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Умственная отсталость – чрезвычайно гетерогенное заболевание, как с генетической, так и с клинической точек 
зрения. В большинстве случаев ее диагностика по-прежнему остается основанной на клиническом обследова-
нии пациента и не включает молекулярно-генетическое тестирование. Получение новых знаний о наследствен-
ных причинах умственной отсталости и улучшение ее диагностики за счет применения современных высоко-
производительных геномных технологий явились основными целями исследовательского проекта «Улучшение 
диагностики умственной отсталости у детей в Центральной Восточной Европе и Центральной Азии через ге-
нетическую характеристику, биоинформатику и статистику» (CHERISH), выполненного при поддержке 7 Ра-
мочной программы Европейского союза в 2009–2012 гг. научными коллективами 9 европейских стран, включая 
Россию. В настоящей статье представлена информация о данном проекте и его основных результатах.

Ключевые слова: умственная отсталость, врожденное слабоумие, матричная сравнительная геномная ги-
бридизация, микроделеционные/микродупликационные синдромы, вариации числа копий ДНК, секвенирова-
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Intellectual disability is a highly heterogeneous disorder both from genetic and clinical point of view. In most cases of 
idiopathic mental retardation the diagnosis is still based on clinical examination only and not involved molecular genetic 
testing. Generation of new knowledge about hereditary causes of intellectual disability and improving its diagnosis 
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INTRODUCTION

Intellectual Disability (ID) is a neuro-develop-
mental disorder characterized by a substantial limita-
tion in cognitive functioning (IQ < 70), disturbances 
of adaptive and social behavior that manifests be-
fore the age of 18 years. It is one of the main dis-
abling conditions in children, and is estimated to af-
fect 2–3 % of the population. The frequency of the 
most severe forms (IQ less than 30) consists of 15 % 
among all cases of ID [32].

ID is a highly heterogeneous disorder, with the 
majority of cases (25–45 %) recognizing a genetic 
etiology. Chromosomal aberrations, such as aneu-
ploidy, deletions, duplications and translocations, 
cause ID in approximately 30–35 % of all patients, 
in particular in syndromic cases, which accompany 
other clinical features. Tens of new microdeletion/
microduplication syndromes associated with ID were 
described during last years due to application of high-
resolution arrays technologies in cytogenetic studies 
[33]. However, the most cases of ID in patients with 
normal karyotype remain undiagnosed.

As regards to single gene bases of ID, it is known 
about 140 forms of syndromic X-linked ID, with 

Martin-Bell syndrome is the most frequent, and 95 
variants of non-syndromic ID. Primary gene defect is 
found for approximately 66 syndromic forms, where-
as only specific X-chromosome regions are mapped 
for 50 forms [30]. Gene mutations are known for less 
than 50 % of non-syndromic X-linked ID. It is re-
ported about mutations in 20 genes, which are asso-
ciated with non-syndromic forms. They are genes of 
5 protein’s groups – transmembrane receptors, small 
GTP-regulators and effectors, enzymes and transla-
tion regulators [3]. A total of 80 genes were associ-
ated with X-linked ID [30].

Less definite situation is still remaining for auto-
somal forms of ID. It was no reports about gene mu-
tations responsible for autosomal dominant ID. As 
concerns to autosomal recessive ID, which accounts 
for 25 % of mental retardation cases, 14 regions of 
linkage only were known several years ago before 
the introduction of the high-throughput technologies 
of next generation sequencing. Previously it was re-
ported about mutations in 6 genes, which products 
belong to families of serine proteases (PRSS12 – neu-
rotrypsin) [24]. ATP-dependent proteases (CRBN – 
cereblon) [11], calcium-dependent transcription re-
pressors (CC2D1A) [4], transmembrane glutamate 

through the application of modern high-throughout whole genome technologies was the main goal of the CHERISH 
project implemented within the 7th Framework Program of the European Union in 2009–2012 in 9 European countries, 
including Russia. Information about the project and its key results is given in this article.
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receptors (GRIK2) [25], NF-kB signaling proteins 
(TRAPPC9) [23, 28], and enzymes of long chain 
fatty acids conversion (TECR) [5].

Introduction of next generation sequencing rap-
idly increases the number of genes responsible for 
ID. At present this list contains approximately 50 
genes [6, 26]. Mutations in more than 450 genes have 
been associated with ID and related cognitive disor-
ders, such as autism [32]. However, majority of these 
mutations are reported in single patients or families. 
This means, that molecular epidemiology of new ge-
netic variants associated with ID in different popula-
tions remains undefined. As before, the identification 
of primary gene defect responsible for ID in given 
patient is a hard task due to significant clinical and 
genetic heterogeneity as well as usual lack of nation-
al specific registers. In most cases the diagnosis of 
ID is still based on clinical examination only and not 
involved molecular genetic testing. Recent advances 
in gene identification techniques have revolutionized 
the clinical approach to ID. Thus, the search of new 
hereditary mutations involved in ID pathogenesis 
and development of standard for molecular genetic 
diagnosis of ID in childhood is a challenge for cur-
rent basic and clinical research.

