBN and CC2D1A genes cause a similar degree of severity of MR 

in all the affected members of the same family, on the contrary mutations 

in TUSC3 can cause MR varying from mild to severe among different 

members of the same family. Interestingly, all mutations in these genes 

identified to date are protein-truncating mutations. It could be 

hypothisized that milder missense mutations or sequence variants in these 

and other genes might cause an additive effect in the pathogenesis of mild 
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cognitive impairment. Although all these molecules are expressed in the 

brain, their neuronal functions are not yet completely clear.  

The classic observation that various forms of mental retardation are 

associated with abnormalities in the morphology of dendritic spines 

suggests that disruption of pathways involved in synaptic plasticity may be 

a common mechanism of this disorder 117. Nearly all synapses on dendritic 

spines use the excitatory neurotransmitter glutamate to activate N-

methyl-Daspartate (NMDA) receptors which are associated with a large 

complex of transmembrane receptors, scaffold proteins, and signaling 

molecules with numerous attachments to actin filaments 118,119. SYNGAP1, a 

GTPase-activating protein that is selectively expressed in the brain and is a 

downstream component of the NMDA-receptor complex 120. Mice 

heterozygous for SYNGAP1 have impaired synaptic plasticity and learning, 

whereas mice that lack SYNGAP1 die shortly after birth. Hamdan et al. 

found three de novo protein protein-truncating mutations in 3 of 94 

patients with autosomal dominant nonsyndromic mental retardation 121. The 

disruption of SYNGAP1 appears to be associated with a homogeneous 

clinical phenotype that is characterized by moderate-to-severe mental 

retardation accompanied by severe language impairment. 

In the only systemic effort to map and identify new genes for non-

syndromic autosomal recessive MR , Najmabadi et al 122,123 used DNA array-

based SNP typing to perform homozygosity mapping in more than 100 

consanguineous Iranian families with at least two intellectual disability 

children. These studies revealed various novel loci for non-syndromic 

autosomal recessive MR, indicating extreme heterogeneity of the condition. 

These results confirmed the idea that mutations in the currently known 

genes are responsible for only a small percentage of the cases of autosomal 

recessive non-syndromic MR 124. 
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2. Rationale, aim and outline of the study 

 
MR is characterized by significant limitation in intellectual function 

and adaptive behaviour arising during childhood. It represents a serious 

medical and social problem. The high incidence of MR (2-3% in most 

populations) makes this condition one of the major unsolved problems in 

modern medicine. Until now more than 300 MR genes have been identified 

but the field of MR is still huge. The etiologies of MR are diverse and 

include teratogenic and environmental factors (5-13%), perinatal asphyxia 

(2-10%) and genetic causes (two-thirds of cases).  

During the first 3 years of the Ph.D. course, my research activity has 

been focused on one relatively common syndromic form of MR: Rett 

syndrome. Despite the discovery of MECP2 and CDKL5 mutations in classic 

and atypical RTT cases, a fraction of patients are still without a molecular 

diagnosis, suggesting the existence of additional loci. During the last ten 

years, the Medical Genetic Unit of Siena has collected a large cohort of 

RTT patients, including classic, variant and RTT-like cases. In 2007, this 

collection has been connected to an on-line database 

(http://www.biobank.unisi.it) to share data/samples with the scientific 

communities and accelerate progresses in this research field (Result3.1). 

  For long time MECP2 has been the only one gene associated with RTT 

syndrome. In 2004, different groups firstly reported the identifications of 

CDKL5 mutations in patients with RTT features 99,100. One year later, the 

Medical Genetics Unit of Siena contributed to the clarification of the 

phenotype associated with CDKL5  mutations, reporting four new cases 

classified as early seizure variant of RTT 98,101. Successively, performing 

CDKL5 molecular analysis in all RTT patients included in the Italian 

database, we identified additional five mutated patients that allowed the 
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detailed characterization of the phenotype and the delineation of specific 

diagnostic criteria for this RTT variant (Result 3.2). 

In order to identify the genetic cause in mutation-negative RTT 

patients, we employed array-CGH technique that allows the detection of 

submicroscopic deletions/duplications throughout the entire genome in a 

single experiment. Actually the size of the alterations that can be 

identified with this technique varies from few Kb to several Mb. This 

means a huge resolution in comparison with that of the standard karyotype 

or conventional CGH (5−10 Mb) 125,126. Previous studies has demonstrated 

that array−CGH represents a powerful disease gene identification strategy 
127-132. In order to identify genomic regions containing candidate genes for 

RTT, eight mutation-negative RTT−like patients were selected from the 

Italian database and analysed by 105A oligo array−CGH (Agilent Human 

Genome CGH Microarray Kit 105A). The analysis revealed a “de novo” 14q12 

deletion of 3 Mb in a girl with dysmorphic features and a RTT-like clinical 

course 133. Gene content analysis of the deleted region, revealed the 

presence of only five genes. Among them, we selected FOXG1 since it 

encodes for a brain-specific transcriptional repressor. Subsequent 

mutational analysis in RTT mutation negative patients identified FOXG1 

mutations in two patients affected by the congenital variant of RTT (Result 

3.3). FOXG1 analysis, extended to an international cohort of patients, 

allowed the characterization of 4 new FOXG1 mutated cases that 

significantly contributed the clarification of the clinical phenotype (Result 

3.4). 

