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To the Ph.D. Thesis reviewers 
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which include Rett syndrome, X-linked mental retardation and glaucoma (Ariani F. et 

al. Graefes Arch Clin Exp Ophthalmol. 2006 Jan 27; 1-6). 

 She chose to discuss the final Thesis on Rett syndrome since she recognized 

this field more stimulating and fruitful. Within the field of Rett syndrome, she presents 

in this thesis only the work related to the identification of the molecular defect in 

MECP2-negative patients. However, she contributed to three additional papers (Clin 

Genet 2003 Dec;64(6):497-501; Eur J Hum Genet 2004 Aug;12(8):682-5; Clin Genet 

2005 Mar;67(3):258-60) and helped me in writing the review: Rett syndrome: the 

compelx nature of a monogenic disease (J Mol Med 2003 Jun;81(6):346-54). 

 Starting from this year, in Italy, it is possible to get the title of “Doctor 

Europeus”. This title can be conferred by the University of Siena, which is one of the 
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- the authorization to the final PhD dissertation is accorded in the light of the reports on the 

Thesis compiled by at least two professors belonging to two superior education institutions of  

two member states of the European Community different from that in which the doctorate is 

held; 

- at least one member of the PhD dissertation board which confers the PhD title belongs to a 

superior education institution of one member state of the European Community different from 

that in  which the doctorate is held; 

- the PhD dissertation is carried out at least partially in a tongue of the European Community 

different from the national one of the state in which the doctorate is held; 

- the PhD thesis must have been prepared partially following a research stay of at least a three-

month period in one member state of the European Community different from that in which the 

doctorate is held. 

I ask you to be the external reviewer of this thesis. Please send me back your general 

opinion together with specific comment whenever necessary. 

Sincerely 

Prof. Alessandra Renieri 
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1. Introduction 
 

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

disorder affecting almost exclusively girls. The syndrome was originally described by 

Andreas Rett, an Austrian paediatrician, in 1966, but it only became known worldwide 

in 1983, when Hagberg and colleagues reported 35 girls with strikingly similar clinical 

features of progressive autism, loss of purposeful hand use, ataxia and acquired 

microcephaly (1) (2). RTT is now recognised as a distinct clinical entity with an 

estimated prevalence of 1 in 10.000 to 20.000 female births and represents a leading 

cause of mental retardation and autistic behaviour in girls (3). In addition to the classic 

form, a number of RTT variants have been described and the preserved speech variant 

(PSV) is probably the most common (4-9). 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. In 1999, it was firstly demonstrated 

that RTT is caused by mutations in the MECP2 gene, located in Xq28 (10). MECP2 

mutations account for approximately 70-80% of cases with classic RTT and for a lower 

percentage of variant patients. While much has been learnt about RTT since its first 

description, several questions have still to be answered and the pathogenic mechanisms 

underlying the disorder are still not well understood. To fully explain RTT phenotype 

will require the identification of the genetic defect in cases without an apparent MECP2 

mutation and the characterization of MeCP2 target genes, particularly those active in the 

central nervous system.  
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1.1 Clinical features of RTT 
 
 The established diagnostic criteria for RTT have been recently revised in order 

to clarify previous ambiguities in interpretation of clinical features (11). These criteria 

for classic RTT include a period of normal development, during which girls tend to 

reach motor, language and social milestones at the expected rate and age. Their 

neurological development is then arrested and begins to regress according to a 

predictable course that comprises four stages. During Stage I (6-18 months), patients 

cease to acquire new skills; they show decelerating head growth and autistic features. In 

Stage II (1-4 years), RTT girls lose the ability to speak and the purposeful use of the 

hands. During this stage, patients show the classic 'hand-washing' stereotypic activity, 

irregular breathing patterns, truncal and gait ataxia/apraxia; about half of them also 

develops seizures. In Stage III (4-7 years), girls become more alert and interested both 

in people and their surroundings, however inability to speak, hand apraxia and 

stereotypic hand activities persist. Other somatic and neurologic handicaps, such as 

severe scoliosis, reduced somatic growth and epilepsy, become evident. During Stage 

IV (5-15 years and older), seizures become less frequent, but somatic and neurologic 

deterioration continues, resulting in spastic quadriparesis (Fig. 1a). In addition to the 

classic form, five distinct categories of atypical RTT have been delineated on the bases 

of clinical criteria (12). 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 preserved speech 

variant (PSV), in which girls recover the ability to speak in single words or third person 

phrases and display an improvement of purposeful hand movements at Stage 3 of 

disease progression (Fig. 1b). Furthermore, in our italian cohort of patients, it has been 

described a “highly functioning PSV” associated with acquisition of more complex 

language function including use of first person phrases (9). In this variant, girls acquire 

a better control of their hands and they are able to draw figures and write simple words 

(Fig. 1c and 1d). The degree of mental retardation in these girls is also milder than in 

PSV and their I.Q. can be as high as 50. 
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Fig. 1. RTT phenotypes. a) A classic RTT patient at the age of 12 years. b) A preserved speech variant 
(PSV) patient at the age of 21 years. c) A “highly functioning PSV” patient, at the age of 13 years, while 
she is writing the letters of her name. d) Drawing by a “highly functioning PSV” patient, indicating the 
recover of manual skills. The girl is also able to write her name and address.  
(a and b reproduced with permission from (8); c reproduced with permission from (9)).  
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1.2 Genetics of RTT 
 

MECP2 mutations in RTT and RTT-like phenotypes 
 
 Mutations in MECP2 account for approximately 70-80% of females with classic 

RTT, 50% of PSV cases and a lower percentage of other variants (5-9) (13) (14). 
Following the first report of MECP2 involvement in RTT, several mutation databases 

have been developed (http://homepages.ed.ac.uk/skirmis/; http://mecp2.chw.edu.au/; 

http://www.biobank.unisi.it). There are eight common mutations which are located at CpG 

dinucleotides and account for 65% of all described mutations in MECP2.  

 Studies aimed to establish a genotype/phenotype correlation have yielded 

conflicting results (8) (15-21). The results discrepancy may arise from differences in 

study design such as assessment scale of phenotype severity and classification of 

MECP2 mutations. In addition, biological factors such as the pattern of X-inactivation, 

the effects of modifier genes and genetic background may account for the differences. 

There is some agreement that missense mutations have a milder effect than nonsense 

mutations and that early truncating mutations (located in the MBD or TRD), by causing 

complete loss of MeCP2 function, are preferentially associated with a more severe 

phenotype than late truncating mutations (located in the C-terminal domain) (14). 

Furthermore, the common Arg270X mutation seems to be associated with increased 

mortality (22). 

 Although initially thought to be a disorder exclusively affecting females, males 

with a RTT-like phenotype have been described. These cases include males with a 

47,XXY kayotype, males who are a mosaic for severe MECP2 mutations and males 

who may have milder MECP2 mutations (23-25). 
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MECP2 mutations in non-RTT phenotype 
 
 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 (26). Other studies identified MECP2 mutations in males with nonspecific 

mental retardation, males with severe neonatal encephalopathy, males with language 

disorder and schizophrenia, males with PPM-X syndrome, Angelman syndrome and 

infantile autism (15) (27-36). 