THE CHERISH PROJECT: MAIN TASKS

This aim was pursued during implementation of 
the research project within 7th Framework Program 
of the European Union «Improving diagnosis of 
mental retardation in children in Eastern Europe and 
Central Asia through genetic characterization and 
bioinformatics/statistics (CHERISH)» (grant agree-
ment № 223692). The overall goal of the CHERISH 
project was to establish an interdisciplinary East-
ern Europe and Central Asia consortium of experts 
to perform a research program of clinical, scientific 
and public activities for generation of new knowl-
edge about genetic causes of ID. The main objectives 
of the project were: 1) the development of a stan-
dardized approach for clinical diagnosis of ID; 2) 
the creation of large database and bio-bank of DNA 
samples from patients with clinically well defined ID 
of unknown genetic etiology; 3) the identification of 
cryptic chromosomal rearrangements by molecular 
cytogenetic analysis; 4) the identification of new mu-
tations and genes responsible for ID by linkage anal-
ysis in familial cases, sequencing of known genes 
and whole exome sequencing of the patients with ID; 
5) the dissemination of knowledge about the project 
and its results in scientific publications, meetings and 
workshops for researchers, clinicians and society.

Ten Universities and research Institutes from 9 
European and former USSR countries were involved 
in the investigations:

1) Alma Mater Studiourum – Universita di Bolo-
gna, Italy (project coordinator);

2) University of Tartu (Institute of Molecular and 
Cell Biology), Estonia;

3) Vilnius University (Department of Human and 
Molecular Genetics), Lithuania;

4) Charles University of Prague (Department of 
Biology and Medical Genetics), Czech Republic;

5) Poznan University of Medical Sciences (De-
partment of Medical Genetics), Poland;

6) Institute of Molecular Biology and Genetics of 
the National Academy of Sciences of Ukraine, Kiev, 
Ukraine;

7) The Cyprus Institute of Neurology and Genet-
ics (Department of Cytogenetics), Nicosia, Cyprus;

8) Institute of Medical Genetics, Siberian Branch 
of Russian Academy of Medical Sciences, Tomsk, 
Russia;

9) Center of Medical Genetics and Primary 
Health Care, Erevan, Armenia;

10) European Genetic Foundation, Bologna, 
Italy.

PATIENTS SELECTION FOR THE STUDY: 
CLINICAL AND GENETIC CRITERIA

During the first Work Package of the CHER-
ISH project an interdisciplinary Eastern European 
and Central Asia consortium of experts was estab-
lished in order to lay down a basis for a significant 
improvement of clinical, educational and laboratory 
diagnostic developments in the field of genetics of 
ID. A standardized approach for the diagnosis of ID 
with common criteria for patient selection was de-
fined, and allowed the creation of a large sample’s 
collection of patients with clinically well defined ID. 
The consortium identified a web-based «Cartagenia» 
database tool [16] for the management of all the in-
formation regarding the phenotypic and genetic char-
acteristics of the included patients, in order to obtain 
a secure system to share data to which the partners 
only could have access; this tool also allowed sample 
anonymization to be a routine process. Partners col-
lected a blood sample from every patient enrolled in 
the project. For sporadic cases, samples from parents 
were collected whenever possible, while for famil-
ial cases, blood samples collection included patients 
and other family members who gave their informed 
consent.

One thousand and four hundred fifty seven pa-
tients with idiopathic ID (including 206 children re-
cruited by Genetic Clinics of the Institute of Medical 
Genetics, SB RAMS, Tomsk) were sampled and ana-
lyzed during the project, aiding the detection of new 
genetic causes of neuro-developmental disorders. 
Thus, the CHERISH project was the largest investi-
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gation of ID in European countries and Russia. Pre-
viously in Western Europe (Netherlands, Belgium, 
Germany, and France) the EURO-MRX project was 
performed focusing on genetics of X-linked ID [17]. 
More than 600 families were examined and 17 new 
X-linked genes were discovered.

In order to be enrolled, preliminary testing of all 
patients included standard karyotyping and, where 
indicated, Fragile X, Rett, Prader-Willi, Angelman 
syndrome molecular testing, FISH for known mi-
crodeletion/microduplication syndromes, FISH and 
MLPA analysis for subtelomeric rearrangements, 
neuro-metabolic screening. Summary results of these 
tests are presented in the table. As a rule, the data ob-
tained for the incidence of the most frequent genetic 
and biochemical defects associated with ID were in 
agreement with literature data. Patients with normal 
results were enrolled in the main research part of the 
project.