During these years, I have been also involved in the search of new 

genes responsible for other X-linked MR forms. The Medical Genetic Unit 

of Siena has collected a large number of MR patients with possible X-linked 

inheritance, both syndromic and non-syndromic. Given the genetic 
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heterogeneity of XLMR, in order to facilitate the molecular diagnosis, the 

Unit of Siena together with 12 laboratories and 27 clinical centers has 

created an Italian network. Participating members collect patients with 

detailed clinical information and analyse known XLMR genes (Result 3.5). 

This network is connected to a bank of biological samples (lymphoblastoid 

cell lines and DNA) that are stored in the different centers and that are 

available for research projects. The biobank has a dedicated on-line 

database available at the address http://www.biobank.unisi.it. This 

database allows researchers to rapidly search for samples of interests on 

the basis of specific clinical and/or molecular data (Result 3.5). 

In the last year of the Ph.D. course, I spent a six-months research 

period in the laboratory of Human Genetics, Radboud University in 

Nijmegen (The Netherlands). This collaboration arises with the aim of 

identifying new XLMR genes thought the following strategies: i) linkage 

analysis, using a collection of 16 simple-tandem repeat (STR) markers 

evenly spaced across the X chromosome; ii) analysis of copy number 

variations by whole-genome SNP microarray (Result 3.6). By these two 

approaches, we analysed five patients with at least another affected family 

member, selected from the XLMR Italian biobank. In all cases, the analysis 

revealed interested candidate genes (Result 3.6).  
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Result3.1 
 
 
 
 
 
 
 
 
 

Italian Rett database and biobank. 
 

Sampieri K, Meloni I, Scala E, Ariani F, Caselli R, Pescucci C, Longo I, 
Artuso R, Bruttini M, Mencarelli MA, Speciale C, Causarano V, Hayek G, 

Zappella M, Renieri A, Mari F. 
 

Hum Mutat. 2007 Apr;28(4):329-35. 
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Result 3.2 
 

 
 
 
 
 
 
 
 
 

Early-onset seizure variant of Rett syndrome: Definition of 

the clinical diagnostic criteria. 

 

Artuso R, Mencarelli MA, Polli R, Sartori S, Ariani F, Pollazzon M, Marozza A, 
Cilio MR, Specchio N, Vigevano F, Vecchi M, Boniver C, Bernardina BD, 

Parmeggiani A, Buoni S, Hayek G, Mari F, Renieri A, Murgia A. 
 

Brain Dev. 2009 Apr 9. 
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Result 3.3 
 
 
 
 
 
 
 
 
 
 

FOXG1 is responsible for the congenital variant of Rett 
syndrome. 

 
Ariani F, Hayek G, Rondinella D, Artuso R, Mencarelli MA, Spanhol-Rosseto 

A, Pollazzon M, Buoni S, Spiga O, Ricciardi S, Meloni I, Longo I, Mari F, 
Broccoli V, Zappella M, Renieri A. 

 
Am J Hum Genet. 2008 Jul;83(1):89-93 
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Result 3.4 
 
 
 
 
 
 
 
 
 
 

Novel FOXG1 mutations associated with the congenital 
variant of Rett syndrome. 

 
Mencarelli M, Spanhol-Rosseto A, Artuso R, Rondinella D, De Filippis R, 

Bahi-Buisson N, Nectoux J, Rubinsztajn R, Bienvenu T, Moncla A, Chabrol B, 
Villard L, Krumina Z, Armstrong J, Roche A, Pineda M, Gak E, Mari F, Ariani 

F, Renieri A. 
 

In press J Med Genet. 2009 Jul 2. 
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Result 3.5 
 

 
 
 
 
 
 
 
 
 

The Italian XLMR bank: a clinical and molecular database. 
 

Pescucci C, Caselli R, Mari F, Speciale C, Ariani F, Bruttini M, Sampieri K, 
Mencarelli MA, Scala E, Longo I, Artuso R, Renieri A, Meloni I; XLMR 

Italian Network. 
 

