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SUMMARY

Introduction. Hereditary Motor Sensory Neuropathy (HMSN), alscown as Charcot-
Marie-Tooth disease (MIM118300), is an heterogesegroup of Mendelian diseases which
affects the peripheral motor and sensory nervosgesy (PNS). With a prevalence of about
1/2500 individuals, it is considered the most comnherited neuromuscular disorder. The
clinical hallmarks include slow and progressive oular weakness of distal limbs, peroneal
atrophy and bilatergbes cavus, however they are often associated with otherssgirch as
spastic paraplegia, ataxia, mental retardationiaodntinence. Distal HMN disorders are a
subgroup of HMSN characterized by a predominantomatvolvement and minor or no
sensory loss. To date, more than 50 genes havedsteoted for HMSN and 17 genes for
dHMN, but many disease-genes have to be identyktd

Aim of the study. This study aims to identify and, whenever possibl@ctionally
characterise novel genes causing different formgedpheral neuropathy. In order to achieve
this objective, four families affected by complesMBN or distal HMN and showing no
mutations in known disease-genes were examined.

Materials and methods.The identification of novel genes was performedubyg a strategy
which integrates the traditional positional cloniagproach with the next-generation whole-
exome sequencing. In all the four families candidiwkage regions were identified by
genome-wide linkage analysis, specifically for tkeeessive forms they were identified also
by homozygosity mapping and identity-by-descentlyamms using high-density SNPs arrays
and STR markers. In one family a candidate-genesesmg by Sanger sequencing was
preferred for the small size of the critical regidm the remaining three families the whole-
exome sequencing (WES) approach was adopted im tardespect all coding variants within
the previously identified linkage regions. Considgrthe advantage of having variants within
the whole exome, known disease-related genes vsyeanalysed and less stringent genome
wide searches were even conducted. Moreover, cgeemalysis was performed and poorly-
covered exons were sequenced. The best candidasmtgawere selected by filtering and
prioritization analyses which allowed to evaluate putative pathogenicity of variants. For
the variants which represented potential mutatibursher confirmations were obtained by
silico analyses, control population screening, unrelapadients characterization and
functional studies.

Results.In Family 1, affected by a recessive HMSN and spasiraplegia, only one small
candidate region encompassing 5 genes was idehtifjelinkage studies on chrl3ql2.1-



g12.12. Direct sequencing highlighted in the patiennovel homozygous missense mutation
in the SACS gene (c.11104A>G).SACS was already associated with a different
neurodegenerative disorder termed ARSAdS. slico predictions showed that the
p.Thr3702Ala change falls in a surface-exposedemadlutionarily conserved region of XPCB
protein domain, suggesting a key role in the imtgoa with E3 ubiquitin ligase UBE3A.
Recent studies in mutated fibroblasts indicated ateration in the dimensions of
mitochondria and such impairment was assessedthéop.Thr3702Ala mutation identified. A
higher number of significantly more little and spbal mitochondria was observed in
proband’s fibroblasts compared with controls. Thésdings were indicative of a higher
fragmentation of mitochondria in presence of theh@3702Ala sacsin mutation, in agreement
with the hypothesis of impairment in fusion/fissimitochondrial dynamics.

Family 2, affected by a distal form of motor newtlyy (dHMN), is characterized by the
presence of three consanguineous marriages. Ddbtehe homozygosity mapping failed
to detected a unique candidate autozygous regiareghy all affected subjects. In order to
investigate the hypothesis of two genetic causesfamily was splitted into two nuclei on the
basis of phenotypic differences between patiemisthe first nucleus, linkage analysis
highlighted a single candidate autozygous regiorclm8p23.1-p22 (rs2738148; rs6997599)
and the analysis of the WES variants identifiecoaeh missense substitution in tB&K223
gene (c.1529T>C)In silico predictions strongly supported the effect of thegiant in a
splicing alterationlIn the second nucleus, 8 candidate regions (>1 WHye identified by
homozygosity mapping but only one of them (chr9pzd13.2) was pinpointed by the IBD
analysis and was likely to be identical-by-desq¢D). The analysis of the WES variants
selected a candidate mutation (c.412G>CHIGBMARL. This gene was already associated
with the motor neuron disorder ALS16. By screenBIGMARL in unrelated patients, a
second variant (c.448G>A) was identified in a déf@ family displaying a recessive form
dHMN.

In the consanguineous Family 3, affected by a seescomplex form of neuropathy with
spastic paraplegia and mental retardation, linkaggysis detected 4 candidate regions on
chr2p13.3-p12, chr3g27-928 (2 regions) and chr23@21.1. The analysis of WES variants
enabled to identify in chr2p13.3-p12 an interestragant (c.950G>A) in th&BX041 gene.
This substitution has been never reported in am@anwadatabase, was predicted to map in a
evolutionary conserved region and to play a disvedunctional effect in a-helix structure.

In Family 4, affected by an autosomal dominant f@imMSN and spastic paraplegia with a

marked clinically heterogeneity, different geneticodels were investigated including



monogenic, digenic and the co-occurrence of twdirdis diseases. A high number of
candidate regions was thus identified by the lirkkagalysis, with the best candidate region
on chr9g22.33-9g33.2. Due to a low quality of WESad the analysis of sequence variants
highlighted many false positive calls and no vasatsplayed perfect co-segregation with the
disease. Also the CNV analysis and the direct sexjng of the poorly-covered exons in the
chr9g22.33-9g33.2 region did not identified anyestkignificant mutation.

Discussion. The high clinical and genetic heterogeneity whicharacterizes distal
neuropathies represents a clue that the presencea aingle genetic cause and a
straightforward genotype-phenotype correlation camxplain all Mendelian diseases. Since
to date many of these cases still remain “orphdrd molecular explanation, the research of
novel disease-genes attempts to shed light onahetigs and pathogenic mechanisms which
are not-well known yet. The combinatorial strateggd in the present study was powerful for
identifying candidate disease-genes in the famikéh a recessive transmission (Families 2
and 3). Indeed, the information on the candidatgores enabled to reduce the great deal of
variants in order to perform a deeper and morecede analysis. On the other hand, this
approach revealed more challenging in the pictdrelaninant transmission and clinical
heterogeneity of Family 4, proving the already-mga difficulty to unravel dominant traits.
However this part of the study put in evidence btecdl and analytical weaknesses which this
analysis attempted to limit and that the curreptyformed WES will enable to overcome.
This work represents the first evidence foBACS mutation associated with a non-ataxic
clinical picture, and for tw&® GMARL mutations associated with a juvenile distal neatioyp.
Considering also that th8GMARL gene maps to the “orphan” dHMN Jerash typeus
(dHMN-J), this finding supports the causalitf this genein dHMN disorder. The
demonstration of a growing phenotypic heterogengityo an overlap with other neurological
disorders can be indicative of a more extended qiigpical spectrum associated with these
genes. This work represents the first step to detnaie the pathogenicity of a candidate
variant and dissect the mechanisms underlying |distaropathies. Indeed, further genetic
screenings in a large cohort of patients and foneli studies will elucidate the actual

involvement of the novel candidate genes in thésarders.



RIASSUNTO

Introduzione. La neuropatia ereditaria sensitivo-motoria (HMSNInche denominata
malattia di Charcot-Marie-Tooth (MIM118300), cogisice un gruppo eterogeneo di disordini
mendeliani che colpiscono il sistema nervoso pecidemotorio e sensitivo. Tale malattia e
considerata il disordine neuromuscolare eredifaiiiocomune, con una prevalenza stimata di
1 caso su 2500 nella popolazione. | segni clindirmtivi includono una progressiva ipostenia
e ipotrofia dei muscoli distali degli arti, un’ati® peroneale e piede cavo bilaterale. Questo
fenotipo clinico é di frequente associato ad altitomi, quali la paraparesi spastica, il ritardo
mentale, atassia e disturbi urinari. Le neuropareditarie motorie distali (dHMN)
costituiscono un sottogruppo delle neuropatie &ddisensitive-motorie, caratterizzato da un
prevalente coinvolgimento motorio e un minore ceass interessamento sensitivo. Ad oggi,
piu di 50 geni sono stati associati alle neuropatexlitarie sensitivo-motorie e 17 alle forme
motorie distali, tuttavia molti geni rimangono arcgconosciuti.

Obiettivo dello studio. Il presente studio si prefigge di identificare esgbilmente
caratterizzare dal punto di vista funzionale, nugeni causativi di varianti ereditarie di
neuropatia periferica. A tale scopo sono stateiageidjuattro famiglie in cui erano presenti
soggetti affetti da HMSN complesse o dHMN e nellalgerano state escluse le mutazioni
nei geni malattia gia noti.

Materiali e Metodi. Al fine di identificare nuovi geni causativi, in gsto lavoro é stata
adottata una strategia che va ad integrare I'apgpydcadizionale di clonaggio posizionale
con il sequenziamento next-generation dell’eson&leNjuattro famiglie oggetto di studio,
mediante SNPs ad alta densita e marcatori micléBate stata svolta una analisi di linkage
genome-wide e si sono identificate regioni cantidénoltre per le forme recessive si é
proceduto con il mappaggio per omozigosita e I'sndi identita per discendenza (IBD). In
una di queste famiglie, data la ridotta estenside#a regione candidata, lo screening
mutazionale dei geni candidati € avvenuto per medglosequenziamento diretto. Nelle
rimanenti tre famiglie, invece, € stato adottagpproccio di sequenziamento next-generation
dellesoma, al fine di analizzare tutte le varigmtesenti negli esoni codificanti delle regioni
in linkage. Il vantaggio di avere un’informazionstesa all'intero esoma ha permesso
un’analisi genome-wide meno stringente e la raalelle varianti nei geni malattia gia noti.
L'analisi dell’efficienza di copertura delle regiorcandidate ha permesso invece di
sequenziare gli esoni poco coperti di queste regldmapprofondita e dettagliata analisi di
filtraggio e prioritizzazione ha reso possibilelutare la possibile patogenicita delle varianti e

di identificare le migliori candidate. A partire dmeste, ulteriori validazioni sono state poi
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ottenute mediante studh silico, screening di popolazione di controllo, caratteaione di
pazienti non imparentati e studi funzionali.

Risultati. Nella prima famiglia, in cui segrega una forma ssoea di HMSN e paraparesi
spastica, si e identificata una sola regione dkdge sul cromosoma 13q12.1-912.12 e
contenente 5 geni. Per mezzo del sequenziamengttodié stata individuata una nuova
mutazione missenso in omozigosi nel g&#CS (c.11104A>G). Tale gene era gia stato
associato in precedenza a una diversa malattiaodegenerativa denominata ARSACS.
Predizioniin silico hanno evidenziato che il cambiamento aminoacidr®hr3702Ala) si
localizza esposto sul dominio proteico XPCB e ira wagione evolutivamente conservata
nella sequenza aminoacidica. Alla luce di quedtii daipotizza per 'aminoacido mutato un
ruolo chiave nell'interazione con l'ubiquitin-ligaE3 UBE3A. Visti i recenti studi condotti
su fibroblasti mutati che hanno riportato un’ali#oae delle dimensioni dei mitocondri, si €
ritenuto interessante verificare se tale alteraziawvenisse anche nei fibroblasti con la
mutazione identificata. In tali fibroblasti di pante, confrontati con fibroblasti di controllo, si
e osservato un maggior numero di mitocondri caia#tati da dimensioni statisticamente
inferiori e da una maggiore sfericita. Tali datitpebbero essere indicativi di una loro
maggiore frammentazione in presenza della mutazmissenso, in accordo con il dato di
alterazione riportato in precedenza.

