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About Ph.D. thesis of Mafalda Mucciolo:

"New insights into the pathogenic mechanisms associated with CNVs: duplication of
17p13.3, mirror effect in 16p11.2 and recessive phenotype in 22q11.22."

The work presented by Mafalda Mucciolo was performed at the Doctoral School in
Biomedicine and Immunological sciences (Siena, Italy) in the laboratory of Prof. Dr.
Alessandra Renieri.

The question she worked on was the following:

Two types of genomic disorders can be distinguished: syndromic forms where the
phenotypic features are largely invariant and fully penetrant, and those where the same
genomic rearrangement associates with a variant clinical outcomes. For the latter cases
two ideas/theories shall be tested:

a) some microdeletion syndromes could go together with activation of otherwise “recessive”
mutations of genes present only in one copy after deletion of the other allele

b) CNVs can be responsible of complex disorders in association with multiple high-
penetrant alleles of low frequency.

These two theories were tested in cases 22qll.2 microdeletion,
microdeletion/duplication and the 10q11.22 deletion/duplication.

As far as | understand no final conclusion could be drawn to answer the question finally.
However, in two cases with 22q11.2 microdeletion M. Mucciolo found a mutation in the
monosomic region, i.e. in the chromosome 22 without deletion, which is in support of above
mentioned idea a). Idea b) is more supported by the recently suggested ‘two-hit-model’ of
CNV — which is also discussed by M. Mucciolo. So overall, both mechanisms could
contribute here.

Overall, big parts of her results were already published or are preparation for publishing
(cumulative PhD thesis) — one even is a coauthorship in Nature.

Concerning her Ph.D.-thesis she put the data together in a form which meets international
criteria and discussed her results thoroughly. | strongly recommend that her Ph.D. thesis is
accepted.

the 16p11.2

Sincerely

Institut fir Humangenetik

Bachstralle 18 - 07743 Jena - Telefon 03641 93 00

Universitatsklinikum

Besuchsadresse:
Kollegiengasse 10
07743 Jena

Postadresse:
Postfach
07740 Jena

Genetische Beratung

Fr. OA Dr. med. I. Schreyer
Hr. Prof. Dr. med. C. Hubner
Tel.: 03641 9-34924

Fax: 03641 9-34925

Molekulargenetische
Diagnostik

Hr. OA Dr. med. I. Kurth
Tel.: 03641 9-34877
Fax: 03641 9-35502
Labor: 03641 9-35542

Zytogenetik

Fr. Dr. A. Weise

Fr. Dr. K. Mrasek
Tel.: 03641 9-35530
Fax: 03641 9-35582
Labor: 03641 9-35586

Molekulare Zytogenetik
Hr. PD Dr. T. Liehr
Tel.: 03641 9-35533
Fax: 03641 9-35582
Labor: 03641 9-35538

Tumorgenetik

Fr. Dr. A. Glaser

Tel.: 03641 9-35534
Fax: 03641 9-35518
Labor: 03641 9-35512

Funktionelle Genetik

Hr. Prof. Dr. med. C. Hubner
Hr. OA Dr. med. I. Kurth
Tel.: 03641 9-34877

Fax: 03641 9-35518

Labor: 03641 9-35511

Core-Unit Chipapplikation
Hr. Prof. Dr. F. v. Eggeling
Tel.: 03641 9-35526

Fax: 03641 9-35518
Labor: 03641 9-35528

Molekulargenetik

Hr. Prof. Dr. A. Baniahmad
Tel.: 03641 9-35524

Fax: 03641 9-34706

Anthropologie

Fr. PD Dr. K. Kromeyer-
Hauschild

Tel.: 03641 9-34617
Fax: 03641 9-34618

Universitatsklinikum Jena - Kérperschaft des éffentlichen Rechts

als Teilkorperschaft der Friedrich-Schiller-Universitat Jena

Internet: www.uniklinikum-jena.de

Gerichtsstand Jena

Steuernummer 161/ 144 / 02978 - USt.-IdNr. DE 150545777
Bankverbindung:

Sparkasse Jena - BLZ 830 530 30 - Konto 221

Prof. Dr. Klaus Hoffken
Kaufménnischer Vorstand:

11.01.2011/A. Kirschner/PhD8- Mucciolo- engl.doc

Verwaltungsratsvorsitzender: Prof. Dr. Thomas Deufel
Medizinischer Vorstand und Sprecher des Klinikumsvorstands:

Wissenschaftlicher Vorstand: Prof. Dr. Klaus Benndorf

Seite 1 von 1



s\ TRTIg UNIVERSITA’ DEGLI STUDI DI SIENA
f’% %\ .-'P?:
= o \-.\.. -
ST B DIPARTIMENTO DI BIOTECNOLOGIE
o )}2.:«1!’ g Sezione di Genetica: Policlinico Le Scotte
J?‘)E“cx]{.“-i‘

by Prof. Alessandra Renieri tel 0577 233303 FAX 0573325 «mail
UNIVERSITA
DI SIENA

1240 Siena, 26-11-2012

To:

Prof. Thomas Liehr

Institute of Human Genetics
University of Jena, Germany

Dear prof. Liehr,

| have really appreciated your comments on my wankl | would like to thank you
very much for reviewing my Thesis.

I look forward to continue my research on genonsoitlers in order to contribute to
better define the molecular mechanisms underlymegohenotypic variability.

Best regards,

Mafalda Mucciolo



UNIVERSITY OF PECS
Department of Medical Genetics
Chair: Dr. Béla Melegh
Professor of Medical Genetics,
Pediatrics, and Laboratory Genetics

TO WHOM IT MAY CONCERN 24 November, 2012

Review of the PhD thesis: “New insights into the glogenic mechanisms
associated with CNVs: duplication of 17p13.3, mirroeffect in 16p11.2 and
recessive phenotype in 22q11.22.”
by Mafalda Mucciolo

The doctoral thesis written by Mafalda Mucciolo qoiees 100 pages including a list
of references. The sections of the thesis are ptiopal, and follow the usual structure of the
doctoral theses.

The thesis is a carefully assembled work considebath content and format. The
studies presented in the thesis represent new agpreith highly sophisticated methods and
to the study of genomic disorders; hereby, thegnificance is for both medical and
scientifically outstanding. The logical structuré tbe dissertation is easy to follow. The
clinincal descriptions are precise and detailede Tigures and tables are appropriate and
correctly reflects the information discussed thitodige text. The discussion and conclusion
part are also well written, the conclusions arensou

The thesis is focusing on four key research topics:

Reciprocal duplication in Miller-Dieker syndrome
Microdeletion and microduplication in 16p11.2
Microdeletion and microduplication in 10q11.22

A

Microdeletion unmasking recessive phenotype

Sudy of all of them provided valuable new data emamic rearrangements in the
background of genomic disorders which remained inbs&tiden in the past due to the limited
resolution of conventional cytogenetic techniquBse research activity demonstrated in the
thesis contributed to better understanding anchéurtlelineation of the features associated
with novel microduplication syndromes as well.

N\ N H-7624 Pécs, Szigeti Ut 12. Hungary
e Rendezer o Rentser 7602 Pécs, Po Box 99. Hungary
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Comments and questions:

1.

2.

| would suggest to insert a list of abbreviatiorsedi in the thesis, it is almost
conventional, and hels the reader.

There are many disorders, clinical conditions noered in the text. The use of
MIM numbers (if they are available) can be helpful.

The microdeletion and microduplication in 10g11.@82not discussed in the
introduction. The importance of this issue is disa firstly in the chapter ,,Aims
and outlines of the study”.

Rephrase the sentence: ,Moreover we reported twelated girls carrying a
duplicatiors of the Miller-Dieker region at 17p13.3.”

A typing error is on the page 30: ,The overall pbigpe of these two cases is
complicated by the presence of a second copy nurabgation ,andsome
phenotypic features of our patients can be attetbuither to 9p deletion or 10q
deletion.”

An unnecessary space occurs in the nomenclature sentence on page 35:
»,MLPA analysis confirmed the presence of a dupiaabf the area containing the
RPH3AL probe on chromosome 17p13.3 in both patients, etidel of thePAOX
probe on chromosome 10 g26rBPatient 1, and a deletion of tB&MRT1 probe
on chromosome 9 p24iB Patient 2 (data not shown)”.

A typing error is on the top of page 60: ,In a fiemalysis performed by array-
CGH in our cohort of patients, we identified 12iinduals sharingan overlapping
CNVsin 10911.22 (3 deletions and 9 duplications).”

In the ,Materials and Methods” can be read thatamsavailable oligonucleotide
arrays were used for analyses. However, by ideatibn of CNVs in 10q11.22
the selected and previously analysed 292 patieate wegative for deletions and
duplications in10q11.22 (by array-CGH 44K). We caad on the page 60 that the
44K slides have only one probe located in the 1@pldegion.

The question arises, why not another array was usetie examination with
specific probes representing this region better.

The thesis is based on research work publisheldeirsgientific literature which is the
evidence of the successful presentation. The asticheet the PhD requirements in their
number and level. The topic chosen by the candidate her supervisor represent a new
wave, utilizes new generation techniques, and e&pjting field of the postgenomic studies.
Apart from comments arisen by the present reviethar,substantial work and high ranked
publications of Mafalda Mucciolo and her coworkpresented in this doctoral thesis fulfills
the requirements of a doctoral thesis and is deitédwr achieving the title of “Doctor
Philosophiae”.

Béla Melegh, M.D., Ph.D., D.Sc.
professor of Medical Genetics, Pediatrics,
and Laboratory Genetics
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Prof. Alessandra Renieri tel 0577 233303 FAX 057332% «mail

To:

Prof. Béla Melegh

Department of Medical Genetics
University of Pécs, Hungary

Dear Prof. Melegh,

| really appreciated your careful revision of myCPtmesis. | thank you very much
for your overall comments.

| am herein including a detailed response to yauastons:

1. | would suggest to insert a list of abbreviatiorsed in the thesis, it is almost
conventional, and hels the reader.

| added a list of all the abbreviations used inttesis.

2. There are many disorders, clinical conditions meméd in the text. The use of
MIM numbers (if they are available) can be helpful.

Whenever possible | associated each disorder toatisspondent MIM number.

3. The microdeletion and microduplication in 10g11.282not discussed in the
introduction. The importance of this issue is ddx firstly in the chapter
»+Aims and outlines of the study”.

A new paragraph about microdeletions and microdapbns in 10q11.22 has
been added in the introduction.

4. Rephrase the sentence: ,Moreover we reported twelated girls carrying_a
duplicatiors of the Miller-Dieker region at 17p13.3.”

| changed the sentence in: ,Moreover we reported twrelated girls
carrying a duplication of the Miller-Dieker regian 17p13.3.”

5. A typing error is on the page 30: , The overall plogype of these two cases is
complicated by the presence of a second copy numwdngation ,and some




phenotypic features of our patients can be attedugither to 9p deletion or 10q
deletion.”

| corrected the error on page 30: ,,The overall piyoe of these two cases is
complicated by the presence of a second copy numwaeation, and some

phenotypic features of our patients can be ateitb@tither to 9p deletion or 10q
deletion.”

6. An unnecessary space occurs in the nomenclatuge sentence on page 35:
»,MLPA analysis confirmed the presence of a duplmatof the area containing
the RPH3AL probe on chromosome 17p13.3 in botlep&ti a deletion of the
PAOX probe on chromosome 10 g2&i3Patient 1, and a deletion of the
DMRT1 probe on chromosome 9 p2ih Patient 2 (data not shown)”.

I remouved the spaces in the sentence on pageMi®A analysis confirmed
the presence of a duplication of the area contgitire RPH3AL probe on
chromosome 17p13.3 in both patients, a deletionthef PAOX probe on
chromosome 10g26.3 in Patient 1, and a deletionhefDMRT1 probe on
chromosome 9p24.3 in Patient 2 (data not shown)”.

7. A typing error is on the top of page 60: ,In a ti@nalysis performed by array-
CGH in our cohort of patients, we identified 12 iinduals sharing an
overlapping CN¥in 10g11.22 (3 deletions and 9 duplications).”

| rephrased the sentence on page 60: ,In a firatyais performed by array-
CGH in our cohort of patients, we identified 12 iinduals sharing a
overlapping CNV in 10911.22 (3 deletions and 9 thapions).”

8. In the ,Materials and Methods” can be read that tws available
oligonucleotide arrays were used for analyses. Hmreby identification of
CNVs in 10q11.22 the selected and previously aedly®92 patients were
negative for deletions and duplications in10gql1(Bg array-CGH 44K). We
can read on the page 60 that the 44K slides hale ame probe located in the
10911.22 region. The question arises, why not aro#tiray was used in the
examination with specific probes representing taion better.

Considering the labour effort required in producangustom array with respect
to that necessary to design specific MLPA probegHis region, we decided to
start our screening using a MLPA assay. Howevéiingainto account the
positive results achieved until now, a custom awayld be a more adequate
solution in order to better define the exact breakis of CNVs occurring in
10911.22 region.

Thank you again for your suggestions.
Best regards,

Mafalda Mucciolo
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1) INTRODUCTION

1.1 Historical overview

The past 50 years have seen an explosion of mdtdwdal advances in
molecular cytogenetic technology. These cytogertettbniques added colour to the
black and white world of conventional banding. @Qgoetic analysis of Giemsa-
stained metaphase chromosomes (Fig.1a), identlfi@anced and unbalanced
structural and numerical chromosomal abnormal{f&snawi 2008). However, even
high resolution karyotypes (Yunis 1976) are enalde detect many known
microdeletion syndromes, which range from 3-5 Mbsine, and cannot detect
smaller aberrations. In the 1990s the introductioin molecular cytogenetic
techniques into the clinical laboratory settingresgnted a major advance in the
ability to detect known syndromes and identify chosomal rearrangements of
unknown origin. Fluorescent in situ hybridizatidri§H), which is the annealing of
fluorescently labelled locus-specific probes tartikemplementary sequences in the
genome, allowed for the detection of specific migiletion syndromes (Trask 1991)
(Fig.1b-b?. FISH technique can be used to map loci on sigectiromosomes,
detect both structural chromosomal rearrangements rmimerical chromosomal
abnormalities, and reveal cryptic abnormalities hsias small deletions. FISH
analysis is, however a time-consuming, targetedhatktthat requires prior
knowledge of the chromosomal region of interest tredefore interrogates one or
more candidates chromosomal loci at a time. Theeefihis method is still
predominantly used when the clinical phenotype uggestive of a particular
disorder. Several other FISH-based methods, inatudpectral karyotyping (SKY),
multicolour FISH (m-FISH), and comparative genorhigoridization (CGH) have

proven extremely useful in the identification okaown chromosomal material.
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chromosomes. c. multicolour FISH (m-FISH). d. Conaigse Genomic Hybridisation experiment.



SKY and m-FISH rely mainly on the principal of @iféntially labelling each
chromosome using a unique combination of fluoroste® and are especially
beneficial for identifying the origin and contentf gupernumerary marker
chromosomes (SMCs) and complex chromosome reamsmgs (CCRs) that
involve more than two chromosomes (Fig.1c). CGH waseloped initially as a
molecular tool in tumor cytogenetic (Kallioniemi 9. It detects genomic
imbalances and determines the map position of gaidslosses of chromosomes or
chromosomal sub-regions on normal reference mesapbieparations using a small
amount of DNA. In this technique, patient and refere whole-genome DNA are
differentially labelled and co-hybridized to nornmaktaphase spread on glass slides.
Unbalanced chromosomal rearrangements at a resolofi ~3-10 Mb across the
whole genome can be detected by differential hytaitbn signals (Kirchhoff 1999)
(Fig.1d). This method is very useful for determmitme origin of unknown genetic
material, such as SMCs and other unbalanced regmaents. However, CGH does
not detect balanced rearrangements, the resoligion the order of 5-10 Mb and
consequently many genomic disorders cannot be téet€¥unis 1976). The need to
screen the whole genome at a resolution that ssega$ie existing technologies led
to the implementation of microarray based CGH. pheciple is very similar to that
employed for traditional CGH, where two differefifidabelled specimens are co-
hybridized in the presence of Cotl DNA (Fig.2). Hwer, the substitution of the
metaphase chromosomes with target DNAs roboticgigtted immobilized onto
glass microscope slides using split metal pinslasgcapillaries has significantly
enhanced the resolution and simplified the analysedure (Shinawi 2008).
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Fig.2 Schematic representation of an array-CGH mxmamt. Test and reference DNA are
differentially labelled, co-precipitated and hylisied to an array. After wash procedures, the skdes

analysed through a scanner and fluorescence itie=nef each probe are determined. After imaging

processing and data normalization, the log2 ratibshe probes are plotted as a function of

chromosomal position. Probes with a value of zezpresent equal fluorescence intensity ratio
between sample and reference. In this represenjatapy number loss shift the ratio to the left and

copy number gains shift the ratio to the right.



The higher resolution and throughput with posdiksi for automation,
robustness, simplicity, high reproducibility ance@se mapping of aberrations are
the most significant advantages of aCGH over cyietje methods. In addition,
there is no need for cell culture, making the tamound time shorter than in
cytogenetic methods. As with other clinical diagimomethods, there are limitations
in aCGH technology. aCGH is not able to identifyabaed rearrangements such as
translocations and inversions and low-level mosaicior unbalanced numeric or

structural rearrangements.

1.2 Array — CGH Methodologies

In aCGH, equal amounts of labelled genomic DNA framtest and a
reference sample are co-hybridized to an arrayanaing the DNA targets. Genomic
DNA of the patient and control are differentialgbkelled with Cyanine 3 (Cy3) and
Cyanine 5 (Cy5). The slides are scanned into infidggeusing a microarray scanner.
The spot intensities are measured and the image dite quantified using feature
extraction software, and text file outputs from thentitative analyses are imported
into software programs for copy number analysig.@i (Cheung 2005, Lu 2007).
The resulting ratio of the fluorescence intensiteegroportional to the ratio of the
copy numbers of DNA sequences in the test andaeéergenomes.

Two major types of array targets are currently geurtilized. Initially,
bacterial artificial chromosomes (BACs) were theagrtarget of choice (Pinkel
1998). However, now oligonucleotide arrays havente#dopted due to the increased
genome coverage they afford. The design of botlyaypes was made possible by
the availability of the complete map and sequerfdde® human genome. The BAC
arrays may contain DNA isolated from large inséones that range in size from
150-200 kb, spotted directly onto the array or meayploy the spotting of PCR
products amplified from the BAC clones (Yistra 2D0Bhese arrays are generally
very sensitive and results can be directly validatéth FISH using the BAC DNA
as a probe. However, production of BAC DNA is labdensive, and the resolution
is limited to 50-100 kb, even on a whole genomegipath array (Ishkanian 2004).