Hum Mutat. 2007 Jan;28(1):13-8. 
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Result3.6 
 

 
 
 
 
 
 
 
 
 

Searching for new XLMR  
genes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Unpublished results 



 83

3.6.1 Case 1  

 

We report a three generation family in which an X-linked semi-dominant 

trait seems to segregate (Fig.7). Two male patients show microcephaly and 

mental retardation, while six females show isolated microcephaly. Analysis 

of 7 XLMR known genes (MECP2, ARX, FMR2, NLGN3, NLGN4, PQBP1 and 

AGTR2) in the context of the Italian XLMR network 

(http://www.biobank.unisi.it) and has been previously performed with 

negative results. Moreover, X-inactivation status resulted balanced in DNA 

isolated from blood cells of the mother of the two affected males. We also 

excluded the presence of deletions/duplications throughout the genome by 

array-CGH with 25 kb resolution (Agilent Human Genome CGH Microarray 

105A). Following the hypothesis of an X-linked disorder, linkage analysis 

was then performed with markers spanning the entire X-chromosome. 

Moreover SNP array with 10kb resolution (Affymetrix Genome-Wide 

Human SNP Array 6.0) has been executed to investigate the presence of 

smaller imbalances. 

 

 

 

 

 

 

 

 

 

 
    Figure 7: Pedigree of the family. 
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Materials and methods 
 

DNA analysis 

Blood samples were obtained after informed consent. DNA was extracted 

from peripheral blood using the QIAamp DNA blood kit (Qiagen). The 

CASK coding region was entirely analysed using primers and PCR conditions 

given in Table 7 134. PCR products were sequenced on both strands by use of 

PCR primers with fluorescent dye terminators on an ABI Prism 310 genetic 

analyser (PE Applied Biosystems, Foster City, CA, USA). 

 Markers for linkage analysis were amplified by polymerase chain 

reaction (PCR). A set of 16 markers spaced at 0.4–5 cM over the entire X 

chromosome were used. The forward primers were fluorescently labelled 

with Fam, Vic, Pet or Ned. PCR conditions were optimized for individual 

primer pairs in a 9600 thermocycler (Applied Biosystems). The programs 

used were 95°C for 12 min, followed by 35 cycles of melting at 94°C for 15 

s, annealing at the optimal temperature for 15 s, and then extension at 

72°C for 30 s. A final extension was performed at 72°C for 4 min. PCR 

products were run on an ABI 377 sequencer (Applied Biosystems). Exclusion 

mapping was used to identify candidate regions on the X chromosome under 

the following assumption: alleles not shared between the two affected 

brothers were excluded; alleles shared between the affected brothers and 

females with microcephaly were considered good candidates. 

 

SNP array 

The proband was tested using the Affymetrix Genome-wide Human SNP 6.0 

Probe datasheets are found at 

http://www.affymetrix.com/product/arrays/index.affx. . Briefly. genomic 

DNA (250ng) was digested with StyI and NspI (New England BioLabs), 
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adaptor-ligated. and PCR-amplified using a generic primer that recognizes 

the adaptor sequence. PCR conditions were optimized for each array, and 

the purified PCR products were fragmented with DNase I, biotin-labeled, 

and hybridized to arrays according to the manufacturer’s reccomandations. 

Intensities of the probe hybridization were analyzed using Affymetrix 

GeneChip Operating Software version 4.1.The Affymetrix Genotyping 

Console 2.1 with Birdseed genotype calling algorithm was used for 

genotyping, and CN analysis was carried out with CNAT 5.0 using default 

configurations. The Affymetrix segment-reporting tool was used to define 

the magnitude, position, and size of regions of CN gain or loss. 

 

 

Results 

 

Clinical description 

The proband (III-7, Fig. 7) was born pre-term (7° month of gestation). 

Birth weight was 1700 gr. and OFC was 26 cm (10° percentile). At 5 months 

of age, microcephaly (OFC 33 cm; <<3° percentile) was noticed. An 

ophthalmologic examination performed at that time was negative. At 4 

years the child was hyperactive, he had attention deficit disorder and 

showed auto aggressive episodes and language delay. At 10 years he had 

movement coordination difficulties, which affected both deambulation and 

manual abilities. He was first examined by our clinicians at the age 29 years 

(Fig. 8). He showed microcephaly (OFC 42,5 cm; <<3° percentile), 

hypotelorism, height of 182 cm (90° percentile), weight of 50 Kg, 

moderate-severe mental retardation and language delay. He was unable to 

read but he was able to write his name. He was attending a community for 
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disabled people and he practiced several sports. Brain MRI showed a global 

reduction of brain volume, especially in the sopratentorial region, thin brain 

stem, normal corpus callosum, undergrowth of frontal lobes and temporal 

pachygiria. Cardiac ultrasound revealed a mild tricuspide valve 

insufficiency. Auditory evoked potentials showed normal hearing. 

Ultrastructural examination of the hair was negative.  

The younger brother (III-9, Fig. 7) was born at term. Birth OFC was 

26,5 cm (<<3°percentile), birth weight was 2090 gr. (<3° percentile), birth 

length was 43 cm (<3° percentile). At birth cleft lip/clef palate was noted. 

He walked at 18 months and he said his first words at 3 years of age. 