La seconda famiglia investigata, affetta da unanéordistale di neuropatia motoria, e
caratterizzata dalla presenza di tre matrimonicfsasanguinei. Tuttavia il mappaggio per
omozigosita ha escluso un’unica regione di autasigondivisa da tutti i soggetti affetti. Al
fine di investigare lipotesi della presenza di dizeise genetiche diverse, la famiglia e stata
divisa in due nuclei sulla base delle differenzeotgiche dei pazienti. Per il primo nucleo
I'analisi di linkage ha identificato una singolagiene di autozigosi sul cromosoma 8p23.1-
p22 (rs2738148; rs6997599) e la successiva ardilisarianti ha individuato una nuova
sostituzione missenso nel geB8K223 (¢c.1529T>C) come la migliore candidata. Il suo
effetto nell’alterazione dello splicing & statot@amente supportato da studi di predizidne
silico. Nel secondo nucleo invece, I'approccio di mapp@aggr omozigosita ha identificato 8
regioni candidate (>1 Mb) ma solo una di queste9dl.1-pl13.2) € stata trovata in
autozigosi dall’analisi IBD. L'indagine delle vanit ottenute dal sequenziamento dell’esoma
e presenti in questa regione ha selezionato unazioue fortemente candidata (c.412G>C) in
S GMARL. Tale gene é gia stato associato in precedenmaadiversa patologia neurologica
quale la sclerosi laterale amiotrofica giovanilenaminata ALS16. Mediante lo screening

mutazionale diSGMARL in altri pazienti con dHMN e non imparentati tradp e stata
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identificata una seconda variante (c.448G>A) imalira famiglia che presentava una analoga
trasmissione autosomica recessiva.

La terza famiglia oggetto di studio, anch’essa comsanguineita, presenta invece una forma
complessa di neuropatia con paraparesi spastitaréor mentale. Mediante analisi di linkare
sono state identificate quattro regioni candidateeléo specifico sul cromosoma 2p13.3-p12,
3027-928 (2 regioni) e 219g11.2-g21.1. L’'analisilelelarianti ha evidenziato nella regione
candidata sul cromosoma 2pl13.3-pl2 un’interessaagdituzione (c.950G>A) nel gene
FBXOA41, che ad oggi non risulta essere riportata in attatabase di varianti. Stuith silico
hanno indicato un effetto funzionale del cambiameminoacidico nella struttura adelica
dove si localizza e una regione altamente conseevéivello evolutivo.

La quarta famiglia, affetta da una forma autosondcaninante di neuropatia ereditaria
sensitivo-motoria, € caratterizzata da una mared¢gogeneita clinica in quanto in piu
soggetti € presente anche paraparesi spasticdagi@dPer spiegare tale eterogeneita, sono
stati adottati diversi modelli genetici che prevedd’esistenza una singola causa genetica,
due cause che concorrono allo stesso fenotipo (ihoodigenico), e la co-presenza di due
malattie distinte. Dall’analisi di linkage € emenso alto numero di regioni, tra cui la miglior
candidata mappante sul cromosoma 9q22.33-9g33favial la bassa qualita dei dati di
sequenziamento ha portato ad un’alta percentuafalsi positivi, € nessuna variante nelle
regioni candidate ha dimostrato una perfetta coegggione con la malattia. Risultati
negativi sono stati ottenuti anche dall'analisi @Gopy Number Variations (CNVs) e dal
sequenziamento diretto degli esoni a basso coveleligeregione 9922.33-9933.2.
Discussione.L’alta eterogeneita clinica e genetica che caraitarle neuropatie distali e
indicativa del fatto che un’unica causa genetican&inivoca correlazione tra fenotipo e
genotipo non possono essere associate a tuttondims mendeliani. Alla luce dei molti casi
che ad oggi rimangono irrisolti dal punto di vigenetico, la ricerca di nuovi geni malattia ha
il fine di far luce sulle basi genetiche e i medsam patogenetici che per molti aspetti sono
ancora sconosciuti. La strategia usata nel presentdio € risultata efficace ai fini
dell'identificazione di geni malattia candidati leelfamiglie con forme a trasmissione
recessiva (seconda e terza famiglia). La conoscelgtie regioni candidate ha infatti
permesso di ridurre le varianti ottenute col segismento dell’esoma ad un gruppo limitato
e analizzabile mediante un’approccio piu dettagliat critico e che ha reso possibile
I'efficacia dell’analisi. Lo stesso approccio sirelato meno efficace in un quadro di
trasmissione dominante ed eterogeneita clinicar{gdiamiglia), mettendo in luce le difficolta

di risolvere i tratti dominanti. Tuttavia questarteadello studio ha permesso di comprendere
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le criticita tecniche ed analitiche presenti akfidi limitarle, ma che sicuramente verranno
superate dai sequenziamenti piu recenti.

Tale lavoro rappresenta la prima evidenza di ungammne nel gen&ACS associata a un
guadro clinico non atassico, e di due mutazionigexleSGMARL associate a una forma
giovanile di neuropatia distale. Inolt&8GMARL mappa in un locus gia descritto per una
forma di neuropatia distale (tipo Jerash) e tate dapporterebbe la causativitaSIGMARL

per tale malattia. La dimostrazione di una crescetgrogeneita fenotipica che si estende fino
alla sovrapposizione con altre malattie neurologigilud essere indicativa di uno spettro
fenotipico ben piu ampio di quello associato fimooggi a questi geni. Tale studio costituisce
il primo step fondamentale per trovare nuovi geausativi e studiare nel dettaglio i
meccanismi alla base delle neuropatie distali. l& s&opo screening genetici su coorti di
pazienti e studi funzionali potranno far luce fféttivo coinvolgimento di questi nuovi geni

candidati nelle malattie.
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1. INTRODUCTION

1.1
1.1.1 Approaches for causal genes identification iMendelian disorders: state of the

art

Identifying genes responsible for inherited diesas fundamental to elucidate their
pathogenetic mechanisms and better understand itllegical pathways and cellular
processes involved. Uncovering the molecular bafsessgenetic disorder opens the possibility
to molecular diagnosis for patients and carriemgl, @ prenatal testing; moreover it represents
the starting point for developing a future therapjthough many advances in human and
medical genetics have occurred, the identificabbdisease genes within the whole genome
still represents a big challenge, and more tham dialabout 7500 Mendelian disorders
classified based on clinical features have not lgasretically characterized yet. Indeed, up to
25 November 2013, a total of 22,111 entries wepdnted in OMIM (Online Mendelian
Inheritance in Man) describing 14,432 genes, 3,pli@notypes with identified molecular
basis and 3,593 with still unknown genetic causg fhomim.org/statistics/entry).

Amongst the traditional approaches of gene disgoused for Mendelian disorders,
Sanger sequencing and linkage analysis with paositiocloning found the broadest
applicability in the previous three decades. Thars $anger sequencing method has been
effective for screening a limited number of gendsclv have already been associated with a
specific disease. This approach revealed suitaldi$orders that are characterized by a clear
and straightforward genotype-phenotype correlataoa for which a deep medical and
biological prior knowledge is available.

On the other hand, when the prior genetic knowdaddimited or the phenotype is not
closely related to a underlying unique genotyp@etie mapping has turned out the approach
of choice. This represents an unbiased approachabloms to analyse the whole genome.
This method has been particularly powerful in idfgitg genetic mutations with a large
effect size and rare prevalence in the population.

Over the last years, with the introduction of niaay parallel or Next Generation
Sequencing (NGS) technologies, several limits ad thaditional approaches have been
overcome and novel causal genes have been disdovEhe whole genome sequencing
(WGS) and the target sequencing, such as the whame sequencing (WES), have been

increasingly used to shed light on Mendelian distsd
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1.1.2 Linkage analysis

Before the advent of the NGS, the genome-widealyek analysis followed by
positional cloning was considered the main toalncavel the genetics of Mendelian diseases
in families. Noteworthy examples are cystic fibeoand Huntington disease, for whiCRTR
andHTT genes were identified (Group 1993;Teual., 1985).
The statistical method of linkage analysis is basedthe theory that the absence of
recombination events between genetic markers andifease gene during meiosis makes to
infer they are physically close together on a closome. This analysis starts from
genotyping data of polymorphic genetic markers sastshort tandem repeats (STRs) and
single nucleotide polymorphisms (SNPs), and aimBigblight genomidoci co-segregating
with the disease allele, which represent the catedidegions where the putative disease-
associated gene map. In order to pinpoint the tausé#ations in the causal gene, genes
within candidate regions are subsequently pri@itivased on expression, function and
homology data available in bioinformatic databa&smndidate positional cloning method).
The best candidate genes are thus screened wigeSsequencing to look for variants which
are potential mutations in the disease.
Even if many cases have been solved by this toaditiapproach, some disorders present a
challenge for them. For instance, the linkage apgnanay display some weaknesses in cases
of incomplete penetrance, misdiagnosis and occocerefde novo variants. Moreover low-
prevalence disorders with a small number of avielabrelated cases, or a pedigree with few
individuals, constrain the effectiveness of thialgsis (Kuet al., 2011). The following step
of candidate positional cloning could be arduous/al, even if the human genome reference
sequence is available today (Consortium 200Ag causal gene can indeed be missed due to

incomplete information about genes or difficultiesequencing large linkage regions.

1.1.3 Next Generation Sequencing (NGS) approach afisecond generation”
sequencers

In 2003 the draft sequence of the human genome cmampleted by the Human
Genomic Project by using almost exclusively thestfigeneration” sequencing or Sanger’s
method (Consortium 2004;Landeiral., 2001). This goal fuelled the advances in sequgncin
technology, and in few years the first individugngme (James Watson) was successfully
sequenced by the Illumina NGS platform, termed dsecgeneration” sequencer (Wheeder
al., 2008).
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Although the capillary-based Sanger sequencing irsmthe “gold standard” due to its
99.999% per-base accuracy, the revolutionary NGnigue reveals extremely advantageous
in terms of costs, time and number of samples ¢hatbe analysed (Shendure and Ji 2008).
High-throughput NGS method is characterised by lgigiarallelized reactions which use
smaller reagent volumes in little areas, thus englihe sequencing of thousands to millions
molecules at once. NGS generates shorter sequiaToesd “reads”, with a lower per-base
accuracy compared with the Sanger sequencing. Hawis limitation is compensated by
the high number of overlapping reads, quantifieddepth of coverage”. Furthermore, the
most time-consuming step of cloning genomic liesiin bacteria, is here overcome byimn
vitro reaction.

Despite of traditional linkage approach, NGS disedetects both common and rare variants,
and enables to identify causal mutations evenisgaftom a small number of patients. In
addition the discrete information of genotyping mewo a continuous one with a single-
nucleotide resolution in NGS. The gene identifimatiin Mendelian disease is thus
transforming and shifting from the identificatiamthe interpretation of data.

In general, NGS relies on DNA synthesis or ligatremistry strategies to read through
clones of DNA templates simultaneously and in aalelr fashion. By exploiting DNA
synthesis cycles alternating with imaging-basediatiipns, sequencers collect data as short
reads, each of them corresponds to a clone ttsgasally clustered on substrate. For signal
detection, “second generation” sequencers takendalya of Sanger’'s synthesis chemistry,
based on fluorescently labelled nucleotides andcalptecording. NGS technology varies
amongst the main platforms provided by differengusmcing companies. Roche 454
pyrosequencing employs emulsion PCR for clonal dmoglion and cyclic synthesis;
lllumina (Solexa) uses bridge PCR and reversiblemitgator sequencing, Applied
Biosystem/Life Technologies SoLiD requires emulsR@R on beads and ligation chemistry

for sequencing (Hui 2012).

1.1.4 Whole-genome and exome sequencing

Exome comprises near to 180,000 protein-codinghexa 23,500 total genes and
constitutes approximately 1-2% of the whole geno@mding sequence has proven to be the
prevalent source for the study of disease genesx@se harbors 85% of the causal mutations
of Mendelian diseases that have been solved upwo(@hoiet al., 2009).
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As the research of causing mutations requiresngiftihirough a great deal of sequence data,
the whole-exome sequencing (WES) allows to redhesntto a relatively limited subset
compared with genome sequencing. Indeed, each genontains 3.2 billion nucleotide and
3-4 million sequence variants, whereas each exdimaté880 million nucleotides and 25,000
high-quality single nucleotide variants (Marian 2D1in addition, coding regions are less
polymorphic because subjected to a major seleqgbiressure, and less repetitive, thus
reducing misalignment of reads and errors of imtgtgtion. Furthermore the current ability to
interpret the functional effects of non-coding seee variations is highly limitedzor all
these reasons, to date an increasing number otigetedies for Mendelian disorders uses
the WES approach. Indeed, in the last four yeasSNIES has been confirmed the successful

approach for identifying genes where traditionathmods failed.