Oligonucleotide arrays offer a flexible format withe potential for very high



resolution and customization. Several different tfptans are available for
oligonucleotide arrays that range from 25- to 8%merlength, some of which were
adapted from genome-wide SNP-based oligonucleatiaiders and others that were
created from a library of virtual probes that spla@ genome, and consequently can
be constructed to have extremely high resolutiomai$& 2007). Both BAC and
oligonucleotide arrays have been used successtutlgtect copy number changes in
patients with intellectual deficit (ID), multipleongenital anomalies (MCA) and
autism. A number of different array design appreschave been taken for
diagnostic purposes. A targeted array is one tbatains specific regions of the
genome, such as the sub-telomeres and those rddponfor known
microdeletion/microduplication syndromes, but does have probes that span the
whole genome (Bejjani 2005, Bejjani 2006, Shaffed&). A whole genome or tiling
path array offers full genome coverage with différeesolution. The resolution of
array CGH is defined by two main factors: 1) theesnf the nucleic acid targets and
2) the density of coverage over the genome; thdlanthe size of the nucleic acid
targets and the more contiguous the targets onatiee chromosome, the higher the

resolution of the array.

1.3 Clinical utility of array-CGH

The considerable gap in resolution convention&dgsnetic techniques (5-10
Mb pairs) and molecular biology techniques (basesphaas been bridged by aCGH,
which allows the detection of genomic imbalancesoasted with phenotype of
unknown genetic aetiology. This new technology dégen a technical convergence
between molecular diagnostics and clinical cytogese questioned our
understanding of the complexity of the human genamnd revolutionized the
practice of medical genetics. The use of aCGH seaech and diagnostics has
resulted in the identification of many new syndremexpanded our knowledge
about the phenotypic spectrum of existing condgjonidentified the reciprocal
products of known abnormalities, elucidated the ogeic lesions in known
conditions, and ascertained the unexpected frequehaopy number variations

across the genome.



1.3.1 Discovering new syndromes

Deletion and duplication syndromes represent reoatirrchromosomal
abnormalities that are associated with distinct npkges. These
microdeletions/microduplications often occur betwémv copy repeats (LCRs) and
are commonly because of non-allelic homologous méxoation (NAHR) events
(Lupski 1998). The detection of a de novo genomibalance in a single patient
does not prove pathogenicity. Only the identifioatdf similar genomic imbalances
with a recognizable phenotype can help clarifyritle of these genomic changes in
causing the specific clinical features and wiliraltely define a genetic syndrome.
Therefore, the application of aCGH has createdradigm shift in genetics that has
moved the description and discovery of genetic tmms$ from the "phenotype-first"”
approach, in which patients exhibiting similar aiad features are identified prior to
the discovery of an underlying aetiology, to a "ggpe-first" approach, in which a
collection of individuals with similar copy-numbgenbalances can be examined for

common clinical features (Neill 2010).

1.3.2 Expanding the phenotypic spectrum of known syglrome.

“Known syndrome” are defined as syndromes exhigiinspectrum of signs
and symptoms sufficient to encourage the clini¢@proceed with a specific test in
order to confirm the clinical diagnosis. The asmiarnent through whole-genome
screening of syndromic patients by array-CGH ldadihe recognition of a broader
spectrum of features for already described syndsoraeging from sever phenotype
to a normal phenotype (van Bon 2009). A more coteplmderstanding of the full
clinical spectrum of these disorders will be ackikas the use of aCGH in the clinic
becomes more prevalent and as correlations of tokseal findings with the

genomic lesions are made.
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1.3.3 Identifying the reciprocal products of knownabnormalities

Many the well-known microdeletion syndromes are iatedl by segmental
duplications sequences (Lupski 1998). The clinmfanotypes associated with the
reciprocal microduplications of the same genomgiaes are, however, less well
characterized probably because, in general, indalgd with duplications tend to
have a milder phenotype than those with the comg@itany deletions and this
milder phenotype may not lead to clinical invediiga (Van der Aa 2009; Hassed
2004; Potocki 2000). The introduction of aCGH imidal practice has showed that
the frequency of these duplications is much highan heretofore appreciated. As
aCGH becomes the primary method of testing indiaislwvith even mild intellectual
deficit/developmental delay (ID/DD), the frequeno§ microduplications at the
common microdeletion syndrome loci will likely irease (Bejjani and Shaffer
2008).

1.3.4 Identifying the genomic lesions in known contions

The high resolution afforded by array CGH has hesad to define candidate
regions for putative genes responsible for humaretediseases. A good example is
the discovery of a candidate gene for CHARGE syma@ro(MIM#214800), a
pleiotropic disorder comprising of coloboma, heasetects, choanal atresia, retarded
growth and development, genital and/or urinary aimadities, ear anomalies and
deafness. Vissers and colleagues (Vissers 2004)idmdx cell lines from two
individuals with CHARGE syndrome onto a genome-widegay with a 1Mb
resolution. The authors narrowed a candidate ref@onCHARGE syndrome on
8012 based on data from two individuals, one with5aMb deletion and another
with a more complex rearrangement comprising twetaas that overlapped that of
the first deletion subject. These results allowee authors to focus on only nine
genes in the region and detect heterozygous muosaithe gen€HD7, which was
eventually shown to be the gene for CHARGE syndrorhe high resolution of that
array was crucial in refining the critical regioor fthis disease and in reducing the

number of candidate genes to be investigated furthe

11



1.3.5 Increasing the frequency of copy number varigons across the

genome

Array CGH has the ability to detect submicroscogains and losses of the
genome at very high resolution and is performechwite goal of identifying
pathogenic chromosomal aberrations or copy numlagiams (CNVs) that are
directly responsible for the observed clinical phtype. However, CNVs have been
described in the literature that are present imptypically normal individuals and
in some cases occur at a high frequency in thergepepulation (lafrate 2004;
Sebat 2004; Sharp 2005; Redon 2006; McCarroll 208@ine of these aberrations
are apparently benign CNVs and are usually inhetrfitem a parent (Lee 2007). If
identical alterations are found either in one o€ thnaffected parents, or in
independent normal controls, they most probably ehao direct phenotypic
consequences; however, low penetrance and vamrxiplessivity of the phenotype
may complicate the analysis and genetic counseGng.ently, the publicly available
CNV databases assist in making decisions about ctimecal significance of
imbalances detected by microarrays. Examples df databases are the Database of
Genomic Variantshitp://projects.tcag.ca/variatipiWwhen determined as de novo in

origin genomic imbalances are considered more \ikathological (Tyson 2005).
This can be further supported if the implicatedaagontains gene(s) with functions
compatible with the abnormal clinical findings aepiously described patients with
a similar genomic imbalance and a similar phenatylgjee de novo occurrence of
copy number alteration is, however, not an abs@uigence of its pathogenicity and
caution must be exercised for possible non paterNbreover genetic modifiers or
thresholds involving other copy-number alteratioosuld play a role in the
manifestation of clinical features, or other indegent mutations elsewhere in the
genome may obfuscate the interpretation of such dat
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1.4 Copy number variations (CNVs).

CNVs can either be inherited or caused by de noutations of different
size. They range from 1 kb to several Mb in sizd, aherefore, with increasing
resolution of aCGH platforms more variations wik letected. These structural
variants show variable copy number when compared teference genome and
include both deletions and duplications of genolmit (Feuk 2006). They have been
reported to encompass as much as 12% of the ge(@edon 2006) and today
several molecular mechanisms are known to be reggenfor the occurrence of
CNVs within the genome (Gu 2008). The major mectrasi underlying the former
is non-allelic homologous recombination for recaotreearrangements, and non-
homologous end joining (NHEJ) for non-recurrentrr@agements. NAHR can use
either region-specific low-copy-repeat (LCRs or megtal duplications) or
sometimes repetitive sequences (e.g. Alu or LIN&hamologous recombination
substrates, yielding recurrent events with clustdseeakpoints (Lee 2007). When
LCRs are located on the same chromosome and iat @ireentation, NAHR results
in deletion and/or duplication. Inversions resulthem LCRs on the same
chromosome are in opposite orientation; whilst NAH&ween LCRs located in
different chromosomes result in translocation (@ghm 2011). However, a number
of disease-associated rearrangements are not eaglagéadily by either the NAHR
or NHEJ recombinational mechanisms. Lee et al, ggeg a new DNA replication-
based mechanism termed FoSTeS to parsimoniouslgiexpe generation of these
complex rearrangements in the human genome. Acuprii the FoOSTeS model,
during DNA replication, the active replication fodan stall and switch templates
using complementary template microhomology to ahaed prime DNA replication
(Lee 2007). The rearrangements generated by Fo&dme®$e diverse in scale, from
genomic duplications affecting megabases of thedmgenome to small deletions
involving a single gene or only one exon. Thesdedht sized rearrangements
implicate FoSTeS in CNVs of all sizes and in theletron of both human genomes
and genes (Zhang 2009).
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1.5 Copy number variation and phenotypic variabiity.

Is now known that any individual carries ~1000 CNwvging from 443 bp to
1.28 Mb (Conrad et al 2010). This can lead to eitbe many or too few dosage
sensitive genes, which might result in phenotymdability, complex behavioural
traits and disease susceptibility. InterestingliN\MS have not only been associated
with disease, but also with genome evolution anaptde traits. TheAMY1 gene,
which encodes a protein that catalyses the fiegt st digestion of dietary starch and
glycogen, constitutes an interesting example. $tibeen found that the copy number
of this gene is three times higher in humans coethén chimpanzees, suggesting
that humans were favoured in the gene dosage daecdmncomitant increase of
starch consumption (Perry et al,2007). Howeverstiit remains the problem to
understand if CNV means disease and how thesdwtalichanges and gene dosage
alterations contribute on phenotypic outcomes. Altyuwe know that CNVs
affected specific genes or chromosomal region, lemu to susceptibility and
predisposition to certain diseases such as HIVudumephritis, pancreatitis and
psoriasis among many other phenotypes (Canaleg.28&lvever, it has been shown
that individuals carrying the same rearrangemaennt,iristance within an affected
family, show differences in the manifestation af thvestigated phenotype.

There are several explanations for variable esprigg and clinical
heterogeneity in genomic disorders. First, the kppemts of the events may not be
identical. Atypical deletions and duplications ilwing contiguous dosage-sensitive
genes within the region often explained the obskrmical variability in many
genomic disorders. Further studies demonstratedtibavariability can be due to the
presence of an additional large deletion or dupbtcain the proband that resulted in
a sensitized genetic background and consequenthor@ pronounced phenotype
(Girirajan 2010). However the commonly proposedctfional impact of a CNV has
been the haploinsufficiency or dosage sensitivity dne or more genes within the
genomic region, or the possibility that a recesgjgae reside within the rearranged

region.
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1.6 Reciprocal duplication of the Miller-Dieker region.

The short arm of chromosome 17 is particularly prém submicroscopical
rearrangements due to a high density of low copeats. Thus, the proximal 17p
region harbours regions with microdeletion and pesxgal microduplication
syndromes, each caused by non-allelic homologow®mbination: CMTI1A
(Charcot—Marie—Tooth syndrome type 1A) (MIM#11822@)e to a duplication at
17pl11.2; HNPP (hereditary neuropathy with liabilityy pressure palsies)
(MIM#162500), due to a reciprocal deletion, Smithedédnis syndrome
(MIM#182290), caused by a deletion at 17p11.2; dhd relatively recently
described Potocki—Lupski syndrome (MIM#610883), ttua reciprocal duplication
at 17pl11.2 (Stankiewicz 2003; Potocki 2000). Delediin the more distal region
17p13.3, including thePAFAH1B1 gene (encoding LIS1), result in the brain
malformation lissencephaly, with reduced gyratioh tiee cerebral surface and
increased cortical thickening. Depending on the sizthe deletion, the phenotype
varies from isolated lissencephaly (ILS) (MIM#602430 Miller—Dieker syndrome
(MDS) (MIM#247200); the latter consists of severmdg ILS and additional
characteristic dysmorphic features and malformatiidobyns 1993). Deletions in
MDS vary in size, from 0.1 to 2.9 Mb. The critigagion differentiating ILS from
MDS is approximately 400 Kb, and is referred totlas “MDS telemetric critical
region” (Cardoso et al, 2003). Recently, 17pl13.@plctations involving the
PAFAH1B1 gene have been reported in patients with psychametardation,
hypotonia and dysmorphic features without lissehagp or gross brain
malformations (Bi et al, 2009; Roos et al, 200Rr et al, 2010). The phenotype of
transgenic mice conditionally overexpressk®~AH1BL1 is indeed characterized by
decreased brain size and neuronal migration abnidiesaAll the submicroscopic
rearrangements reported until now, are variabkza and have distinct breakpoints.
Bruno et al. proposed to divide 17p13.3 microdwtlans in two different classes:
class | duplications involvingWHAE but not PAFAH1B1 showing a phenotype
characterized by learning difficulties and/or amti&/ith or without other congenital
abnormalities; class Il duplications always hangrPAFAH1B1 that may also
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include the genomic region encompassing @K and YWHAE genes, which are

associated with developmental delay, psychomotiaryydend associated hypotonia.

1.7 Microdeletion and microduplication in 16p11.2

The 16pl1.2 region is a well-documented hot spot fecurrent
rearrangements that are associated with autisntrepealisorders (ASDs) and ID
(Marshall 2008; Kumar 2008; Weiss 2008). This 5%b &GNV region, which is
flanked by segmental duplications having >99% segeeadentity, is presumed to
have an elevated mutation rate due to its genorotutacture (Lupski 2007). Weiss
et al. reported a recurrent microdeletion on chreonoe 16p11.2 in five of 751
families with one or more cases with ASD, in tho#e299 ASD patients, in five of
512 children referred for ID and/or autism (Wei€98). The reciprocal duplication
was found in 11 patients and in five controls. hother study, the same deletion was
detected in four of 712 autistic patients and noih@37 controls (Kumar 2008). The
latter study identified the reciprocal duplicationone autism case and two controls.
Similarly, Marshall et al. detected two de novo 1642 deletions in 427 families
with autism (Marshall 2008). The authors stated tedetions and duplications of
16pl11.2 carry substantial susceptibility to autismd that the deletions appear to
account for approximately 1% of cases. Furthermdadters et al; demonstrated
that, in addition to the cognitive deficits or beiwaural abnormalities, a 16p11.2
deletion give rise to a strongly-expressed obgsitgnotype in adults, with a more
variable phenotype in childhood (Walters 2011). Bl¢hors stated that the higher
frequency of 16p11.2 deletions in the cohort asg@et for both phenotypes (2.9%),
compared to cohorts ascertained for either pheeofypne (0.4% cognitive deficit
and 0.6% obesity), confirms their impact on botlesaty and developmental delay,
adding to the evidence that these two phenotypgsomdundamentally interrelated.

1.8 Microdeletion and microduplication in 10g11.2

To date, interstitial deletions involving 10q11&vie been reported in over 40
patients with variable abnormal phenotypes but @asmdividuals with a normal
phenotype. The only clinical features common toaomity of affected individuals
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were ID and DD. Stankiewicz and colleagues idesdif24 unrelated individuals
carrying a microdeletions at 10q11.21911.23 rangirgjze from(11.9 to[110.9 Mb.
They also identified 17 individuals with reciprocalicroduplications involving
10911.21g21.1, ranging in size from0.3 to (112 Mb (Stankiewicz 2010). A
complex arrangement of six segmental duplicatiarstelrs have been identified in
the 10911.21g11.23 region, labelled LCR 10g11.2AR01Gg11.2F. These segmental
duplications range in size from 32 to 427 kb andeha complex evolutionary
structure. Therefore, the complex structure of &R 10s in this region appears to
be involved in generating a variety of differenhgmic rearrangements. The finding
of different sized rearrangements on chromosomeid 8anilar to that observed for
other recurrent genomic disorders, such as theePr@dlli/Angelman syndrome,
Smith-Magenis syndrome, and the 15924 deletion reynd, where recombination
within alternate LCRs can result in recurrent detet and duplications of different
size. CNVs overlapping the proximal LCRs are alsgdient in control subjects.
More recently a smaller duplication have been regbiin patients showed the
Zappella variant of Rett syndrome (Z-RTT) (Artugiil2). The 10g11.22 duplication
was considered a hypothetical modifier that can utedd the phenotype in patients
matched for MECP2 mutation.

1.9 Phenotype variability in 22g11.2 deletion sydgrome.

Microdeletion of chromosome 22ql11.2 or 22qll.2eti@h syndrome
(22911.2DS) (MIM#188400/#192430) is the most commbuman deletion
syndrome with an estimated prevalence of 1 in 40a9 births (Goodship et al.
1998). The phenotypic spectrum encompasses sevaaliously described
syndromes including DiGeorge, velocardiofacial acmhotruncal anomaly face
syndromes as well as some individuals with othendd®mns such as Cayler
cardiofacial syndrome. The phenotypic expressiothef22q11.2DS is known to be
highly variable and ranges from a severe life-tteig condition to affected
individuals with few associated features (Basse#l.e2005; Kobrynski and Sullivan
2007; Ryan et al. 1997). The most frequent featsira conotruncal heart defect,

often associated with facial dysmorphisms, cleflajga thymus hypoplasia, and
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learning disability (McDonald 1999). Developmenrdalays and learning difficulties
are very commonly associated, although severe lestabl disability is rare.
Recurrent seizures are common and epilepsy mayesemt in about 5% of patients.
Psychiatric conditions may be present in childred aver 60% of patients develop
treatable psychiatric disorders by adulthood (Bastel. 2005). In particular, due to
the high frequency of schizophrenia in 22q11.2D8epts, the 22q11.2 region is
considered to be one of the main schizophreniaeptibdity loci in humans (Bassett
and Chow 2008; Insel 2010). Evidence from multgiledies indicates that about 1%
of individuals with schizophrenia in the generapplation have 22q11.2 deletions
(Bassett et al. 2010).

The high frequency of the 22g11.2 deletion canxXpained by the presence
of chromosome-specific low copy repeats flankin€iRLA and D) or within the
typically deleted region (LCR A’, B and C) (ShaiRlid 200). Most deletions (84—
90%) encompass ~3 Mb, known as the typically ddleggion. Smaller deletions,
spanning 1.5 Mb, are found in about 7-14% of tleesdCarlson 1997; Saitta 2004).
In addition, atypical deletions have also been dlesd in a few patients (Garcia-
Minaur 2002; O’Donnell 1997; Rauch A 1999). Sha#thal. (Shaikh 2000) stated
that 22911.2 LCRs share 97.98% nucleotide sequilestity. The size and the
homology among them seem to be related to the érexyuof each type of deletion.

As clinical variability is not explained by diffemees in gene content within
the deletion, allelic variation(s) in the non-detthomologous region is considered a
possible contributor to phenotypic variability. Mad the genes from the 22q11.2
deletion region are expressed in fetal and adaihbthus are candidates for both the
psychiatric phenotype of patients with 22q11.2 tiets and susceptibility to
psychiatric disorders in the general population€btean et al. 2010).
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2) AIM AND OUTLINE OF THE STUDY

Accumulating evidence from a decade of array-C@&rhanstrated that the
single model attributing disease phenotype to glsipathogenic CNV does not fit
all cases. We can thus distinguish two types obgea disorders: syndromic forms
where the phenotypic features are largely invariamd fully penetrant such as
Williams syndrome (MIM#194050) and Angelman (MIM#BB0) or Prader-Willi
syndrome (MIM#176270), and those where the sameorgEn rearrangement
associates with a set of diagnoses of differenersigvor with a complete normal
phenotype such as the 22ql11.2 microdeletion synelrdm this latter type of
genomic disorders, there is growing appreciatioat t8NVs can be viewed as
contributing to the pathogenesis of “recessive”edses, rather than simply
functioning as dominant variants with reduced pemete. Alternatively, CNVs can
be responsible of complex disorders such as ob@sigssociation with multiple
high-penetrant alleles of low frequency. To confillese alternative explanations of
phenotypic variability, 1 focused my thesis on tingestigation of three different
genomic  rearrangements: the 22q11.2 microdeletiothe 16p11.2
microdeletion/duplication and the 10q11.22 deldtloplication.