Parents referred that he had been always hyperactive, and sometimes 

showed an auto and etero-aggressive behavior. An ophthalmologic 

examination performed at 3 years of age was negative. At the time of the 

first examination by our clinicians, he was 20 years old (Fig. 8). He showed 

microcephaly (OFC 41 cm; <<3° percentile), hypotelorism, severe mental 

retardation, height of 160 cm (<3° percentile) and language delay. He was 

not self-governing, he could not read or write. He practiced several sports. 

Cardiac ultrasound revealed a mild tricuspide and pulmonar valve 

insufficiency. Auditory evoked potentials showed sensoryneural hearing loss 

of moderate degree for medium-high frequencies. Ultrastructural 

examination of the hair was negative 
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   Figure 8: Patients’ pictures at the time of the last examination  
    (III-7 was 29 years old and III-9 was 20 years old). Receding  
    forehead is present in both brothers. III-9 shows the surgical  
     scar for cleft lip/cleft palate 

 

 

Clinical investigation of healthy females revealed the presence of isolated 

microcephaly in patients’ sister (III-8; OFC 50,5; <3° percentile), their 

mother (II-5; OFC 48,5; <3° percentile), their two maternal aunts (II-2: 

OFC 52,5; <10° percentile and II-4: OFC 52; <3° percentile) and two of 

their female cousins (III-3: OFC 50,5 <3° percentile, and III-6: 52; <3° 

percentile). 

 

Molecular analysis 

The analysis throught SNP array 6.0 didn’t revel any pathogenic 

chromosomal rearrangement. By linkage analysis we found four regions that 

segregates in all family members with microcephaly (Fig. 9). Among them, 
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one includes 3 markers (DXS8090, DXS8012, DXS1003) (Fig. 9). This 

region spans 9,5 Mb and contains 37 genes (Fig. 10). Bioinformatic analysis 

indicated CASK (NM_003688) as a good candidate gene for microcephaly. 

However, sequence analysis of CASK coding region in all patients did not 

revealed any pathogenic point mutation.  

 

 

 

 

  Figure 9: Pedigree of the family, and genotype of each subject for the tested 
microsatellites. The red boxed markers segregate in all family members with 

  microcephaly. Haplotypes segregating with microcephaly are shown with black 
boxes. Result of marker DXS8096 are missing due to technical problems. 
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Figure 10: Gene content of the 9.5 Mb region which segregates in the linkage 
analysis. In the region are present 37 genes (UCSC Genome Browser; 
http://genome.ucsc.edu). Red circles indicate the already known XLMR genes and 
CASK, which has selected as candidate gene responsible for microcephaly. 
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Table 7: Primer sequences on CASK gene (Piluso et al; 2008) 
Exon                                       Primer                                         Amplicon (bp)                        Annealing 
                                                                                                                                                  temperature 
(°C)  
          1         F  gctgggcactgagctcttgg   199    60 
         R aagaccggggcatcactgaaat 
          2             F gggaaataggaacttaagagaatcaa 217    60 

            R atggaataaagccagacatcaaat 
          3              F tgttcctacctaatgaagtatgctgt  197    60 

            R accaacattgcttcaagttttacc                                                                                            
          4             F cttcctggaatttcctcttttctt   168    60 

            R tttcaacttgacctctggtgatta                                               
          5              F  ttataaactaggagcactgtatatt   200     60 

            R tcagtatttcttcacaaacatta              
          6             F atgaatccttatcttcgggtttgt   210     60 

            R gcaagtgaccaggttttgaaga    
          7              F aacatttttccttaatgttgtt   257     60 

            R caggataaattaatctcaatgg  
          8              F aatgttaatgtctcatttaaggtaactatg  225     60 

            R gaagtgttcagacaaagtgtagaagg          
          9              F gttttagattaagcttctgcac   236     60 

            R tacatatttatgggcaccaa    
        10              F       agccatcatctcctatatatttgact   259     60 

            R atgacccacacaggtgaataagt     
        11              F ggcttgataacctgcttgttcta   197     60 

            R aacaactacacacaaacagccaag    
        12              F tgacattgactttctatactggctgtt   233     60 

            R ggccaatattcaattcaccaaaaa    
        13              F caaagaattgtgagtgtttactgga   179     60 

            R caataaaggtggcaaatatgatga    
        14              F ttgtaaatcttgtgtcatgtttgta   176     60 

            R gaaagtgaggtttcagttctatgg        
        15              F tacacagaaggctgcaaaggaa   470     60 

            R ccccaactcctagtagcataggtt    
        16              F ttatctaccgcaaaatcacaaata  202     60 

            R taaggaaggcaaagaaagaaat    
        17             F tgatgcctctggattttgttacta   382     60 

            R gttaaagcccacactgctaaagac    
        18              F aaacttttctttctttcccaccac   171     60 

            R tacagccatcagcagacagttagt    
        19              F ctggtgttctgtgttaatgaacct   157     60 

            R agcaccaacaaaattgtcacac    
        20              F ctttcttcagcttgctgctaaat   293     60 