WHOLE GENOME ARRAY-BASED 
COMPARATIVE GENOMIC HYBRIDIZATION 
IN PATIENTS WITH INTELLECTUAL 
DISABILITY AND NORMAL KARYOTYPE

This part contained three Work Packages – ar-
ray-based comparative genomic hybridization (ar-
ray-CGH) testing, analysis of families with ID, and 
whole exome sequencing. Analyses of chromosomal 
microdeletions/microduplications and copy number 
variations (CNV) were performed by array-CGH in 
University of Bologna, The Cyprus Institute of Neu-
rology and Genetics, and Institute of Medical Genet-
ics (Tomsk, Russia). This study was performed on 
44K, 105K, and 400K whole genome arrays (Agilent 
Technologies, USA). A total of 378 patients were 

investigated and 563 CNVs were detected. The fre-
quency of pathogenic CNVs varied from 10 to 20 % 
in different observed populations that is common for 
patients with ID.

Eighty Russian patients were selected for ar-
ray-CGH studies in Institute of Medical Genetics 
(Tomsk, Russia). Eleven of these patients were 3–5 
years old and showed developmental delay; the other 
69 patients were older than 5 years of age and had 
ID defined as an IQ lower than 70. Balanced karyo-
type was confirmed after array-CGH study for 35 
children. Twenty-two patients carried only benign 
CNVs, which previously were observed in healthy 
individuals according to information of Database of 
Genomic Variants (DGV) [15]. A total of 27 patho-
genic or likely pathogenic CNVs were detected in the 
other 23 affected children. Among these CNVs, mi-
crodeletions associated with known syndromes were 
identified in seven patients, allowing for a definite 
diagnosis in 9 % of the patients in the Russian group. 
These diagnoses were Cri du Chat syndrome, 15q24 
microdeletion syndrome (two cases), 16p11.2 micro-
deletion syndrome (two cases), 16p12.2 microdele-
tion syndrome, and 22q11.2 microdeletion syndrome. 
Information about clinical and genetic findings in 
this group of patients can be obtained from our previ-
ously published study [21]. Nineteen CNVs that had 
not previously been associated with any known syn-
drome were detected in 16 patients (20 %). Below, 
we will focus on some interesting findings.

Case #1. A 6 years old boy with mild mental re-
tardation (IQ = 57), hyperdynamia, attention deficit 
hyperactivity disorder (ADHD) and speech delay. 
Array-CGH revealed a 1.155 Mb microdeletion at 
11p13 (Fig. 1a). Although the deleted region seems 
to correspond to the location indicated in Wilms 

Table
Summary of results of genetic and biochemical tests in patients with ID

Tests Number of analyses Number of patients 
with abnormal results

Karyotyping (G-banding) 1457 51 (4 %)
FISH for known microdeletion/microduplication syndromes 153 1 (0.7%)
FISH for subtelomeric rearrangements 67 5 (7.5 %)
MLPA for subtelomeric rearrangements 164 12 (7.3 %)
FRAXA molecular genetic testing 647 2 (0.3 %)
Other molecular genetic tests including Rett, Prader-Willi 
and Angelman syndromes testing

373 11 (2.9 %)

Amino acids (tandem mass-spectrometry) 442 7 (1.6 %)
Urinary organic acids 243 3 (1.2 %)
Lysomal enzymes 25 0
Lactic acid 152 6 (3.9 %)
Creatine defect (creatine/creatinine index from urine) 32 0
Other metabolic defects 156 11 (7 %)
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tumor, aniridia, genitourinary anomalies and men-
tal retardation (WAGR) 11p13 deletion syndrome 
(MIM 194072) [14], the precise location of the mi-
crodeletion in our patient does not overlap with the 
classical deletion given in DECIPHER database 
[13] (11:35180424-36335424 vs. 11:31806339-
32457087). Thus, it is not surprising that the boy 
does not have the typical WAGR symptoms. How-
ever, the proband is still mentally retarded, and there 
are several genes within the region of the microdele-
tion that may be associated with ID. For example, 
the SLC1A2 protein is responsible for glutamate 
transport. The accumulation of extracellular gluta-
mate causes a dysfunction in calcium homeostasis, 
increases production of NO, free radicals, and leads 
to activation of proteases. These factors can result in 
neuronal damage, leading to neurodegenerative dis-

ease, inflammation, or ischemia development [22]. 
The function of FJXI, the product of another gene 
in this region, remains unknown in humans; how-
ever, this gene product has been shown to regulate 
dendrite extension in rodents [2]. The product of a 
third gene, TRIM44, may play a role in neuronal dif-
ferentiation and maturation [18]. The product of a 
fourth gene in this region, LDLRAD3, participates 
in the proteolysis of an amyloid precursor protein, 
leading to beta amyloid formation; this fiber form is 
the primary component of amyloid plaques found in 
the brain of Alzheimer’s disease patients [29]. The 
11p13 microdeletion observed in our patient was 
confirmed by real-time PCR.