1.1.5 Exome-sequencing technology

The WES experimental pipeline is characterizedHyge main steps, with 2 and 3
steps that vary depending on capture kit and piateemployed:
1. genomic library preparation
2. target enrichment
3. NGS of the eluted target fragments.

1. The genomic DNA is randomly sheared by sonicatr@hulization or enzymatic
digestion to get desired fragments of about 2004350Fragments ends are repaired by T4
DNA ligase and ligated to universal adaptors. Tgkadvantage of standard primers that
anneal with the adaptors, fragments are amplifielblw-cycle PCR (Shendure and Ji 2008).

2. The coding-sequences of the genomic library amgucad by hybridization of
biotinylated RNA or DNA probes (Bainbridget al., 2010;Gnirkeet al., 2009). This
represents the main method, but other methods asicdelective amplification by PCR or
enzymatic methods can be used. The hybridization bea performed in a solid or liquid
phase, depending on whether the probes are fixed salid support or in solution (with
biotinylated probes and streptavidin-coated magnetiads) respectively. Different capture
kits can be preferred because they vary in effyeand specificity (Parlat al., 2011).
Through the target enrichment, random fragmentsesponding to coding exons/adjacent
intronic regions are thus selected, whereas thewmbDNA fraction is removed.

3. The third step is the sequencing of the exometipbby the NGS technology.

Amongst the most commonly used (in this projecivadl) platforms there is the lllumina
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(Solexa) based on bridge PCR. The technique use®rsal primers attached to a solid
substrate through a flexible linker, and these prarare recognized by universal adaptors of
the exome library. Once single DNA fragments arenohilised on the substrate, they also
anneal to another adjacent primer, thus creatiryidge structure (Figure 1.1). A single
fragment is amplified in about 1000 clonal amplispwhich are linearized and sequenced to
obtain one sequence read. Each added nucleotifli@orescently labeled and has a 3’-OH
reversible terminator that blocks the DNA synthesisenable fluorescence detection. The
terminator is then removed and the next nucleoti@e be incorporated into a new cycle.
Reads generated by the sequencer have approxintlagebame length (50-100 bp) and start
from one extremity of the library fragment (singled read) or from both extremities (pair-

end reads).
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Figure 1.1: lllumina NGS technology based on splidse bridge PCR. (A) Library fragments bind
complementary primers on the array surface andaangified in clusters. (B) Clusters are sequencgd®GR

with four-colour cyclic reversible termination meth(Metzker 2010, with permission).

The following phase is characterised by a computati pipeline, in order to analyse
sequencing data and manage all detected variamss.the reads are aligned and mapped
against the human genomic reference sequence,sarrs sequence created by the Human

Genome Project. All sequence differences betweadsreand reference are annotated as
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variants, by means of “variants calling” procesarignts are filtered for quality criteria and
annotated by using several information from datebaghe last and the most challenging step
is the biological interpretation and managementtled variation data, with the aim of
identifying the disease-causing mutations.

1.1.6 Successful applications of the Whole-Exome ¢eencing

The first publication of the WES as a means fanidying disease genes dates at
2009 (Nget al., 2009). Up to now, WES has led to the identificatad over 100 new genes in
Mendelian diseases, and there is a increasing nuaflstudies which employes it. Although
publication bias makes it arduous to estimate theah success rate of the WES, the major
disease gene seems identified in at least 60%apeqis for Mendelian diseases, mostly for
recessive traits (Gilissest al., 2012).
The study of familial cases has proven that the W&Successful for extremely rare
Mendelian disorders. For a monogenic inherited rdsg multiple family members can be
sequenced to search variants shared by affectedlasaht in healthy individuals. Affected
members that are preferred for a resolving WESystuid the most distantly related, in order
to reduce the amount of shared “benign” variatidisgen non-affected individuals can be
useful to exclude private benign variations. Te @nh example, through the WES of four
family members affected by dominant spinocerebeltaxia, a mutation in thEGM6 gene
was identified (Wangt al., 2010).
Even the exome sequencing of unrelated individyalsved to be successful for rare
Mendelian disorders with a little number of avalalcases. In 2009, WES study of four
unrelated individuals affected by Freeman-Sheldpgmdsome demonstrated its potential by
finding MYH3, the unique gene with good candidate variants iswjectdNg et al., 2009).
In 2010, a study identified for the first time tgenetic cause of a rare recessive disorder,
Miller's syndrome; the sequencing of four affectedividuals belonging to three independent
families led to discover thBHODH causative gene (Ng al., 2010). Other studies identified
the most likely candidate disease gene by the seqge of a single individual, but in other
unrelated patients the same gene was excluded eXamples ar®VDR35 for Sensenbrenner
syndrome (Gilissemt al., 2010) andHSD17B4 for Perrault syndrome (Pieret al., 2010).
Exome sequencing of a considerable number of inchkeses can be even effective for
phenotypically heterogeneous disorders. A consiieraumber of samples can improve the

analysis since the pathogenic mutation could beedi®r not shared by all patients. WES of
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ten sporadic cases allowed to identfi.L2 as the gene underlying the Kabuki syndrome, an
extremely rare and heterogeneous dominant Menddlsease. At the beginning, this study
failed to identify a common genetic cause; onlycbysidering the sample heterogeneity and
performing a less stringent filteringy)LL2 was successfully identified in seven individuals.
Sanger sequencing ®ILL2 in the remaining subjects did identify mutationstwo out of
three unsolved cases (Ngal., 2010).

WES approach even enables to overcome difficuitietudying sporadic disorders with low
reproductive fitness, which are potentially causgde novo mutations. For instancde novo
variants inSETBP1, the causal gene of Schinzel-Gedion syndrome, woatdotherwise be
identified without the WES, in this case by anatgsfour unrelated individuals (Hoischen

al., 2010). Another good strategy for identifyidg novo mutations is the WES of the case-
parents trios, and the following exclusion of alherited variants. A recent study involving
175 autism trios put in evidence risk allelesKATNAL2 and CHD8 genes (Nealet al.,
2012).

Furthermore, the WES sequencing allows to sucdégsolve other issues. Noteworthy
sequencing studies have unmasked misdiagnosis casggarged phenotypic spectrum, by
revealing mutations in known disease genes whiche haot been associated with the
phenotype diagnosed before. For instance, Choi @igagues identified mutations in
S.C26A3, a gene coding for an epithelial exchanger, irmsecwith misdiagnosis of Bartter
renal syndrome (Chat al., 2009).

More complex clinical pictures, characterized by tbhombination of more than one
Mendelian phenotype and explained by the co-ocnoe®f mutations in multiple genes, can
be unravelled by WES approach. For example in dystf two siblings, mutations in
DHODH and DNAHS5 were identified as the explanation of combinednoitgpe with Miller
syndrome and primary ciliary dyskinesia (Btaal., 2010).

Other applications of WES approach are the studypofmon diseases and somatic mutations

in tumours, and the support to diagnosis of diseraéleth high genetic heterogeneity.

1.1.7 High variability of the human genome

With the advent of the NGS, studies of large ctthbecame more feasible and the
human genetic variability more characterised. Saverojects collecting variants have
highlighted higher genome variability than previgueported, with nearly half of the genes
that are polymorphic in a genome (Lestyal., 2007). This plethora of variants discloses the
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complexity of the genetic diversity of humans thas been furthered by the recent rapid
expansion of populations. Considering such a backgt of thousands of variants (as
mentioned in 1.3, 3-4 millions in a genome and apjpnately 25,000 in an exome),
pinpointing a single mutation becomes extremelyidalift. For instance, in every exome
approximately 13,000 nonsynonymous variants (ns$NWsld exert biological effects, there
are more than 100 disease-causing or predisposiigns and 1000 novel variants, of which
understanding the meaning still remains a challengtopic (Table 1.2). Multiple
bioinformatics tools for predicting the functioredfect tried to improve the analysis, but often
they do not offer concordant results and still gemds of nsSNVs remain potentially
“damaging” with this approach (Tennesstal., 2012).

However, the deep variant characterization whichlieen performing by recent projects will
be useful for filtering analyses, interpreting WH&a and better identifying the pathogenic
effect of low-frequency variants. Indeed, currertgjgcts are demonstrating that rare variants
tend to be recent events that display populatiatifipity (Abecasiset al., 2012). This
finding implies that for investigating variant frégncy, a control cohort belonging to the
same geographically context is preferred in oradehéve the same genetic background.
Highly polymorphic genes (i.e. olfactory and tasteeptor gene families) and a pathway
specificity for low-frequency variants load haveebeeven detected by these studies. This
information will be definitely useful for improvinthe variant filtering in a specific disease

and to decipher the biological and clinical sigrafice of a variant (Moot al., 2011).

Total variants 4 x10

SNVs 3.5x%x16
CNVs 10-10°
nsSNVs 10,000-13,000
nsSNV potentially damaging 100s-1,000s
Loss of Function variants 120
Associated with inherited diseases 50-100

Stop codon 25-35

De novo 30

Table 1.1: DNA sequence variants in the human gend®NVs: Single Nucleotide Variants. CNVs: Copy
Number Variants. nsSNV: non synonymous single raiie variants (modified by Marian 2012, with

permission).

1.1.8 Combinatorial approach of linkage analysis and WES
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One of the main problems of WES is the maniputatiba large amount of data. This
can be partially overcome in family studies, andc#ically in the last years the integrated
approach of WES with linkage analysis or homozyyosnapping has facilitated the
identification of many disease genes. The tradiionapping approaches have the potential
to narrow down first the number of variants idaatif by WES, second the number of
individuals to be sequenced. In addition, the kmagk of candidate regions can be
advantageous to apply a target sequencing appsygdific for theseéoci. For instance, the
combinatorial strategy was useful for identifyingetdisease gend-RD1 in autosomal-
dominant sensory/motor neuropathy with ataxiBJGV as underlying recessive
Hyperphosphatasia-Mental retardation Syndrome dd causalVCP gene for dominant
amyotrophic lateral sclerosis (Brkangtcaal., 2009;Johnsoset al., 2010;Krawitzet al., 2010).

In cases of consanguineous families with a recessiode of inheritance, a homozygosity
mapping approach identifideci where searching causal variants amongst WES #ata.
example, in a study where th&ADD gene was associated with autoimmune
lymphoproliferative syndrome, this strategy allowtedshortlist 23,146 variations to only 81
ones (Bolzest al., 2010).

Considering these advantages, over the last ydasirterest in linkage analyses is
undergoing a renaissance due to NGS, which effegtiscan nucleotide-by-nucleotide the

even extended linkage regions.

1.2

1.2.1 Vulnerability of the neuron

Ubiquitously expressed proteins often play cruciaes in specific cell types or
tissues. This is particularly frequent for protethat are necessary to maintain the proper
functionality of one of the most sensitive tissud® nervous system. Peculiar features of
neurons predispose to this characteristic sertsitikirst, cell size and axonal length (1 meter
axon is over 10,000 times its cell body dimensiod aver 100 times its volume) require an
efficient intracellular transport system to connestnapse and dendrites to cell body
(Coleman 2013). For this reason cytoskeleton antbimaroteins are critical for a proper

retrograde and anterograde trafficking of molecuteembrane and organelles. Molecules
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involved in this process use just one dimensiorileahost cells can use all three dimensions.
Second, branching morphology of the neuron makksnembrane particularly exposed and
susceptible to mechanical damage and other exogestoeisses. Thus, an efficient stress-
response repertoire with chaperone and other potsivital for the neuron. Third, neuron is
reliant on high energy demands and high metabalie, which are supplied by a suitable
mitochondrial activity. For this reason, mitochaadneed to maintain functional dynamics
and protein quality controls. Fourth, the neuropatuliarity of having synapse requires
specialised processes in that districts, like aafcibuffering and signalling pathways
triggered by specific ion channels and receptors.