The 22q11.2 microdeletion is known to be assodiatéth a variety of
phenotypes including velocardiofacial syndrome, latsal cardiac defect,
schizophrenia and Van den Ende-Gupta syndrome (M0@820). For the latter, the
presence of a recessive allele unmasked by thetiateldlas been recently
demonstrated. In order to identify additional repes alleles we performed targeted
sequencing on three patients with a 22q11.2 deletiod an atypical phenotype
(MURCS, severe intellectual deficit with polydagtyhnd Cayler) in collaboration
with the University of Geneva.

Deletions and duplications of chromosome 16plleBevalready reported as
associated with reduced penetrance with ASDs amdahrenia, two complex traits
at the opposite ends of a single spectrum of payehiphenotypes. Thanks to a
collaborative effort among several Medical Genetitsts, we show that deletions
and duplications on chromosome 16p11.2 could atse fan impact on the body

mass index.
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To date, interstitial deletions involving 10q1h&ve been reported in over 40
patients with variable abnormal phenotype, indigidwith a normal phenotype and
two prenatal cases. The only clinical feature comnwothe majority of subjects was
ID/DD. We recently reported that a small duplication 10g11.22 including
GPRIN2 gene, a regulator of neurite outgrowth, dPlYR1, a gene involved in
energy homeostasis, is a candidate modifier fot Rgtdrome (MIM#312750). In
the present study we explored the association oV<at 10g11.22 with ASD and
body mass index (BMI)

Moreover we reported two unrelated girls carryiagduplication of the
Miller-Dieker region at 17p13.3. So far only fewsea with this duplication have
been reported. Molecular cytogenetic analyses stiatvin both patients the 17p
duplication is the result of an unbalanced traretioo and therefore the resulting
phenotype is more complex. However we further @eglia the features associated

with this novel microdeletion syndrome.
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3) MATERIALS & METHODS

3.1 Patients collection

Patients with ID and MCA enrolled in this study bdveen selected among

those referred the Medical Genetics Unit of thevdrsity Hospital of Siena. All

patients were evaluated by clinical geneticists.

3.2 Array-based CGH

3.2.1 Samples preparation

Genomic DNA of normal controls was obtained fronorRega. Genomic
DNAs were extracted from peripheral blood samplesagia QIAamp DNA Blood

Maxi kit according to the manufacturer protocol &@&n,www.giagen.coj The
0D260/280 method on a photometer was employed termdae the appropriate
DNA concentration (Sambrook 1989). Patient and raddnDNA samples were
sonicated to produce a homogeneous smear DNA artefrom approximately 600
bp to 2 Kb. DNA samples were then purified using BINA Clean and Concentrator
kit (Zymo Research, Orange, CA). Ten microgramgeasfomic DNA both from the
patient and from the control were sonicated. Tast r@ference DNA samples were
subsequently purify using dedicated columns (DNAadl and Concentrator, Zymo
research, CA92867-4619, USA) and the appropriateA Dddncentrations were
determine by a DyNA Quant™ 200 Fluorometer (GE Hhealre).

3.2.2 Human oligonucleotides array

Array based CGH analysis was performed using comialbr available
oligonucleotide microarrays containing about 43,0060-mer probes with an
estimated average resolution of about 100-130 Khunieth Genome CGH
Microarray 44B Kit, Agilent Technologies) and miarcays containing 99,000 60-

mer probes with an estimate average resolutiorDe8%Kb (Human Genome CGH
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Microarray 105A Kit, Agilent Technologies). Phydicpositions of the probes
correspond to the UCSC genome browser - GRCh bafd Feb 2009

(http://genome.ucsc.efluDNA labelling was executed essentially accordioghe

Agilent protocol (Oligonucleotide Array-Based CGHr fGenomic DNA Analysis
2.0v) using the Bioprime DNA labelling system (ltmagen). Genomic DNA (29)
was mixed with 2Qul of 2.5X Random primer solution (Invitrogen) andlIND water

to a total volume of 4l. The mix was denaturated at 95° C for 7 minutes then
incubated in ice/water for 5 minutes. Each samme added with &l of 10X dUTP
nucleotide mix (1.2 mM dATP, dGTP, dCTP, 0.6 mM dPTh 10 mM Tris pH 8
and 1 mM EDTA), 2.5ul of Cy5-dUTP (test sample) or 244 of Cy3-dUTP
(reference sample) and with 1ub of Exo-Klenow (40 UAl, Invitrogen). Labeled
samples were subsequently purified using CyScribX Burification kit (Amersham
Biosciences) according to the manufacturer prototest and reference DNA were
pooled and mixed with 5ag of Human Cot | DNA (Invitrogen), 50! of Blocking
buffer (Agilent Technologies) and 25@I of Hybridization buffer (Agilent
Technologies). Before hybridization to the arrag thix was denatured at 95°C for 7
minutes and then pre-associated at 37°C for 30 tesniProbes were applied to the
slide using an Agilent microarray hybridization tgia. Hybridization was carried
out for 24/40 hrs at 65°C in a rotating oven (2thypThe array was disassembled
and washed according to the manufacturer protodbl wash buffers supplied with
the Agilent kit. The slides were dried and scanagitig an Agilent G2565BA DNA
microarray scanner. Image analysis was performadguthe CGH Analytics
software v.3.4.40 with default settings. The sofewvautomatically determines the
fluorescence intensities of the spots for bothrthebromes performing background
subtraction and data normalization, and compiles data into a spreadsheet that
links the fluorescent signal of every oligo on #reay to the oligo name, its position
on the array and its position in the genome. Tineali order of the oligos is
reconstituted in the ratio plots consistent with ideogram. The ratio plot is
arbitrarily assigned such that gains and lossd3N/ copy number at a particular

locus are observed as a deviation of the ratiofpdot a modal value of 1.0.
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3.3 Real-time quantitative PCR

Some aCGH data were confirmed by Real-time Quaivieta PCR
experiments. To design adequate probes in diffexgibns of the human genome,
we used an TagMan Gene Expression Assays by desigh provides pre-designed
primers-probe set for real-time PCR experiments p{id Biosystems,

https://products.appliedbiosystems.goRCR was carried out using an ABI prism

7000 (Applied Biosystems) in a 96-well optical platith a final reaction volume of
50 ul. A total of 100 ng (1Qul) was dispensed in each of the four sample wells f
guadruplicate reactions. Thermal cycling conditiomduded a pre-run of 2 min at
50°C and 10 min at 95°C. Cycle conditions were ¥€les at 95°C for 15 sec and
60°C for 1 min according to the TagMan UniversalRP@rotocol (ABI). The

TagMan Universal PCR Master Mix and Microamp reattiubes were supplied by
Applied Biosystems. The starting copy number of tm&known samples was
determined using the comparative Ct method as qusly described (Ariani 2004).

3.4 Multiplex Ligation-dependent Probe Amplification (MLPA)

MLPA analysis was performed according to the prew&l protocol with a
specifically designed set of probes for testingjaal regions in DiGeorge syndrome
(SALSA P023 kit; MRC-Holland, Amsterdam, Netherlandhttp://www.mrc-

holland.con), 1p-deletion syndrome, Williams syndrome, Smitagdnis syndrome,

Miller-Dieker syndrome, DiGeorge syndrome, PradeliWwsyndrome, Alagille
syndrome, Saethre-Chotzen syndrome, Sotos syndr@A¢:SA P064B MR1 kit)
and subtelomere regions (SALSA P036D subtelomerimgr kit). The ligation
products were amplified by PCR using the commomeriset with the 6-FAM label
distributed by the supplier. Briefly, 100 ng of gemc DNA was diluted with TE
buffer to 5ul, denatured at 98°C for 5 minutes and hybridizeth \BALSA Probe-
mix at 60°C overnight. Ligase-65 mix was then added ligation was performed at
54°C for 15 minutes. The ligase was successivedgtinated by heat, 98°C for 5
minutes. PCR reaction was performed in a [BOvolume. Primers, dNTP and

polymerase were added and amplification was caowgdor 35 cycles (30 seconds

25



at 95°C, 30 seconds at 60°C and 60 seconds at .72M}lification products were
identified and quantified by capillary electrophsiee on an ABI 310 genetic
analyzer, using GENESCAN software (version 3.7)faim Applied Biosystems
(Foster City, CA, USA). The peak areas of the PC&pcts were determined by
GENOTYPER software (Applied Biosystems). A spreadshwas developed in
MicrosoftTM Excel in order to process the sampldgadafficiently. Data were
normalized by dividing each probe’s peak area liy d@kverage peak area of the
sample. This normalized peak pattern was dividedhleyaverage normalized peak

pattern of all the samples in the same experimeKibolen 2004).

26



4. RESULTS
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4.1 Reciprocal duplication of known deletion syndrome

Manuscript in preparation
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Duplication of the Miller-Dieker region (17p13.3): two cases as a result of

unbalanced translocations.
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ABSTRACT

Duplications of the Miller-Dieker region at 17p138d involving thePAFAH1B1
gene have been recently reported only in few cagsdar. These cases were mostly
due to de novo events. We report two unrelated giakrying this duplication who
exhibited intellectual deficit, microcephaly andcitd dysmorphisms. Molecular
cytogenetic analyses show that in both patientd #peduplication is the result of an
unbalanced translocation involving two differentahosomes: 9p24.2 in one case

and 10g26.2 in the other. The facial features of patients closely resemble those
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previously reported, indicating that 17p13.3 dugdiien causes a quite distinctive
facial phenotype. The overall phenotype of these tases is complicated by the
presence of a second copy number variation, anc gumenotypic features of our
patients can be attributed either to 9p deletiod@qy deletion. Overall, these new
cases indicate that the 17p13.3 microduplicatiog bemore frequent than thought
and originates not only from de novo events. Moegpwe confirm the absence of
gross anomalies of brain morphology in cases WilrAH1B1 gene duplications

with respect to theAFAH1B1 deletion, as in Miller-Dieker syndrome.

KEYWORDS: 9pter deletion, 10qter deletion, 17pter duplicati®AFAH1BI,

array-CGH, andMiller-Dieker syndrome.

INTRODUCTION

The use of array comparative genome hybridizatemnay-CGH) analysis for the
investigation of children with intellectual disabil (ID) has allowed the
identification of numerous new microdeletion andcroduplication syndromes,
some of which have been clinically well charactedizMost of these rearrangements
are the result of non-allelic homologous recomhamabetween region of low copy
repeats (LCRs) [1].

The short arm of chromosome 17 is prone to copybaunaariations (CNVs) due to
a high density of LCRs [2]. Most of the rearrangataeharboured on chromosome
17p lead to specular syndrome: the Charcot Mar@i eyndrome type 1A due to a
duplication in 17p12 and the Hereditary Neuropatit liability to Pressure Palsies
due to the reciprocal deletion [Chance et al., 19diter et al., 1996][3, 4]; the
Smith-Magenis syndrome and the Potocki-Lupski syndr due to a deletion and a
duplication of the 17pl11.2 region, respectively [, Terminal deletions of
chromosome 17p are associated with isolated liepdrady when they include the
PAFAH1B1 gene, or with Miller-Dieker syndrome (MDS) wheretth7p deletions
also include th&¥WHAE gene [7-9].

Recently, isolated 17p13.3 duplications involvimg PAFAH1B1 gene have been
reported in seven patients with psychomotor retavdahypotonia and dysmorphic

features without lissencephaly or gross brain madédions [10-12]. The phenotype
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of transgenic mice conditionally overexpressingAFAH1B1 was indeed
characterized by decreased brain size and neuroigghtion abnormalities [10].
Bruno and colleagues identified two classes of coafing microduplications in
17p13.3: class | duplications includingVHAE but not PAFAH1B1; and class I
duplications always includinfAFAH1B1, and sometimes including the genomic
region encompassing tlgRK andYWHAE genes [11]. Class | microduplications are
associated with intellectual disability (ID), subtlysmorphic facial features, subtle
hand/foot malformations, and a tendency towardnadat overgrowth [11]. Class Il
microduplications recently have been shown to ls®@@ated with mild to moderate
ID and hypotonia. Some dysmorphic features, suctprasinent forehead and
pointed chin, are shared with class | duplicationkjle overgrowth, behavioural
problems and hand/foot abnormalities are less oftéed.

A complex rearrangement including the 17p13.3 nuigpdication has been reported
in association with a second CNV in two cases. fdagrangement originated in a
balanced translocation present in a parent [t(%bd)t(X;17)] [13, 14].

The known 9p deletion syndrome was first descrimgdlfi et al. in 1973 [15]. This
is an heterogeneous condition with variable defetsize characterized by ID,
congenital malformations including trigonocephalgpngenital heart defect,
anorectal and genital anomalies and dysmorphisir@&19]. The critical region for
the 9p deletion syndrome has been located betwaetsip22.3 and p24.1 [19]. The
deletions of the more terminal part of chromosorpea8e rarer and some of them
coexist in the same patient together with largearrengements in other
chromosomes [20, 14, 21, 22]. Patients with debstimvolving the 9p24.3 band
show male to female sex reversal, possibly due DRT1 and DMRT2
haploinsufficiency [23, 24].

Terminal deletion of the long arm of chromosome i40a relatively frequent
cytogenetic abnormality with clinical heterogenedyen among members of the
same family [25]. Characteristic features of 10¢etien syndrome include peculiar
facial features, cardiac and urogenital anomalied meurodevelopmental deficit
[26]. The critical region of the 10q deletion syodre corresponds to a segment of
~600 Kb in 10926.2 encompassing two gem¥3CK1 andC100rf90 [27].
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This report describes two additional cases witkaprocal duplication of the MDS
region, suggesting that this condition may be tass than previously thought. Both
cases are the unbalanced result of two differentanibad translocations:
t(9;17)(p24.2;p13.3) and t(10;17)(q26.2;p13.2) aerefore, their phenotypes are
more complex than those of cases with isolated 3.Bplmicroduplications.
Nevertheless, the core phenotype of the 17p13.3cdtipn is recognizable. This
paper reviews the literature on the 17p13.3 regiwh further delineates the features

associated with this novel microduplication syndeom
PATIENTS AND METHODS

Patients
Written informed consent was obtained from the diaans of the patients included in
this study. Participation in the study did not attee standard of care.

Clinical Reports

Patient 1 is a 13 years and 5 months old girl, the seconld cif healthy unrelated
parents (Fig.1a and Table 1). The girl was borthat38' week of pregnancy by
caesarean section due to fetal sufferance. Hen bigight was 3150 gr (50-75
percentile) and her length was 49 cm (56 f®rcentile). Apgar score and head
circumference (OFC) measurements were not availdBle presented feeding
difficulties and gastro esophageal reflux. Theguatexhibited severe developmental
delay. She never acquired sphincter control. Séguigntly suffered from respiratory
infections during childhood. She presented drugstest epilepsy from the age of
six months. Brain MRI performed at 10 years of sljewed marked dilatation of the
supratentorial ventricles and dilatation of thetemisa magna possibly due to a
leptomeningeal cyst. Cardiac ultrasounds showedal atseptal defect and
ventriculomegaly. Abdominal ultrasound was nornig. other major abnormalities
were present. Physical examination at 12ylm ( Bljgghowed: height, 128 cm
(<<39 percentile), weight, 27 kg (<3percentile), microcephaly (OFC of 50 cm;
<<3Y percentile), triangular face with pointed chin,siamting palpebral fissures,

sparse and V-shaped eyebrows, open mouth withuygliofy tongue, sialorrhea,
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prominent nose, scoliosis and flat feet. The patweas able to walk independently,
exhibited hand stereotypes, and was able to g&spalso showed hyperactivity and
continuously tried to catch the attention of thegle around her. Standard karyotype
from peripheral blood lymphocytes was normal.

Patient 2 is a 15 years and 4 months old girl, the seconld cif healthy unrelated
parents (Fig.1c and Table 1). The mother had twmtsmeous miscarriages in the
first month of gestation. At the time of her birfPatient 2’s mother and father were
26 and 29 years old, respectively. The probandahbdalthy older brother and two
maternal cousins referred with psychomotor delay &vailable for testing). The girl
was born after a prolonged labour at term of anven#ul pregnancy. At birth,
weight was 3300 gr (3bpercentile) and length was 51 cm (50 78ercentile).
Apgar score and OFC measurements were not availalgale haemangioma of the
forehead was observed. Patient 2 showed develophdaiay: she began to sit alone
at 1.5 year, crawled at 2 years, began to walkpeddently at 2.5 years, and said the
first words at 5 years. She never acquired sphiraatrol and frequently suffered
from respiratory infections during childhood. Atyéars the patient was surgically
treated for strabismus. A radiological examinatainskeletal development of the
left-hand wrist showed mild bone-age delay (chrogmlal age 5 years and 8
months, bone-age corresponding to 5 years and 1hmak radiological survey of
hands and feet performed at 11 years and 6 mohtisesl aplasia of a phalanx of
the fifth finger of both feet and a medial notchtleé second phalanx of Il finger of
the left hand. Repeated EEGs were alternativelymabror showed a mild
disorganization of the deep rhythm. Results of alphdlogical evaluation were
normal except for mild myopia (-1.25/-1.50 diopjer& pelvic ultrasound showed
mild irregularities of the morphology of the uterukhe following investigations
were normal: abdominal and cardiac ultrasoundnhbvéiR| and karyotype. Physical
examination of Patient 2 at 11y1m (Fig.1d) dematstt normal height (145 cm; 25-
50" percentile) and weight (40 kg; 50*7Hercentile), microcephaly (OFC of 48 c¢m;
<<3Y percentile), triangular face, with pointed chiynaphrys, thickening in the
medial part and V-shaped eyebrows, open mouth, higgh narrow palate, and
hypoplastic #' toe, more evident on the right side. The patiérawsed ataxic gait,

rocking of the trunk in upright position, unmotiedtlaughter and sialorrhea. At the
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time of our examination Patient 2 had just begurfotonulate sentences, always
spoke to catch attention, displayed hyperactiatyd brought all objects to to her
mouth. Patient 2's mother exhibited isolated miemwly (OFC 52 cm, <3
percentile) and normal height (169 cm; 75'@@rcentile).