Case #2. A 8 years old girl with mild mental re-
tardation (IQ = 65), scrambled speech, ADHD and 
some clinical features: low-set ears, short philtrum, 

Fig. 1. Chromosomal microdeletions and microduplications detected by array-CGH in Russian patients with ID
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wide-spaced nipples, shoulder pigmentation, and 
overweight. Array-CGH revealed a 112 kb microde-
letion at 3q22.1. Among three genes located within 
affected region, DNAJC13 and ACAD11 are espe-
cially interesting. Variation in DNAJC13 is involved 
in Tourette syndrome (MIM 137580) [14]. ACAD11 
belongs to a family of enzymes that participate in mi-
tochondrial fatty acid beta-oxidation. High levels of 
expression of ACAD11 have been observed in adult 
brains, and this protein participates in generating en-
ergy as well as likely having a role in the degradation 
of unique cellular lipids and catabolism of aromatic 
amino acids, vital compounds for neuron function 
[10].

Case #3. A 9 years old boy with moderate men-
tal retardation (IQ = 47), delay of motor milestones 
and fine motor skills deficiency, dysarthria, ADHD, 
some dysmorphic features: dolichocephalic skull, 
mongoloid slant, divergent left strabism, protrund-
ing ears, hypoplastic antihelix and antiragus. Array-
CGH identified a 766 kb microduplication at 3p26.3. 
The only gene located within this region is CNTN6, 
which encodes contactin 6. Significantly, contactin 
6 is a neuronal membrane protein that functions as 
a cell adhesion molecule and may take part in the 
formation of axon connections in the developing 
nervous system. CNTN6 and other members of this 
family have been identified as potentially pathogen-
ic genes in neuro-developmental disorders. These 
genes have been suggested to participate in path-
ways important for correct brain development [34]. 
In contrast to case #3, a 369 kb microdeletion at 
3p26.3 overlapping with CNTN6 was identified in 
another patient (case #4, Fig. 1b). He was a 10 years 
old boy with mild mental retardation (IQ = 55). He 
had tower skull, frontal bossing, antimongoloid slant, 
epicanthus, wide nasal bridge, low-set ears, hypertri-
chosis, hair nevus, clinodactyly, dysarthria, ADHD. 
Magnetic resonance imaging (MRI) revealed lateral 
ventricles asymmetry as a result of outflow from left 
ventricles, and neurodystrophic foci due to hypoxia. 
It is interesting, that although the chromosomal aber-
rations in these cases were the reverse of one another, 
both patients had intellectual disability, dysarthria, 
and ADHD. The presence of microduplication and 
microdeletion of 3p26.3 in our patients was con-
firmed by real-time PCR.

Case #5. A 6 years old boy with mild mental re-
tardation (IQ = 50), hydrocephaly, large protruding 
ears, wide-spaced nipples, abnormal hair growth, and 
hypertrichosis. A patient pronounces single syllables 
only, has an autistic signs and food fastidiousness. 
Array-CGH revealed a 716 kb microduplication at 
6p22.2 (Fig. 1c). One of the genes within this region 
that has gained attention in neuroscience is HFE, 
which regulates ion homeostasis. Mutations in this 

gene are commonly associated with hereditary he-
mochromatosis – an autosomal recessive disorder 
of ion metabolism (MIM 235200) [14]. It has been 
recently shown that the H67D polymorphism in Hfe 
in mice impacts brain ion homeostasis, creates an en-
vironment favorable for oxidative stress, and predis-
poses mice to neurodegenerative disorders [27]. The 
other gene of interest in this region is SCGN, which 
encodes secretagonin. SCGN is expressed in neurons 
in the embryonic nervous system and is confined to 
differentiated cells in the adult brain. Secretagonin 
may be implicated in the control of neuronal turnover 
and differentiation. This protein is also re-expressed 
in brain tumors. In addition, secretagonin may func-
tions as a Ca2+ sensor regulating the exocytosis of 
neurotransmitters, neuropeptides, and hormones [1]. 
Microduplication of 6p22.2 in our patient was con-
firmed by real-time PCR.

Case #6. A 8 years old boy with mild mental re-
tardation (IQ = 50), microcephaly, small ears, gothic 
palate, irregular teeth, abdominal obesity, hypogo-
nadism, speech delay, undue fatigability, aggres-
siveness, auto-aggressiveness, and mood swings. 
Array-CGH identified a 1.95 Mb microduplication 
at 14q11.2. There are two genes attracting particular 
attention in this region: SLC7A7 and MMP14. The 
SLC7A7 protein transfers cationic and large neutral 
amino acids from the cell to the extracellular space. 
Mutations in the SLC7A7 gene are found in patients 
with lysinuric protein intolerance (MIM 222700) 
[14], a multi-organ disease with a variety of clinical 
symptoms, including moderate intellectual disability 
[9]. Increased MMP14 expression has been observed 
in different cancers, including brain tumors [18].