An impairment of one of these physiological celiupgocesses and the presence of stress
factors including oxidative stress and misfoldedt@ins can lead to neuronal damages. In
addition, recent evidences demonstrate that alsghipeurhood cells like microglia and
astrocytes may contribute to this condition (Brdtakat al., 2013;Di Maltaet al., 2012). As
neurons are not promptly regenerated, over time tten undergo a slow process of
neurodegeneration, which starts long before visdalécomes. An example is the “dying
back” process, a progressive distal to proximabtllerdependent axonal degeneration that
precedes cell death. Only when many cells die dietgo a functional decline and a part of
the nervous system becomes damaged, clinical nséaiiiens come out. Specifically, Shaw
and colleagues tried to explained different neugederative disorders with a selective
neuronal vulnerability and the consequent neuradegdion of definite regions, however to
date the bases of this neuronal specificity remeusive (Shaw 2005). In addition, a
stressors-threshold model have recently attemptedexplain this selective neuronal
vulnerability in different genetic disorders. Sg&cigenetic causes appear to enhance the
sensitivity to stressors of specific subpopulatioheeurons, characterized by specific cellular
proteins, energy and organelle homeostasis proseskgeover, the accumulation of specific
combinations of intrinsic and environment-inducéssors can play an important role in

disease aetiology and progression of neurodegeme@axena and Caroni 2011).

1.2.2 Complexities of the inherited neurodegenerative d@ders

Human neurodegenerative disorders are among th& mmeterogeneous diseases
currently known in terms of clinical and genetiatigres, and for this reason among the most
difficult disorders to dissect. Variable clinicalamfestations, uncertainty of the diagnosis,

ambiguity in the phenotype and incomplete penetargpresent examples of clinical
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heterogeneity that can hamper the study of thesmdirs. In some of these cases the initial
diagnosis need to be re-evaluated after the ideatiibn of the genetic cause or the clinical
spectrum become wider than previously apprecialeten in cases with unambiguous
diagnosis and clear mode of inheritance, theredcbel a complicated connection between
phenotypes and their corresponding genetic changes.

Genetic heterogeneity characterizes several Meardelisorders. Hereditary Motor Sensory
Neuropathies (HMSNs) and Hereditary Spastic Pagsgsde (HSPs) are exemplifying
disorders with high genetic heterogeneity: morenth@ genes for HMSNs and 30 for HSPs
are reported as causal to date. Moreover, speuifitations in the same gene can underlie
diverse phenotypes. A noteworthy example islitb@AM gene responsible for agenesis of the
corpus callosum, CRASH syndrome, hydrocephalusMA8A syndrome or SPG1 (Jouett

al., 1994;Menkeset al., 1964). Different mutations can even underlie ddfé modes of
segregation, such as MPZ andPMP22 genes which is causal in both autosomal dominant
and recessive diseases (Battd., 2011).

A detailed description of clinical and genetic teat of the diseases studied in this project is
reported in the following chapters.

1.2.3 Hereditary Motor Sensory Neuropathies and their he¢rogeneity

Hereditary Motor Sensory Neuropathy (HMSN), alsown as Charcot-Marie-
Tooth disease (MIM118300), is a remarkable pheno&jly and genetically heterogeneous
group of diseases which affect the peripheral maitwd sensory nervous system (PNS).
HMSN is considered the most common inherited neuswmolar disorder, given the
prevalence of about 1 in 2500 individuals (Szigetd Lupski 2009). The common clinical
hallmarks in HMSN variable phenotypic picture irsduslow and progressive muscular
weakness of distal limbs and peroneal atrophy, contynassociated with sensory loss,
reduced tendon reflexes and skeletal deformipes ¢avus, hammer toes and scoliosis). The
age of onset, disease course and severity ararable features, but in general symptoms are
displayed in the first/second decades of life, vatlslowly progressive course. Severity is
mainly displayed in recessive forms. Moreover, afaleé expression and oligosymptomatic
patients were described even in the same familledortunately at present, rehabilitation
therapy and surgical procedures are the only édailkeatments for HMSN (Pareyson and
Marchesi 2009).
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Peripheral neuropathies have been traditionallysii@d according with neurophysiology and
clinical data. A median nerve motor conduction ealo(MCV) below 38 m/s is associated
with demyelinating forms (dominant CMT1 and recessiCMT4) and prominent
neuropathologic features are myelin abnormalithedViICV above 38 m/s instead indicates
axonal forms (CMT2) with evidence of chronic axodafjeneration and regeneration. Several
exceptions to this division and mixed features hbeen increasingly reported. A MCV
between 25 and 45 m/s characterises dominant-iethate (DI-CMT) and X-linked forms
(CMTX). Other CMT-related neuropathies with a nofriveCV are distal hereditary motor
neuropathies (dHMN) and hereditary sensory and nawmic neuropathies (HSAN),
depending on the affected motor or sensory nergsgectively. More recently, a growing
number of complex CMT forms involving other tissi®gh as the central nervous system,
muscle, bone and skin have emerged. For instane&BLN5 gene identified for CMT was
previously implicated in cutis laxa and macular elegration (Auer-Grumbacdt al., 2011)
and theTRPV4 genewas already associated with ‘neuro-skeletal’ phgoes (Cheret al.,
2010). Moreover, cases with phenotypes complicatiegyramidal involvement have been
described in HMSN type V and optic atrophy in HM8/de VI (Barisicet al., 2008;Pareyson

et al., 2006).

At the present time, CMT is still classified intobsypes based on the pattern of inheritance
and the electrophysiological features (Vakatal., 2013). However over the last years, a
classification based on genetics was performed highlighted a growing genetic
heterogeneity associated with this disease. Thebruwf causal genes has increased rapidly
since the first discovery of the most frequent ea@ecounts for 40-50% of all CMT cases) in
1991, the duplication of theMP22 gene associated with CMT1A (Lupsdial., 1991). Up to
now more than 50 disease related genes have bestifiet through classical linkage studies
followed by Sanger sequencing and recently by N@@&aach. These genes are inherited
through all possible Mendelian transmission pa#terfihe more common is autosomal-
dominant way of inheritance, followed by X-linkedannsmission; autosomal-recessive is
generally rare, except in contexts with a high @teonsanguineous marriages. The analysis
of HMSN genes and their encoded proteins shedsdighhe different molecular mechanisms
underlying the disease and which convey in a comdegenerative process of the peripheral
neuron. Defects in myelin maintainment, axonal gpeomt and cytoskeletal apparatus,
membrane trafficking, lysosomal degradation, phogpdsitide metabolism, mitochondrial
fission and fusion, protein folding and gene traipsion were reported (Hui 2012). Besides

this genetic heterogeneity, genetic studies evemlighted an overlap of genetic causes
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between different mode of transmission (both domirend recessive mutations NEFL,
EGR2, MFN2 andGDAPL), between different CMT forms (i.81PZ, NEFL for both CMT1
and 2;GDAP1 for CMT2 and 4), between CMT2 and dHMN (tH&PB1, HSPB8, BSCL2
andGARS genes), and between CMT and other motor neuromsksesuch as axonal CMT2
and spastic paraplegia (HMSN type V causedB8gL2, GIB1 andMFN2 mutations) (Baets
and Timmerman 2011;Reilly and Shy 2009).

1.2.4 Distal Hereditary Motor Neuropathies: a subgroup ofHMSN

Distal Hereditary Motor Neuropathies (dHMN) are i@d@erized by a
predominant motor involvement and minor or no senkiss, with a very rare prevalence (no
data available) (Siskinet al., 2013). Moreover, dHMN accounts for about 10% btates of
spinal muscular atrophy (SMA) and specifically distorms (DSMA). The main clinical
features are usually slowly progressive length-ddpat weakness and wasting with
hyporreflexia. The onset generally occurs in thst fiwo decades of life. Neurophysiology
studies show increased motor amplitude and durgtaientials suggesting a chronic distal
denervation, and this enables to differentiate dHth CMT2 and distal myopathy.
The first classification of dHMN was based upomicial phenotype and mode of inheritance
(Harding 1993). Harding proposed a division in seeategories (types I-VII), with types I,
II, V and VIl autosomal dominant forms and typds IV and VI autosomal recessive forms.
Type | and Il are typical dHMN, IIl and IV are cig forms of dHMN differentiated by the
diaphragmatic palsy in type IV, type V is charasted by upper-limb onset, type VI is
instead characterised by distal weakness and atgpir failure, and type VII is mainly
defined by vocal-cord paralysis (Table 1.2). Coesmy all dHMN and/or DSMA annotated
in OMIM database, up to now 17 disease related gand 4 genetitoci with unidentified
genes have been identified (Table 1.2). The armlySencoded proteins sheds light on the
molecular mechanisms underlying the disease. Defieciprotein folding, neuroprotective
signalling, DNA/RNA processing and metabolism, aomransport and cation-channel
dysfunction were described as pathogenetic meamani$hese diverse functions suggest a
multifactorial process or numerous possible wayssitay the primary damage in the cell body
of the ventral horn cell (differently from the axandegeneration of HMSN). Since the
primary pathologic process occurs in the cell bodguropathies are even referred to as

“neuronopathies”.
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Molecular genetic studies have highlighted a hidtermtypic heterogeneity of dHMN.
Phenotypic variability is both intrafamilial as Wweds interfamilial, even for the same
mutation. This suggests additional modifying fastanvironmental or genetic, influencing
the phenotype. An overlap of genetic causes betwidéerent modes of transmission and
different dHMN types has been indeed reported. Mee some of these mutated genes are
common between dHMN and CMTRIEPB1, HSPB8, BSCL2, GARS, TRPV4), also for the
same mutations. For instance, p.S188PB1 mutation results in both dHMN2 and CMT2,
p.K141NHSPB8 mutation causes both dHMN-II and CMT2L in unretbfamilies andSARS
mutations cause both dHMN-V and CMT2 (Antonedlisal., 2003;Houlderet al., 2008;Irobi

et al., 2004). Clinical variability of dHMN also extendsp uto upper motor neuron
involvement, specifically in dHMN complicated by rayidal signs. This form has been
associated with mutations BECL2, SETX, HSPB1 and three as-yet unidentified genesoci
9p21.1-p12 (HMN-Jerash), 7934-g36 and 4q34.3-q@3dasoret al., 2012). It is interesting
to note thatBSCL2 p.S90L mutation causes the more severe SPG17 pipenavith upper
motor neuron signs and lower limbs spasticity iditon to the muscle atrophy of upper
limbs (Dierick et al., 2008). Moreover, a digenic inheritance of the hbaging BSCL2
p.N88S mutation with a second chrligpus was reported in a dHMN5 family with variable
presentation and additional pyramidal features ¢Bewt al., 2009). In addition, dHMN
genetic causes can be found in other motor syndgsonatuding juvenile amyotrophic lateral
sclerosis (ALS), Kennedy disease, myopathy andtiispaaraplegia (Table 1.2).