Array-CGH analysis

Array-CGH analysis was performed using commercialilable oligonucleotide
microarrays containing about 44.000 60-mer probesiman Genome CGH
Microarray 44B Kit, Agilent Technologies, Santa @laCalifornia) according to the
manufacturer’s instructions and as previously reggb{28]. The average spatial
resolution of the probes was about 45 kb. Probatimes were assigned according to
UCSC Genome Browser, GRCh37/hg19, Feb 20@®:(/genome.ucsc.ejlu

Multiplex Ligation-dependant Probe Amplification (M LPA) analysis

We used a distinct commercially available MLPA kihe SALSA P036D
subtelomeric primer set (MRC-Holland, Amsterdam,e THetherlands). This kit
contains oligonucleotide primer sets specific foe amplification of selected loci in
the subtelomeric regions of all chromosome armsiepix for the acrocentric
chromosomes 13, 14, 15, 21 and 22 that effectilaglly a short arm. For the latter,
the manufacturer has included in this kit primds specific for loci adjacent to the
centromere in the long arm of the acrocentric clusomes, referred to as the
‘acrocentric’ primer. This kit was previously vadited in other laboratories (data not
shown) on series of patients with known subtelomeritra conserved regions
(UCRs) [29, 30]. The target loci of this kit repees known functional genes or
protein coding sequences. Each experiment wasedamut according to the

manufacturer’s instructions.

Fluorescentin situ hybridization (FISH) analysis
Chromosomal preparations for the analysis wereimddaaccording to standard
techniques. FISH was performed with TelVision 9@ d&7p probes (Vysis). Each

experiment was carried out according to the manurfacs instructions.
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RESULTS

In Patient 1 array-CGH analysis detected the preseof two telomeric
rearrangements: a ~6.9 Mb terminal deletion of wlosome 10 J[arr
10926.20926.3(128,467.040-135,404,471)x1] and a MbSerminal duplication of
chromosome 17 [arr 17p13.3p13.2(48,539-5,514,628F%8. 2 a and b). Patient 2
had a ~4.4 Mb deletion on chromosome 9 [arr 9p2413{204,193-4,600,751)x1]
and a ~3 Mb duplication on chromosome 17 [arr 17(%8,538-3,058,821)x3]
(Fig.3 a and b). The array-CGH analysis also redeal 50 Kb duplication in Xq28
[arr Xq28(148,690,284-148,728,581)x3 mat] in thelgand and her mother, already
reported in healthy individuals and thus probabiy associated with a phenotype
[31] (data not shown).

MLPA analysis confirmed the presence of a duplaatf the area containing the
RPH3AL probe on chromosome 17p13.3 in both patientseletidn of thePAOX
probe on chromosome 10926.3 in Patient 1, andetidelof theDMRT1 probe on
chromosome 9p24.3 in Patient 2 (data not shown).

FISH analysis of the parents of both patients,qreréd using telomeric probes for
chromosomes 10 and 17 in family 1 and probes fawrobsomes 9 and 17 in family
2, revealed a balanced translocation in Patientatter and Patient 2's mother (data
not shown). Given the presence of microcephaljhendtherwise healthy mother of
Patient 2, we also performed array-CGH analysithermother’'s DNA, to ascertain
if the translocation was balanced. The analysigakd no gains or losses at both

breakpoints (data not shown).

DISCUSSION

These two cases, together with the others prewioeglorted in the literature, concur
to define the 17g13.3 microduplication syndrome, [10, 13, 14, 12]. We excluded
from the analysis cases with class | microduplareticentred on theWHAE gene
(cases 1, 2, 3 and 4 from Bi [10], and cases 9 Jdndrom Bruno [11]), and we
considered only cases with class II microduplicgaioAll patients except two
reported by Biet al. [10] (patient 5 and 6), have large duplicatiomgluding both
PAFAH1B1 andYWHAE genes (Fig.4).

35



When we compared our cases with those previoudgribeed (Tab. 1), it appeared
that the duplicated patients had many facial festim common. All patients, even at
a younger age, had pointed chin; this charactengtis augmented in adolescence
resulting in the triangular shape of the face (8I8)all older patients a high nasal
bridge became evident and most of them (7/9) hatlaped eyebrows.

Concerning the physical phenotype, microcephalyatoleast deceleration of head
growth, was a consistent sign (9/10). Concurrersityne patients had a progressive
reduction in height (3/8) and weight (4/8) growttcording to our review, degree of
ID was variable, ranging from mild to severe (6M¢ry interestingly, we found that
recurrent respiratory infections during childhoodres reported in 7 patients. This
characteristic was not emphasized previously is thicroduplication syndrome.
From a clinical point of view, the frequent resparg infections, together with the
deceleration of growth, could be used as an aduditi@iagnostic handle of the
syndrome.

Previous studies showed that transgenic mice oyaressingPAFAH1B1 showed
migration defect and reduced brain volume [10]. Tdteer sign is also present in
humans, since most patients (9/10) showed micragptOn the other hand,
neuronal migration defects were not detected byrameaging studies (Tab.l).
Therefore, our data confirm th®AFAH1B1 over-expression in humans does not
cause neuronal migration defects or other grosa bmalformations.

Since the 17p duplications of our patients origdatfrom two unbalanced
translocations, some of the clinical features clso &e explained by 10q and 9p
deletions. Terminal deletions of long arm of chremme 10 are associated with
broad/prominent nasal bridge, prominent nose, stmals, thin upper lip, and fifth
finger clinodactyly. Postnatal low weight and micephaly are occasionally found
[32]. The very prominent and abnormal shaped nbs&atent 1 may be the result of
the combined effect of both 17p duplications and d@8letion. The 10q deletion of
Patient 1 includes thBOCK1 gene, contributing to ID in 10g- syndrome [27] and
DPYSL4 (or CRMP3), a critical factor regulating dendrite arboripatiand spine
morphology in the hippocampus [33].

Deletions of the terminal portion of the short asihhchromosome 9 are associated
with ID due to DOCKS8 haploinsufficiency [34, 35] and a male to female se
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reversal, possibly due ©MRT1 and DMRT2 haploinsufficiency [23]. Although in
female patients no urogenital anomalies are regowe cannot completely rule out
the hypothesis that the mild abnormal morphologythe uterus reported in our
patient could be due to haploinsufficiency of thper8gion. Therefore, more accurate
gynaecologic evaluation in the proband could bdulise

The rearrangements present in our patients orgghitom a balanced translocation
present in a parent as demonstrated by FISH asalysifamily 2, the mother
presented isolated microcephaly with normal int#llal functioning, and
experienced two spontaneous miscarriages in the fironth of gestation. In
addition, the family history revealed that, two sraal cousins of the proband
suffered from psychomotor delay. All these dataidatkd a segregation of the
translocation in the maternal branch of the famAy.similar translocation was
previously reported by ohler et al [14], in a family with two siblings showingna
unbalanced translocation t(9;17)(p24.2;p13.3) ted originated from a balanced
translocation present in the mother (Tab. 1). Bammstory also highlighted two
spontaneous miscarriages and recurrent neonattisgdao of the fetuses showed
the typical signs of MDS. The authors ascribedhi® 17p deletion all of the early
deaths in the family [14]. The same explanation baygiven for the miscarriages
reported in the families reported in this study.

The presence of microcephaly in both Patient 2 lsrdmother led us to consider
disrupted genes at the breakpoints as possibledaedauses of microcephaly. The
breakpoint at chromosome 17 did not disrupt gendsile the breakpoint at
chromosome 9 interrupted ti€9orf68 gene, which has a sequence homology to
SPATAG, encoding for a spermatogenesis-associated prétg@irecursor. A dosage
alteration of genes located near the breakpoingstdwa positional effect cannot be
excluded as a possible cause for the microcephalept both in the patient and her
mother.

Overall, these new cases suggest that the 17pligr®duplication may be more
frequent than thought. Our results confirm the abseof gross anomalies of brain
morphology in cases withPAFAH1B1 gene duplications in contrast to its
haploinsufficiency. In the two cases reported h#éne, phenotype is more complex

resulting from the combined effect of the duplioatiof the region involved in the
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MDS and of a second CNV. Nevertheless, the corengtlgpe of the 17pl3.3
duplication is recognizable and consists of V-skapgebrows, prominent nose, a
high nasal bridge, a pointed chin evolving in arigular face, decreased growth of

the head, decreased height and weight, and retunfentions.
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Table I. Summary of clinic features of patientshwi7p13.3 microduplication

Patient 1 Patient 2 Patient 3 Patient 5 Patient 6 Patient 7 Sibling 1 Sibling 2 Patient 10 Patient Present case 1 Present casd
(Roos et al)| (Roos etal)| (Roosetal)| (Bietal) (Bi et al) (Bi et al) (Kohler et al) (Kohler etal) | (Brunoetal)| (Hyon et al)
Sex M F M M M F M M M F F F
Age 14y 28m 22m 32m 17y4m 10y5m 20y 17y 6y6m 13y yaAn3 15y4m
Duplication 18 3 4 0,151 +0,58 063 (0,16 triplicatidn) 3,6 NA NA 2,07 42 55 3
size (Mb)
Originated from| Originated from Originated from a| Originated from
. Maternally a balanced a balanced balanced a balanced
Inheritance De Novo De Novo De Nova Inherited De Novo De Novo translocation in| translocation in De novo NA translocation in thg translocation in
the mother the mother father the mother
Normal birth
auxological Yes Yes Yes Yes NA Yes NA NA Yes Yes Yes Yes
parameters
Deceleration o Yes Yes No Yes Yes Yes Yes Yes NA NA Yes Yes
head growth
Deceleration of =, No No Yes Yes No NA NA NA NA Yes No
height
Deceleration of =, Yes No Yes Yes No NA NA NA NA Yes No
weight
High nasal
bridge after Yes NA NA NA Yes NA Yes Yes NA No Yes Yes
childhood
Pointed chin Yes Yes Yes Yes Yes NA Yes Yes Yes Yes Yes Yes
Triangular face
in older Yes NA NA NA Yes NA Yes Yes Yes Yes Yes Yes
patients
V shaped Yes Yes Yes No Yes NA No Yes NA NA Yes Yes
eyebrows
Level of ID at
school age ang Mild NA NA NA Mild to moderate Mild Severe Severe ohnal Mild Moderate to Severe Mild
after
Marked dilatation
Right subaracnoid of the
Dilated cyst and' gross Thinning of suprat_entorllal
dysgenesis of CC . ventricules:
Brain imagin lateral (especially affectin the splenium dilatation of the
9N91 Normal Normal ventricles NA p Y @ 9 of the CC and NA Normal NA Normal : Normal
results the splenium), - cisterna magna
and CC mild cerebellar| .
; cerebellar atrophy possibly due to
agenesia ; volume loss -
and mild cerebral leptomeningeal
volume loss cyst
Recurrent
upper airway Yes Yes Yes NA Yes NA NA NA Yes NA Yes Yes
infections

NA, not available or not applicable; CC, corpudazsim
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Fig.1. Pedigree (a, c) and pictures (b, d) of hmsthents. a) Pedigree of Patient 1. b) Frontal vidw
patient 1 at the age of 12 years and 1 month shlppwimominent nose with high and broad nasal
bridge, open mouth and triangular face. ¢) Pedigrie@atient 2. Grey symbols refer to the two
cousins with ID. d) Frontal view of Patient 2 a¢ thge of 11 years and 6 months showing V-shaped
eyebrows with synophris, high nasal bridge andngidar face. An asterisk in both pedigrees
indicates carriers of the balanced translocationows indicate the patient.
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4.2 Microdeletion and microduplication in 16p11.2

Nature. 2011 Aug 31;478(7367):97-102
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Mirror extreme BMI phenotypes associated with
gene dosage at the chromosome 16pll.2 locus

Alist of authors and their affiliations appears at the end of the paper

Both obesity and being underweight have been associated with
increased mortality'?. Underweight, defined as a body mass index
(BMI) = 18.5kg per m? in adults and = —2 standard deviations
from the mean in children, is the main sign of a series of hetero-
geneous clinical conditions including failure to thrive’”, feeding
and eating disorder and/or anorexia nervosa®. In contrast to
obesity, few genetic variants underlying these clinical conditions
have been reported®’. We previously showed that hemizygosity of a
~600-kilobase (kb) region on the short arm of chromosome 16
causes a highly penetrant form of obesity that is often associated
with hyperphagia and intellectual disabilities'’. Here we show that
the corresponding reciprocal duplication is associated with being
underweight. We identified 138 duplication carriers (including
132 novel cases and 108 unrelated carriers) from individuals
clinically referred for developmental or intellectual disabilities
(DD/ID) or psychiatric disorders, or recruited from population-
based cohorts. These carriers show significantly reduced postnatal
weight and BMI. Half of the boys younger than five years are
underweight with a probable diagnosis of failure to thrive, whereas
adult duplication carriers have an 8.3-fold increased risk of being
clinically underweight. We observe a trend towards increased
severity in males, as well as a depletion of male carriers among
non-medically ascertained cases. These features are associated with
an unusually high frequency of selective and restrictive eating
behaviours and a significant reduction in head circumference.
Each of the observed phenotypes is the converse of one reported
in carriers of deletions at this locus. The phenotypes correlate with
changes in transcript levels for genes mapping within the duplica-
tion but not in flanking regions. The reciprocal impact of these
16p11.2 copy-number variants indicates that severe obesity and
being underweight could have mirror aetiologies, possibly through
contrasting effects on energy balance.

Copy-number variants (CNVs) at the 16p11.2 locus have been asso-
ciated with cognitive disorders including autism (deletions) and schizo-
phrenia (duplications)''"", conditions that have been suggested to lie at
opposite ends of a single spectrum of psychiatric phenotypes'*. We and
others have reported that a deletion of this region spanning 28 genes
(Supplementary Table 1) increases the risk of morbid obesity 43-fold
(Supplementary Fig. 1)'*"". We hypothesized that the reciprocal
duplication, with its resulting increase in gene dosage, may influence
BMI in a converse manner. The duplication was identified in 73 out of
31,424 patients with DD/ID, a frequency consistent with previous
reports'® (Table 1). Four additional cases were identified among 1,080
patients affected by bipolar disease or schizophrenia. Compared to its
prevalence in seven European population-based genome-wide asso-
ciation study (GWAS) cohorts'®™** (31 out of 58,635 individuals), the
duplication was significantly more frequent in both the DD/ID cohorts
(P=423x10""; odds ratio =4.4, 95% confidence interval =2.9-
6.9) and the psychiatric cohorts (P= 3.6 X 1073 odds ratio = 7.0,
95% confidence interval = 1.8-19.9) (Table 1), strengthening previous
reports of similar associations'". Our data do not support a two-hit
model'? for the effects of 16p11.2 duplications or deletions (Supplemen-
tary Text and Supplementary Table 2).

We compared available data on weight, height and BMI for 106
independent duplication carriers (including published cases) to data
for reference populations matched for gender, age and geographical
location (Table 2, Methods and Supplementary Tables 3 and 4). The
duplication was strongly associated with lower weight (mean Z-score
—056; P=44%10 % and lower BMI (mean Z-score —0.47;
P=20X10"3) (Table 2 and Supplementary Table 5). Birth para-
meters (n=48) were normal, indicating a postnatal effect. Adults
carrying the duplication had a relative risk of being clinically under-
weight (BMI <18.5) of 83 (95% confidence interval = 4.4-15.9,
P=153%10"1% (see Methods). Concordantly, none of the 3,544
patients in our obesity cohorts'™' carried the duplication (Table 1).

To investigate these associations further, we carried out separate
analyses of carrier patients (DD/ID and psychiatric) and non-medically
ascertained carriers (population-based cohorts, plus 11 transmitting
parents and three other affected first-degree relatives for whom data
were available) (Table 2). Each category had significantly lower weight
and BMI, with similar effect sizes. However, the proportion of under-
weight cases (BMI = —2s.d.) was higher in the first group than in the
second group (17 out of 76 compared to 2 out of 40; P = 0.017). Note
that the impact of the duplication on underweight status might be
underestimated here owing to prescription of antipsychotic treatments
that are often associated with weight gain® (Supplementary Table 6).

Having demonstrated an association of the duplication with being
underweight, we investigated the implications of gender for the resulting
phenotypes (Fig. 1, Supplementary Fig. 2 and Supplementary Table 7).
In DD/ID patients, the impact of the duplication on being underweight
is stronger in males; the effect in females is in the same direction, but is
smaller and not statistically significant (Table 2). A similar and signifi-
cant difference (P = 0.0168) was observed in adult carriers (all groups
combined): the relative risk of being underweight for males is 23.2
(95% confidence interval = 9.1-59.3, P= 4.6 X 10~ 1); for females it
is only 4.7 (95% confidence interval = 1.9-11.8, P = 9.9 X 107%). A
gender bias was also observed in the ascertainment of DD/ID duplica-
tion carriers, in which we have an excess of males (51 males:33 females,
P =0.044). By contrast, carriers from the general population showed a
strong overrepresentation of females (10 males:21 females, P = 0.035)
(Supplementary Text). A similar bias was observed among transmit-
ting parents (7 males:23 females, P = 5.53 X 10™%). Thus, there is an
overrepresentation of males in the medically ascertained group, and a
depletion in the non-medically ascertained one. We suggest that males
may be more likely than females to present severe phenotypes, and that
this may account for the gender bias because severely affected males
may be less likely to be recruited to adult population cohorts or to be
reproductively successful.

As previously reported®', the duplication was also associated with
reduced head circumference (mean Z-score —0.89; P=7.8 X 10™°)
(Fig. 1), 26.7% presenting with microcephaly (head circumference =
—2 s.d.), whereas carriers of the reciprocal deletion had an increased
head circumference (mean Z-score +0.57; P=1.79 X 10 °) (Sup-
plementary Fig. 3 and Supplementary Table 8): an additional instance
of a mirror phenotype associated with reciprocal changes in copy
number at this locus. Notably, head circumference Z-scores correlate
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Table 1| 16p11.2 rearrangements in cases and controls

Ascerainment Coharts Duplication Delstion Taotal
n Pt n 2

MNeuro- Unspacified DD/ID* from 28 cytogeneatic centres 72 1= 30323

developmental ADHD{, deCODE Q 1 591

disordars Childhood autismf. deCODE a 2 159
Childhood autism spectrum disordert, deCODE 1 3 351
TOTAL 73 423x10"13 119 5.43 x 10732 31,424
Rearrangement frequency (35% Cl} 0.23% (0.18-0.29) D.38% (031-045)

Family history First-degree relatives of probands 30 35 43762

Adult psychiatric Schizophrenia, deCODE 0 1 657

symptoms Bipclar disease, Rouen 1 o 156
Schizophrania, schize-affective, Rouen 3 0 267
TOTAL 4 3.57x 107 1 378x107" 1,080
Rearrangement frequency {357 Cl) 0.37%; (0.01-0.73) 0.09%, 0-0.27)

Underweight Eating disorder, Spain 1§ 0 441

Obesity Obesity, Spain a 2 653
Adult ohesity, France [} 4 705
Childhood obesity, France & UK 0 7 1574
Obesity bariatric surgery, France o 2 141
Obesity discordant siblings, Sweden 0 2 159
Obesity and cognitive delay, France & UK o 5 312
TOTAL o 4.21% 107 26 252x107* 3,544
Rearrangement frequency (95% CI) a 0.73% (045-1.01)

Population-bazed  MFBC1966 Finnish 4 3 5319

cohorts Colaus Swiss 5 0 5612
EGCUT Estonian 2 A 2594
deCODE lceland 17 18 36,601
SHIP Garmany 1 2 4070
KORA F3+F4 Germany 2 1 3458
Paediatric family study a a 581
TOTAL 31 25 58,635
Rearrangement frequency (955 CI) 0.05% (0.03-0.07) 0.04%, (0.03-0.08)

CL Confidence i nerval; ADHD, attention-gehell hyperactivity dsorder *Not a deesse-specilicoohorn. Detailed distriution = proveded in the online memocs. $Fsher's exact Bl comp ared 10 the combined

frequency ingenaral popul ation groups. | Thare was no overlay between hase 3cohonts SAtypical duplication:

43 duplications and 27 out of B2 delebon cases were de mva

positively with those of BMI in crriers of both the duplication
(tho=037; P=265%x10"") and the deletion (tho=042
P=19%10"") (Supplementary Methods). This indicates that head
circumference and BMI may be regulated by a common pathway, or
that a causal relationship exists between these two traits in these
patients. Alternatively, the two phenotypes may arise from distinct
genes and pathways. A full list of malformations and secondary phe-
notypes reported in duplication carriers ascertained for DDVID is
available in Supplementary Table 9.