Case #7. A 12 years old boy with moderate men-
tal retardation (IQ = 45), triangular face, protruding 
ears, delay in motor milestones, absent of speech 
(certain sounds only), seizures, aggressiveness, auto-
aggressiveness, autistic signs, and ADHD. Array-
CGH analysis revealed a 464 kb microdeletion at 
2q12.3 (Fig. 1d). One gene in this region, SLC5A7, 
is an Na(+)- and Cl(-)-dependent high-affinity trans-
porter that mediates the uptake of choline for acetyl-
choline synthesis. Acetylcholine is a neurotransmit-
ter in the central and peripheral nervous system that 
regulates a variety of autonomic, cognitive, and mo-
tor functions. This gene was shown to be associated 
with ADHD [8].

After microarray studies, a cohort of 584 patients 
with normal array-CGH results was selected to un-
dergo high-resolution CNVs analysis through Single 
Nucleotide Polymorphism (SNP)-array. These stud-
ies were performed at the University of Bologna in 
Italy and at the University of Tartu in Estonia using 
«Genome-wide human SNP Array 6.0» (Affyme-
trix), which contains 950000 SNP, «HumanCNV370 
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BeadChip» (Illumina) with 5 kb resolution over the 
whole genome, and «HumanCytoSNP-12 BeadChip» 
(Illumina) with 300 kb resolution. Selection criteria 
were substantially the same as for the array-CGH 
analysis. SNP-arrays have the advantage of a higher 
resolution with respect to array-CGH, and allows the 
identification of stretches of homozygosity, that can 
suggest a region with uniparental disomy or of true 
homozygosity in the case of parental consanguinity, 
as well as the regions of loss of heterozigosity. On 
the other hand, due to its resolution, SNP-array anal-
ysis makes interpretation of results more complex 
because a high number of CNVs are identified, most 
of them being of benign origin. In order to exclude 
such neutral variations, identified CNVs were com-
pared with those recurrently present in the Database 
of Genomic Variants [15] and in the databases of na-
tional general populations. The potential clinical sig-
nificance of CNVs was evaluated using OMIM and 
DECIPHER databases and peer-reviewed literature 
searches in the PubMed database. As a result 228 
new probably pathogenic CNVs were identified. The 
presence of genomic aberrations with potential clini-
cal relevance was confirmed by quantitative PCR.

IDENTIFICATION OF NEW GENES 
RESPONSIBLE FOR THE DEVELOPMENT 
OF INTELLECTUAL DISABILITIES

One of the main objectives of the project was the 
identification of new genes involved in the pathogen-
esis of ID. The classical approach to the identifica-
tion of genes is based on recognition of families with 
multiple affected family members, linkage analysis 
through the study of short tandem repeat polymor-
phisms, and sequencing analysis of candidate genes 
inside the regions showing positive linkage scores. 
Only a few families with sufficient size were collect-
ed by the CHERISH consortium.

Consanguineous marriages are infrequent in Italy 
and eastern European countries, but we identified a 
very interesting Italian family where 2 male siblings, 
born from first cousin parents (Fig. 2a), showed a pe-
culiar and similar phenotype: early development was 
normal, but loss of ambulatory skills due to lower 
limb spasticity led them to be wheel-chair bound in 
the first decade of life. Motor problems were followed 
by progressive cognitive decline and both brothers 
showed severe mental delay after a few years. Brain 
MRI showed progressive leukoencephalopathy with 
cerebellar, brainstem and cervical cord atrophy, and 
mild hypointensity of the globi pallidi on T2 weight 
images. Electromyography / nerve conduction stud-
ies and muscle biopsy were normal. Neurometabolic 
investigations were negative, except for the presence 
of trace amounts of urinary sulfatides. They have a 
normal sister and brother.

On a first basis, X-linked Pelizaeus Merzbacher 
Disease (MIM 312080) [14] was excluded through 
mutation analysis of the PLP1 gene. The asset of this 
family seemed excellent in order to perform linkage 
analysis. Blood was collected from both the affected 
and healthy sibs and from their parents. DNA was 
extracted from the blood samples and autozygosity 
mapping was performed by means of a 6090 SNPs 
Illumina Infinium-12 genome wide scan. Three re-
gions, which were heterozygous in the parents, were 
inherited in homozygosity by the affected brothers 
but not by the healthy offspring: on chromosome 1 
(7.4 Mb between SNPs rs1619856 and rs1342872), 
on chromosome 3 (14.1 Mb between SNPs rs1017967 
and rs1039524) and on chromosome 16 (18.4 Mb be-
tween SNPs rs30882 and rs1037973). Evaluating the 
genes contained in the longest autozygous region on 
chromosome 16q22-23, the most striking candidate 
was Fatty Acid 2-Hydroxylase (FA2H), since homo-
zygous mutations in FA2H were recently shown to 
be associated with leukodystrophy with spastic para-

Fig. 2.  Pedigrees of Italian families with mutation in FA2H (a) and deletion 
of 7q31.32 (b)
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paresis and dystonia, complicated by neurodegenera-
tion with brain iron accumulation [7].