Despite all these advances in genes discoverycahgal gene has not been identified in more
than 80% of dHMN patients yet (Rossbal., 2012).
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Overlapping

Locus Disease | Inheritance Diseases Gene Protein Clinical phenotype
Juvenile onset, lower limb
7934-q36 dHMN | AD - predominant distal weakness and
wasting
12g24.23|  dHMN IIA AD cMT2L HSPBS heat-shock 22-kD
protein-8 .
heat-shock 27-kD Adu_lt onset, lower limb
7011.23 dHMN 1B AD/AR CMT2F HSPB1 protein-1 predominant distal weakness and
5q11.2 | dHMNIIC AD HSPB3 heat-shock 27-kD Hestng
gt protein-3
dHMN Il Adult onset, distal weakness and
1al3 | hovas AR - wasting
Juvenile onset, severe muscle
11913 dHMN 1V AR - weakness and wasting and
DSMA3 A -
paralysis of diaphragm
dHMN VA
7pl14.3 DSMASA AD CMT2D GARS glycyl tRNA synthetasd Upper limb predominant distal
dHMN VA Silver syndrome, - muscle weakness and wasting
11912.3 DSMAS AD SPG17 BSCL2 seipin
onset in the first or second
dHMN VB receptor expression | decade, distal muscle weaknegss
2p1l.2 DSMA5B AD SPG31 REEPL enhancing protein 1 | and atrophy primarily of hand
muscles
dHMN VI immunoglobulin mu | Infantile onset, severe form with
11q13.3 DSMAL AR IGHMBP2 bindin ) rotein 2 res irat(’) distress
(SMARD1) ap p ry
2q12.3 dHMN VIIA AD Harper-Young SL.CBA7 solute carrier family 5|  Adult onset, Wlth vocal cord
Myopathy member 7 paralysis
2p13.1 | dHMN VIIB AD syndrome, DCTNL dynactinl paralysis,
dSBMA weakness and hand muscle
atrophy
dHMN with Juvenile onset, distal weaknegs
9034.13 | pyramidal AD ALS4 SETX senataxin and wasting with pyramidal tragt
features signs
4034.3- dHMN with Adult onset, lower limb distal
4o pyramidal AD CMTS5 - weakness and wasting with
g35.2 : :
features pyramidal tract signs
Variable onset, spinal and bulbar
Xgl2 DSMA X1 AR Kennedy diseas AR androgen receptor muscular atrophy, facial
fasciculations
- - Infantile onsetsevere hypotoni
Xp11.23 DSMA X2 X-linked UBE1 ubiquitin activating areflexia, and multiple congeni
enzyme 1
contractures
Menkes disease transmembrane coppef- . . d
Xg21.1 DSMA X3 X-linked Occipital horn | ATP7A transporting P-type Juvenile onset, distal weaknegs
and wasting
syndrome ATPase
Young adult onset, slowly
DNAJB2 heat-shock 40-kD . .
2935 DSMA5 AR (HS)) protein DNAJ-like 1 progressive distal muscle
weakness and atrophy
Recessive p(;iﬂgmlgr?g% Ii% 9y Childhood onset muscle
1p35 DSMA6 AR intermediate | PLEKHG5 ) . 9 | weakness and severely decreased
protein, family G . :
CMTC respiratory function
member 5
Juvenile onset, distal weaknegs
9p21.1- dHMN-J . - .
p12 DSMA2 AR - and wasting Wlth pyramidal tract
signs
CMT2C,
Conaenital Br?chgosl,mla transient receptor Nonprogressive lower limb
12924.11| 9 AD YPE 3, TRPV4 potential cation channgl weakness and paralysis with
distal SMA Scapuloperoneal ;
- subfamily V member 4 contractures
spinal muscular
atrophy
SMA lower KiMeng’ ) cvtoplasmic dvnein 1 Juvenile delayed motor
14932.31| extremity- AD ngande% DYNC1H1 v hpea chai);l 1 development and lower limb
predominant vy weakness
syndrome

Table 1.2: Classification for dHMN, with causal gsnand characteristic signs, based on OMIM anmuotati
(http://www.omim.org/). AD = autosomal dominant, ARautosomal recessive.
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1.2.5 Co-occurring clinical features of axonal HMSN and F6P

In axonal HMSN the most frequent eight genes adctmrronly 25% of cases (Reilly
and Shy 2009). In addition, several complicatednfare observed for axonal CMT. By the
traditional classification which divides HMSN fromMSP, complex HMSN with pyramidal
signs and HSP complicated by peripheral neuropatbygeparately reported even if they have
overlapping phenotypes. This dichotomous clasgifioais probably due to the observed
variable phenotypic spectrum which can ranges iHWMEN to HSP even in the same family.
Indeed, patients with both syndromes, others wifitevalence of peripheral neuropathy or
pyramidal signs have been described. Genetic studae increasingly confirmed that
variable phenotypes are due to the same underby@mgtic basis. Interesting examples are
BSCL2 mutations associated with Silver syndrome and idB&hotype KIF5A determining
peripheral neuropathy and pure H8HEN2 responsible for CMT2 and spastic paraplegia; the
atlastin-1 (SPG3A), REEP1 (SPG33), NIPA1 (SPG6) and spastin (SPG4) genes commonly
associated with HSP and also extended to peripleatopathy (Auer-Grumbacét al.,
2005;Goizetet al., 2009;Hewamaddumaet al., 2009;lvanovaet al., 2007;Liu et al.,
2008;Schultest al., 2003;Zuchner and Vance 2006).
HMSN type V was the first complicated form of HMSdéscribed in 1968 (Dyck and
Lambert 1968). It is a rare autosomal dominant fofraxonal CMT (CMT2), characterised
by normal or slightly reduced nerve conduction e#o and lower limb atrophy, with
additional pyramidal signs typical of spastic p#&g@. Pyramidal tract involvement is
mainly displayed by spastic gait and variable tendgperreflexia manifestations. The onset
usually occurs in the second decade of life or latel the course is slowly progressive. From
a genetic point of view, no data are availableaoabout the genetic mapping of this form.
Previous studies excluded already known genedandout the rarity of the disorder and the
limited number of studies hind further genetic istwgations (Mostacciuolet al., 2000;Vucic
et al., 2003). Defining HMSN type V as a complicated foolfCMT2 or HSP, or a stand-
alone clinical entity is still matter of debate.
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1.2.6 Overlapping molecular mechanisms between HMSN and &P

HMSN and HSP primarily affect specific target tiss, that are peripheral nerves
(PNS) and corticospinal tracts/dorsal column (CNSpectively. However both HMSN and
HSP are considered progressive neurodegeneratiserddrs, with a length-dependent
affection and a possible late onset. Besides tgeamentioned common genes, many other
genes implicated solely in HMSN or HSP are instealved in similar cellular processes.
Examples of genes belonging to the same gene faemngoding proteins involved in the
same biochemical pathway or directly interactorgehlaeen reported (Figure 1.2). Common
cellular processes are membrane traffic, mitochahtlmction, myelination, axonal transport

and cytoskeletal organization (Timmernetml., 2013).
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Figure 1.2: Similar and different cellular procesgevolved in the pathogenesis of HMSN and HSP.eSen
associated with HMSN are indicated in blue and W8P in red. Common genes are in black (Timmerahan

al., 2013, with permission).

Membrane traffic

The complexity of intracellular membrane structuiefundamental to define different
compartments in neuron, its polarity, branching &b axons. Furthermore an efficient
transport from cell body to synapses and neurigesid@cessary for their maintainment.
Vesicles trafficking and membrane shaping procesarse impaired in HMSN and HSP. In
HMSN mutatedRAB7A andDNM2 genes code for RAB GTPases that play a key rothan
vesicle formation and transport. Mutated SH3TC2 SHdPLE proteins interact with other
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proteins to recycle endosomes and for degradatianlysosomal pathway respectively.
Mutated MTMR2, MTMRI13 and FIG4 genes encode Phosphatidyl-Inositol-phosphatases
located in the endosomes of Schwann cells. Furthkrmmutated frabin HGD4) and
ARHGEF10 are GTP/GDP exchange factors of Rho GTéesplicated in the myelination
and cytoskeleton maintainment.

In the same way, HSP genes code for transmembresteins involved in membrane
trafficking. Reticulon2, spastin, atlastinl and FHEare all involved in the endoplasmic
reticulum (ER) shaping; strumpellin acts to shapdosome, spartin for lipid droplets and

lysosome shaping.

Mitochondrial dynamics

Dynamics of fusion/fission of mitochondria detenmitheir morphology and size, but
also regulate their distribution and function. Mitendrial distribution and transport along
the long axons play a primary role in the energngport up to distal parts. Neurons are
particularly vulnerable to mitochondrial dysfunetsobecause they require a high metabolic
rate even in distal terminations and ATP is produoeainly by the mitochondrion. In
addition, mitochondria are fundamental for the pausurvival because they synthesise key
metabolites, buffer calcium and protect againstlattve stresses. In HMSN, mutated MFN2
and GDAPL1 proteins impair mitochondria fusion/fissileading to defects in the transport
and energy production. In HSP, paraplegin AAA ATégmrticipates in protein quality

control of misfolded proteins, similarly to the oghondrial chaperone HSP60.

Myelination

Myelin sheaths around the axons allow their insutaand the proper action potential
conduction. Schwann cells in the PNS and oligodandes in the CNS are responsible for a
correct myelin production. For instance, causalegefor HMSN code for PMP22 and PO
myelin proteins of Schwann cells. Moreover, conn8giof gap junctions and periaxin for the
Schwann cell-axon contacts can be also mutated.atMos in EGR2 and SOX10
transcription factors regulating the expressiotheke four proteins have been also identified
in HMSN. Similarly in HSP, mutated PLP1 and FA2Hoigins play a role in the CNS
myelination, and even the intercellular communaaitan be involved in the pathogenesis of

HSP disorders with mutations in the connexin 47 jgaption protein.
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Cytoskeleton stability and motor proteins

The neuronal intracellular transport is essentalsupply the axon with newly
synthesized molecules and for anterograde transgonturotrophic factors and damaged
organelles. The neuronal transport requires funatiomotor proteins and cytoskeletal
network. For instance, NEFL protein that plays adamental role in the intermediate
neurofilaments assembly and transport, and tuplllifor microtubules stabilization are
mutated in HMSN. Other mutations in dynactin-1emtctor of dynein for the retrograde
axonal transport, have been associated with HMSiKewise in HSP, spastin protein
catalyses the microtubule severing and KIF5A kimdss essential roles in the anterograde

axonal transport.
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2. AIM OF THE RESEARCH

This study aims to identify and, whenever possibl@ctionally characterise genes
causing highly heterogeneous forms of hereditarypperal neuropathy. With the purpose of
shedding light on the genetics of these diseases,families affected by complex forms of
hereditary peripheral neuropathy and showing noatiarts in already known disease-genes
have been examined. Three of these families displayautosomal recessive mode of
inheritance and one family presents an autosonmalrdnt transmission.

The identification of novel genes is performed bsing a comprehensive strategy of
traditional approaches coupled with the next-gamara approach of whole-exome
sequencing. Linkage analysis, homozygosity mappmjidentity-by-descent analysis enable
to detect candidate regions in which the diseaseessied gene potentially segregates. The
whole-exome sequencing allows to inspect the verianthe coding exons of the candidate
regions. Considering the advantage of having vegianthin the whole exome, the known
disease-related genes are also analysed and fesgeist genome-wide searches are even
conducted. The best candidate variants are seldstddtering and prioritization analyses
which allow to evaluate the possible pathogenigftthe variants. For the potential mutations,
further confirmations are obtained by meansimfsilico analyses, the study of allelic
frequencies in the specific population, the geneticeening of unrelated patients and

functional studies.
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3. RESULTS

3.1 General approach

With the aim to identify candidate genes assodiatéh the disease, the study of 4
independent families started from a genome-wideckgaerformed with SNPs and confirmed
by STR markers. For all families the most frequentlutated genes causing neuropathy and
spastic paraplegia have been screened by Sangeensug in previous studies, without
finding the genetic cause amongst the genes idehtiefore 2009.

In the current project, the candidate linkage negifound by traditional genetic mapping
strategies were better refined and less stringealyses were performed to overcome
technical and computational limits of the technig&®r the families with an uncertain
segregation, different models were taken into astoWhether a low number of genes
mapped to the linkage regions, the candidate positicloning by Sanger sequencing was the
approach of choice. The study of Family 1 is anngxa of application of this traditional
method.