 Concerning the type of mutations, MECP2 early truncating mutations have been 

found associated with severe encephalopathy in male siblings of RTT females, while 

late truncating and missense mutations in MBD and TRD have been identified in 

nonsyndromic X-linked recessive mental retardation cases. In addition, missense 

mutations either in the C-terminal domain or in the connecting peptide between MBD 

and TRD, which are never described in RTT, have been found in XLMR patients. 

Successively, some of these MECP2 missense changes turned out to be non pathogenic 

variants (37-39). 

 Finally, recent data show that 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 (40) (41). 
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Effect of X-chromosome inactivation 

 
 The MECP2 gene is located at q28 on the X chromosome and it has been 

demonstrated to be subjected to X-inactivation in mice and humans (42) (43). 

Consequently, the pattern of X chromosome inactivation (XCI) has been postulated to 

explain the phenotypic heterogeneity associated with MECP2 mutations. In support of 

this hypothesis, skewed XCI (presumably favouring inactivation of the mutant allele) 

has been observed in healthy carrier mothers of RTT patients and partially skewed XCI 

in less severe RTT phenotypes (8) (18) (30) (44) (45). However, such a role was not 

confirmed in other studies showing random XCI in healthy carrier females and highly 

skewed X inactivation in classic RTT patients (8) (26) (46). Furthermore, it has been 

demonstrated that XCI may vary remarkably between tissues (47) (48). Thus, the 

extrapolations of results based on sampling peripheral tissues, such as lymphocytes, to 

other tissues, such as brain, may be misleading. Studies performed on RTT brain tissues 

suggest that balanced XCI patterns are prevalent (49) (50). However, XCI has been 

investigated in a limited number of regions in few RTT brain samples. Consequently, no 

definitive conclusions can be drawn. 
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The MECP2 gene and its function 

 
 MECP2 is a four-exons gene located in Xq28. It encodes two separate isoforms 

depending on the use of alternative splice variants: a protein of 486 amino acids 

(MeCP2_e2; encompassing part of exon 2 but not exon 1) and the recently identified 

protein of 498 amino acids (MeCP2_e1; encompassing exon 1 but not exon 2) (Fig. 2) 

(51) (52). The MeCP2_e1 isoform is more abundant in brain, while the MeCP2_e2 

isoform predominates in other tissues such as fibroblast and lymphoblast cells. MeCP2 

has two main functional domains: the Methyl-CpG-Binding Domain (MBD), shared by 

exon 3 and 4, which binds exclusively to symmetrically methylated CpGs and the 

Transcription Repression Domain (TRD), located in exon 4, which is able to recruit co-

repressor complexes (Sin3A/HDACI or Ski/N-CoR/HDACII) that mediate repression 

through deacetylation of core histones (Fig. 2) (53-55). MeCP2 also has HDAC 

independent silencing activity (56). In addition to this role as transcriptional repressor, it 

has been recently demonstrated that MeCP2, interacting with the RNA-binding protein 

Y box-binding protein 1 (YB1), is also implicated in regulating RNA splicing (57). 

 

 

 
 

   
Fig. 2. Structure of the MECP2 gene and mRNA. Alternative splicing for the MeCP2_e2 isoform is 

shown in blue and for the MeCP2_e1 isoform in red. The region encoding the MBD (Methyl-CpG 

Binding Domain) is in green and the TRD (Transcription Repression Domain) in yellow. 
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Mouse models of RTT 

 

 In order to clarify the mechanisms of RTT pathogenesis, a variety of mouse 

models have been produced. Two different groups generated mice with fully deleted 

Mecp2 sequences (58) (59). Mecp2 heterozygous female mice are viable, fertile and 

appear normal even in early adulthood. However, at about 6 months of age, they begin 

to show neurological symptoms reminiscent of RTT. Interestingly, the delay before 

symptoms onset overlaps in human and heterozygous mouse, despite their profoundly 

different rates of development. These results suggest that stability of brain function 

rather than development may be compromised by the absence of MeCP2. Hemizygous 

null male or homozygous null female mice appear healthy at birth, but develop clinical 

manifestations similar to RTT between 3 and 8 weeks of age and usually die by 10 

weeks of age. Deletion of Mecp2 restricted to neuronal lineages results in the same 

phenotype, showing that the absence of normal protein function in neurons is sufficient 

to cause the disease (59). Furthermore, Mecp2 deletion in post-mitotic neurons lead to a 

delayed RTT-like phenotype, suggesting that the disease is caused by the absence of a 

continuous function of the protein in mature neurons (58) (60) (61). In addition, mice 

expressing a truncated MeCP2 protein that retains partial function display a milder 

phenotype than that shown by the null mice (62). Brain tissues from these mice 

contained hyper-acetylated H3 histone, indicating that transcriptional alterations may 

underlie the phenotype. Since the phenotype in male mice is milder than in male 

humans, in whom MECP2 mutations are considered embryonic lethal, the possibility of 

functional redundancy of other methylated-DNA binding proteins such as MBD2 

(Methyl Binding Domain 2) has been raised. MBD2, which usually functions as a 

transcriptional activator in the presence of wild type MeCP2, acts as a silencer and 

associates with the MeCP1 histone deacetylase complex in MeCP2-deficient cells, 

possibly replacing some silencing function normally dependent on MeCP2 (63). 

However, in Mecp2 null mice, concomitant loss of Mbd2 does not worsen the 

phenotype, suggesting that Mbd2 alone does not compensate for the loss of MeCP2 

(59). Recently, mouse models demonstrated that also slightly increased levels of 

MeCP2 have a deleterious effect on brain function (64). In particular, twofold over-
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expression of Mecp2 in wild type mice resulted in the development of progressive 

neurological deterioration with seizures, motor dysfunction, and reduced survival. 

 

MeCP2 targets 

 
 The involvement of MeCP2 in methylation-specific transcriptional repression 

suggests that RTT may result from inappropriate expression of a large number of genes.  

However, experiments of gene expression profiling in neuronal and non-neuronal 

tissues from Mecp2 knockout mice and/or from RTT patients have identified only small 

and unreproducible differences. This could be due to functional redundancy and other 

members of the MBD protein family may compensate for loss of MeCP2 function. 

Alternatively, expression changes may be limited to very restricted brain areas or cell 

types and thus they might be lost by these studies. Finally, the microarray technology 

may not be sufficiently sensitive to detect subtle expression changes of a limited 

number of genes.  