Sequencing of FA2H coding region led to the 
identification of a homozygous c.270+3A>T muta-
tion in the affected individuals. Parents were hetero-
zygous while the healthy brother and sister, as well as 
150 ethnically matched control individuals, showed 
the reference wild type genotype. We then retrotran-
scribed and amplified the FA2H specific cDNA with 
PCR primers on exons 1 and 2. Compared to the wild 
type control, a longer cDNA fragment was amplified 
in one of the homozygous patients and in his hetero-
zygous mother, resulting in a band of higher molecu-
lar weight in the agarose gel run. Sequencing of the 
cDNA demonstrated the insertion of a 97 base pairs 
intronic sequence with consequent frame shift and 
creation of a premature stop codon after 42 amino 
acids in exon 2. Overall, these findings indicate that 
we have identified the causative FA2H mutation in 
this family.

In another family a 250 kb deletion of 7q31.32 
involving one gene, CADPS2, was identified by 
array-CGH (44K, Agilent Technologies) in patient 
with normal karyotype, affected by mild mental ID 
and generalized epilepsy with normal brain imaging. 
The same deletion was identified in his affected sis-
ter, who shows highly similar clinical features, but 
was absent in their father and aunt (Fig. 2b). It is thus 
likely to be maternally inherited: the mother died 
with breast cancer but was reported to show behav-
ioural abnormalities. The deletion was characterized 
in detail by quantitative real-time PCR and maps be-
tween exon 4 and exon 28 of this large gene, result-
ing in a complete disruption of the gene product. Se-
quencing of CADPS2 was performed in the proband, 
in the hypothesis of a recessive disorder, but no point 
mutations were present.

This gene encodes a member of the calcium-de-
pendent activator of secretion (CAPS) protein fam-
ily, which are calcium binding proteins that regulate 
the exocytosis of synaptic and dense-core vesicles 
in neurons and neuroendocrine cells. Several lines 
of evidence suggest that CADPS2 is good candidate 
gene for ID and autism spectrum disorders (ASD), 
given that: 1) it is involved in the release of neuro-
trophins such as BDNF/NT3, as shown from stud-
ies on animal models (mice) where Cadps2 was 
“knocked out”; these mice are also reported to show 
autistic traits [31]; 2) alternative spliced forms lack-
ing important domains have been reported to be more 
frequent in individuals with autism or with lower IQ 
compared to controls, although data from different 
groups are controversial; 3) CADPS2 maps to the 
AUTS1 locus, one of the few linkage intervals for 
autism susceptibility identified from many inde-
pendent groups. Therefore, a mutation screening of 

CADPS2 was performed in 120 ID/ASD sporadic pa-
tients, in order to identify other putative deleterious 
variants. All exon and exon-intron boundaries were 
analyzed by direct sequencing of the PCR products. 
Novel variants M630T and F645V in exon 13 and 
V1137M in exon 26 were identified. All variants 
were not found in 500 control chromosomes (250 
Italian healthy individuals). But it is important that 
M630T and F645V mutations were identified once in 
the group of 46 patients with ASD, whereas V1137M 
was detected in one from 36 individuals from the ad-
ditional cohort of Italian patients with ID.

The segregation of all variants was evaluated in 
the corresponding pedigrees and an excess of ma-
ternal transmission was identified. In particular, the 
change in exon 26 was inherited from the mother and 
was not found in an unaffected brother. Conversely, 
the mutation in exon 13 was of paternal origin. These 
data suggested possible parent-of-origin and/or im-
printing effects of these coding changes. Considering 
that CADPS2 maps to chromosome 7q31, where a 
cluster of imprinted genes has already been reported, 
the expression analysis of the different parental al-
leles of CADPS2 was performed in controls and af-
fected individuals of whom blood RNA was avail-
able, and in some samples from archive of different 
brain tissues regions. Monoallelic expression from 
maternal chromosome in the brain, but biallelic in 
lymphocytes was found.