            R gattggctattagctgctcagttt    
        21              F tctctttcacatcactatggcatc   320     60    

            R ataaaattggaaaatggatggtca 
        22              F tggatgactcttctattttatcaacc   227     60 

            R cttaacccagcctcagtaacagt    
        23              F aagccatatatcataagttggattc   270     60 

            R aatgttttgaaagtgagaataagca    
        24              F  ttgcttattctcactttcaaaacatt   314     60 

            R aactcattttcctccttgttcttt    
        25              F actgggtttgagtaaatctgttgg   353     60 

            R gatttcagaatctgtgcttattgg    
        26              F tttcttcttttaagtcgggatttt   174     60 

            R gcttgatccttacagcttatttgg                
        27             F acgaatccaactgatttctctctt   321     60 

            R taacaaagaggcttttccacaaat            
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3.6.2 Case 2 (#86) 

 

We report a family in which an X-linked inheritance was supposed (Fig. 11). 

The proband (III-8) and two maternal uncles (II-6, II-7) are affected by 

MR (Fig 11). The presence of specific features, such as microcephaly and 

short stature, previously suggested to investigate PQPB1 gene for point 

mutations. The analysis resulted normal. X-inactivation status resulted 

balanced in DNA isolated from blood cells of the mother of the proband 

(II-8). A Kariotype with 350-500 bands resolution, FRAXA analysis and 

subtelomeric rearrangements investigated by MultiFISH resulted normal.  

According to the hypothesis of an X-linked inheritance, we performed a 

linkage analysis using markers spaced on the entire X chromosome. 

Moreover SNP array with 10kb resolution (Affymetrix Genome-wide Human 

SNP array 6.0) has been executed on DNA of the proband (III-8) to 

investigate the presence of smaller imbalances. 

 

 
Figure 11: Pedigree of the family. Shaded symbols indicate individuals  
with mental retardation and open symbols indicate individuals who are  
unaffected The arrow indicates the proband.  
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Materials and methods 

See Materials and Methods of Result 3.2.1 

 

Results 

 

Clinical description 

The child experienced mild respiratory distress at birth without other 

complications. At last evaluation (4.5 years), he showed growth delay 

(height, weight and head circumference below the 3rd centile), peculiar 

facial and physical features including bilateral palpebral ptosis, long 

eyelashes, syndactyly between the III-and IV toe with V toe hypoplasia, 

short third toe and nail dysplasia. Mental abilities assessment with WISC-R 

revealed mild mental retardation (IQ of 59), the patient shoed 

hyperactivity and attention deficit disorder, a wrist RX revealed delayed 

bone age (bone age of 2 years), brain MRI showed asymmetry and the EEG 

was normal.  

 

Molecular analysis 

The analysis through SNP array 6.0 did not revel any pathogenic 

chromosomal rearrangement. Only the DNA sample of the proband (III-8) 

and one maternal uncle (II-7) were available. By linkage analysis no 

significant two-point LOD scores were obtained with any markers.  

However, three regions segregates in the two MR family members (Fig. 12).  

 



 93

 

 

   Figure 12: Pedigree of the family, and genotype of each subject for the tested 
microsatellites. The red boxed markers segregate in all family members with 
MR. Haplotypes segregating with MR are shown with black boxes. Result of 
marker DXS8096 are missing due to technical problems. 

 
 

 

The largest region includes 4 markers (DXS8090, DXS8012, DXS1003, 

DXS1199) (fig. 12). The region, which spans for 17 Mb, contains 138 genes 

Gene content analysis of the region indicates the presence of 31 known 

causative disease genes. Among them, we found 18 already known XLMR 

genes: OTC, TSPAN7, BCOR, ATP6AP2, MAOA, NDP, ZNF41, ZNF674, 

ZNF81, PORCN, SYN1, FTSJ1, HUWE1, JARID1C, HADH2, SMC1A, 

SHROOM4, and the already screened PQBP1 130,135-146,147 649,148-151 (Tab. 8). 
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Mutations in genes indicated in red have been associated to some clinical features also 
present in our patient. 
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3.6.3 Case 3 (#87) 

We describe a family with 3 brothers affected by MR (III-2, Fig. 13) with 

possible X-linked inheritance. The standard karyotype was normal. 

Molecular test for FRAXA and MultiFISH analysis to search for 

subtelomeric rearrangements were negative. Only the DNA of the proband 

(III-4) was available and therefore we could not perform a linkage analysis 

on chromosome X. The DNA of the patient was investigated for 

chromosomal rearrangements by SNP array with 10kb resolution 

(Affymetrix Genome-Wide Human SNP Array 6.0). 