 Recently, a candidate gene approach has been used to identify the brain derived 

neurotrophic factor (BDNF) gene as a MeCP2 target in mammals (65) (66). BDNF is a 

neurotrophin essential for survival, growth and maintenance of neurons during 

development (67). In addition, BDNF has important functions for neuronal plasticity, 

learning and memory (68-70). MeCP2 was found to bind the promoter of Bdnf, thereby 

repressing its expression in resting neuronal cultures. Following membrane 

depolarization, phosphorylated MeCP2 dissociates from the promoter and Bdnf 

expression is induced. In MeCP2 deficient neurons, the basal levels of Bdnf are two fold 

higher than those of wild type neurons, while there are no significant changes in activity 

induced levels of Bdnf expression (Fig. 3). However, more recently, it has been 

demonstrated that BDNF protein level are reduced in Mecp2 knockout mice (71). These 

conflicting results can be explained by the observation that Mecp2 deficient mice show 

reduced neuronal activity and this might indirectly cause decreased BDNF protein 

levels. 

 One class of genes that have been intensively studied as MeCP2 targets are the 

imprinted genes. In 2005, convincing evidence emerged that MeCP2 is important for 

imprinting at the Dlx5 (distal-less homeobox 5) locus (72) (73). Horike et al. carried out 
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chromatin immunoprecipitation experiments to identify MeCP2-binding sites in mouse 

brain and found several sequences located within an imprinted gene cluster on 

chromosome 6. The analysis of genes contained in this cluster showed an increased 

expression of the imprinted Dlx5 gene and the neighbouring non-imprinted Dlx6 gene in 

brains of  Mecp2-null mice (Fig. 3). Interestingly, it was demonstrated that the DLX5-

imprinting pattern is disrupted in both Mecp2-null mice and lymphoblastoid cell lines 

obtained from RTT patients. MeCP2 was shown to be essential for the formation of a 

silent chromatin structure at the Dlx5 locus by histone methylation and through the 

formation of a chromatin loop. Since DLX5 regulates GABA neurotransmission and 

osteogenesis, loss of imprinting at the DLX5 locus might account for epilepsy, 

osteoporosis and somatic hypoevolutism observed in RTT (Fig. 3). 

 Phenotypic overlap between RTT and Angelman syndrome (AS) led to 

investigate expression levels of another imprinted gene, UBE3A (ubiquitin protein 

ligase E3A). AS is caused by repression of the maternally expressed copy of UBE3A 

(74). Regulation of UBE3A expression involves the UBE3A antisense transcripts that 

have been suggested to inhibit transcription from the paternal allele (75) (76). It has 

been demonstrated that UBE3A mRNA and protein levels are decreased in brains of 

MeCP2 deficient mice and RTT patients (Fig. 3) (77) (78). This correlates with a 

biallelic production of UBE3A antisense RNA and changes in chromatin structure (78). 

The authors concluded that MeCP2 deficiency causes epigenetic aberrations at the 

PWS/AS imprinting center that result in loss of imprinting of the UBE3A antisense 

gene, increase in UBE3A antisense RNA level and consequently decrease in UBE3A 

production (Fig. 3).   

 Other genes that have been subsequently found to be regulated by MeCP2 in 

brain tissues are the glucocorticoid inducible genes, Sgk1  and Fkbp5 (79). Nuber et al 

observed increased levels of Sgk1 and Fkbp5 mRNAs in Mecp2-null mice (Fig. 3). 

Given the known deleterious effect of glucocorticoid exposure on brain development, 

the authors hypothesized that disruption of MeCP2-dependent regulation of stress 

responsive genes contribute to RTT symptoms (Fig. 3).  
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�

 
Fig. 3. MeCP2 targets. Loss of MeCP2 leads to altered expression of specific genes: BDNF, DLX5, 

Sgk1, Fkbp5, UBE3A antisense and, consequently, UBE3A. Expression changes of BDNF may be 

responsible for impairment of learning and memory. Over-expression of DLX5 may account for epilepsy, 

osteoporosis and somatic hypoevolutism of RTT. Over-expression of the glucocorticoid inducible genes 

Sgk1 and Fkbp5 may lead to altered cellular stress response, but actually it is not possible to predict the 

phenotypic consequences. Finally, the over-expression of antisense UBE3A results in under-expression of 

UBE3A, the gene responsible for the Angelman syndrome, possibly explaining the Angelman-like 

features present in patients with RTT. (Figure adapted from (80)).  
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2. Rationale, aim and outline of the study 
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2. Rationale, aim and outline of the study 
 
 RTT is a devastating neurodevelopmental disorder that represents one of the 

most common genetic causes of mental retardation in girls. MECP2 mutations account 

for about 70-80% of classic RTT cases and for a lower percentage of variant patients.  

 This study has been focused on the identification of the genetic defect in RTT 

patients without an apparent MECP2 mutation. We tried to achieve this goal through the 

combination of several strategies including the set up and use of a clinically and 

molecularly well-defined patients database, the improvement of traditional methods 

employed to analyze the MECP2 gene and the identification of new genes involved in 

RTT. 

 At the beginning of this study, the availability of a large number of RTT samples 

has been essential. A DNA and cell lines bank of RTT patients has been present in the 

Medical Genetics Unit of Siena since 1998. Given that this large collection of patients 

represents a very important tool for the scientific community, we inserted bank samples 

in an on-line catalogue available upon request to all researchers working on RTT 

(Result 3.1).  

 We then start to investigate the molecular cause in our cohort of mutation-

negative RTT patients by searching missed MECP2 defects (Result 3.2).  

 Mutation-negative RTT cases could be due to the limited sensitivity of the 

methodology used for MECP2 mutation analysis. In particular, the traditional 

techniques employed for MECP2 analysis (DGGE, SSCP, DHPLC, direct sequencing) 

were prone to miss large rearrangements. We therefore decided to develop a fast and 

sensitive assay to detect such rearrangements by Real Time quantitative PCR and we 

employed this method to analyze our cohort of patients. MECP2 rearrangements were 

then characterized by MLPA or array-CGH.  

 In 2004, two studies described a new isoform of MeCP2 and showed that it is 

the predominant form in the human brain. The new isoform has a longer N-terminus, 

transcribed from exon 1 of MECP2. Exon 1 was previously considered non coding and 

was therefore not included in MECP2 mutation screening. Given these data, we 

analyzed our RTT patients for mutations in exon 1.  
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 To explain the proportion of mutation-negative RTT cases, we also hypothesized 

the existence of another RTT locus (Result 3.3). We observed two girls with clinical 

features typical of the infantile seizure onset variant of RTT. In these patients, MECP2 

point mutations and gross rearrangements were excluded by DHPLC and Real Time 

qPCR. The infantile seizure onset variant of RTT presents a phenotypic overlap with 

West syndrome, also called “X-linked infantile spasms” (ISSX). ISSX is characterized 

by the triad of infantile spasms, hypsarrhythmia, and severe to profound mental 

retardation. ARX and CDKL5 genes have been associated with ISSX. Based on the  

phenotypic similarities between the two syndromes, we analyzed both ARX and CDKL5 

for mutations in the two RTT variant patients. The identification of CDKL5 deletions in 

the two girls led us to extend the analysis to the other MECP2-negative patients of our 

collection. We found CDKL5 mutations in two other girls with the infantile seizure 

onset variant, strengthening the correlation between CDKL5 and RTT. Considering the 

similar phenotypes caused by mutations in MECP2 and CDKL5, we hypothesized that 

the two genes play a role in common pathogenic processes. To verify this hypothesis, 

we firstly decided to investigate the expression patterns of Mecp2 and Cdkl5 in 

embryonic and postnatal mouse brains. Successively, we performed a series of 

experiments aimed to investigate whether MeCP2 and CDKL5 directly interact in vitro 

and in vivo. Finally, we analyzed the functional activity of CDKL5. 