In view of the importance of modified eating behaviours in obesity
andbeing underweight, the clinical reports of duplication carriers were
screened for evidence of such modified behaviours. In 11 out of 77
clinically ascertained cases, clinicians had spontaneously reported
low food intake and seective and restrictive eating behaviour, again
mirroring one of the phenotypes—hyperphagia—seen in deletion
carriers” (Supplementary Table 6) and indicating that the duplication
may increase therisk of eating disorders. Consequently, we carried out

uppl v Fig 5un T of parental pairstested for duplication/delstion. 13 outed

multiplex ligation-dependent probe amplification (MLPA, Supplemen-
tary Table 10) to screen for 16pl1.2 rearrangements in 441 patients
diagnosed with eating disorders, including anorexia nervosa, bulimia and
bingeeating disorder (Table 1 and Supplementary Text). No duplications
of the entire region were identified, but one out of 109 anorexia nervosa
patients carried an atypical 136-kb duplication that encompasses the
sialophorin (SPN) and quinolinate phosphoribosyltransferase (QPRT)
genes (Supplementary Fig, 4). Thissingle, smaller duplication does not
allow us to draw any firm conclusions, but together with other atypical
rearrangements, it may, in the future, be essential for establishing the
roles of the 28 genes within the region.

Large genomic structural variants are known toaffect the expression
of genes not only within the affected region but also at a distance™ ™,
Therefore, it is possible that the phenotypes observed in 16p11.2 dele-
tion and duplication individuals are due to effects on the expression of
genes mapping outside the rearranged interval, rather than to gene
dosage within the 600-kb deletion or dupliation. We measured

Table 2 | Comparisons of the height, weight and BMI distributions in duplication carriers and controls.

Combinedt DDYID or psychiatrict Mon-medically ascertained}
Strata Mean Fscore Pvslus n* Mean Z-score P-value g Me=n F-score Povaiue [
EMI Al -047 20x107* 102 -056 41x107% 76 -045 60x107* 40
Male -0.54 21%1072 52 -071 13x 1072 43 -031 20 x 1071 14
Fernale -04 1.8% 1072 50 -0.37 B3X 1072 33 -052 a2x107? 26
Weight Al -0.56 4.4x 107 104 -065 1.3x 107 78 -061 30x1077 40
Mala -0.64 5.8% 1072 53 -0.79 44% 1073 44 -057 BB x 1072 14
Female -0.47 L7x10°2 51 -047 65 107 34 -063 86x1077 26
Height ] -0.24 48 %1072 103 -033 361072 77 -0.15 18 x 1071 40
Male -0.34 45 %1072 52 -04 46 % 1072 43 -029 12 %107t 14
Female -0.14 26 %107t 51 -024 21 %1071 34 -007 37 %1071 26
Theavalable BML weght gt cats ke lication carr iers ware ransfonmed o 2 Scores using gender-and age-maich ed refenenos populations, and ene-talled et were carfied sut to determine whether

the mrisan JSoores deviatsd trom e Sigaiticant diflerenceswens ioentitiad By refersnce 1 culofs contoolling e false dissoveny rate sl 5%, (sa2 Mathoos): BMI 00022, weight 00032 baight D025 5 gniflcant

resuits gre

not il ot

*Fielatives of b robands wers st Lk a5 raguired 1o avid includ ing more 11an sne member sl the same Bmily in 2 single analysis Hncoding

24 cases Trom Uhediemaiure (Supplementary Tabie 3). TP opliation-hes of cawes and frskGegres relatives of probands.
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Figure 1| Effect of the chromosome 16pl 1.2 duplication on BMI and head
circumference. Z-score values of BMI and head circumference in carriers of
the 16p11.2 duplication, stratified by gender and age group. The most severe
effect is observed in children at 0-5years of age. Boxplots represent the fifih,
twenty-fifth, median, seventy-fifth and ninety-fifth percentile for each age
group. Light grey and dark grey backgrounds represent = —2and =-3sd.,
respectively, corresponding to the W HO definition of moderately and severely
underweight™. BM1 is decreased in adolescent and adult females,

510
figs {ysars)

relative transcript levels of 27 genes mapping within or near to the
rearrangement, using lymphoblastoid cdl lines (Supplementary
Tables 1 and 11): six from deletion carriers, five from duplication
carriers and ten from gender- and age-matched controls (Supplemen-
tary Table 12). Expression levels correlated postively with gene dosage
for all genes in the CNV region (Fig. 2), consistent with published
partial results from adipose tissue™, Mean relative transcript levels
in deletion and duplication crriers were, r ively, 67% and
214% of the levels measured in controls (Supplementary Table 13).
Although genes proximal (centromeric) to the rearrangement interval
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showed no significant variation in relative transcript levels between
patients and contrals (Fig 2), distal (telomeric) genes showed a
marked alteration in relative expression. However, their expression
levels, including that of SH2B1 (for which gene dosage and a nearby
single nucleotide polymorphism (SNP) have been assodated with
obesity'™*), were similarly upregulated in cell lines of both deletion
and duplication carriers, showing no apparent correlation between
transcript level and either copy number or phenotype (Fig 2).
Although lymphoblastoid cels may not recapitulate obesity-relevant
tissues, previous experiments have shown a high degree of correlation
between expression levels in different tissues and cell lines™, indicating
that the same pathways may be similarly disrupted in different cell
lineages. Thus, any involvement of these distal genes in the control of
BMI in these subjects seems unlikely.

Our study demonstrates the power of very large screens (>95,000
samples: to our knowledge the largest of its kind so far) to characterize
the clinical and molecular correlates ofa rare functional genomic vari-
ant. Wedemonstrate unambiguously that carrying the 16p112 duplica-
tion confers a high risk of being clinically underweight, and show that
reciprocal changes in gene dosage at this locus result in several mirror
phenotypes. As in the schizophrenia/autism™ and microcephaly/
macrocephaly™ dualisms, abnormal eating behaviours, such as hyper-
phagia and anorexda, could represent opposite pathdogical manifesta-
tions of a common energy-balance mechanism, although the predse
relationships between these mirror phenotypes remain to be deter-
mined. We speculate that head circumference (which corrdates with
brain volume™ ), and thus neuronal circuitry, may affect cognitive func-
tion and energy balance in patients with 16pll.2 rearrangements
(possibly through eating behaviour). Consistent with this are previous
reports that a subgroup of children with microcephaly show a con-
comitant reduction in weight percentile™. Our findings also support
the observation that severe overweight and underweight phenotypes
correlate with lower cognitive functioning™™, Thus, abnormal food
intake may be a direct result of particular neurodevelopmental di-
sorders. Although it is possible that the 16p11,2 region encodes distinct.
genes spedfic for each trait, a more parsimonious hypothesis is that
these clinical manifestations of dysfunction of the central nervous sys-
tem are all secondary tothe disruption of a single neurodevelopmental
step that is sensitive to gene dosage. Further resolution of this issue may
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Figure 2| Transcript levels for genes within and near to the 16p11.2
rearrangy s @, Relative expression levels of 27 genes mapping to 16p11.2
in deletion (n = 6) and duplication (n = 5) carriers (red and green,
respectively}, and in control cell lines (1 = 10, blue). Grey lines denote the
extentof the 16p112 CNV (29.5-30.1 megabases (Mb)). Complete lists of
genes mapping within the rearranged interval, and of the quantitative PCR
assays, are in Supplementary Tables 1 and 11, respectively. For the possible
relevance of each of these genes to obesity/leanness and/or developmental
delay/cognitive deficits, see ref, 10. b, Rank comparison { Kruskal- Wallis test)

between the expression of 27 genes mapping to 16p11.2 in deletion and
duplication carriers (red and green, respectively) and in control cell lines (blue),
Genes are labelled as telomeric, centromeric or within the rearranged interval
(CNV). Dot correspond to the mean group rank and bars indicate the
comparison interval. Groups with non-overlap ping intervals are significantly
different (P-values were adjusted for multiple testing issues usinga Bonferroni
correction, where the number of tests is the number of pairwise comparisons
the resulting adjusted P-value was less than 0.05).
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require the identification of additional patients with rare atypical re-
arrangements in this region.

METHODS SUMMARY
Underweight is defined in adults as BMI= 185. In individuals younger than
18 years of age, it is defined asa Z-score = 2.
Statistics. Two-tailed Fisher's exact test was used 1o compare frequencies of the
rearrangemnent in patients and controls, Z-scores werecomputed for all data using
gender-, age- and geographically-matched reference populations. One-tailed
Student’s t-test was performed to test BMI, height, weight and head circumference
in duplication carriers for Z-scores of less than zero. We used Knuskal -Wallis tests
for differences in gene expression patterns. Povalues were adjusted wsing a
Bonferroni cormection, consid ering the number of pairwise comparisons; the result-
ing adjusted P-value was less than 0.05, The relative risk of being underweight was
calculated as the ratio of the fraction of underweight individuals among duplication
carriers versus our contra group.
Discovery of CNVs. Carriers of 16p11.2 dupliction and deletion were identified
through various procedures: (1) comparative genomic hybridization with Agilent
44K, 60K, 105K, 180K, 44K arrays; (2) Hlumina Human317, Human370,
HumanHap550, Human610 and IM BeadChips; (3) Affymetrix 6.0, 500K geno-
typing arrays; (4) quantitative multiplex PCR of short fluorescent fragments
(QOMPSF); (5) fluorescent in site hybridization (FISH), (6) MLPA. CNV analyses
of GWAS data were carried out using envHap, & moving-window average-inte nsity
procedure, a Gausstan mixture model, dreular binary segmentation, QuantiSNP,
Penn(NV, BeadStudio GT module and Birdseed. At least two independent algo-
rithms were used for each cohort

jon analyses. Lymphoblastoid cell lines were established from carriers and
controls. SYBR Green quantitative PCR was performed (0 assess relative expres-
ston of genes.

Full Methods and any associated referances are available in the onling version of
the paper at wew.nature.comy/nature.
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METHODS

Study cohorts, For the description of these cohiorts, refer to Supplementary
Information,

CNV detection. Cases ascertained for intellectual disablities and developmental
delay were identified through standard medical dtagnostic procedures. CN'V ana-
lysesof GWAS data were variously carred out usingenvHap*'; a moving -window
average-intensity procedurs; @ Gaussian mixture model (Valsesia e al, submitted);
dreular binary segmentation™*; Quan iSNP*, PennCNV*; BeadStudio GT module
(Mumina Inc.); and Birdseed™ (see bdow), Atleast two independent alpori thms were
used for each cobort

Patients referred for intellectual disabilities and developmental delay, All
diagnostic procedures (CGH, quantitative PCR and/or quantitative multiplex
PCR of short fuorescent fragments) were carried out according to the relevant
guidelines of good clini@l laboratory practice for the respedive countries. All
rearrangements in probands were confirmed by a second independent method
and karyotyping was pedformed in all cases to exclude a complex rearrangement
Northemn Finland 1966 birth cohort (NFBC). CNV calling has been previously
described". In brief, data were normalized using Mlumina BeadStudio, then GC
effects on ratios were removed by regressing on GC and GC2, and wave effects
were removed by fiting a Loes function™. CNV analysis was done using
ervHap®, All called 16p112 duplications were validated by direct analysis of
logs ratios. Data for each probe were normalized by first subtracting the median
valie across all samples (so that the distribution of mtios for each probe wag
centred on zero), and then dividing by the variance across all samples (to correct
for variation in the sensitivity of different probes to copy-number varation). All
CNV calls were confirmed by MLPA.

deCODEgenetics. lllumina Human317, Human370, HumanHap550, Human6 10
and 1M Bead Chips were used for CNV analysis. BeadStudio (version 20) was used
1 call genotypes, normalize the signal intensity data and establish the log R ratio
(LRE) and B allele frequency (BAF) at every SNP according to standard Wumina
protocols. All samples passed a standard SNP-based quality control procedure
with a SNP call mte greater than 0.97. PennCNV*, a free, open-source toal, was
used for detection of CNVs. The input data for PennCNV are LRR, a normalized
measure of the total signal intensity for the two alleles of the SNP, and BAF, a
normalized measure of the allelic inte nsity ratio of the two alleles. These vahiesare
derived with the help of control genotype clusters { HapMap samples), using the
Humina BeadStudio software, PennCNV employs a hidden Markov model to
analyse the LRR and BAF values across the genome, CNV calls are made on the
basis of the probability of a given copy state at the current marker, as well ason
the probability of observing a copy-state change from the previous marker to the
current one. PennCNV uses a built-in correction model for GC content™,
Cohorte Lansannoise (CoLauns). Data normalization and CNV calling have been
previously described'®. Data normalization inclided allelic cross- talk calibration ®47,
intensity summarization using robust median average, and correction for any PCR
amplification bias. Wave effects were corrected by fitting a Loess function®. CNV
calling wasdone usinga Gaussian mixture modd (Valsesia etal, submitted) that fits
four components (dektion, copy-neutral, one additional copy and two additonal
copies) to copy-number ratios. The final copy number at each probe location s
determined as the expected (dosage) copy number. The method has been validated
by comparing test data sets with results from the CNAT* and CBS™* algorithms,
and by replicating a subset of CoLaws subjects on Iluming arrays. Only duplications
found by both Gaussian mixture model and CBS were considered.

Estonian genome center of the University of Tartu (EGCUT). Genotypes were
called by BeadStudio software GT module v3.1 or GenomeStudio GT v16
(MuminaInc). Values for LRR and BAF produced by BeadStudio were formatted
foor further CNV analysisand break-point mapping with Hidden-Markov-Model-
based softwares QuantiSNP (ver.L.1)* and PennCNV*® or CNV Partition 2.4.4
{[lumina Inc.). All analyses were carrial out vsing the recmymmended seitings,
excepl changing EMiters to 25 and L to 1,000,000 in QuantiSNP. For PennCNV,
the Estonian- population-specific SNP allele frequency data was used All detected
duplications were confirmed by quantitative PCR.

Study of health in Pomerania (SHIP). Raw intersities were normalized using
Affymetrix power tools (Affymetrix); CNV analysis wasdone using Birdseye from
the Birdsuite software package® and PennCNV®, PennCNV predictions with
confidence scores less than 10 were removed. Birdsuite predictions were filtered
asinref 15:CNVswere kept if their linkage disequilibrivm (LOD) score was =10,
length =1 kb, number of probes =5 and size per number of probes -<10,000.
Koo perative Gesundhbeitsforschung in der Region Augsburg (KORA) F3 and
F4, Genotyping for KORA F3 was performed wsing the A ffymetrix 500K armay set,
consisting of two chips (Styl and Nspl). The KORA F4 samples were genotyped
with the Affymetrix human SNParray 60. For both studies, genomic DNA from
blood samples was wsed for analysis. Hybridization of genomic DNA was done in
accordance with the facturer's it dations. Genotyping was

3
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done inthe Genome Analysis Centre of the Helmhaoltz Centre Munich. Genotypes
were determined nsing BRIMM clustering algorithm (Affymetrix 500K array set)
and Birdseed? clusterng alporithm (Affymetrix army 6.0). For quality control
purposes, we ap plieda positive control and a negative control DNA every 48 sam-
ples (KORA F3) or 96 samples (KORA F4). On the chip level, only subjeas with
overall genotypingefiiciencies of at least 93% were included. Inaddition, the called
genderhad toagree with the gender inthe KORA study database. After exd usions,
1,644 individuals remained in KORA F3 and 1,814 in KORA F4 for further
amlysis.

MLPA analysis. We used MLPA to determine changes in the copy number of a
region of about 2 Mb on chromosome 16p11.2. Briefly, we designed, using hgls,
nine probes within the targeted region, one contra probe outside the rearranged
region and seven control probes targeting unique position in the penome
(Supplementary Table 10). Assays were performed with MRC-Holland reagents
according to the manufacturer’s protocol, The analysis of the amplification
products was performed by capillary electrophoresis in the DNA Amalyser
3730XL and using the GeneMapper software v3.7 (Applied Biosystems). The
caleulations were performed independently for each experiment: we first normal-
ized the MLPA data o minimize the amount of experimental variation, summing
all signal values of each control probe for cach sample, and then dividing each
signal value of each sample by the sum. The normalized signal values were com-
pared to signal values from all other samples in the same experiment, dividing the
normalizal signal valuesby the average calculated from all the samples in the same
experiment, The prodisct of this caleultion is termed dosage quotient (DQ). ADQ
valie of less than 0,65 or more than 1.25 was considered as copy-number loss or
gain, respectively, as previously described*—%

Custom array-CGH for the shori arm of chromosome 16, DNA samples were
labelled with Cy3 and cohybridized to custom-made Nimblegen arrays with Cy5-
labelled DNA from the CEPH cell line GM12042. These arrays contained 71,000
probes spread across the short arm of chromosome 16 from 220 Mb to 32,7 Mb (at
a median space of 45 bp between 275 Mb and 310 Mb), and 1,000 control probes
stmated in invariable reglons of the X chromosome. DNA labelling, hybridization
and washing were performed according to Nimblegen protocols, Scanning was
performed using an Agilent G2565BA microarray scanner. Image processing,
quality control and data extraction were performed using the Nimblescan software
v.25,

Defining underweight. Underweight was defined throughout the study as
BMI = 185 kg perm® in adults and = —2 s.d. in children®+#,

Weight, height, BMI and head circamference Z-scores as a function of age. For
paediatric cases, weight, height, BMIand head circumference Z-scores were deter-
mined for paediatric cases (0-18 years of age) using clinical growth chartsspecific
to the country of origin. Children were ascertained from nine different countries, If
charts were only available in percentiles, those measures were transformed into
Z-scores using gender-, age- and geographically-matched reference populations
(see Statistics).

For the USA and Canada, data from the Center for Disease Control and
National Center for Health Statistics (CDC/NCHS) were used to caleulare
Z-scores™,

For the French paediatrc population, we used French natiomal growth
charts™*, For the Swiss paediatric population, we used Swiss national growth
charts*., For Duich participants, Dutch national growth charts were used®™. For
Italtan, German, Finnish and Austrian cases (m = 6), height, weight and BMI
Z-scores were estimated using WHO growth chans®™.