In three other families (Family 2, 3 and 4) largekdge regions with many genes were
identified and the whole-exome sequencing (WESYy@ggh was used. The first sequencing
dated 2011, a more recent sequencing dates DeceR@i&. The exome analysis was
performed by the Beijing Genomics Institute (BGhiah used thégilent SureSalect Human

All Exon v4 or v4+UTRs kits for the targeted enrichment and the lllumiSaléxa) Hiseq2000
platform for the sequencing. End-paired reads afual®0 bp were obtained and aligned
against the human reference sequehg&8) (NCBI build 36.3 assembly), in order to detect
the mismatches and call the variants. The anabfsiearly 100,000 high-confidence variants
identified by WES focused on the known disease-geme on genes located in the linkage
regions. In parallel, the depth of coverage wadyard and the poorly-covered exons were
sequenced to identify undetected variants. Variavdse critically evaluated, filtered and
prioritized using information annotated in datalsassd in other in-house exomes. A
manageable pool of good candidate variants witlhitatipe pathogenicity was obtained and
validated by Sanger sequencing. The approach tifige recessive trait was exemplified by
the studies of Families 2 and 3, whereas the stiidy dominant trait was exemplified by

Family 4.
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3.2 Identification and characterisation of a novemutation in the SACS gene

3.2.1 Clinical picture of Family 1

This consanguineous three-generation family cofrees a little village of Northern
Italy and presents three brothers (11-2, II-3 ahd)laffected by a severe form of peripheral
neuropathy and spastic paraplegia. All family meralveere seen as adults by Dr. Pegoraro
of the Department of Neurosciences, University afiéva, except the affected brother (11-2)
who died before the study for lung cancer, but reperted to have the same gait disturbance.
The age of onset was about 20 years. The patieasemted mild hand muscle atrophy and
distal hypotrophy of the lower limbs, with bilaterBabinski sign and foot deformities
including bilateralpes cavus and hammer toes. Progressive lower limb spastwitly foot
drop, incontinence and hyperreflexia were also ldisgal. Electrophysiological studies and
nerve biopsy revealed the presence of a severphgeal sensorimotor neuropathy with
mixed axonal and demyelinating findings. The musatgsy showed a normal mitochondrial
histochemistry and fibre type grouping, suggesaing-innervation process. Brain magnetic
resonance imaging (MRI) showed non-significant emmk of cerebellar and spinal cord
atrophy. Moreover, ocular fundus appearance wasmalorwithout retinal nerve
hypermyelination.
The analysis of the pedigree suggested an autosmuessive way of inheritance of the
disease. Affected sib’s healthy parents were secondins and the recurrence of the clinical
phenotype was observed only in the second generatithout finding any manifestation in

other generations.
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Figure 3.1: Pedigree of family 1.
3.2.2 Preliminary results
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The first studies on this family excluded mutasoon the disease-genes most
frequently associated with similar clinical pictsrecludingPMP22, SPAST, ATL1, SPG7
andKIAA1840. Considering the presence of a severe peripherabpathy, theMFN2 gene,
responsible for the most common form (20-30%) afreat CMT type 2 (CMT2A), was also
analysed (Ortega-Roldagt al., 2013). Interestingly, a heterozygous missense tisuiien
(c.749G>A, p.Arg250GIn) was identified in the prada(ll-4) and in two asymptomatic
subjects (I-2 and 11I-2) but not in the affectedtter (11-3). Despite the specific mutation was
already identified in literature (McCorquodadeal., 2011;Zuchneet al., 2004), c.749G>A
substitution did not co-segregate with the diseaskit was unlikely to be the primary cause
of the clinical phenotype in this family. In addmi, this variant has been recently reported in
EVS database at the heterozygous state in 4 066@8 human genotypes and in dbSNP
database as polymorphism (rs140234726). Accordirniglypathogenic role in CMT2A needs
further confirmation.

The presence of a novel disease gene was investigpgta whole-genome scan. The analysis
was first performed by using 368 STR markers ams$asguently by genotyping over 200,000
SNPs (lllumina Human CNV370-Quad platform). Copymiuer variant analysis did not
identify any candidate chromosomal deletion/dupicca (>10 kb) and all genes andci
already associated with this phenotype were exdube linkage analysis. However a
maximum linkage signal on chromosome 13q12.1-q1%&2 highlighted. The LOD score
value (2.58) was not significant but the only onefamed in the analyses with different SNP
sets. It was close to the theoretical maximum vahae this relatively small family could

generate in the case of linkage.

3.2.3 Candidate gene screening

The haplotype reconstruction on chrl3ql2.1-ql2zd2firmed and better refined a
large homozygous region of 1.6 Mb (312 consecutimenozygous SNPs) which co-
segregated with the disease. The critical inte(xal2868337; rs7997447) contained only 5
genes:SGCG already associated with muscular dystrod®CS associated with the spastic
ataxia of Charlevoix-Saguenay, non-coding RNINC00327, TNFRSF19 involved in the
embryonic development amdiPEP implicatedin the proteirmaturation. Th&&ACS gene was
considered the best candidate as it is alreadyc@ted with a neurodegenerative disease.
Direct sequencing of the entire gene identifiedissense substitution (c.11,104A>G ), which
leads to the p.Thr3702Ala amino acid change. Thissttution co-segregated with the

disease in the family: both available affectedqués (lI-3, 11-4) were homozygous, whereas
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their parents (I-1, I-2), the unaffected brothét5)l and the two unaffected nephews (lll-1,
[1I-2) were heterozygous. Furthermore, haplotypmnstruction allowed to infer the status of
the third unavailable affected brother (deceasdyesti|l-2) who could be homozygous for
the mutation (Figure 3.2). The ¢.11,104A>G variamais not present in the NHLBI Exome
Variant Database amongst 6503 exomes, nor in tB@ Bknomes data set, nor in dbSNP
(build 137) neither in LOVD, HGMD, Uniprot and CWar databases which annotate disease
mutations. In addition, by tri-primer ARMS-PCR (&lé Refractory Mutation System PCR) it
was excluded from 700 control chromosomes from ot Italy.
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Figure 3.2: Haplotype on chr 13g12.1-q12.12. Chreonees in red bear the 1.6 Mb region (limits poiriigd
black arrows) co-segregating with the disease, a/tte@SACS gene carries the ¢.11,104A>G mutation.
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3.2.4 Insilico analyses

SACS (NM_014363.5) was considered the best candidate g¢ the chrl3gl2.1-
g12.12 linkage region as it has been already am®uociwith a neurodegenerative disease
(Engertet al., 2000). To date the enormous size of sacsin encpdet@in (NP_055178)
(4,579 amino acids and with the largest exon antorvgstebrates of 12.8 Kb) has
considerably hindered biochemical studies. For temson, also if more than 1@EACS
mutations have been identified in patients, very fudies have been published on sacsin
function (Duquettet al., 2013).
Considering the limits in the functional studide first investigation was performedasilico,
in order to evaluate whether the ¢.11,104A>G varculd have a pathogenic significance.
Sequence conservation was assessed by significargssobtained by phyloP, GERP and
phastCons tools, and its pathogenicity was predictey PolyPhen-2, SIFT and
MutationTaster prediction softwares.
Secondly, an assessment of whether the amino abstittion could affect the stability of
the protein structure was performed. The secondémycture of the oligopeptide where
p.Thr3702Ala falls was predicted by Jpred3, Psifaned SOPMA softwares and highlighted a
longer a-helix for the mutated sequence compared with #ierence sequence. This result
suggested that the change from a polar amino d@réanine) to an apolar one (alanine)

potentially destabilizes the sheet structure ifaxf ana-helix structure (Figure 3.3).
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Figure 3.3: The domain of sacsin protein where [8T@2Ala falls. It displays a longerhelix at 42 and 43

amino acid positions, in correspondence with théatian (Prediction by SOPMA software).

The domain where p.Thr3702Ala falls is a 75 aminm aequence (3660—-3735) presenting
35% sequence identity with the NMR structure of otErma pigmentosum C binding
(XPCB) domain of the hHR23A protein (amino acid4-2335; PDB code 1TP4) (Kamionka
and Feigon 2004). Binding experiments in mouse dhetnated that hHR23A requires the
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XPCB domain to interact with UBE3A protein and telider ubiquitinated proteins to the
proteasome (Greeat al., 2010). The interaction with the E3 ubiquitin-ligaBE3A was
speculated also for the XPCB domain of sacsin, gshbto be itself ubiquitinated and
degradedvia proteasome, or to degrade other misfolded proteimsh sacsin chaperonin
attempts to correctly fold. An inspection of theylkemino acids that are potentially involved
in the interaction with UBE3A was carried out bye®-dimensional modeling. The homology
modeling of the sacsin XPCB domain was performetH®MER server and took advantage
from the sequence similarity with hHR23A (Figuré)3.The model showed the threonine
residue at 3702 amino acid position exposed omtbiin surface, thus revealing a possible
protein-protein interaction site. Moreover, threwniand its surrounding residues are
conserved amongst vertebrates (pink colour), suigpgea key role for the interaction with
UBE3A. A confirmation was obtained by the predintiof ConSeq server which starts from
the linear amino acid sequence and automaticallgate the homologous sequences of the
database. It predicted threonine position to benc¢fional” because highly conserved and
exposed in the protein. In conclusian,silico prediction of p.Thr3702Ala is in agreement
with a potential functional effect of the mutation.

J The conservatien secale:
B:z:::c7EH
LL m P P m B Variable  Average  Comserved

E k k - Mn exposed residue according to the meural-metwork algerithm.
£ts £ £ £ f b - A burled residue according to the neural-network algorithm.

£ - A predicted functional residus (highly conserved and exposed) .
s - A predicted structural residue (highly conserved and buried).
- Insufficient data - the calculation for this site was
performed on less than 10% of the sequences.

.Figure 3.4: (A) Structural model and surface repnéstion of the tertiary structure of sacsin XPGBndin,
visualized by PyMol (cartoon and surface represimts). The threonine at position 3702 (indicatgdtte
arrow) shows localization within an exposed regiwhich is conserved during evolution across sacsin
orthologues (pink colour) as shown by the ConSudgpm. Prediction obtained in collaboration with. D
Tosatto’s laboratory. (B) Specific amino acid setpeewhere the change falls, with threonine positindicated

by the arrow) predicted to be functional by theoalhpm of ConSeq server, because highly conserved a

exposed.
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3.2.5 Studies on fibroblasts of the proband

Early studies in literature reveal&ACS transcript in fibroblasts, skeletal muscle and
brain motor system at high levels, whereas theisgostein presented a cytoplasmic
distribution with a partial mitochondrial localizatn (near to 30%) in different cell lines
(Parfitt et al., 2009). In 2012 Girard and colleagues demonstrtatsacsin is required for
the mitochondrial functionality, morphology and &dization in neurons. They explained
these findings through an imbalance between miteghal fusion and fission, probably due
to the disruption of Drpl function. In addition sacsin knockdown studies, an alteration of
mitochondrial dimensions was even indicated infibwblasts of patients homozygous for a
frame-shift SACS mutation (c.8844delT) (Giraret al., 2012). Starting from this background
of knowledge, the current study aimed to asses& soidochondrial impairment in the
fibroblasts of the proband. The experiments weréopmed in the laboratory of Dr. Chapple
(Barts and The London, School of Medicine and Bsrntj London), a collaborator in
Girard’s project. Before studying mitochondri8ACS mRNA and sacsin protein were
guantified by quantitative PCR and Western blotagssrespectively, in order to check
whether the mutation could affect the expressidre €omparison were performed between
fibroblasts derived from the proband and healthytrmis. No evident differences were found,
suggesting a normal mRNA and protein expressiorthen patients homozygous for the
c.11,104A>G variant (Figure 3.5). Moreover, fulktght protein of 520 kDaltons was
detected by Western blot, thus excluding a mutatiaifect in splicing processes and a

truncated protein.
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Figure 3.5:SACS expression assays. (A) real-time PCR analysiSAES mRNA expression in fibroblasts;
values were normalized t8BAPDH gene expression. The data represent mean + SEMBJn(B) Sacsin protein
expression detected by Western blot method.