 This study has been very interesting not only because it allowed us to define the 

molecular diagnosis in a fraction of “unsolved” RTT cases, but also because it 

established the molecular bases for future studies aimed to understand the mechanisms 

of RTT pathogenesis. 



 22 

3. Results 
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Result 3.1 
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Unpublished data 
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 A bank of RTT DNA and cell lines is active in the Medical Genetics Unit of 

Siena since 1998. During the PhD, I have been involved in the creation of an on-line 

database containing all RTT patients collected in the bank. The database is now 

available and represents a precious resource for all researchers working on RTT. The 

general home page of the web site is available at http://www.biobank.unisi.it. This 

introductory page gives access to three independent databases: 1-X-Linked Mental 

Retardation; 2-Rett syndrome; 3-Other (containing biological samples from patients 

affected by other genetic disorders).  

 

 

 
 

 

Fig. 4. General home page of the bank. Here, users can find links to the three distinct databases: 1- 

XLMR; 2- RTT; 3- Other. Moreover, this page gives access to general information useful for site 

navigation and use. 
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Methods  

 

 The RTT database is maintained and updated on the server of the University of 

Siena. The database has been created using the Access software (Microsoft Office; 

http://www.microsoft.com) for data management. The web-site is written in VBScript 

and takes advantage of a Microsoft IIS (Internet Information Server) server with ASP 

(Active Server Pages) technology.  

 

 

How to use the database 

 

 By accessing the RTT section, users can see a list of all patients available with 

additional specific information. At present, the site contains 606 samples (208 probands 

and 398 relatives). Of the 208 probands, 149 have a known mutation while for the 

others 59 mutation screening failed to identify any pathogenic change.  

 The database is organized on two levels: a “public” level freely available to the 

general public and an “administrator” level accessible only to bank administrators 

through the use of a password. This level contains personal data of patients and relatives 

and detailed clinical information. 
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Fig. 5. Login page. A username and a password guarantee a regulated access to information. Only 

administrators can insert new records, modify information and access to patients personal data and 

clinical details.   

 

 In both cases, the main page consists of a table of all available samples with the 

following information: a) CODE: a progressive number which identifies RTT families; 

b) INTERNAL CODE: the personal codes assigned to each family member; c) 

PHENOTYPE: classic RTT, PSV, high functioning PSV, early seizures variant, 

“forme fruste”, congenital variant, RTT-like, or ND (< 4 years) when the age of the 

patient does not allow an accurate clinical classification; d) GENE NAME: the name of 

the mutated gene (“Unknown” if the mutation has not been found); e) MUTATION 

TYPE: missense, early truncating, late truncating, gene deletion and gene duplication; 

f) NUCLEOTIDE CHANGE; g) AMINOACID CHANGE; h) ADDITIONAL 

INFO: a page in which external users can only visualize information about the X-

inactivation status and mutations inheritance, while bank curators can visualize also 

personal data of patients and relatives; i) BIOLOGICAL SAMPLE AVAILABLE: 

lymphoblastoid cell lines, leukocytes in DMSO medium, plasma, DNA, fibroblasts; l) 

REFERENCE: PubMed references of articles including the specific patient. 

 The website is interactive, with a user-friendly graphical interface. Researchers 

can rapidly verify if there are the patients they need by exploiting the “Search by” 

option available directly on the main page. This option allows users to select patients 

by: i- Mutated gene; ii- Mutation type; iii- Nucleotide change; iv- Aminoacid 

change; v- Phenotype; vi- Survival. Users can choose to search by one single option or 

to combine two or more options (Fig. 6a and 6b). As a result of the search, they will 

visualize a table with all RTT patients fulfilling the requested features (Fig. 6c). 

 Finally, on the main page, users can find links to three other pages: i) List of 

mutations, a table with all mutations identified in bank patients; ii) Graph of 

mutations, a dynamic graph showing the position of the pathogenic mutations and their 

relative frequency; iii) Rare variants, a table with all non-pathogenic rare variants 

identified in bank patients. 
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Fig. 6. Search of specific RTT samples in the database. a) Users can search RTT patients with a 

specific aminoacid change through the “Search by” option available on the main page of the website. b) 

The “Search” option gives access to a page in which users can indicate the specific aminoacid change, for 

example R270X. c) As a result, users visualize a table containing all the fields present in the general table 

and listing all bank patients with R270X.  
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How to improve the database 

 

 Given the complexity of RTT phenotype, we are actually working on the 

improvement of the structure and information content of the web site. For example, we 

want to increase the amount of information related to each RTT patient creating a new 

schedule containing an accurate list of clinical features. Moreover these clinical data 

will be associated to a phenotypic severity score (Table 1, modified by (81) (82)). This 

amelioration will make possible a better definition of the clinical phenotype of each 

patient and a more accurate genotype-phenotype correlation.  

 Furthermore, we plan to create an additional schedule (named “Additional 

anomalies”) in which there will be the possibility to insert clinical features not generally 

associated with RTT phenotype or less frequently evaluated in these patients. For 

example, our bank contains some RTT patients with particular features such as eyes 

anomalies (microphthalmia and optic nerve coloboma) or bone anomalies 

(ectrodactyly). This improvement will better define the phenotype of each patient and 

will make the bank a precious resource for all researchers studying these very rare 

patients.  

 We also plan to add a new column named “Inheritance” to the main page table. 

Usually RTT is a sporadic disease but some exceptions to this rule do exist. In fact, 

three RTT cases of the bank are familial. In these familial cases, affected members show 

variations in age onset, severity of impairment and clinical course. These rare cases are 

very precious to study possible modifier genes of RTT phenotype.  