To check for discrepancies generated by the use of different prowth charts,
height, weight and BMI Z-scores were realculated using WHO growth charts
for all cases under five years of age, regardless of orgin (http://www.who.int/
childgrowth/standards/en/54). Z-scores obtained using the WHO data were not
significantly difierent, These growth standards, developed by the World Health
Organization multicentre growth reference study, describe normal child growth
from birth to 5 years under optimal environmental conditions. These standards
can be applied to all children everywhere, regardless of ethnicity, socibeconomic
status and type of feeding™*,

1f necessary, percentile values were transformed to Z-scores by the inverse-
normal density function. When growth charts were unavailable, we used reported
LMS parameters (median (M), generalized codfident of variation (S) and skew-
ness (L)) o obtain Z-scores via the formuda:

L L0

Zescore= 3
{ In (X/M)/S.L=0
in which X is the observed value.
I adults (18 years of age), we estimated LMS parameters when these were
unavailable from the available sex-, age- and orfgin-matched Swiss (CoLaus),
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Estonian or French control populations. For cases identified from population-
baged cohorts, Z-scores were directly inferred from the cohort.

Gene expression. We established lymphioblastoid eell lines from deletion and
duplication carriers, as well s from controls (Supplementary Table 12), by trans-
forming peripheral blood mononuclear cells with Epstan-Barr virus, Patients and
controls were enrolled after oblaining appropriate informed oonsent via the physi-
cians in charge, and approval by the ethics commitiee of the University of Lausanne.
Maore control cell ines were obtained from Coriell Institute for Medical Research
(http/fwww.cortellorg/) (Supplementary Table 12). SYBR Green real-time quant-
itative PCR. (RT-PCR) was performed as previously described™”. Briefly, 1pg of
total RNA from lymphoblastoid cell lines was converted o complementary DNA
using Superseript VILO (Invitrogen) primed with a misture of oligo{d T} and ran dom
hexamers, Oligos were designed using the PrimerExpress program (Applied
Biosystems) with default parameters (Supplementary Table 11). Non-intron-
spanning assays were tested for genomic contamination in standard = reverse
transcriptase reactions. The amplification efficiency of eadh primer pair was tested
inacDNA dilution series, as previously described™. A fiall list of genes mapping in
the rearranged interval, and exclusion criteria, are presented in Supplementary
Table 1. Al RT-PCR reactions were performed in a 10-p final volume and tripli-
cates per sample, The setup in a 384 well plate format was performed using a
Freedom EVO robot (TECAN) and assays were run in an ABI 7900 sequence
detection system (Applied Biosysterns) with the following amplification condi-
tions: 50°C for 2 min, 95 “C for 10min, and 45 cycles of 95°C 15, then 60°C for
1 min. A final incubation of 95 °C for 15 s followed by 60 “C for 15 s wascarded out
to establish a dissociation curve, Each plate induded the appropriate normaliza-
tion genes o control for any vardability between plate runs. Raw threshold cycles
(Ct) values were oblained using SDS2.4 (Applied Biogystems), To calculate the
normalized relative expression ratio of individuals carrying the CNV and of
contrals, we used Biogazelle qBase Plus software™ including geNorm®, This
program identified appropriate normalization genes (EEFIAL RPLI3, GUSB
and TBP) having a pene-stability measure of M = (.25. We note that one gene,
LAT, showed a very high expression profile in one of the dupliation samples
(DASYL, Supplementary Table 13), reaching a relative expression value of 27.3
(sem = L37), compared o an average expression for other duplications of 1.89
(se.m = 0.51). We cannot exclude that this finding is genuing (and confirmed it in
asemnd experiment), but it was removed from further analyses asan outlier to give
a more accurate overview of expression profiles for thess genes.

Insilico analysis was performed to check for brain, and specifically hypoth ala mus,
expression of genes in the rearranged 16p1 1.2 interval (Sup plementary Table 1), This
was done using Allen Brain Atlas Resources, available from htp:/fwww brain-map,
o
Cases with major neurological signs. Major newrological signs were defined
by moderate to severe hypotonia, hypertonia, ataxia, spasticity, hypereflexia,
hyporeflexia andfor extra- pyramidal signs, and by the presence of epilepsy.
Statistics. Student’s i-test: one-talled ©-tests were peformed to test whether
duplication carriers have Z-score values lower than zero for BMI, height and
weight. We found this analysis more suitable than linear regression analysis,
correcting for confounding factors such as sex and age, because these anthro-
pometric traits have a highly nonlinear dependence on these factors, as can be
observed in control populations.

Kruskal-Wallis test: this was used to test differences in the gene expression
pattern between deletion and duplication carriers and control individuals,
Because expression values are notnecessarily normally distributed, this test is more
adequate than a classical one-way e nalysis of variance To test pairwise differences,
we computed the difference in mean group rank with its 95% confidence interval
(as provided by the multcompare function in Matlab). Correction for multiple
testing was done using a Bonferront adjustment.

Multiple wsting: we determined false-discovery-rate-based thresholds for asso-
ciation P-values for each phenotype, to corred for multiple testing. For each
phenotype, we replaced the observed Z-scores with numbers randomly drawn
from a standard normal distribution and performed the same (-tests for the same
strata. The procedure was repeated 1,000 times, For various P-value thresholds, we
asked how many tests would be declared significant for the null set on average
(over the 1,000 random draws). The fabe discovery rate was estimated asthe ratio
of this number and the actual number obtained for the observed Z-scores. Thus,
we controlled the dependence between nested tests,

Relative risk among adults, we defined underwdght as a BMI <185 (WHO
criteria). The estimated relative risk is the ratio of the fraction of underweight
individuals amoeng duplication cariers versus our contrd group. The standard
error of log(relative risk) and its significnce were caleulated as previously
described™’. In our control group (popubition-based cohorts), the frequency of

being underweight is 1.9% (38 males and 148 females out of 9470). Owing to the
fact that being underweight decreases with age in the general population, we
resampled our contral group o ensure precise age-matching,
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Mirror effects for Autism Spectrum Disorder due to gene dosage at
10911.22 affectingGPRIN2 and PPYRL1.

Introduction

Autism spectrum disorders (ASDs) represent a grofipneurodevelopmental
disorders that are characterized by impaired recgdrsocial interactions, delayed or
aberrant communication, and stereotyped, repetit@heaviours, often with restricted
interests (Hu 2011). The prevalence for these dessris now estimated at 1%
(Gillbert 1999, Forbonne 2003, Kogan 2009). Witlcancordance rate as high as
90% in monozygotic twins and 2-10% in dizygoticnwaairs (Folstein 2001), ASD
is among the most heritable of neuropsychiatricdd@ns. Although autism or
autism features often occur in single gene disgréderch as Tuberous Sclerosis
(MIM#191100) and Fragile X syndrome (MIM#300624)il(keerg and Coleman
2000), these disorders only explain around 2-5%hefautism cases (Baker 1998,
Carney 2003; Kielinen 2004, Volkmar 2005, HattorD&0 Thus a considerable
amount of effort has been devoted to identifyingedie mutations or variants that
associate with these disorders.

Until recently, karyotyping has been the standarethomd for the detection of
cytogenetic aberrations in patients with developialedisorders. The development
of whole-genome screening methodologies for thedlien of CNVs, such as array-
CGH, provides a much higher resolution than kampuoty leading to the
identification of novel microdeletion and microdigaltion syndromes, such as
deletions and duplications in chromosome band 12q13.3, 16pll.2, and
17p11.2, often associated with an autism phenofiadif et al., 2007; Potocki et
al., 2007; Weiss et al., 2008; Miller et al., 200%he discovery of an increasing
number of genomic disorders, allowed the identifma of NAHR as the
predominant underlying molecular mechanism usirgy gagmental duplication or
LCRs as recombination substrates (Stankiewicz amgbki 2010). LCRs have been
defined as human DNA fragments >1 Kb in size anflG8% DNA sequence identity
that can mediate constitutional and somatic genaeacrangements (Stankiewicz

and Lupski 2010). The constantly increasing resmhubf the arrays has further
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improved the detection of copy number abnormalitdes/n to single genes and is
likely to provide new advances in the autism gesdield. Although clinical genetic
laboratories are familiar with recurrent copy-numbleanges mediated by segmental
duplication architecture, population studies sugdiest the vast majority of copy-
number variation is not recurrent (Itsara 2009)erkvf array-CGH offers the
sensitivity of high-resolution genome-wide detectf clinically significant CNVs,
the additional challenge of interesting variantsun€ertain clinical significance can
impose a burden on clinicians and laboratories (2Q39).

We recently reported that a small duplication og1022 includingdGPRINZ2 gene, a
regulator of neurite outgrowth, afPYR1, a gene involved in energy homeostasis,
is a candidate modifier for Rett syndrome (Artu€d.D). Specifically, duplications
were found in the Zappella variant, the Rett varnaith recovery of speech, and
lacking the typical growth delay, underweightinglautistic features. SindePYR1
knockout mice display underweight and reduced wadgpose tissue (Sainsbury et
al.) we supposed that an over-expressioRPRYRL due to gene duplication may be
responsible for the higher body weight charactegzZappella variant. In Artuso et
al, we concluded that duplication at 10g11.22 may g role in protecting from both
underweighting and autistic features in Rett pasi€Artuso 2011).

In the present study, we explored the associatio6@NV at 10911.22 with ASD in a
cohort of 1394 patients received for a wide ranfjeeterring diagnoses, including
Syndromic Intellectual Disability (SID), Non Syndnac Intellectual Disability
(NSID), ASD and MCA.

Materials and methods

Cases and controls.

This study collected patients with SID, NSID, ASDdaMCA, obtained from 2
sources. Patients were ascertained by the Mediealetits Unit of Siena, Italy
(n=304), and by the Laboratory of Genetics DiagnoBRRCS Oasi SS Maria of

Troina, Italy (n=1090), 320 control subjects werellected for this study.
Experiments were performed on genomic DNA extradredn peripheral blood

samples from each patients after informed conggmtoaed by the local Institutional
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Review Board. Moreover two additional centres haveen contacted: the
Laboratoire Génétigue Chromosomique, Hopital Cougtdant, CHU Grenoble,
France, and the Unidad de Neurologia Infanto-juvdospital Universitario Quiron

Centro CADE, Madrid, Spain. We are still collecttata from these centres

Array-CGH
Array-CGH analysis was performed using commercialilable oligonucleotide

microarrays containing about 105.000 60-mer profldeman Genome CGH
Microarray 105K Kit respectively, Agilent Technoleg, Santa Clara, California) as

previously reported by Pescucci et al.

Multiplex Ligation Probe Amplification (MLPA)
MLPA probes were designed according to protocewilable at MRC Holland

website (http://www.mrc—holland.com/pages/indexptagl). Two and three MLPA
probes targeted tHBPRIN2 and thePPYRL genes, respectively. MLPA analysis was
carried out essentially as described by Schouteh. &CR products were identified
and quantified by capillary electrophoresis on &l 8130 genetic analyzer, using
the Gene Mapper software from Applied Biosystenwstér City, CA. In order to
process efficiently the MLPA deletion/ duplicatidata, a spreadsheet was generated
in Microsoft Excel. First, the data correspondimy dach sample (patient's and
control’'s DNAs) were normalized by dividing eaclolpe’s signal strength (i.e., the
area of each peak) by the average signal strengjitted by the 10 control probes to
generate for each peak a Relative Peak Area (RBWEvVThe RPA value for each
probe in the patient’'s sample was then compareithab of a control’'s sample by
dividing, for each peak, the patient's RPA by tlbatcol's RPA. The latter ratio was
then used to define the following categories: (i1, for the non-deleted/non-
duplicated gene region, (ii)0,5 if deleted, (iii))_1,5 if duplicated.

Statistical Analysis

To assess the significance of the frequency ofrrenti10911.22 CNVs in ASD or

SID/NSID patients and controls, a Fischer’s exast tvas used.
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Results

Identification of CNVs in 10g11.22

In a first analysis performed by array-CGH in oahart of patients, we identified 12

individuals sharing a overlapping CNV in 10g11.32dgletions and 9 duplications).
The patients carrying the deletion were classifesd ASD while the duplicated
patients were classified as SID and NSID. The ifledtCNVs ranged in size from
~0.17 to ~1.16 Mb (Tab.l and Fig.1). The smallesgion of overlap of
approximately 0.17 Mb included only two genes: plaacreatic polypeptide receptor
1 (PPYR1) and the G protein regulated inducer of neuritegamwth 2 GPRIN2)
(Fig.1).

In order to investigate a possible association biVE at 10q11.22 (46,976,157-
47,148,490) with ASD we collected additional patteenAmong our cohort we
selected 292 patients that have been previousliyseth by array-CGH 44K and
were negative for deletions and duplications in1082. Because the 44K slides
have only one probe located in the 10q11.22 regiendecided to reanalyze these
cohort of patients by MLPA. An additional cohort D90 patients was collected
from Troina (ltaly). We divided the collected patie in ASD group (398
individuals) and SID/NSID group (984 individualdyloreover we included in the
MLPA analysis a cohort of 320 control subjects. Wentified 7 deletions in the
ASD group, 4 deletions in the SID/NSID group while deletions were found in the
control group. We also analysed the ASD, SID/NSid aontrol group looking for
duplications in the 10q11.22 region. Seven dupbecat were found in the ASD
group, 43 were found in the SID/NSID group and 10 the control group.
Combining the results obtained by MLPA and by ai@{yH analysis, we obtained a
total of 10/401 deletions and 7/401 duplicationsh@ ASD group, 4/993 and 52/993
deletions and duplications respectively in the SIBID group and 10/320
duplications in the control group.

Statistical analysis of our preliminary results whoa significantly correlation
between the presence of the 10g11.22 deletionfe&$D phenotype if compared
both with SID/NSID and control group (tab.2). Ore tbontrary the duplication is
more frequent between SID/NSID and in control cdlsas in ASD (tab.2).
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Fig.1 The extent of the deleted (red) and duplitgtdue) area in the twelve patients analysed by

array-CGH. Upper panel: ideogram of chromosomeDbited line: small region of overlap.

Identification of additional copy number changes inpatients

Three individuals with deletions and 3 individualgh duplications had secondary
copy number alterations. Four of the additional GNW patients #79, #681, #283
and #384 were inherited from phenotypically norpedents. The parental origins of
the additional CNVs in patients #1275 and #1410ewatknown. Moreover, three
duplicated patients (#139, #368 and #601) showedugation in MECP2 gene

responsible of both the classical and the presespeg@ch variant form (Zappella

variant) of Rett syndrome.
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Tab.1 Deletions and duplications in 10q11.22 idi=atiby array-CGH.

Patient Coordinates Size Gain/ Microarray Additional CNVs/ single gene
(hgl9) (Mb) Loss platform mutation
#384 46,976,157- 0,17 Loss Agilent 105K arr 14921.2(41,018,728-
47,148,490 41,310,931)x1
#1453 46,976,157- 0,57 Loss Agilent 105K
47,547,592
#1905 46,951,237- 0,73 Loss Agilent 105K
47,678,024
#424 46,951,237- 0,19 Gain Agilent 105K
47,148,490
#39 46,951,237- 0,19 Gain Agilent 105K
47,148,490
#1391 46,951,237- 1,16 Gain Agilent 105K
48,115,466
#1410 46,951,237- 0,13 Gain Agilent 105K arr 3p22.3(35,290,648-
47,086,737 35,361,705)x3
#2307 46,988,690- 0,16 Gain Agilent 244K
47,148,490
#2202 46,964,973- 0,18 Gain Agilent 244K
47,148,490
#139 46,976,157- 0,17 Gain Agilent 105K MECP2 (c.1157del32)
47,148,490
#368 46,976,157- 1,14 Gain Agilent 105K MECP2 (p.R133C)
48,115,466
#601 46,976,157- 0,57 Gain Agilent 105K MECP2 (c.1163del26)
47,547,592

Tab.2 Fisher’s exact test of 10q11.22 deletionsdmdications

I il i =y
SID/NSID Control

Deletlon p=0,001 p=0,002

7 52 10 p=0,001 p=0,09

401 993 320
]
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Association of obesity frequency in deleted and dlipated cohort

Auxological parameters were available only for 4%es of the 80 showing a CNV in
chromosome 10. We had height and weight measured Ifgpatients carrying a
10911.22 deletion and for 30 patients showing th@idation. Three deleted patients
were overweight, 7 were normal and 1 was underteimong the duplicated
cohort 17 cases were overweight, 10 were normal &amwdere underweight. We
considered the frequency of both overweight andenmdight in the two cohorts.
The underweight frequency was almost the sameeiméheted and duplicated cohort
(9% and 10% respectively). Otherwise the overwegdtgnotype was more frequent
in the duplicated cohort (56,6%) than in the deleiae (27,3%). We performed the
same analysis taking in account only the patiengsrymg the smallest
rearrangements. We collected 1 deleted case (#38%)4 duplicated cases (#139,
#1410, #2307, #2202,). We excluded two patient24#hd #39) because carried a
duplication including als&YT15 gene. The deleted patients had a normal BMI,
while 75% (3/4) of the duplicated patients wereraxgght.