After the confirmation of unaltered sacsin exprasdevels in patients, the mutational effect

on mitochondria was investigated by evaluating afitmdria volumes and surface areas.
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Immunostaining experiments with the antibody agaif®@M20 which labels mitochondria
were carried out for 100 mutated and 100 contlwbblasts. Fluorescenistacks acquired by
confocal microscope were volume rendered by Imadfiware, in order to obtain 3D
mitochondria as objects (Figure 3.6). First, thalgsis highlighted an increased number of
mitochondria in mutated fibroblasts. Indeed, 384fbamondria in proband’s fibroblasts and
3482 in control fibroblasts were counted. On thieeothand, the analysis of mitochondria
volumes showed a mean value of 208’ for controls and 17.4m° for mutated fibroblasts,
displaying a statistically significant decreasepnesence of the p.Thr3702Ala mutation (p-
value= 0.031). Similarly, the surface area wasiicant decreased in mutated fibroblasts (p-
value= 0.036; mean value of @ for controls and 46.fm? for mutated fibroblasts). The
opposite trend was showed by sphericity data, whaflect how well an objedits a sphere
(maximum score of 1 indicates a sphere). The maarewof 0.813 for mutated fibroblasts is
significantly higher than 0.8 of controls (p-valuB003), indicating an increased sphericity
for the more fragmented mitochondria of patients, expected. Obviously these three-
dimensional morphometry measures require furthppering evidences, however these first
findings are indicative of a higher fragmentatidmotochondria in presence of p.Thr3702Ala
sacsin mutation, whereas in control fibroblastsrthichondrial network is characterized by
a typical interconnected tubular structure. Thest@ dre in agreement with the hypothesis of

impairment in fusion/fission mitochondrial dynamics
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Figure 3.6: (A) An example of the three dimensiorahdering of mitochondria in fibroblasts, labellbyg

TOMZ20 antibody (red). Nuclei are labelled by DABIUg). Scale bar, 20 um. Box indicates the regidarged
at right (B).

(C) Histograms of volumes, surface area and sphen€ mitochondria. Non parametric Mann-Whitnegttef

medians was used for the analyses, since a nomsigaudistribution of data was confirmed by D’Agostitest
(p-value<0.05). Error bars represent standard ;eome asterisk indicates a p-value<0.05, two asdterindicate

a p-value<0.01.

Concluding, the findings obtained by the study of Bmily 1 seem consistent with the
pathogenicity of the novel variant c.11,104A>G ideified in the SACS gene. They
suggest a role of the mutated sacsin protein in thpathogenic mechanisms underlying

the clinical picture of peripheral neuropathy and gastic paraplegia.
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3.3 Identification of SIGMAR1 and SGK223 as candidate genes associated with distal
Hereditary Motor Neuropathy

3.3.1 Clinical picture of Family 2

This consanguineous family comes from a smallisoldted village of Southern lItaly,
with a reported high rate of inbreeding. A detaidethmnesis of the whole family enabled to
reconstruct a complex, seven-generation pedigras.family presents four affected subjects,
and amongst them the patient VII-1 refused the tienevestigation. Clinical data were
collected by Dr. Cavallaro at the Hospital of Vesprand Dr. Tessarolo at S. Camillo-
Forlanini Hospital of Rome, who diagnosed a distateditary Motor Neuropathy (dHMN).
Even if the clinical hallmarks of lower limb wealgseand bilatergbes cavus seemed shared
by all patients and suggested a dHMN clinical piet@ more detailed diagnosis highlighted
differences between the affected subjects V-3, i@y symbols in the pedigree of Figure
3.7) and patients VII-1, VII-2 (black symbols inettpedigree). Subjects V-3 and VI-6
displayed a late-onset peripheral neuropathy (nal #ind second decade respectively), with a
clinical picture characterized by lower limb weaksend atrophy, denervation of muscles,
reduced osteotendinous reflexes and mild disfagiactrophysiological studies and nerve
biopsy confirmed the diagnosis of dHMN. On the othand, two other patients (VII-1 and
VII-2) showed an earlier onset (in the first decafidife) and more severe clinical features,
with even proximal signs, atrophy of the upper lanbbsent osteotendinous reflexes and a
reduced motor conduction velocity with proximal dantion blocks (not altered in patients
V-3 and VI-6).
The analysis of the pedigree suggested an autos@oeésive mode of inheritance for the
disease. Three consanguineous marriages (betweénaihd V-3; IV-2 and IV-3; VI-1 and
VI-2) with a clear kinship between spouses werewsth) except for the union between
individuals VI-3 and VI-4. Even if cases of incora@ penetrance have been already reported
in literature for dHMN, an autosomal dominant tramssion seemed less likely in this

consanguineous family.
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Figure 3.7: Pedigree of Family 2. Differently caled symbols indicate distinguishable clinical pieti

3.3.2 Preliminary results

Over the previous years, the most frequently mdtgenes for dAHMN forms and for
phenotypically overlapping forms of SMA and HMSNe(HSPB1, HSPB8, GARS, BSCL?2,
IGHMBP2, SETX, DCTN1; SMIN1 for SMA, PMP22 andMPZ for HMSN) were excluded by
direct sequencing of genomic DNA. First linkagedsts by using STR markers excluded also
the already knownoci for recessive forms of dHMN (11913 for dHMN 1111413.3 for
dHMN VI and 9p21.1-p12 for HMN-J). The presence afnovel diseasdocus was
hypothesized and it was investigated by a wholegen scan. Homozygosity mapping
identified a candidate 1.1 Mb region on chromosdriel2 (N11S409754; N11S23943), the
only candidate region shared by all three patiemslable (V-3, VI-6 and VII-2). In this
region, only the 5-UTR of th&. RRCAC gene, encoding NGL-1 protein, maps. Direct
sequencing did not identify any variant co-segriegatith the disease and unmasked a false-
positive autozygous region (identical-by-status) \ii-2. A high-density genome-wide
linkage analysis was thus performed with over 180,8NP markers (Affymetrix Mendel
Nsp 250K chip) distributed evenly across the genofte multipoint linkage analysis was

carried out by assuming an autosomal recessive Ioite95% penetrance and disease allele
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frequency of 0.0001. Since the analysis excludedramon genetic cause amongst all three

patients, the model with two distinct genetic causas considered.

3.3.3 Analysis of two nuclei

The lack of shared candidate regions and the pcesef two distinguishable clinical
pictures led to the exclusion of a common genedigcse among all patients. Moreover, the
family originates from a little village and the hignbreeding increases the probability that
more disease alleles can segregate in the samby f&mi these reasons the whole family was
splitted into two nuclei (Figure 3.8) by takingonaccount the patients with a more similar
phenotype. The nucleus with V-3 and VI-6 patienssanalysed separately from the nucleus

with the two more severely affected subjects VHrd VII-2.

Nucleus 1

Vi

Vil

[ ] () Healthy individuals W  Proband
® [ @ Affected individuals e Available DNA

Figure 3.8: Pedigree of Family 2 was splitted idtouclei on the basis of the phenotypes.
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3.3.4 Study of nucleus 1

3.3.4.1 Homozygosity mapping

For identifying the disease-gene in this littlensanguineous nucleus, the traditional
homozygosity mapping approach was used to identfydidate regions co-segregating with
the disease. Indeed, affected individuals are dgdeto share the mutation and the
surrounding regions in an autozygous state bedaaisemitted as identical by descent (IBD)
by both consanguineous parents. The analysis of,0060 SNP genotypes with
HomozygosityMapper software highlighted 14 homozgyaegions shared by the two
affected subjects (V-3 and VI-6) with a homozygpstore higher than 0.8 (probability of
homozygosity compared with control haplotypes o tBEPH collection of the HapMap
project) (Figure 3.9). For each of these peaks,h#yglotypes were evaluated in order to
exclude regions shared by healthy subjects (V-&, W~6, VI-4 and VI-5). Through this
analysis, two candidate regions were obtainedirttegval on chromosome 11p12 previously
identified and already excluded by direct sequemcamd a novel candidate region on
chromosome 8p23.1-p22 (Figure 3.9 and Table 3.1).

chr8p23.1-p22  chr11p12
o

Figure 3.9: Graphical representation of the homozity regions obtained for the two patients of rusl1. Red

Chromosomes

bars indicate the most promising genomic regiorsvatihe threshold value (0.8). Candidate regiotescts

after the haplotype evaluations and segregatiomdreated by the two arrows.
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Table 3.1: Candidate regions selected after hapdogvaluations. For each region the chromosomatiqs
(hg19 release), flanking SNP markers, total vatidaRefseqs and OMIM genes mapping to the regiore wer
annotated.

Haplotype reconstruction of chr8p23.1-p22 regionnfgal out a telomeric recombination
event occurred at SNP_A-2207444 in previous gelneigtand transmitted to both patients
(II-2 and 11I-4 in Figure 3.10) by their healthytlfers (I-1 and II-1 respectively in the
haplotype). This crossing-over defines the telomdéimit at 17.16 cM corresponding to
6,734,409 genomic position. On the other handrécembination event occurred in patient
[I-2 at SNP_A-1911827 defines the centromeric liati26.05 cM (chr9: 12,964,191 genomic

position). It is interesting to note that the patidl-4 displayed downstream a more extended

Chr from (bp) to (bp) from SNP to SNP Mb Total RefSeqs
8 6754919 | 12718090 rs2738148 rs6997599 5.96 12
11 | 39300178, 4036955y rs10837188 rs11035Y¥93 1,06 1
total 7.02 121

homozygosity than his affected mother (lI-2).
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A less stringent homozygosity mapping was perforioedhe 2 patients separately in order
to overcome any limit due to genotyping errors &rddentifying also very narrow regions.
It must be considered that a far common ancestoriroply many possible recombination
events in previous meioses and the presence of simaled regions. Moreover, given the
complexity of this family, the alternative hypotie®f transmission with one patient in
homozygous state and the other one compound hgtgrez in the same gene was
investigated by this analysis. It is interestinghtie that two narrow regions were identified
on chr7g33-g36.2 and chrl12ql12 and were shared thydadients (Table 10 in Appendix E).
For a complete inspection, all shared/not sharedidate regions were considered during the

subsequent analyses of the variants identifiechbyekome sequencing.

3.3.4.2 Whole-exome sequencing

Considering the large number of genes mappinght dandidate homozygosity
regions (more than 120 genes for shared regionsharé than 1000 genes for not shared
regions), the identification of disease-causingatiabs in the nucleus 1 was carried out by
the whole-exome sequencing approach (WES). Exonmuma and sequencing were
performed by the BGI for the two affected indivitki®-3 and VI-6 (more technical details in
Materials and Methods).

3.3.4.3  Statistical evaluation of the performanceof patients V-3 and VI-6

First the performance of the WES technology appieethese samples was evaluated.
To address this, the critical steps of exome captliere withAgilent SureSelect Human All
Exon v4 kit), sequencing (oflllumina-Solexa NGS platform) and read alignment (by
SOAPaligner/SOAP2 program) were considered. The specificity of teehhique is mainly
due to the target (50 Mb) enrichment and the rdigdraent steps. The percentage of 90-bp
reads that mapped to target regions was about 62%oth subjects, whereas the uniquely
mapped reads were 81.5% for V-3 and 84.7% for \{(im@re data in Appendix F). These
relatively low percentages of good-quality data evexpected for an exome sequencing
performed in 2011 since the technique still reqliimprovements.
The read depth was one of the most relevant paeas#iat were taken into consideration
(number of reads mapping to a single genomic moyitiSince a high inter-exon and intra-
exon variability was observed, the mean values/af @nd 91X read depth for V-3 and VI-6
individuals respectively should be regarded ascatdre only. A more interesting parameter
was the coverage of the target regions, that igptreentage of target regions covered by a
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certain read depth. 97% target regions was coveiidd at least 1X read depth in both
samples, conversely a more desirable read depthive dbe threshold of 10X and 20X, which
contributed to a higher confidence of the variailts¢ displayed lower coverage values. With
a threshold of 10X read depth, only 87% (V-3) ai®d580 (VI-6) of target regions were
covered, whereas 79% and 81% respectively withranmim of 20X read depth. The subject
VI-6 obtained higher values of sequencing depth@amdulative read depth as showed in the

graphs of Figures 3.11 and 3.12.
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Figure 3.11: Histograms of distributions for secgieg depth in target regions.
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Figure 3.12: Cumulative distributions for sequegaiepth in target regions.