 In addition, our bank includes patients with particular chromosomal 

rearrangements and without any point mutation identified. For example, the bank 

contains a patient with RTT-like features and an interstitial deletion of chromosome 2  

(2q34) and another patient with atypical RTT and an interstitial duplication of 

chromosome 11 (11p23.3) (83) (84). The bank, making these rare samples available to 

the scientific community, represents an important resource to identify the specific 

gene/s responsible for the phenotype. Consequently, we plan to allow users to 

immediately visualize this information on the main page.  
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Table 1  
 
Scoring for different clinical features 

 
Head  2 Microcephaly 
  1 Deceleration of head growth 
  0 No deceleration of head growth 
 
Weight  2 Below 3rd percentile 

���� 1 3rd to 25th percentile 
 0 Above 25th percentile 
 

Epilepsy 2 First seizure in the first year of life 
  1 First seizure after the first year of life 

 0 Epilepsy at age of 5 
Hand  
stereotypy 2 Dominating or constant 
  1 Mild or intermittent 
  0 None 
Voluntary  
hand use 2 None 
  1 Reduced or poor 
        0 Hand use normal 
 
Walking 2 Never learned to walk 
  1 Loss of ability to walk 

                         0 Walking unsupported at age of 5 
 

Speech  2 Never spoken 
  1 Loss of ability to speech 
  0 More than 10 words at age of 5 
 
Sitting  2    Never learned to sit 
  1 Loss of ability to sit 

                         0  Sitting unsupported at age of 5 years 
 

Scoliosis 2 Severe 
    1 Mild 

  0 Absent 
Intellectual  
disability 2 Apparent profound IQ<20 

 1 Apparent severe IQ: 20-40 
  0 IQ>40 
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Result 3.2 

 

 

 

 

 

 

Identification of missed MECP2 defects
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Real-time quantitative PCR as a routine method for 

screening large rearrangements in Rett syndrome: 

Report of one case of MECP2 deletion and one 

case of MECP2 duplication 
 

Ariani F, Mari F, Pescucci C, Longo I, Bruttini M, Meloni I, 

Hayek G, Rocchi R, Zappella M, Renieri A. 

 

 

 

 

 

 

 

 

 

 

 

 

Published in: Hum Mutat 24 (2):172-7 (2004). 
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Screening of MECP2 large rearrangements 

by Real-time quantitative PCR 
 

 

 

 

 

 

 

 

 

 

 

 

Unpublished data
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 Once developed a Real Time quantitative PCR assay to screen for large 

rearrangements in MECP2, we decided to employ the method to analyze all mutation-

negative RTT patients contained in our bank.  

 

Methods 

 See Ref. (85). 

 

Results 

 We identified eight new MECP2 large deletions involving exon 4. In particular, 

the deletions were found in six sporadic cases with classic RTT and in one familial case 

with two RTT sisters with strikingly different phenotypes. The pedigree of the family is 

represented in Fig. 7a. The younger sister is in the IV stage of classic RTT, while the 

older sister fulfills the criteria for the “highly functioning” PSV (Fig. 7b) (9). Molecular 

investigation of the entire family by Real Time qPCR revealed a MECP2 deletion in 

both sisters, absent in parents (Fig. 7c). A detailed clinical description of both sisters is 

given below. 

 II1 (#896). She is the elder sister, now aged 32. The mother had a normal 

pregnancy and delivery and the child was born pre-term at the 8th month of gestation. 

She showed a psychomotor delay since the first months of life. She could walk 

unsupported at the age of 2.5 years and she could say her first words at the age of 2 

years. Presently she can walk unaided even if on a broad basis. She has a good social 

interaction with a friendly behavior. She is able to speak in simple phrases, even if often 

in an echolalic manner. She has never showed epileptic episodes. Now she shows a 

normal head circumference, stereotypic hand movements and an exceptionally recover 

of manual skills (Fig. 7b, left). 

 II2 (#897). She is the younger sister, now aged 26. The mother had a normal 

pregnancy and delivery. The child had a normal psychomotor development in the first 

year of life. Her progress then ceased and autistic features became evident. At 14 

months of age, generalized convulsions appeared. The ability to use her hands was 

overwhelmed by incessant hand stereotypes. Presently, she is not able to walk 

unsupported and she cannot speak. Epilepsy is still present and barely controlled by 
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therapy. She has microcephaly, scoliosis, stipsis, cold extremities and episodes of 

apnea. She fulfills the criteria for classic RTT (Fig. 7b, right).  

  

 

 

 

Fig. 7. RTT familial case. a) Pedigree of the family. White symbols represent asymptomatic 

subjects, the black symbol stands for classic RTT, while the gray symbol stands for “highly functioning 

PSV”. b) The two RTT sisters. On the left, the elder sister classified as “highly functioning PSV”; on the 

right, the younger sister with a classic RTT phenotype. c) Real Time quantitative PCR results. MECP2 

ddCt ratios and standard deviations of the RTT sisters (II1 and II2), their parents (I1 and I2) and two 

healthy controls (C1, female; C2, male). The normal control female (C1) and the mother (I1) show ddCt 

ratios of about 1, indicating a double copy of MECP2, while the male control (C2), the father (I2) and the 

two sisters (II1 and II2) show ddCt ratios of about 0.5, indicating a single copy of the gene.  



 41 

Characterization of MECP2 deletions 
 

 

 

 

 

 

 

 

 

 

 

 

Unpublished data
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 We decided to characterize the nine MECP2 deletions identified by Real Time 

qPCR. To this aim, we carried out quantitative analysis by Multiple Ligation-dependent 

Probe Amplification (MLPA). This is a recently developed technique that allows 

multiplex detection of copy number changes of genomic DNA sequences. 

 Ordinary multiplex PCR requires one pair of primers for every fragment to be 

amplified. Given that the efficiency of different primer pairs is not equal, this technique 

cannot easily be used for relative quantification of target sequences. MLPA reactions 

are more robust as all fragments are amplified with the use of only one pair of PCR 

primers. MLPA probes consist of two parts: one synthetic oligonucleotide and one 

phage M13 derived single stranded DNA fragment (Fig. 8a). Each part contains one of 

the two sequences recognized by the universal PCR primers. In addition, the M13 

derived fragment contains a non hybridizing stuffer sequence of variable length. The 

two parts of the MLPA probes are then hybridized to each target sequence, 

enzymatically ligated and products are amplified using the universal PCR primers (Fig. 

8b, 8c and 8d). The stuffer sequence makes amplification products different in length 

and allows to identify them by size separation. In the analysis, the signal strengths from 

the probes are represented by corresponding peak areas (Fig. 8e). Peak areas are then 

compared with those of a control individual.  

 For MLPA analysis of MECP2, we used a specific probe mix developed by 

MRC Holland. This mix contains probes for exons 1, 2, 3, and 4 of MECP2 and three 

additional probes for the flanking genes IRAK1, L1CAM and SYBL1.
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Fig. 8. Principle of MLPA. a) MLPA probes. The synthetic oligonucleotide contains the sequence recognized by the universal primer Y (in dark), while the M13 

derived fragment contains the specific sequence for universal primer X (in dark) and the stuffer sequence (in red). Target sequences are indicated in blue. b) 

Hybridization of MLPA probes. Genomic DNA is denatured and the two parts of each MLPA probe are hybridized to the target sequences. c) Ligation reaction. Only 

perfectly matched probes are ligated by a thermostable ligase. d) PCR reaction. All the ligated probe products are amplified by PCR using only one primer pair (X and 

Y). The amplification product of each probe has a unique length and can be identified by size separation. e) Example of fragment analysis by capillary electophoresis. 