Tab.3 Auxological parameters of deleted patients

Patient *Age Gender Height Weight OFC BMI
#1227 19y3m M 182 cm 126 Kg 58 cm 38 o]
#1187 24y3m F 158 cm 76 Kg 56 cm 30,4 ow
#79 9y6m F 138 cm 33 Kg 53 cm 17,3 N
#1275 13y8m M 174 cm 140 Kg 58,5 cm 46,2 O
#384 12y6m M 157 cm 43 Kg 57 cm 17,4 N
#1453 1y9m M 80,5cm 10 Kg 48 cm 15,6 N
#1905 4y4dm F 105 cm 13 Kg 47 cm 11,8 uw
#03099 NA F NA NA NA 21,4 N
#02873 NA F NA NA NA 17,2 N
#03632 NA M NA NA NA 17,3 N
#03660 NA F NA NA NA 16,4 N

OW (overweight); UW (underweight); O (obese); Nrfmal); NA (not available)
* Age at the clinical evaluation.
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Tab.4 Auxological parameters of duplicated patients

Patient *Age Gender Height Weight OFC BMI
#681 14y1im M 182 cm 55 Kg 57 cm 16,6 uw
#2060 7yam M 127 cm 36 Kg 53 cm 22,3 0]
#283 3y8m M 102 cm 17 Kg 51 cm 16,3 N
#424 9y M 153 cm 44 Kg 54,5 cm 18,8 ow
#39 12y9m M 153 cm 49 Kg 20,9 N
#1391 11y10m F 158 cm 63 Kg 54,5 cm 25,2 ow
#1410 4y F 108 cm 22,1 Kg 51 cm 18,8 ow
#1139 9y5m F 135,5cm 29 Kg 51cm 15,9 N
#2307 10y3m M 146 cm 36 Kg 50,5 cm 16,9 N
#2202 13y3m F 160 cm 70 Kg 55,5 cm 27 ow
#139 NA F NA NA NA NA ow
#368 NA F NA NA NA NA ow
#601 10y F 154 cm 60 Kg 54 cm 25,3 ow
#01269 NA F NA NA NA 23,5 N
#01860 NA M NA NA NA 28 ow
#02169 NA F NA NA NA 15,3 N
#02193 NA F NA NA NA 30 ow
#03270 NA F NA NA NA 17,1 ow
#03284 NA M NA NA NA 23,3 ow
#03284S NA F NA NA NA 22,4 ow
#03324 NA F NA NA NA 22,2 ow
#03431 NA F NA NA NA 30 ow
#03857 NA M NA NA NA 24,8 ow
#03877 NA M NA NA NA 194 N
#02910 NA M NA NA NA 21,4 N
#02910F NA M NA NA NA 17 uw
#02651 NA F NA NA NA 15,6 N
#02594 NA M NA NA NA 21,2 N
#02155 NA M NA NA NA 11,5 uw
#02980 NA F NA NA NA 28,6 ow

OW (overweight); UW (underweight); O (obese); Nrmal); NA (not available)
* Age at the physical evaluation.
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Discussion

In a first analysis we observed 12 individuals sttaa 10911.22 CNV. Three were
deleted and classified as ASD, the other 9 cases digplicated and classified as
SID/NSID. Although features of developmental dedagl dysmorphisms are already
documented (Stankeiwicz 2011), an analysis of CM¥Aotype association has not
been carried out and this CNV has not been claslsds pathogenic. To investigate
the nature of this CNV we collected additional eats from Italy (Siena and
Troina), France and Spain. The group of patienponted herein represents the
largest collection of individuals with microdelat® or microduplications within
chromosome 10q11.22 reported in the literaturehénpresent study we divided our
cohort according to the technique used for theyaiglarray-CGH and MLPA) and
each cohort was additionally divided into two groupe ASD group and the
SID/NSID group. We compared the frequency of 1082 Iearrangements in the
ASD group in the SID/NSID group and in control gooun order to determine
whether the deletion predisposes individuals t@klmormal phenotype. In total we
identified 10 and 4 deletions in the ASD and SIDIDI§roup respectively but no
deletions were found in the control group. The pemal duplication has also been
reported in literature (Stankaiwicz 2011). Therefare checked our cohort also for
the presence of duplications in 10q11.22. We fodnand 52 duplications in the
ASD and SID/NSID group respectively. Unlike theatin, the duplication has been
detected in 10/320 control subjects suggesting that duplication had a less
penetrance. Moreover some individuals carried &ddit genomic imbalances
(tab.1) which could modify the phenotype of theaggnts.

Stankeiwicz et al. recently reported 24 cases wlighetions and 17 cases with
duplications at 10g11.21g21.1. The ~66% of the nteporearrangements were
flanked by large, directly oriented segmental degilons of 98% sequence identity,
suggesting that NAHR caused these genomic reamaengs. Rearrangement in 10
of 12 individuals may have been caused by NAHR betwL.CR 10g11.2A and LCR
10911.2B and 2 by LCR 10911.2A and LCR 10q11.2CG: $mallest overlapping
genomic imbalance in 10q11.22 was mapped to be kb7@nly two genes are
located in this regiorGPRIN2 andPPYRL (fig.1).
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GPRINZ is highly expressed in the cerebellum and interacth activated members
of the Gi subfamily of G protein subunit and functions together wi@PRIN1 to
regulate neurite outgrowth (lida and Kozasa 200d)e fact thatGPRINZ2 is
exclusively expressed in the cerebellum suggests ithcould be involved in the
ASD phenotype when deleted. The differences intde&l@nd duplication prevalence
between the ASD group and the control populaticesstatistically significant for
deletion (p=0,002) and not significant for duplioas (p=0,09). Because the
10911.22 deletion is significantly enriched in #h8D population when compared to
the SID/NSID population (p=0,001), we propose tihg microdeletion is probably
clinically relevant and responsible for the ASD pbiype.

The PPYR1 gene is a key regulator of energy homeostasisdaedtly involved in
the regulation of food intakePPYRL, also named as neuropeptide Y receptor or
pancreatic polypeptide 1, is a member of the sénagmrsmembrane domain-G-protein
coupled receptor family. Genetic variation studies/e reinforced the potential
influence of PPYRL on body weight in humans. Pancreatic polypeptisiethie
preferential PPYR1 agonist. Peripheral administration of pancreatadypeptide
inhibits gastric emptying and decreases food intakéaumans (Sha 2009). This
effect is mediated by direct action on loB&MYRL within the arcuate nucleus. Sha et
al, demonstrated that subjects with 10q11.22 lesk12.4% higher BMI value, and
subjects with 10g11.22 gain had 5.4% lower BMI ealwhen compared to normal
diploid subjects.PPYRL null animals showed, for instance, an oppositailtes
Knockout mice displayed lower body weight and remtliavhite adipose tissue
accompanied with increased plasma levels of paticrealypeptide (Sainsbury et al.
2002).

In order to confirm a correlation betweBRYR1 and body weight, we checked the
deleted and duplicated patients of our cohort figh.BOut of a total of 80 cases with
10911.22 imbalances, weight and height informatiegre available for 41 (11
deleted and 30 duplicated cases) (tab.3 and talvdnoticed that among the deleted
patients only the 27,3% (3/11) were overweight, levhthe 56,6% (17/30) of
duplicated patients showed a high BMI. Even if statistically significant the
overweight phenotype was more frequent among tipdicdtied cohort than among

the deleted one. Moreover one of the deleted calsewing overweight (#1275)
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presented a second rearrangement that could bensbfe for the high BMI.
Because we were interested in the influenc®®YR1 gene on BMI, we took into
account only patients carrying the smallest regearent. Surprisingly we noticed
that none of the deleted patients were overweighile 75% (3/4) of the duplicated
patients had an increased BMI. Our data suggesiatdat higher level oPPYR1
expression due to gene duplication may correlatle thie overweight reported in our
cases. These results are in contrast with thosertezp by Sha that showed an
association between the 10g11.22 loss and a higbsy mass index value in the
Chinese population. A possible explanation coulddpeesented by the different size
of the rearranged region. The CNV reported by SHarger with respect to the small
region of overlap reported here and includes twditemhal genes,SYT15 and
LOC728643. These two genes have not been reported to hdagorewith any
obesity phenotypeSyt15 mRNA has been found in different tissues (i.erfiéang,
skeletal muscle and testis) but unlike other Swtilija members was absent in the
brain. MoreoverSyt15 C2 domains lack CGadependent phospholipid binding
activity. These results suggested tHtl5 may be involved in constitutive
membrane trafficking in selected non-neuronal gss{Fukuda 2003). However it is
still unknown whether the interactions of the foggnes may lead to the BMI
variation.

In conclusion, our results suggested that recurreaiprocal microdeletions and
microduplications within 10g11.22 represent novehgnmic disorders consisting of
ASD and SID/NSID phenotype respectively. The dwgtian was observed also in
several controls, suggesting that the duplicatimmfers either no phenotype at all or
a range of phenotypes of varying severity. Moreogentrasting result in BMI
association analysis exist between patients with deletion and the reciprocal
duplication. In fact an high BMI was more frequgrdbserved in microduplicated
than in deleted patients.

Overall our findings have important implications fgenetic counselling. CVNs such
as those described in this report are often agsakcigith unpredictable and variable
phenotypic outcomes and pose diagnostic and cdungsdifficulties. However, the
analysis of additional patients and controls willg11.22 rearrangements is required
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to reinforce this hypothesis and to obtain a battsight in the potential pathology
associated with the observed microdeletion andadigplication events.
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4.4 Microdeletion unmasking recessive phenotype.

Unpublished results
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Recessive likely pathogenic variants unmasked by orodeletion

syndromes with unusual phenotypes

Introduction

Microdeletion of chromosome 22q11.2 or 22g11.2 tttesyndrome (22911.2DS)
(MIM#188400/#192430) is the most common human delesyndrome with an
estimated prevalence of 1 in 4,000 live births (@&dop 1998). Up to 93% of cases
occurs de novo, whereas in the remaining 7% thetidal is found to be inherited
from a parent.

The high frequency of the 22q11.2 deletion can X@agned by the presence of
chromosome-specific low copy repeats flanking (L@Rand D) or within the
typically deleted region (LCR A, B and C) (Edelmab®99, Shaikh 2000). Since
LCRs present chromosome-specific repeated DNA semse they can be prone to
misalignment during meiosis and unequal recomlmnagxchanges, resulting in
chromosome rearrangements in the 22g11.2 regiaikislet al. stated that 22g11.2
LCRs share 97.98% nucleotide sequence identity.sizeeand the homology among
them seem to be related to the frequency of eguh df deletion. The 3 Mb deletion
is the most frequent one (90% of cases), sincernediated by the largest LCRs, A
and D, which share 250 kb of duplicated sequen@domplex arrangement. On the
other hand, the 1.5 Mb deletion (8%) is flankedU@Rs A and B, which share a
common block of 135 kb. Some smaller or atypicdétiens have been reported but
there is no evidence for specific genotype—phereotgrelations. It has been argued
that the 1.5Mb deletions contain all key genesaasible for the syndrome (Carlson
et al., 1997).

The phenotypic spectrum encompasses several psdyialescribed syndromes
including DiGeorge, velocardiofacial and conotrungaomaly face syndromes as
well as some individuals with other conditions sashCayler cardiofacial syndrome.
The phenotypic expression of the 22g11.2DS is kntovibe highly variable and
ranges from a severe life-threatening conditionatfected individuals with few
associated features (Bassett et al. 2005; Kobryaséi Sullivan 2007; Ryan et al.
1997). Abnormal development of the pharyngeal acled pharyngeal pouches
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gives rise to the cardinal physical manifestatiamfisthe syndrome: conotruncal
anomaly, hypocalcemia due to dysfunctional paratiyr glands, palatal
abnormalities and paediatric immunodeficiency thaty be secondary to
hypo/aplasia of the thymus (Lindsay et al. 200Frtaler 2000). Major heart defects
are present in about 40% of cases while minor ahesya.g., of the aortic arch,
may be identified only on cardiac ultrasonogragbyert cleft palate is rare, whereas
submucous cleft palate associated with velophamaingsufficiency is characteristic
of 22q11.2DS. In contrast, the facial featurescamsidered a constant manifestation
of the syndrome (Guyot et al. 2001), although tlkerall facial appearance is not
always readily identifiable even to informed cliiaias.

Developmental delays and learning difficulties asery commonly associated,
although severe intellectual disability is rare.cteent seizures are common,
especially those related to hypocalcemia, and ggylenay be present in about 5% of
patients. Psychiatric conditions may be presemhifdren and over 60% of patients
develop treatable psychiatric disorders by adulth@assett et al. 2005). This risk is
a major concern for families. In particular, due tioe high frequency of
schizophrenia in 22q11.2DS patients, the 22qllgibneis considered to be one of
the main schizophrenia susceptibility loci in humgBassett and Chow 2008; Insel
2010). Evidence from multiple studies indicatest thiaout 1% of individuals with
schizophrenia in the general population have 22Zjdéletions (Basset et al, 2010).
The commonly deleted region in 22q11.2 encompasggpsoximately 45 genes and
most of them are expressed in fetal and adult pthirs are candidates for both the
psychiatric phenotype of patients with 22q11.2 tietes and susceptibility to
psychiatric disorders in the general population ébte&an et al. 2010). As clinical
variability is not explained by differences in gezentent within the deletion, allelic
variation(s) in the non-deleted homologous regi@n considered a possible
contributor to phenotypic variability.

In order to identify possible recessive alleles peeformed targeted sequencing on
three patients with a 22q11.2 deletion and an efygphenotype (MURCS, severe
intellectual deficit with polydactyly and Caylerrsyrome) in collaboration with the
University of Geneva.
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Case #1

At birth: cleft palate,
polydactyly in both hands
and both feet, ventricular
septal defect, bilateral
congenital leukoma and iris
and retinal coloboma.

Psychomotor retardation
and a period of regression.

16y: long face, long nose,
narrow  and  up-slanting Fopeersn s S
palpebral fissures, short

stature , hypotelorism. i

Karyotype: invl5
MECP2: normal

18 X 12

Additional information
Father: Mother:

> No DNA > Invl5

» Normal karyotype » No del22q11.2

> Coloboma > No MED215 mutation

» Microcythemia

» Dialysis since he was 39
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Case #2

At birth: weight 3100 Kg (50°
cnt), length 45 cm (<10° cnt),
head circumference reported to
be normal.

Speech delay, frequent
infections and fractures, growth
curve always underweight.

22y: short stature (1,42 cm, <5°
cnt), obesity (BMI 30,7), head
circumference of 52 cm (around
3° cnt), long face,
tubular nose with bulbous tip, h
igh nasal bridge and small
ears (5.2 cm, <-2SD), flat
feet, nasal voice.

Bicornuate uterus, renal
agenesis, hypothyroidism,
aortic arch anomalies, C2-C3
fusion.

Additional information

Father:

> Duodenal ulcer

Mother:

» Reduced motility of the neck

> Radio-dermatitis of the hands
» Renal cysts

» Episodes of macrohematuria

» Carpal tunnel surgery
» Fibromatosus uterus

» Uterine myomas
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Case #3

Congenital and unilateral
paresis of the lower lip,
pulmonary valve stenosis,
atrial and ventricular defects.

Synophrys, narrow palpebral
fissures, high arched palate.

Scoliosis, hypertrichosis,
oligomenorrhea,

hypothyroidism, unilateral
renal agenesis, unilateral
sensorineural hearing loss.

Normal IQ
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Materials and methods.

Target sequence

The libraries for paired end sequencing were pegparith an Illlumina library prep
kit and captured with a custom made Agilent captkitedesigned for the 3Mb
deletion region. The kit was able to capture thdi8of the classical VCFS region
plus ~200 Kb upstream and downstream to the breéadgpdt didn't capture the
repeated regions. Briefly, 3y of DNA were sheared using the Covaris instrument.
After fragmentation, the ends were irregular witreBd 5’ overhangs, so the “ends
repairing” was performed. This step converted s €nds into blunt ends using T4
polymerase and Klenow DNA polymerase enzymes. @tterlenzyme had a 3’ to 5’
exonuclease activity, removing 3’ overhangs. Thigmperase instead refilled the 5’
overhangs. Finally a T4 polynecleotide kinase phosgated the 5 ends. The
phosphorylation of the 5’ ends was a necessary fstefhe ligation of the index-
specific paired-end adapter. The capture processnced with the hybridization, in
which biotinylated fragments were added. This fragta were complementary to the
fragment of interest and can be isolated usingptwedin coated beads. The
biotinylated baits were then removed and the indgs were added. The final step

was the pooling of the sample. The samples weneesegd in a HiSeq2000.

The pipeline

The obtained reads were aligned to a referencengenath BWA. On average, the
samples had 99% of the target region covered at B@a SNVs and small indels
were called using Samtools, that recognized tha oat format that described the
base pair information at each chromosomal posiamal; Pindel2, that identified long

insertions or deletions. Finally the variants wan@otated with Annovar.
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Results

We obtained from the sequencing a total of 440iom# reads. The percentage of
reads of each sample was about the same and th@P8&h sample had an 8 fold
coverage.

We decided to start with the analysis of the codiagions. We proceeded by
applying different and consecutive filters. We remmb the synonymous variants, the
variants already reported as segmental duplicatioalready reported in the SNP
database or in the 1000 genome project (tab.1l)foMed only 1 variant in Case#1
(tab.2). It was a non-synonymous variant occurretheMED15 gene. Because we
didn’t find any mutation in the coding regions iase#2 and #3, we proceeded with
the analysis of the genome data of the 22911 re§undivided the data in 2 files,
one containing all the variants called by Samtawoid the other one with the variants
called by Pindel. Again we applied different fiskenWe removed all the variants
outside of the patient’'s deletion; the variantseadly reported as segmental
duplication or already reported in the SNP datalmas@ the 1000 genome project
(tab.3). We found only 1 variant in Case#2 (tab®)e mutation was located in a
non-coding RNA occurring betwe&ikPT5 andGP1BB genes. In Case#3 we didn’t
find mutation.

In both Case#1 and #2, we confirmed the identifredation by Sanger. For Case#1
we had the DNA from the mother but not from thénéat The mother sequence was
normal and therefore we can’t define the mutatiamigin. For Case#2 we had DNA
from both parents and we confirmed that the mutatvas inherited from the mother.
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Tab.1 22g11.2 exome data analysis

Caseitl Synonymous, SegDup,
dbSNP, allele
frequency >1%

Case#t 44 Synonymous, SegDup, 0
dbSNP, allele
frequency >1%

Caseit3 77 Synonymous, SegDup, 0
dbSNP, allele
frequency >1%

Tab.222g11.2 exome result

ExonicFunc AAChange SIFT  PolyPhen2 Ref Obs Otherinfo

MED15 | Nonsynonymous SNV NM_015889:c.G2141A.p.R714H 0 0,973 G A hom

Tab.3 22q11.2 genome data analysis

Variants calling | Total # variants Final # variants
software

Samtools 2268 Qual score,
SegDup, allele
frequency >1%,
conservation

Pindel 1634 Qual score <500, 0
allele frequency
>1%, SegDup,
conservation

Samtools 2777 Qual score, 0
SegDup, allele
frequency >1%,
conservation

Pindel 1683 Qual score <500, 0
allele frequency
>1%, SegDup,
conservation

Case#i3
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Tab.422g11.2 genome result

Conserved Chr Start Ref Obs Otherinfo Qual score

ncRNA_exonic | SEPT5-GP1BB | 340;Name=lod=32 | chr22 | 19710889 | 19710889 | G A hom 222

Discussion

By array CGH we have identified a 22911 deletiothiree patients with an atypical
phenotype. We defined the phenotype atypical becdwsgas in part coincident with
the clinical features reported for the 22g11 defetbut each patient had additional
physical characteristics not reported in the defetyndrome. From literature we
know that the phenotype associated with the 22qhii&odeletions is highly
variable but to date, no consistent correlationsehaeen detected between deletion
extent and phenotype. In addition, intrafamiliarighility, even in monozygotic
twins, has been found. This suggests that othdoraenight be involved in the
expression of these malformations, including genetd environmental factors
(Uliana 2007). Because our patients showed a chlss22gll deletion we
hypothesised that one of the genes located in2j@ Pregion can be mutated on the
non deleted allele and that this gene can be reggenfor the additional clinical
features or that this gene was not directly resiptssor the phenotype but altered
the expression of a second gene.

In Case#3 we found no obvious likely pathogenicatah, but the analysis is still
ongoing. Case#3 was suspected for Cayler syndréhemain characteristic of this
syndrome is the asymmetric crying facies, a mirmrgenital anomaly seen in 0.5-
1% of newborns. It is caused by either agenesig/poplasia of the depressor anguli
oris muscle. This unilateral facial weakness istfitoticed when the infant cries or
smiles, affecting only one corner of the mouth &aa 2000). However the Cayler
syndrome belongs to the group of conditions linkganicrodeletion in the long arm
of chromosome 22 (Giannotti 1994).