 

Figure 13: a) Pedigree of the family. Shaded symbols indicate individuals 
with mental retardation and open symbols indicate individuals who are 
unaffected. b) Pictures of the proband (III-4) and one of the two affected 
brothers (III-5) 
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Materials and methods 

 

See DNA analysis and SNP array 6.0 in Materials and methods of results 

3.2.1 

 

Real-time 

The TaqMan probe and primers were designed using the Primer Express 

software (Applied Biosystems.https://products.appliedbiosystems.com), 

following the criteria indicated in the program. We designed the SHC3 

probe to be complementary to a segment located in the middle of exon 9. 

SHC3 forward primer: 5’-GGT GAG AGG CAA GGT GAG ATG-3’; SHC3 

reverse primer: 5’-AAG TGT CTT TTG TGT TTC TC-3’ As concern the 

intragenenic deletion, primers and probe were designed in the exon 2 of 

CNTNAP2 gene, which found deleted by array analysis. CNTNAP2 forward 

primer: 5’-.GCC ACT TGT CTC TGG ACT CC- 3’; CNTNAP2 reverse primer: 

5’- CCC ATG TGG CTT TCA G-3’. PCR was carried out using an ABI prism 

7000 (Applied Biosystems) in a 96-well optical plate with a final reaction 

volume of 50 µl. A total of 100 ng (10 µl) was dispensed in each of the four 

sample wells for quadruplicate reactions. Thermal cycling conditions 

included a prerun of 2 min at 50°C and 10 min at 95°C. Cycle conditions 

were 40 cycles at 95°C for 15 sec and 60°C for 1 min according to the 

TaqMan Universal PCR Protocol (ABI). The TaqMan Universal PCR Master 

Mix and Microamp reaction tubes were supplied by Applied Biosystems. The 

starting copy number of the unknown samples was determined using the 

comparative Ct method as previously described 152. 

 



 97

 

Results 

 

Clinical description 

The patient is a 29 years old male (III-4). Pregnancy and delivery are 

reported normal. He showed psychomotor delay and epilepsy. At the last 

evaluation he showed severe delay, flat occiput, downslanting palpebral 

fessures, clynodactyly of the fifth finger bilaterally. The EEG and the CT 

scan of the brain are normal.  

 

Molecular analysis 

SNP array 6.0 revealed the presence of two deletions in the DNA of the 

patient (III-4): 1) deletion of 3,7 Mb on 9q21.33-q22.2 containing 16 genes 

and (Fig. 14) 2) an intragenic deletion in the CNTNAP2 gene located on 

7q35 (fig.14 a.b). 
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Figure 14: Molecular results. a). Chromosome view displays chromosome 9 along 
with the accompanying data graphs and annotation tracks indicating loss of 
heterozigosity (LOH), Log ratio and Copy Number state, overlapping genomic 
variant and ref seq of genes. b) Gene content of the 3,7 Mb deleted region. In the 
region are present 37 genes (UCSC Genome Browser; http://genome.ucsc.edu). 
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In order to extend the analysis to all family members, we requested their 

DNA samples (II-1, II-8, III-1, III-2, III-3, III-5, III7) and we 

performed Real Time qPCR with specific probes for the two 

rearrangements. Regarding the largest deletion, by the use of a qPCR probe 

designed on SHC3 gene, we confirmed the rearrangement in the proband 

but we could not find it in any other family member. As concern the 

intragenic deletion, using a probe specific for CNTNAP2, we confirmed the 

proband deletion that was also present in the DNA of: healthy mother (II-

8), one affected brother (III-5), and one healthy brother (III-7) (Fig 15 a, 

b).  
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Figure 15: Real Time quantitative validation experiment. SHC3 (a) and CNTNAP2 (b) 
ddCT ratios and standard deviations obtained for all family members (Fig.13a) and control 
sample (C). a) The proband (III-4) shows a ddCT ratio of about 0,6, indicating the 
presence of a single copy of SHC3 (deletion), while the other family members and the 
control show a ddCT ratios about 1, indicating a double copy of the gene (normal).b) The 
proband (III-4), the mother (II8), an affected brother (III-5) and an healthy brother 
(III-7) shows a ddCT ratio of about 0,5, indicating the presence of a single copy of 
CNTNAP2 (deletion), while the father (II-1), an affected brother (III-2) and an healthy 
brother (III-3) and the control (C) show a ddCT ratios about 1, indicating a double copy of 
the gene (normal) 
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3.6.4 Case 4 (#164) 

 

We described a family collected in Italian XLMR network 

(http://www.biobank.unisi.it) with two brothers with MR. Another family 

member (III-1) is reported as affected by mild MR. In the patient III-5 

karyotype, molecular tests for Fragile X and PTEN mutations are normal. 

 

 
Figure 16: a) Pedigree of the family .Shaded symbols indicate individuals with 
mental retardation and open symbols indicate individuals who are unaffected. 
b) Picture of the patient III-5 
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Materials and methods 

See the Materials and methods of Result 3.2.1 

 

 

Results 

 

Clinical description 

Patients are two brothers, the older is 9 years old and the younger is 6 

years old. Pregnancy and delivery were normal for both. They showed a 

normal psychomotor development in the first 2 years of life when they 

started to present behavioural disturbances. The older brother (III-5, Fig. 