Analysis of a control DNA (upper panel) and a test DNA (lower panel). Compared to a control reaction, the relative peak area of each amplification product reflects the 

relative copy number of the target sequence of that probe in the analyzed sample. Here, the analysis of test DNA shows a decrease in peak area of exon 13 compared to 

control, indicating the presence of a deletion. 
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Methods 

 We analyzed MECP2 by MLPA using probe mix P015 (MRC Holland). The 

analysis was carried out as already described by Schouten (86). Briefly, 100 ng of 

genomic DNA was diluted with TE buffer to 5 �l, denatured at 98°C for 5 minutes and 

hybridized with SALSA Probe-mix at 60°C overnight. Ligase-65 mix was then added 

and ligation was performed at 54°C for 15 minutes. The ligase was successively 

inactivated by heat (98°C for 5 minutes). PCR reaction was performed in a 50 �l 

volume. Primers, dNTP and polymerase were added and amplification was carried out 

for 35 cycles (30 seconds at 95°C, 30 seconds at 60°C and 60 seconds at 72 °C). The 

amplification products were analyzed on an ABI model 310, using Genescan ROX 500 

standards and Genescan software. Data from Genescan were copied to Excel files 

(Windows) where the final results were calculated using Coffalyser software (MRC 

Holland). Dosage alterations were considered significant if sample values deviated more 

than 30% from the control.  

  

Results  

� MLPA analysis showed that all rearrangements are partial deletions of the 

MECP2 gene (Fig. 9). In fact, all deletions involve exon 3 and 4, but not exon 2 of 

MECP2. In addition, in all samples, the L1CAM gene is not involved in the 

rearrangement. Among the four deletions involving the 3’ amplicon of exon 4 (4d), two 

extend to involve the IRAK1 gene and only one both IRAK1 and SYBL genes (Fig. 9). In 

the familial case, MLPA results showed that the deletion in the two RTT sisters (#896 

and #897) involves exon 3 and partially exon 4 (amplicons 4a, 4b and 4c), suggesting  

that they probably harbor the same rearrangement.
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Fig. 9 Characterization of MECP2 deletions. a) MECP2 and flanking genes (not to scale). The four exons of MECP2 are shown. The coding sequences of MECP2 are in 

blue. The Methyl-CpG-Binding Domain (MBD) is in light green and the Transcription Repression Domain (TRD) in yellow. b) Position of MLPA probes. c) Results of the 

MLPA analysis for each probe. Samples codes are shown on the left. Values indicating a half gene dosage are in red.  

a 

b 

c 
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Characterization of the MECP2 duplication 
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 By Real Time quantitative PCR, we identified a PSV patient with an 

additional copy of MECP2 (85). Quantitative analysis of parents DNA revealed that 

they have a normal MECP2 gene dosage. In addition, we ruled out the possibility that 

this rearrangement may be a polymorphism since it was not identified in 100 

chromosomes. To characterize the rearrangement, we performed an array-CGH 

experiment. 

 

Methods 

 Genomic DNA of a normal female control was obtained from Promega. 

Genomic DNA of the patient was isolated from an EDTA peripheral blood sample by 

using a QIAamp DNA Blood Kit according to the manufacturer protocol. We used the 

OD260/280 method on a photometer to determine the appropriate DNA concentration. 

 Ten micrograms of genomic DNA both from the patient (test sample) and the 

control (reference sample) were sonicated. Test and reference DNA samples were 

subsequently purify using dedicated columns (DNA Clean and Concentrator, Zymo 

Research) and the appropriate DNA concentrations were determine by a DyNA 

Quant™ 200 Fluorometer (GE Healthcare).  

Array based CGH analysis was performed using commercially available 

oligonucleotide microarrays containing about 43.000 60-mer probes with an estimated 

average resolution of approximately 75 kb (Agilent Technologies). DNA labelling was 

executed according to the Agilent protocol (Oligonucleotide Array-Based CGH for 

Genomic DNA Analysis 2.0v). Labelled samples were subsequently purified using 

CyScribe GFX Purification kit (Amersham) according to the manufacturer protocol. 

Test and reference DNA were pooled and mixed with 50 µg of Human Cot I DNA 

(Invitrogen), 50 µl of Blocking buffer (Agilent Technologies) and 250 µl of 

Hybridization buffer (Agilent Technologies). Before hybridization to the array, the mix 

was denatured at 95° C for 7 minutes and then pre-associated at 37°C for 30 minutes. 

Probes were applied to the slide using an Agilent microarray hybridization station. 

Hybridization was carried out for 40 hrs at 65° in a rotating oven (20 rpm). The array 

was disassembled and washed according to the manufacturer protocol. The slides were 

scanned using an Agilent G2565BA DNA microarray scanner. Image analysis was 

performed using the CGH Analytics software v. 3.1 with default settings. 
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Results 

Array-CGH unexpectedly showed the presence of an additional X chromosome 

in the PSV patient. Clinical features of females with the 47,XXX karyotype (also called 

triple X syndrome) are not medically significant. Consequently, the altered MECP2 

gene dosage probably is not involved in the PSV phenotype.  
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Screening of mutations in exon 1  
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In 2004, two different studies have identified an alternatively splice transcript of 

MECP2 consisting of exons 1, 3 and 4 leading to a new protein isoform (MeCP2_e1), 

which represents the predominant form in the brain (Fig. 2) (51) (52). Exon 1 was 

previously considered non coding and was therefore excluded from MECP2 mutation 

analysis. Mnatzkanian et al. examined 19 mutation-negative RTT patients and identified 

two girls with distinct deletions in exon 1(52). 

Given these results, we decided to analyze exon 1 in our collection of MECP2-

negative RTT patients.  

 

Methods 

 We PCR amplified exon 1 of MECP2 using the following primers: MECP2_1F: 5’- 

GGAGAGAGGGCTGTGGTAAAAG-3’ and MECP2_1R: 5’-CATCCGCCAGCCGTGTCGTCCG-3’. 

Mutation analysis was performed by Denaturing High Performance Liquid 

Chromatography using the Transgenomic WAVETM (Transgenomic, San Jose, CA, USA). 

PCR products were denatured at 95°C, reannealed at 65°C for 10 minutes, and cooled to 

4°C to generate heteroduplexes. The optimal column temperature for fragment analysis 

was calculated using the WaveMaker Software (Transgenomic, San Jose, CA, USA). 

DHPLC analysis was performed at two melting temperatures: 63,8°C and 68,8°C. Samples 

with abnormal DHPLC profiles were sequenced on an ABI PRISM 310 genetic analyzer 

(Applied Biosystems). Exon 1 PCR product of patient #86 was separated on 6% 

polyacrylamide gel to define exactly the deleted bases. Normal and mutant alleles were cut 

from the gel and sequenced individually.  
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Results 

 In one case, a girl with classic RTT (#86), we found a deletion of 11 bp, c.47_57del 

(Fig. 10). The mutation creates a frameshft and a premature stop codon 

(p.Gly16GlufsX36). The mutation was not found in parents. A clinical description of the 

patient is given below.  