In Case#1 we found a mutation in thi&ED15 gene.MED15 is part of the Mediator

complex (Blazek et al 2005). This complex is invvin the regulated transcription

79



of nearly all RNA polymerase ll-dependent genesseltves as a scaffold for the
assembly of a functional preinitiation complex wWiRNA polymerase Il and the
general transcription factors. The Mediator is aebtarized by the presence of 4
module termed head, body, leg and kinase. The meadule is essential for
Mediator function, as mutations within it disrupiR polymerase Il binding (Ranish
et al. 1999). The body complex confers structurtddrity to the Mediator, while the
leg or tail region of Mediator seems involved inttb@activation and repression of
transcription. The kinase module is an additionddcemplex reversible associated
with the Mediator and has implicated in transcdptrepression. ThRIED15 is part
of the leg module.

In a not really recent study (Berti 2001), the ausshdemonstrated thMED15 was
expressed during embryogenesis with a high leveltha frontonasal mass,
pharyngeal arches and limb bud. They suggest a imlghe regulation of
developmental pathways underlying the morphogenekithe derivative organs.
Because our patients showed polydactyly in bothdhasnd both feet surgically
treated, the expression MED15 in limb bud and its regulation function can be
involved in this clinical manifestation. Moreové€ato et al. isolated the Xenopus
homologue of MED15 and demonstrated that was widely expressed during
embryogenesis with high level in neuronal tissuat(k2002).

In Case#2 we found a mutation in a non-coding RNArepresents a natural
occurring read-through transcription between sept{®EPT5) and glycoprotein Ib
beta polypeptideGP1BB). It arises from inefficient use of an imperfedyA signal

in the SEPT5 gene and is candidate for nonsense-mediated mR&tAyd(NMD).
Septins constitute a family of GTP-binding proteiingplicated in a variety of
cellular processes from cell polarity to cytokireegKinoshita 2001). In addition,
septins seems to regulate exocytosis in post-mitoglls such as neurons and
platelets (Roeseler 200BEPTS deficiency seems to exert pleiotropic effects on a
selected set of affective behaviours and cognipikecesses as shown f8EPT5
knockout mice which demonstrated delayed acqursitibrewarded goal approach
(Suzuki 2009). Moreover the septBEPTS/7/11 complex is critical for dendrite
branching and dendritic-spine morphology. Mutatiomshe GP1BB gene, together

with mutations inGP1BA and GPIX, seem instead involved in the Bernard-Soulier
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syndrome (BSS) (Savoia 2010pP1BB-deficient mouse model of BSS displays
macrothrombocytopenia and a severe bleeding pheeotput no neurological
impairments. Our patient didn't show a severe dgwelental delay nor the BSS
phenotype. Furthermore, from the encode data itaga that the non-coding RNA
SEPT5-GP1BB was an highly conserved element that can represeenhancer and
therefore can regulate the expression of a diglaégTo confirm this hypothesis we
have planned a luciferase assay.

Because of the presence of uterus and renal aresraatid the presence of a C2-C3
fusion, Case#2 was suspected for MURCS (MulleriandR Cervico-thoracic Somite
anomalies) association. The most common assocratdtbrmations of MURCS,
involve the upper part of urinary tract (40% ofipats) and the cervicothoracic spine
(30-40% of patients) (Pittok 2005). The MURCS agstmn may be attributed to
alterations in blastema giving rise to the cenhcoacic somites and the pronephric
ducts, the ultimate spatial relationships of whiek already determined by the end
of the fourth week of fetal development (Duncan 99From literature we know
that the smallest common deleted region among éhetidns overlapping 22911.2
and associated with MURCS is the most frequent 322pl1.2 deletion associated
with DiGeorge syndrome (Morcel 2011). This stronglyggests that the MURCS
association is an additional component of the 22Zytigletion phenotype. In order to
assess a correlation between the non-coding RNAtediin our case and MURCS
association, we have collected 9 additional patievith MURCS in which test the
presence of the mutation.

In conclusion we have reported three patients wi#2q11.2 deletion and an atypical
phenotype and in two of them we have found a maratBoth the probands can
present a deletion of chromosome 22 and, indepéiydeom it, additional clinical
characteristics. Alternatively, the atypical phemat of these two patients can
represent an additional feature owing to the 22Zigl&tion. Investigation of the gene
located within this interval will be important ihdg search for genotype-phenotype
correlation in future studies in this cytogenetimdrome. However it stilled the
possibility that a gene responsible for the phepetyariability was located outside
of the 22g11 region or on a different chromosome.
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5. DISCUSSION
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Genomic rearrangements describe mutational chatiyss alter genome
structure (e.g., duplication, deletion, insertiamd inversion). These are different
from the traditional mutation caused by Watson-iChase pair alterations. Each of
these rearrangements, excepting inversions, rasaibpy number variation (CNV)
or change from the usual copy number of two forivgery genomic segment or
genetic locus of our diploid genome. Genomic regements can represent
polymorphisms that are neutral in function, or npegduce abnormal phenotypes.
The pathological conditions caused by genomic asgements are collectively
defined as genomic disorders (Lupski 1998 and 20D@¢ to the limited resolution
of conventional cytogenetic techniques, the majodt genomic disorders were
missed in the past, because the genomic rearramgemere not cytogenetically
visible. However, high-resolution array comparatgenomic hybridization (aCGH)
technigues have revolutionized the approach tondisig of genomic disorders, and
enabled the screen of the entire human genome WYsC Therefore a growing
number of submicroscopical deletions and duplicatiocausing complex
neurodevelopmental disorders have been identified egecently the reciprocal
duplication syndromes have been reported for alrabbghicrodeletion syndromes.
Many of the known microdeletion syndromes and thaorresponding
microduplication syndromes occur on the basis ofh-akelic homologous

recombination in low copy repeats.

Duplications or deletions of regions on chromosddave been implicated
in a number of genomic disorders in humans (Lupshkil Stankiewicz, 2005).
Chromosome 17 has the second highest gene comtemtgat all chromosomes. It
harbors several dosage-sensitive genes, incluéing22, PAFAH1B1,YWHAE,
RAI1, and NF1, which have been implicated in a number of genodigorders
(Lupski, 2009). Genomic studies have elucidated thechanisms underlying
genomic rearrangements in chromosome 17 and tloaitrilcution to the clinical
phenotypes. Based on NAHR mechanism, a CNV geper&ithe prediction that a
deletion can have a reciprocal duplication. Hencgeaomic disorder caused by
deletion could, in theory, also have a correspandinplication-associated disorder.

However, intrachromatid NAHR can only result inetedn and so the frequency of
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deletion versus duplication is not equal, with ghler deletion frequency. Existing
knowledge supports the notion that the deletiomphe is anticipated to be more
severe than the duplication phenotype. Decreaspregsion resulting from a gene
deletion causes a phenotype usually similar to ttesterved with loss-of-function

point mutations of a “dosage-sensitive” gene.rbased expression, resulting from
gene duplication may convey clinical findings treae different, and sometimes
divergent from the deletion phenotype (Bi 2009).

We reported two cases with a duplication of theléwiDieker region. Both
cases are the unbalanced result of two differentanibad translocations:
t(9;17)(p24.2;p13.3) and t(10;17)(10926.2;p13.8d therefore their phenotypes are
more complex than the phenotype of cases withtstla7p13.3 duplications (result
4.1). Previous studies highlighted that transgemice over-expressinBAFAH1B1
showed migration defect and reduced brain volume2(®9). The last sign is also
present in humans since most patients showed neighaty. Therefore, our data
confirm that PAFAH1B1 over-expression in humans does not cause neuronal
migration defects or other gross brain malformaioGomparing our cases with
those previously described in literature, it appdathat they share some facial and
physical features such as pointed chin, triangtdae high nasal bridge and a
deceleration of head growth. Interestingly, reaurreespiratory infections during
childhood were reported in all patients. Since i@ duplications of our patients
harboured from two unbalanced translocations, thenptype is more complex
resulting by the combined effects of the duplicatid the 17p13.3 region and of the
9p and 10g deletions. Nevertheless we contributkuttimer delineate the features

associated with this novel microduplication syndeom

Autism spectrum disorders (ASDs), typically appaieynthe age of 3 years,
encompass a broad range of developmental disotisigrsre marked by limitations
in one of three behavioural/developmental domaswial interaction; language,
communication, and imaginative play; and rangendérest and activities (Muhle
2004). The ASDs range from phenotypically mild &vexe and include autism,
atypical autism, Asperger syndrome, and pervaserseldpmental disorders. The

heritability of autism may as high as 90%, makihgme of the most heritable
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complex disorders. About 10% of cases are assdcwth a Mendelian syndrome
(e.g. fragile X syndrome and tuberous sclerosispgter). There are two hypothesis
for the genetic aetiology of autism. The first thgoreferred as the “common
gene/common disease” hypothesis, is that commaasks result from the additive
or multiplicative effects of genetic and environrte@nfactors. Common genetic
variants confer only a small increased risk to\egiindividual, but because of the
high frequency with which these variants are foweath has a large attributable risk
among the population (Weiss 2009). An alternativéhie “common gene/common
disease” hypothesis is that ASDs are caused ngtlmnkcommon variants of small
effect but also by rare highly penetrant varianishsas chromosomal deletions and
duplications (Kusenda 2008). A substantial proportdf idiopathic autism may be
attributable to CNVs. Two recent studies detectedndvo CNVs in 7-10% of
autistic cases from simplex families, 2—3% of cdsesn multiplex families, and in
1% of controls (Marshall 2008). These results nolyamplicate CNVs in the
aetiology of autism but also indicate that diffdrganetic mechanisms may underlie
sporadic, versus familial, autism. Microdeletionsxda microduplications of
chromosome 16p11.2 have been found at varying émcjas among individuals
diagnosed with ASDs. Microdeletions are a more commause of ASDs than the
reciprocal microduplication (0.50% vs. 28%, respety) (Walsh 2011).
Microduplications seem instead strongly associatétl schizophrenia (McCarthy
2009). Furthermore Walters et al; demonstratedateipll.2 deletion give rise to a
strongly-expressed obesity phenotype. Possibleaaafibns include a direct causal
relationship between obesity and developmentalydétee involvement of the same
or related regulatory pathways; or different outesnof the same set of behavioural
disorders with complex pleiotropic effects and &hle ages of onset and
expressivities (Walters 2010).

To test whether gene dosage accounting for obesitgrriers of the 16p11.2
deletion may also influence BMI in a converse mannge assembled and
phenotypically analysed cohorts of duplicationgiess (result 4.2). The duplication
was strongly associated with lower weight and loB&dl. Adults carrying the
duplication had a relative risk of being clinicallpderweight of 8.3. The duplication

was also associated with reduced head circumfereB6&/% presenting with
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microcephaly, whereas carriers of the reciprocdétosn had an increased head
circumference. This suggests that head circumferand BMI may be regulated by
a common pathway, or that a causal relationshipt&Xetween these two traits in
these patients. To evaluate if the phenotypes wbdem 16pl11.2 deletion and
duplication individuals may be due to effects or #xpression of genes mapping
within or near the rearranged region, we performad expression assay in
lymphoblastoid cell-lines. Expression levels catetl positively with gene dosage
for all genes within the CNV, while genes proxinalthe rearrangement showed no
significant  variations. Therefore as in the schimepia/autism and

microcephaly/macrocephaly dualisms, overweight/owdagght could represent

opposite pathological manifestations of a commargytbalance mechanism.

The presence of a CNVs in a coding region usualtyetates with changes in
the abundance of corresponding transcripts. Absene&cess of the protein product
of a dosage sensitive gene may influence cell iffiéation or migration and tissue
formation early during development. In additionngmiic rearrangements may also
be associated with molecular mechanisms other #ffecting transcript levels to
influence gene dosage and expression. Such compbipohanisms include gene
interruption, gene fusion, unmasking a recessivelealor silenced gene, and
interruption of regulatory gene-gene and chromogomizractions (Lupski and
Stankiewicz 2005). Even before the completion ef luman Genome Project, the
pathogenic significance of gene dosage was realizeseveral disorders of the
central and peripheral nervous system.

Stankeiwicz et al. recently reported 24 cases detletions and 17 cases with
duplications at 10911.21g21.1. The only clinicatiees common to a majority of
individuals were ID and DD. Other clinical featuretentified include failure to
thrive, growth retardation, autism spectrum dissdeicrocephaly, attention deficit
hyperactivity disorder (ADHD). However, a CNV-phéyjee association has not
been made for the 10g11.22 region and this CNV mats been classified as
pathogenic.

We recently reported that a small duplication og11022 includingGPRIN2

gene, a regulator of neurite outgrowth, a@EYR1, a gene involved in energy
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homeostasis, is a candidate modifier for Rett symdr (Artuso 2011). Specifically,
duplications were found in the Zappella variang ®Rett variant with recovery of
speech, and lacking the typical growth delay, uwdaghting and autistic features.
SincePPYR1 knockout mice display underweight and reduced evadipose tissue
an over-expression d?PYR1 due to gene duplication may be responsible for the
higher body weight characterizing Zappella vari&e concluded that duplication at
10g11.22 may play a role in protecting from bothdemveighting and autistic
features in Rett patients (Artuso 2011). We noworemore convincing evidences
that this microdeletion is probably clinically reént and responsible for the ASD
phenotype, because significantly enriched in th® Apulation when compared to
the SID/NSID population (p=0,001) (result 4.3). Tdhgplication was observed also
in several controls, suggesting that the duplicatly itself confers either no
phenotype at all or a range of phenotypes of vargaverity. Moreover, because
genetic variation studies have reinforced the pga@kemfluence ofPPYRL on body
weight in humans (Sha 2009), we also demonstrateth@easing BMI value in
cases carrying the duplication. The highlighted nepl@s demonstrate how gene
dosage effects may influence the development of ncom disorders often
characterized by heterogeneous genetic aetiology.

Other molecular mechanisms by which rearrangemeintee genome may
convey or alter a disease phenotype result from Hwevrearrangement on one
chromosome affects or is affected by the allelettm other chromosome at that
locus. These include the unmasking of either réeessutations or functional
polymorphisms of the remaining allele when a detetioccurs, and potential
transvection effects via deletion of regulatorynedats required for communication
between alleles (Lupski and Stankiewicz 2005). Rgige genes reside within the
CNV regions, and the chances of finding a recessiudation along with a
microdeletion are rare (frequency of spontaneougatiom x frequency of the
deletion event), but plausible. Profound sensoraeuearing loss has been reported
in patients with Smith-Magenis syndrome whose dmist unmask the recessive
mutation in the myosinMYO15A) gene located within the 17p11.2 region (Liburd
2001). Functional polymorphisms withBOMT andFXII, unmasked by hemizygous
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deletions, have also been reported to result imitwg decline and psychosis in
patients with 22g11.2 deletion and reduced actieftgoagulation factor 12 in Sotos
syndrome respectively (Gothelf 2005, Kurotaki 2005Jiditional example can be
represented by the thrombocytopenia absent radidR) syndrome in which one
copy of theRBMB8A gene is not functional, due to a null allele, #mel expression of
the other copy is reduced, as a result of nonco8MBs in the 5’ UTR or first intron
(Albers 2012).

We reported here our experience with three patgmwing a 22g11.2
deletion and an atypical phenotype. In order totifle possible recessive alleles we
performed targeted sequencing of the 22q11.2 redoone case we identified a
mutation in theMED15 gene, that is part of the Madiator complex (Bla2€K5).
This gene is highly expressed during embryogemneisishigh levels in limb bud and
neuronal tissue (Berti 2001, Kato 2002). Therefweshypothesize an involvement
of this gene in the polydactyly and severe intéllatdeficit showed by our patient.
In a second case we identified a mutation in a cuming RNA. Previous data
(Pennacchio 2006) revealed the high propensitktremely conserved human non-
coding sequences to behave as transcriptional eehamvivo, and supported both
ancient human-fish conservation and human-rodetraagnservation as highly
effective filters to identify such functional elents. From the encode data it
appeared that the non-coding RN&PT5-GP1BB was highly conserved from
human to elephant. Therefore, it can represenhbhareer involved in the regulation
expression of a distal gene. To confirm this hypseth we have planned a luciferase
assay. In the last case we found no obvious lilggthogenic mutation, but the
analysis is still ongoing. In conclusion we demaoatstd that targeted sequencing of
genes within the pathogenic CNV region using thelyeavailable technologies

would be useful to find potential candidate genes.
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6. CONCLUSIONS and FUTURE
PERSPECTIVES
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The conventional wisdom surrounding genomic disargmsits that they fit
several criteria: the deletions/duplications argdahighly penetrant, de novo in the
majority of individuals, and associated with a onifi constellation of clinical
features (Mefford and Eichler, 2009). Smith-Magersigndrome, Prader-Willi
syndrome, and Williams-Beuren syndrome are examgllesich “classic” genomic
disorders. In contrast to these “classic” genonsomiers, many of the more recently
described recurrent genomic lesions identified argé case—control studies
demonstrate apparently diverse phenotypes and raquently inherited while
showing reduced penetrance (Klopocki et al., 200&Tford et al., 2008; Sharp et al.,
2008).

Several explanations have been proposed for thablarexpressivity and
clinical heterogeneity in some genomic disordeiisstfFatypical or variable-sized
copy number changes may account for the variabégtypes in some apparently
recurrent lesions. A “two-hit” model has also retgeibeen proposed to account for
phenotypic variabilityOne hit may be sufficient to reach a threshold teatilts in
mild neurodevelopmental deficits, whereas a secbiidis necessary for the
development of a more severe neurological phenotyldeernatively, the abnormal
phenotype in patients with a heterozygous deletimm result from unmasking of a
recessive mutation or functional polymorphism @& temaining allele.

It is not clear to what extent such genomic changes responsible for
Mendelian or complex disease traits and commonsirar represent only benign
polymorphic variation. Furthermore, some phenotypesused by genomic
rearrangements may not present until late adulthdb$ age-dependent penetrance
confounds the interpretation of genomic copy-nuntdhenges.

We know that rearrangements occur throughout tinerge, and therefore it
is plausible to assume that such rearrangemen®Ndfs could be associated with
inherited or sporadic disease, susceptibility tgedse, complex traits, or common
benign traits, or could represent polymorphic wasiawith no apparent phenotypic
consequences, depending on whether or not dosagihse genes are affected by
the rearrangement. As demonstrated by this stumypesgenomic disorders show
highly variable penetrance that can make diffighk interpretation of molecular

results. The effective identification of such reggowill likely require collaborative
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efforts by multiple centres, in order to collectsafficient numbers of patients
carrying the same structural variant. A cohort ofiltiple individuals with a
particular pathogenic variant will likely show aalkt some degree of phenotypic
concordance even where penetrance is incomplet@nghpossible a more defined
genotype-phenotype correlation.

For the future we plan to continue the consultatibthe literature and the re-
evaluation of our cohort paying attention to the\Cigions to find new emerging
low penetrance syndromes. We also plan to use §ereration Sequencing of

selected regions or candidate genes to identitdnecessive phenotype.
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