Technological development that took place after 
the beginning of the project in 2009 gave the opportu-
nity to analyze almost all the known exons of an indi-
vidual in one single experiment at a reasonable cost. 
This technology, termed Whole-Exome Sequencing 
(WES), allowed the identification of disease-causing 
genes of various genetic disorders in the last years, 
but has also opened the possibility to speed up the 
molecular diagnosis of heterogeneous genetic dis-
order such as ID. The main issue with WES is the 
analysis of the hundreds of genetic variants identified 
in every single patient. This technology revolution-
ized the way to disease-causing gene identification, 
rapidly making the classical approach obsolete. The 
knowledge of linkage regions in a specific family (or 
of homozygosity stretches in consanguineous fami-
lies) can nevertheless help the process of gene priori-
tization, given the extremely high number of variants 
identified with WES.

Affected individuals from families with ID were 
selected for WES in the CHERISH project. Only 
families with multiple ID affected members were 
selected: 3 families with an X-linked pattern of in-
heritance, 1 family with an autosomal dominant pat-
tern, 6 families with autosomal recessive pattern and 
2 families with an unclear pattern (2 affected broth-
ers, compatible with either autosomal recessive and 
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X-linked inheritance). A total of 21 affected patients 
from 12 families were sequenced. The results ob-
tained indicate, that there are about 18000–19000 
single-nucleotide variants (SNV) and 300–500 inser-
tions/deletions per each exome. The most of SNVs 
(>98 %) and insertions/deletions (>70 %) are pre-
sented in the database of normal variants – «dbSNP» 
[19]. Whereas a new, not previously reported SNVs 
and insertions/deletions affect at the average 260–
270 and 105–110 genes in each patients, respective-
ly. Analysis and validation of WES results are under 
implementation.

POTENTIAL IMPACT OF THE CHERISH 
PROJECT AND MAIN DISSEMINATION 
ACTIVITIES

Dissemination of the obtained results was one of 
the major goal of the CHERISH project. The proj-
ect had an obvious potential impact for the scientific 
community, as well as for the participating families 
and for society. First of all the participation in the 
consortium provided the possibility of a profes-
sional growth for young scientists, PhD students and 
clinicians, who had the opportunity to travel to the 
laboratories of the involved partners to gain specific 
knowledge and expertise. The participating countries 
have strongly profited from the project in several 
ways. The first period of the project, that involved 
training and increasing the awareness of ID, allowed 
the participation of young scientists and clinicians 
in courses that addressed different aspects of ID di-
agnosis and management. This knowledge was then 
further disseminated in the local scientific and clini-
cal communities, and among the general public. Each 
team could profit from newly established scientific 
and clinical contacts, which were realized through 
mutual visits among partner laboratories. The project 
also supported the participation of the partner teams 
in scientific conferences where they could present 
their findings, learn about the progress in the field, 
further discuss the methods and interpretation of the 
results, and find new collaborations. Young research-
ers and clinicians were preferentially supported to at-
tend scientific meetings.

During the stage of sample collection and clinical 
characterization, many local professional collabora-
tors were involved in each country, further increasing 
the outreach of the project and the public awareness 
of ID. This preliminary part of the project brought a 
clear benefit to some families who were identified to 
carry visible cytogenetic aberrations. These families 
were excluded from further studies, but nevertheless 
received a diagnosis explaining their child pheno-
type. The CHERISH project helped to introduce ar-
ray-based analysis as the first-tier diagnostic test for 

patients with ID (and multiple congenital anomalies) 
in participating countries, as suggested by interna-
tionally recognized authoritative sources in the field 
of cytogenetics, e.g. ISCA Consortium [20].

Between 10 and 20 % of patients in the different 
national cohorts received a specific diagnosis thanks 
to array analysis. Every single patient who receives 
such a diagnosis brings a potential benefit for his/her 
family, at least in terms of genetic counselling and 
evaluation of recurrence risks for family members. In 
other families new variants potentially causative for 
ID were identified: the immediate clinical relevance 
is limited in these families, but the findings are of sci-
entific interest as they can point to novel syndromes 
or novel candidate genes for ID.

If array analysis was the best tool for diagnosis 
of idiopathic ID at the beginning of this project, re-
search and diagnosis in medical genetics underwent 
a real revolution in most recent years with the advent 
of new technologies for DNA sequencing, allowing 
analysis of all the known genes of an individual in one 
single experiment (Whole Exome Sequencing). This 
approach has been the object of a specific amend-
ment submitted during the last year of implementa-
tion of the project. We thus had the opportunity to 
introduce this new technology in Eastern European 
countries, contributing to its widespread use. The use 
of such advanced molecular diagnostics tools in the 
definition of genetic disorders will eventually open 
a new phase in the prevention of the manifestations 
of many monogenic as well as complex genetic dis-
orders.