 

Proband (#86) 

 The patient died at 22 years. She was examined in our Unit when she was 20. 

Pregnancy and delivery were normal. Her development was normal until 19 months when 

she showed motor regression. At 5 years of age generalized convulsions, stereotypic hands 

activities and hyperventilation were noted. At the time of the examination her head 

circumference was 52 cm (<3° cnt), weight was 36 Kg (<5° cnt) and height was 146 cm 

(<5° cnt). She was able to walk with support and to stand alone only for few moments. 

 

 
 

 
Fig. 10. Exon 1 molecular analysis of patient #86. a) DHPLC profiles of RTT patient (in blue) and a 

control individual (in red) at 68.8°C. The control shows a unique peak (homoduplex molecule), while sample 

#86 shows additional peaks (homoduplex plus heteroduplex molecules). b) Sequence chromatogram of 

deleted exon 1 allele in patient #86. The 11 bp deleted bases are shown above the chromatogram. 



 52 

Result 3.3 

 

 

 

 

 

 

Identification of a new RTT gene 
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CDKL5/STK9 is mutated in Rett syndrome variant 

with infantile spasms 

 
Scala E, Ariani F, Mari F, Caselli R, Pescucci C, Longo I, Meloni I, 

Giachino D, Bruttini M, Hayek G, Zappella M, Renieri A. 
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CDKL5 belongs to the same molecular pathway of MeCP2 

and it is responsible for the early-onset seizure variant 

of Rett syndrome 

 
Mari F, Azimonti S, Bertani I, Bolognese F, Colombo E, Caselli R, Scala E, Longo 

I, Grosso S, Pescucci C, Ariani F, Hayek G, Balestri P, Bergo A, Badaracco G, 

Zappella M, Broccoli V, Renieri A, Kilstrup-Nielsen C, Landsberger N. 
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4. Discussion 
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4. Discussion 
 

 The aim of this work was to identify the genetic defect in mutation-negative RTT 

patients. We used a combined strategy based on both the improvement of traditional 

techniques employed for MECP2 analysis and the search of other genes involved in RTT. 

By this approach, we identified the molecular cause in 14/74 (19%) mutation-negative 

RTT patients. In particular, we identified the genetic defect in 9/25 (36%) classic and in 

5/49 (10%) atypical MECP2-negative RTT patients.  

 Among classic RTT cases, we found a high percentage of MECP2 large deletions 

(32%). Combining the results obtained by other quantitative studies performed in classic 

RTT patients, the percentage of mutation-negative cases with MECP2 large deletions is 

similar (87-93). These results clearly indicate that large deletions of MECP2 are an 

important cause of classic RTT and confirm the importance of quantitative studies in a 

complete diagnostic strategy.  

 Subsequent analysis by MLPA showed that all MECP2 deletions identified involve 

exon 3 and 4, but not exon 2, suggesting that one breakpoint is located in intron 2. These 

results are in agreement with a previous study conducted by Laccone et al. (90). They 

characterized a series of MECP2 large deletions and found that the majority of proximal 

breakpoints were located in intron 2. Examination of the MECP2 genomic sequence 

revealed that intron 2 contains a series of repetitive elements (mostly Alu repeats) and the 

authors suggested that these elements represent potent factors contributing to genomic 

rearrangements. Furthermore, they found that the distal breakpoint of MECP2 deletions 

frequently occurs in a specific region of exon 4 (DPR, deleted prone region, from c.1057 to 

c.1207 of the coding sequence; Locus: XM_048395 counting from the first translated 

ATG). Sequence analysis revealed the presence of a perfect � sequence in the DPR, 

suggesting that it may contribute to generate the rearrangements. In contrast, in our group 

of RTT patients, MLPA analysis showed that the DPR may represent a recombinogenic 

element in only one case (#1004). These results suggest that other mechanisms are 

involved in our RTT cases. 

���� Among classic RTT cases, we also found a mutation in the recently identified exon 

1 of MECP2 in one out 25 (4%) mutation-negative patients. No exon 1 mutations were 

found in atypical RTT cases of our bank. The other groups who identified pathogenic 

mutations in exon 1 reported discordant data about their overall prevalence in classic or 

atypical RTT (52) (92) (94-96). Amir et al. reported the more comprehensive study, 
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analyzing a large group of mutation-negative RTT patients (95). They found that mutations 

in exon 1 account for 3% of classic cases and 4% of atypical RTT. All these results suggest 

that mutations in exon 1 are not a common cause of RTT. However, given the 

identification of exon 1 mutations in both classic and atypical RTT cases, analysis of this 

exon should be included in a complete molecular test for the syndrome. 

 The deletion of 11 bp found in patient #86 had been previously reported by 

Mnatzakanian (52). The same deletion was successively identified by other three groups 

(92) (95) (96). The high frequency of this mutation could be due to the fact that it occurs in 

a region with an AAG repeat which could be prone to recurrent de novo deletions. This 

mutation results in a frame-shift and generates a missense protein sequence after aminoacid 

15, which stops after amino acid 36 in the MeCP2_e1 protein isoform. In contrast, the 

reading frame of the MeCP2_e2 isoform is unaffected, as the deletion is positioned 103 

nucleotides upstream of the e2 protein translation start site. Recently, Saxena et al. 

investigated the effect of this frequent deletion on both RNA transcription and protein 

translation (96). They found that, although RNA expression for both protein isoforms was 

detected from the mutant allele, evaluation of MeCP2 protein in uncultured patients 

lymphocytes by immunocytochemistry revealed that MeCP2 protein production was 

restricted. These data demonstrated that translation but not transcription of the MeCP2_e2 

isoform is ablated by the deletion, suggesting that nucleotides within the deleted sequence 

in the 5’-UTR of the e2 trancript are essential for protein translation. 

 Comparison between clinical features of all reported RTT cases with the same 11 

bp deletion in exon 1, does not suggest a clear genotype-phenotype correlation. In fact, we 

identified the deletion in a girl with classic phenotype but the other studies found the 

mutation in both classic and atypical RTT cases (52) (92) (95) (96). Saxena et al. 

hypothesized that the exon 1 deletion may be milder in its clinical consequences but this is 

in contrast with our results. In fact, patient #86 was severely affected and died at 22 years. 

The difference observed in the severity of the disease between patients bearing the same 

mutation could be due to different pattern of X-inactivation or modifying factors. 

 Among atypical RTT patients, we found only one MECP2 large deletion in a 

patient classified as “highly functioning” PSV. This patient represents a very interesting 

familial case. In fact, this girl is the elder sister of a RTT patient with a classic phenotype. 