16) present hyperactivite and attention deficit disorder, flapping of the 

upper limbs and echolalia. His growth is normal, he shows pointed chin and 

single palmar crease bilaterally. The younger brother (III-6) started 

showing autistic behaviour at two years of age. At the last evaluation the 

language was absent, growth parameters were normal, he showed 

hypertelorism and frontal bossing. Karyotype, molecular tests for Fragile X 

and PTEN mutations are normal. 

 

Molecular analysis 

The analysis through SNP array 6.0 on the DNA of one of the two affected 

brother (III-5) did not revel any pathogenic chromosomal rearrangement. 

Only the DNA sample of the brothers (III-5, III-6) were available. Two 

regions segregates in the two MR brothers (Fig. 17): a 5 Mb region including 

two markers (DXS1036, DXS8090) and a 31 Mb region including six 

markers (DXS1212, DXS1047, DXS1227, DXS8043, DXS1193, DXS1073). 

(fig.17). 
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   Figure 17: Pedigree of the family, and genotype of each subject for the tested 

microsatellites. The red boxed markers segregate in all family members with 
MR. Haplotypes segregating with MR are shown with black boxes. Result of  
marker DXS8096 are missing due to technical problems. 
. 

 

The smaller region contains 9 genes. Among them, there is a known XLMR 

gene: DMD (300373). The other region contains 175 genes including 15 

known XLMR genes: SLC9A6, ARHGEF6, SOX3, FMR1, FMR2, IDS, 

MTM,RPL10, SLC6A8, ABCD1, L1CAM, MECP2, FNLA, GDI1, IKBKG. 71,153-

165.(Tab. 9) 
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Mutations in genes indicated in red have been associated to some clinical features also 
present in our patient. 
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4. DISCUSSION AND FUTURE 

PERSPECTIVES 
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4. Discussion and future perspectives 
 

MR is a highly heterogeneous condition with a variety of contributing 

factors, both genetic and environmental. It represents one of the most 

difficult challenges faced today by clinicians, genetistics as well as social 

system. The identification of genes responsible for MR has a crucial 

implication for prevention and treatment. The number of genes involved in 

MR has grown rapidly in the recent years. However, much work remains to 

be done, as it is estimated that the cause of MR is still unknown in up to 

60% of the cases 111.  

My Ph.D. research project has been focused on searching for new 

genes involved in MR. During the first three years of the course, my 

activity was mainly dedicated to a syndromic of MR, Rett syndrome 

(OMIM), that represents one of the most common causes of intellectual 

disability in females 64. This research has leaded to the identification of 

the first autosomal gene involved in RTT spectrum: FOXG1 (OMIM 164874) 

(Result3.3). This discovery has been made possible by two factors: i) 

availability of a biobank of RTT samples with detailed clinical and molecular 

characterization (http://www.biobank.unisi.it) (Result3.1); and ii) 

employment of array-CGH technology. Initially, the biobank allowed us to 

rapidly search for a well characterized group of mutation-negative RTT 

patients (http://www.biobank.unisi.it) Array-CGH analysis performed in one 

of these patients with a RTT-like phenotype permitted us to identify a 3 

Mb deleted region on 14q12 133. By “candidate gene approach”, we could 

selected FOXG1 and, performing mutation analysis in the entire collection 

of negative RTT patients, we  identified the first two patients classified as 

congenital variant cases (Result 3.3). Subsequently, the establishment of an 
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international collaboration allowed us to collect a larger cohort of RTT 

patients and to identify four additional FOXG1 mutated cases (Result 3.4). 

These results gained important insight into the clinical phenotype 

associated with FOXG1 mutations and confirmed the role of the gene in the 

most severe form of RTT.  

This successful story confirms the importance of array-CGH as tool 

for gene discovery. In fact, the identification of chromosomal imbalances in 

specific patients has already proved to be a successful way to identify the 

implicated genes and to gain insight in the pathogenesis of different 

genetic conditions 127-132. Further development and refinement of array-

CGH, leading to more extensive coverage of the genome, will enhance our 

abilities of mapping genes underlying several genetic conditions. 

 The use of the Italian RTT biobank has been also fundamental for 

the identification of five new cases with mutations in CDKL5, the second 

gene involved in RTT. The detailed clinical classification has permitted to 

clarify the phenotype and to elaborate diagnostic criteria that will address 

the  molecular analysis (Result 3.2). 

During the last year of the Ph.D. course, my research activity in the 

labatoratories of Human Genetics, Radboud University in Nijmegen (The 

Netherlands), was dedicated to the search new XLMR genes. The 

availability of a biobank (http://www.biobank.unisi.it) of samples collected 

through an Italian Network, facilitated the selection of patients to include 

in the analysis (Result3.6). In order to discover new XLMR genes, we 

followed two strategies :i) linkage analysis, using a collection of 16 STR 

markers evenly spaced across the X chromosome; ii) analysis of CNVs by 

whole-genome SNP microarray with resolution of 10 kb.  