In order to raise awareness on ID in general and 
on the project’s results specifically among the scien-
tific community and the general public, the Consor-
tium has developed a dissemination strategy based on 
the use of different channels: scientific publications, 
a Scientific Symposium, a CHERISH stand during 
the annual ESHG meeting, 3 newsletters, an interna-
tional workshop, 3 targeted events for researchers, a 
«Meet the Experts» Symposium, the realization of a 
multilingual brochure for families and patients’ as-
sociations, and Press Conference.

The last Newsletter, containing information con-
cerning the Consortium dissemination activities, sci-
entific publications, portal updates and project meet-
ings, was sent on July 2012 to 44.000 e-mail contacts. 
All CHERISH Newsletters are freely available on 
the project website [12]. Educational brochures and 
informative leaflets were prepared in English, trans-
lated in the languages of participating countries and 
provided to a wide range of audiences including fam-
ilies, parent groups, health care professionals and the 
general public.

Finally, all the partners were involved in dissemi-
nation of the project objectives and results at Inter-
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national meetings, such as the yearly conferences of 
the European Society of Human Genetics (ESGH), 
but also in the local organization of meetings with 
families and patients’ support groups. Along this 
line, towards the end of the project a «Meet the Ex-
perts» Symposium addressed to patients, patients’ 
families and associations was organized in Bologna. 
The CHERISH project was presented and patients 
and their representatives had a chance to discuss 
their personal experiences. During the ESHG Annual 
Conference in Amsterdam (the Netherlands) on May 
28-31, 2011, the Cherish project had a stand in the in-
ternational exhibition area, where copies of dissemi-
nation materials (handouts, leaflets, posters) were 
distributed to more than 500 participants. During the 
meeting the EGF staff also recorded some interviews 
with Consortium members. All the interviews are 
available on the project portal [12].

A series of one full day scientific sessions dedi-
cated to the CHERISH Project were organized in Bo-
logna within the frame of 3 residential courses (Basic 
and Advanced Course in Genetic Counseling in Prac-
tice, Course on Molecular and Statistical Genetics of 
Consanguinity, and the 25th Course in Medical Ge-
netics) planned by the European Genetics Founda-
tion. The Consortium had the opportunity to present 
the results of the project to a wide international audi-
ence and to underline the strength of the project and 
the importance of creating international networks for 
sharing genetic practices in a cross-cultural setting.

Dissemination activities reached their culmina-
tion on May 24th 2012, when University of Bologna 
(project coordinator) organized in collaboration with 
the City Hall of Bologna and the European Genetics 
Foundation, a Public Awareness of Genetics event 
with the presence of Nobel Laureate Professor Mario 
Capecchi. The event was introduced by the Rector of 
the University of Bologna, Prof. Ivano Dionigi and 
by the Vice-Mayor of Bologna Prof. Silvia Giannini. 
During this unique occasion, the CHERISH partners 
briefly presented their work and introduced the new 
powerful diagnostic tools that medical genetics offers 
for the diagnosis of ID, just before Professor Capec-
chi’s lecture for the general public. CHERISH leaf-
lets were distributed to 200 participants. The event 
has also been web-casted and a recorded version of 
the partners’ presentation is available on the project 
website [12].

In conclusion, it should be noted, that participa-
tion in the CHERISH project has also a valuable sig-
nificance for Institute of Medical Genetics. Two hun-
dred and six Russian patients with ID were clinically 
examined according to international standard, and 
80 of them received results of array-CGH studies. 
Known microdeletion/microduplication syndromes 
associated with ID were diagnosed in 7 patients. 

For 16 patients new, previously not reported chro-
mosomal microdeletions/microduplications were de-
tected and candidate genes responsible for ID within 
affected chromosomal regions were delineated.

During the project implementation training 
courses for young scientists and clinicians were or-
ganized. As a result, new research and diagnostic 
technologies became available. For example, diag-
nostic of chromosomal aberrations by array-CGH is 
now performed at the Genetic Clinic of the Institute 
of Medical Genetics for patients with intellectual dis-
ability and developmental delay. This technology can 
be applied also for prenatal and preimplantation di-
agnosis of chromosomal diseases.

Participation in the CHERISH project allowed 
establish and improve scientific cooperation between 
partners, providing possibilities to continue research 
in the field of genetics of mental retardation. At pres-
ent, these studies are supported partially by the grant 
of Federal Program of the Ministry of Education and 
Science of Russian Federation «Scientific and Edu-
cational personnel of innovative Russia» (№ 8727). 
Moreover, other studies within this Program in the 
areas of human reproduction (grants № 8276 and 
8720), common diseases (grant № 8062) and cancer 
genetics (grants № 8595, 8602, and 8719) based on 
array-CGH technology have been performed in Insti-
tute of Medical Genetics with cooperation of Insti-
tute of Complex Issues of Cardiovascular Diseases 
of SB RAMS (Kemerovo) and Institute of Oncology 
of SB RAMS (Tomsk).
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