Quantitative analysis by Real Time PCR revealed the presence of a MECP2 large deletion 

involving exon 4 in both sisters. Quantitative analysis by MLPA showed that the deletion 

involves exon 3 and partially exon 4 in both patients. Although breakpoints have not been 
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cloned, the two girls probably harbour the same rearrangement. In addition, quantitative 

analysis of the entire family revealed that the MECP2 deletion is absent in parents. To 

explain the origin of the deletion in the two sisters, two alternative hypotheses can be 

formulated. The first hypothesis is that one of the two parents can be a mosaic for the 

mutation in the gonadic tissue. The alternative hypothesis is that the mother bears a cryptic 

chromosomal rearrangement in Xq28, possibly an inversion. During meiosis, the inversion 

may produce gametes with chromosomal imbalances. 

 At present, the frequency of MECP2 large deletions in RTT variant cases is not 

well defined. There is only another study which investigated the presence of such 

rearrangements in a large group of atypical RTT patients (93). The authors detected 

MECP2 large deletions in 4 out of 53 (7,5%) mutation-negative patients with atypical 

RTT, but the lack of an accurate clinical classification does not allow to define the 

frequency of such rearrangements in PSV cases and other variants.  

 The story of the MECP2 duplication is very instructive. On one side, it teaches that 

the diagnosis of RTT variants is quite difficult on a clinical basis. On the other side, it 

teaches that standard karyotype is a fundamental step in a diagnosis setting, even when the 

clinical hint has a specific direction. 

 Presently, we do not know whether the patient is a phenocopy of PSV bearing a 

point mutation in a yet unknown gene or the triple dosage of the X chromosome in 

combination with other factors, such as the status of X-inactivation, induces an over-

expression of the MECP2 gene. Actually, we are performing Real Time quantitative 

experiments on RNA extracted from the lymphoblastoid cell line of the PSV patient to 

define whether the RNA levels are altered respect to other triple X healthy individuals. All 

these results will be published together with the characterization of the MECP2 deletions, 

possibly in the same journal of the original publication, in the aim to correct the 

information for the scientific community. 

 Among atypical RTT cases, we also identified mutations in another gene, CDKL5 

(OMIM#300203; also known as STK9), demonstrating the genetic heterogeneity of the 

syndrome. In particular, we found CDKL5 mutations in 4/49 (8%) atypical patients. 

Interestingly, all four CDKL5 mutations were identified in patients with a specific RTT 

phenotype, largely overlapping the infantile seizure onset variant. Consequently, in our 

experience, CDKL5 mutations seem to be associated with this specific RTT variant. In 

particular, we detected CDKL5 mutations in 40% (4/10) of infantile seizure onset variant 
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cases of our collection. However, the analysis of a larger number of patients is necessary to 

establish the exact frequency of CDKL5 mutations in RTT. 

 Chromosomal rearrangements at the CDKL5 locus have been previously associated 

with other neurological phenotypes. In two unrelated female patients with West syndrome 

a de novo balanced X-autosome translocation was shown to disrupt the CDKL5 gene (97). 

In a male patient with X-linked retinoschisis (XLRS) and seizures, which are not typically 

associated with XLRS, a large deletion involving at least the last codon of CDKL5 and the 

flanking RS1 gene was identified (98). From these studies, it appears that the phenotype 

associated with CDKL5 gross rearrangements is variable and this phenotypic heterogeneity 

may be at least in part explained by alterations in contiguous genes. Other recent reports 

have identified  CDKL5 point mutations in patients with slightly different neurological 

phenotypes (99-101). Since these patients are seen by different clinicians, part of this 

variability may be due to different clinical sensitivity. Moreover, CDKL5 mutations may 

cause both the infantile seizure onset variant of RTT and a less defined phenotype ranging 

from autism to mental retardation. However, in all cases, a seizure disorder appears to be a 

prominent and integral manifestation of the disease. 

 CDKL5 point mutations reported so far vary from substitutions in the N-terminal 

catalytic domain to frameshift mutations in the N- or in the C-terminal portion of the 

protein (99-103). Mutations located in the conserved kinase domain probably influence the 

catalytic activity of the protein. A recent study demonstrated that removal of the C-

terminal domain increases CDKL5 expression, enhances autophosphorylation activity and 

causes perinuclear localization, indicating that mutations affecting the C-terminus can 

modify these functions (104). 

 The observation that mutations in MECP2 and CDKL5 cause similar phenotypes 

suggests that these genes may be involved in the same molecular pathway. To verify this 

hypothesis, we compared the expression patterns of Mecp2 and Cdkl5 in embryonic and 

postnatal mouse brains and we demonstrated that the two genes have an overlapping 

temporal and spatial expression profile during neuronal maturation and synaptogenesis. 

We then demonstrated that the two proteins physically interact and that CDKL5 is indeed a 

kinase able to phosphorylate itself and to mediate MeCP2 phosphorylation. 

 In a recent study, Lin et al confirmed the interaction between MeCP2 and CDKL5, 

but their results did not suggest that MeCP2 is a direct substrate of CDKL5 (104). 

Consequently, the authors hypothesized that MeCP2 may act to recruit CDKL5 to a DNA 

binding complex that contains a functional substrate of the kinase. 
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 In conclusion, all these results support the hypothesis that the functions of MECP2 

and CDKL5 are tightly linked and contribute to explain the involvement of CDKL5 in 

RTT. Additional studies are necessary to define this new molecular pathway, other 

components of which could be responsible for the remaining percentage of mutation-

negative RTT cases. 
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5. Future perspectives 
 

 Based on the results obtained in the last few years, which allowed us to have a 

clearer picture of the molecular defects in typical and atypical RTT cases, we decided to go 

ahead and to investigate the mechanisms leading from a mutation to disease pathogenesis. 

To this aim, we plan to investigate the consequences of MECP2 and CDKL5 mutations in 

RTT lymphoblastoid cell lines. 

 Recently, we demonstrated that the two genes have an overlapping temporal and 

spatial expression profile during neuronal maturation and synaptogenesis (103). In 

addition, we demonstrated that the two proteins physically interact and that CDKL5 is able 

to mediate MeCP2 phosphorylation (103). These results suggest that the two proteins 

might belong to the same molecular pathway and that CDKL5 might be involved in 

MeCP2 regulation.  

Considering these data and the similar phenotypes caused by mutations in MECP2 

and CDKL5, we hypothesized that at least some of the genes differentially expressed in the 

absence of MeCP2 or CDKL5 might be the same. These common genes probably represent 

important factors in disease pathogenesis of RTT.  

To verify this hypothesis, we will perform microarray gene expression profiling on 

RNA isolated from lymphoblastoid cell lines of RTT patients with MECP2 or CDKL5 

mutations and we will compare their expression profiles with those of controls. The genes 

differentially expressed in MECP2 or CDKL5 mutated patients will be then compared to 

determine whether it is possible to define a common “molecular signature” for RTT. 
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