In Case 1, linkage analysis revealed four regions segregating in all 

family members with microcephaly. Interestingly, the larger region contains 
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a good candidate for patients phenotype: CASK (300172). CASK encodes 

for a calcium/calmodulin-dependent serine protein kinase that belongs to 

the membrane-associated guanylate kinase (MAGUK) family. Members of 

this family target to neuronal synapses and regulate trafficking, targeting 

and signaling of ion channels. CASK has been proposed to be a 

‘pseudokinase’ and it functions as part of large signalling complexes in both 

pre- and postsynaptic sites 166. Recently, CASK has been found mutated in 

two patients mental retardation and microcephaly with pontine and 

cerebellar hypoplasia 167. Functional data confirm CASK as an excellent 

candidate gene, as Cask mouse mutants have small brain, abnormal cranial 

shape and cleft palate 168,169. 

We thus performed CASK mutational screening in our family, but we 

could not find any pathogenic point mutations (Result 3.6.1). However, we 

can not exclude the presence of deep intronic or promoter mutations in 

CASK. Moreover, we did not investigate the presence of intragenic CASK 

rearrangements by techniques such as multiplex qPCR, MLPA or target 

microarray. During the last years, increasing use of these techniques 

demonstrated that a significant fraction of disease causing mutations is 

represented by small deletions/duplications not detectable by PCR based 

methods 170-172. 

Alternatively, CASK is not involved in MR family and other candidates 

have to be considered. In fact, the region is quite large (9,5 Mb) and 

contains 37 genes including 7 known XLMR genes: OTC, TSPAN7, ATP6AP2, 

BCOR, MAOA, NPD, ZNF674. 

Other candidates can be selected on the basis of their function 

and/or expression. 

However, the “candidate gene approach” is not always the successful 

strategy to identify new disease genes. In several cases less obvious 
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candidates have proved to be the cause of the disease, such as MECP2 in 

RTT syndrome 69. In these cases, only a systematic gene screening 

approach has leaded to gene identification.  

In Case 2 and 4, linkage analysis showed very large candidate regions 

containing a high number of genes, making difficult the selection of 

interesting genes (Result 3.6.2, 3.6.4). We will start with the analysis of 

genes already known to be involved in XLMR forms with additional clinical 

features overlapping with our case (Result 3.6.2, 3.6.4). 

In Case 3, SNP array identified two rearrangements: one intragenic 

deletion in CNTNAP2 (7q35) and one deletion of  3,8 Mb on 9q21.33-q22.2. 

CNTNAP2 could represent a good candidate since it encodes a member of 

the neurexin family and is associated to cortical dysplasia-focal epilepsy 

syndrome 173. Our patient shows psychomotor delay, epilepsy and 

dysmorphic features (Result 3.6.3). In the other region, SHC3 represents 

an interesting gene since it is highly expressed in brain and is involved in 

BDNF signalling 174. However, the use of Real Time qPCR assays designed on 

the two regions revealed that both rearrangements do not segregate with 

MR in the family (Result 3.6.3), making unlikely their  involvement in the 

disease.  

In XLMR cases, the obtained results represents preliminary findings 

that will address future projects aimed at identifying the causative genes. 

These projects will require time and, possibly, collaborative efforts that 

will allow the sharing of technological platforms.  

A recent alternative strategy for XLMR gene discovery is represented 

by large-scale systematic resequencing of X chromosome. This approach 

has recently allowed the discovery of nine new genes implicated in XLMR 

confirming the power of this strategy 175. However, the study by Tarpey et 

al. also highlights pitfalls and challenges of this approach. In fact, the 
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authors unexpectedly found that at least 1% of the X chromosome genes 

have truncating mutations in the normal population. Therefore, 

identification of protein-truncating variants requires careful evaluation and 

can not be regarded as strong evidence of disease causation on its own. 

Another problem is represented by the assessment of pathogenicity of 

missense sequence variants eventually identified. To this aim, Tarpey et al. 

adopted strategies based on the conservation of the altered amino acid and 

the number of missense variants in each gene. However, the discriminative 

power of such approaches may be limited. A key test is whether there is a 

difference in the prevalence a putative causative change between affected 

and control individuals. However, the size of the sample sets required could 

hamper this kind of studies in MR.  

The annotated genome sequence and the improvement of 

technological platforms has greatly increased our possibility to discover 

the genetic causes of MR. The identification of the genes responsible for 

MR is an essential step not only for the definition of the pathogenic 

mechanisms involved in MR but also for the identification of pathways 

essential for normal brain development and functioning. Establishing the 

genetic causes in patients with MR is fundamental for improving clinical 

management, defining the prognosis, and facilitating genetic counselling for 

the families. In addition, this knowledge will be essential for planning 

potential therapeutic strategies for MR. 
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