3.344 Single Nucleotide Variants (SNVs) and indehnnotation

The final set of high-confidence variants obtaibgdhe exome sequencing and called
by SOAPsnp program was annotated in the followelglets (Table 3.2 and 3.3). A high
confidence was established on the basis of thenmaindistance from another variant to avoid
error-prone nucleotide stretches (5 bp), a minindof read depth and a Phred-like quality
score higher than 20.
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Categories of SNVs Patient V-3 | Patient VI-6

Number of genomic positions for calling SNV's 134752579 @ 135216361
Total number of high-confidence SNVs 84213 90776
Homozygous 30959 32804
Heterozygous 53254 57972
Intron 50682 55690
Intergenic 1347 1584
5-UTR 3169 3374
3-UTR 4043 4493
Synonymous 10148 10359
Splice sité& 2472 2539
Missense 12122 12510
Stop codon abolishing 54 59
Nonsense 176 168

Table 3.2: High-quality SNVs annotated in gmp.filter.gff file. (1) Capture target regions and its 200bp
flanking regions; (2) Intronic SNPs within 10bpexfon/intron boundary.

Categories of indels Patient V-3 | Patient VI-6
Total number 6780 7168
Total insertions 3215 3434
Total deletions 3565 3734
Homozygous 2761 2845
Heterozygous 4019 4323
Intron 5102 5416
Intergenic 61 66
Promote(1000bp upstream) 22 32
5-UTR 278 305
3-UTR 415 445
Non-frameshift 175 181
Splice site 404 395
Insertions in coding sequence 242 250
Deletions in codingequence 256 259
Frameshift 323 328

Table 3.3: Indels annotated in timelel .gff file.

The higher number of variants in the subject Vignpared with V-3 reflects the higher
coverage seen beforehand. It is interesting to ti@ethe number of total high-confidence
SNVs is higher compared with other data in literatgAbecasist al., 2012). More than

80,000 SNVs are reported here, whereas an exomigooft 30 million nucleotides commonly
contains 25,000 high-quality SNVs. The reason ésiticlusion of all the SNVs in the 200bp-

flanking regions in this analysis. Without introndaintergenic variants, the total number of
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coding/splice site variants detected here beconmesas to other studies. For the current
study, the analysis started from the entire pooheérly 100,000 total SNVs and indels
annotated in *.snp.filter and *.indel.gff files,dosing on the most probably pathogenic indels

and non-synonymous SNVSs.

3.345 Variants in disease genes and loci and CNwalysis

All known disease-genes and loci implicated in diMs well as all genes annotated
in OMIM database and associated with similar phgres were analysed for WES variants.
Variants in coding exons and close to splice sitese firstly considered. Their potential
pathogenicity was evaluated by taking advantag¢hefavailable information on variants
already annotated in databases and on known oricpedd functional domains. No
homozygous variant calls shared by both patientg wkentified. A further investigation for
compound heterozygous or hemizygous traits waspedd and highlighted 4 variants in the
PLEKHG4 andABCD1 genes (Table 3.4).

Candidate Variant call Variant call Predicted Allele CeiiiEen

Chr Ay r— V-3 VI-6 Effect frequency Haplotype Functional Role by Sanggr
sequencing
16 PLEKHG4 C(ref)13/G7 C(ref)10/G3 Missense Novel False Positive
€.1658C>G (Q=32) (Q=0) tolerated variant call
Combination of | pt EKHG causes SCA31
16 PLEKHG4 G(ref)5/TO G(ref)6/T3 missense Novel excluded from (AD) False Positive
€.1986G>T (Q=35) (Q=32) damaging variant unaffected Rho GTPases pathway fo call

subjects cytoskeleton dynamics

16 PLEKHG4 C(ref)32/T12 | C(ref)22/T24 Missense

€.3190C>T (Q=99) (Q=99) damaging
Rs, noin
EVS Cause of
ABCD1 G(ref)8/A4 G(ref)3/A5 missense not Not informative False Positive
X | ¢1823G>A (Q=63) (Q=32) damaging | validated (few SNPs) | Adrenomyeloneuropathy, call
’ ' adult (X-linked,Recessive)
unknown
frequency

Table 3.4: Filtered SNVs found in genes annotate@MIM and related to neurodegenerative disordéasiant
calls are expressed with number of reads for ebele dref=reference allele) and Q=Phred-like quadicore of
variant call. Homozygous and compound heterozygalis were considered. AD= autosomal dominant, AR=

autosomal recessive, SCA= spinocerebellar atax@ B= distal spinal muscular atrophy.

3 out of 4 variants were not confirmed by Sangeusacing, highlighting the presence of
false-positive calls even after the filtering faradjty. Heterozygous genotypes seemed to be
more error-prone than homozygous ones as the baokgmoise can be misinterpreted as an

effective heterozygous allele, mainly for callstwé low read depth. The remaining fourth
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variant ¢.3190C>T ilPLEKHG4, heterozygous in both patients, also segregatedhiealhy
subjects. Therefore, all variants mapped to diseaseOMIM genes, and loci implicated in
dHMN were excluded or could not explain alone tisease.

The whole SNV dataset from the exome sequencing aksxs analyzed by the BGI using
Copy Number Inference From Exome Reads (CoNIFEBRgnam. A total of 11 copy-number
variants (CNVs) were identified (>1.5 kb), but noofethem was shared by the 2 affected
subjects (Table 17 in Appendix G).

3.3.4.6 Variants in the candidate region chr8p23.p22

The exclusion of the known disease-related suggested the presence of a novel
disease gene. For this reason the analysis of VAESNs was performed for the candidate
homozygous regions detected before. The candidgag®r on chromosom8p23.1-p22
which was shared by the two patients and contalr&xigenes, was characterized by a high
number of pseudogenes, paralogs and genes belotwiggne families. For instance, the
DEF genes encode defensin proteins belonging to tméyfaof microbicidal and cytotoxic
peptides for host defense. However, they seemeitelnlto be the primary cause of the
neurological clinical phenotype in this family. Wnfunately other genes with a more
interesting function such a$SP17L (ubiquitin specific peptidase) artNF205 (zinc finger
protein) showed many paralogs and pseudogenescéAsgsgaquence, several reads mapping to
multiple regions led to a high number of false pesicalls in these genes. Parameters of read
aligners, even if restricted and with maximum 3tated mismatches, cannot prevent this
problem. In order to address this issue, a multygglguence alignment of théSP17L and
ZNF205 genes, with their corresponding pseudogenes armadoga were performed, enabling
to identify and exclude all variants mapping tonthe
The analysis of the remaining variants in the cBBp-p22 region started from a manageable
pool of 221 SNVs and 4 indels for patient V-3, andm 232 SNVs and 5 indels for
individual VI-6. Amongst these variants, a totalZ4d and 81 for V-3 and VI-6 respectively
were prioritized because in coding exons and dossplice sites. After the filtering process
only one variant in th&GK223 gene (NM_001080826, chr8: 8234390 in hgl9 releass)
identified as putative disease-causing. Since & pr@sent only in one of the two patients, a
further inspection of *.snp file containing all ragalls was carried out. Surprisingly, the
analysis highlighted the same variant also in #eosd patient (Table 3.5).
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Chr Candidate Variant call Variant call Predicted Allele Merallei Functional anfgr:r?tlgrn
Variant V-3 VI-6 Effect frequency plotyp Role Y 9
sequencing
8 GK223 A(ref)0/G5 A(ref0/G10 Missense Novel E’ﬁ‘;‘:;‘itggm Rho GTPases o
€.1529T>C (Q=6) (Q=26) tolerated variant subjects pathway Y

Table 3.5: Filtered SNV found in genes of the 84a®2 homozygous candidate region. Variant calés ar
expressed with the number of reads for each altefereference allele) and Q=Phred-like qualityrscof the

variant call.

It is interesting to note that this was due to lthe quality score (Q = 6) of the call in the
patient V-3, which led to its exclusion from *.sfiper file. The ¢.1529T>C substitution has
never been identified before in variant database$ Sanger sequencing confirmed the
homozygous status in both patients.

Homozygosity regions separately detected for the gatients were even investigated by the
same analysis, and the two found candidate vanaaits excluded (Table 11 in Appendix E).
Specifically, these genes displayed interestingctional roles and the variants were
annotated in the variant databases with low afielguencies. It seemed reasonable to take
into account also rare polymorphisms given thatvleant databases could collect healthy
subjects that should display a late-onset phenatypiee future. However, these two variants
could explain the trait of only one patients andrevenot homozygous or compound
heterozygous in the second one.

Therefore, this analysis highlighted t88K223 ¢.1529T>C homozygous substitution shared
by both patients as the only good candidate thateatan explain the disease in nucleus 1.
This finding was further enforced by the exclusiminall high-quality variants within the

whole exome. Indeed, for this purpose all variafthe final *.xlIs file were even analysed.

3.3.4.7 Coverage analysis for the chr8p23.1-p22 adidate region

In order to enforce the hypothesis of causalit}hefSGK223 ¢.1529T>C substitution,
the exclusion of all other possible variants in8@#3.1-p22 candidate region was carried out.
Indeed, false negative calls are heavily influenbgda poor sequence coverage. The read
depth within the region was analyzed through tiseialization of the read alignment by NCBI
Genome Browser and MapView tool. On the basis afiyr@bservations, a read depth under
10X was arbitrarily evaluated insufficient to acately call homozygous or two compound
heterozygous mutations, or to pinpoint a falsetp@scall (Figure 3.13 and Table 3.6).
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300 | 91% 92%

V-3 | VI-6
s Total coding exons | 298 | 298
200 - High coverage depth
g (>10 reads) 272 | 275
g 150 - Low coverage depth
V-3
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Figure 3.13: Depth of coverage per exon, on chr8pp22 region. Y-axis indicates the number of cgdirons;
the correspondent percentage is indicated abovbl b@togram bar.Poorly-covered coding exons were

annotated for each patient. Table 3.6: Exons foh eategory of coverage depth on chr8p23.1-p22negi

This analysis allowed to highlight problematic @t that were not captured by probes or not
well-sequenced. The first finding was a comparabéel depth for both subjects with slightly
higher values in VI-6, turning out in agreementhnihe above-mentioned statistical WES
data. However, the coverage over 10X read depthiwaoved for this specific region (91%
and 92% for V-3 and VI-6 respectively) comparednwWWVES data (mean value 88%). The
capture kit appeared adequately designed for dihgoexons, with a capture efficiency that
showed little variability between samples. Interegy, only a small portion of the coding
exons characterized by a GC content >60% or <40%mae difficult to capture.

On the basis of the gene function, the poorly cedexxons were prioritized and selected for
direct sequencing in order to identify potentiallyt-detected variations. Table 3.7 reports the

analyzed exons together with the new variants ifiett
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Gene and Exon

Gene function

Expression
(Gene Cards)

Variants

Comments

SGK223 _exon2

Tyrosine-protein kinase
cytoskeleton regulation

High levels in
nervous systenm

rs150979349

€.1050_1051insAGCGGC

unknown frequency

even in related and
independent healthy

individuals

SGK223_exon5

Tyrosine-protein kinase
cytoskeleton regulation

High levels in
nervous systenm

RP1L1_exon4

microtubule

Also in brain

polymerization

mMRNA Exonucleasel,

Also in nervous rs2288672 (MAF>1%)

ERI1 exonl histone mRNA_decay system 1$28510464 (MAF>1%) Only polymorphisms
after replication
ADP-Ribose
TNKS_exonl Polymerase, Also in brain - -

vesicle trafficking

cell trafficking, notably AISO in NEIVOUS
of the Schwann cell; - R

NDRG1_exonl6 system
causes CMT4D y

Table 3.7: Poorly-covered exons selected for Sasgguencing with the relative information and watsa

eventually detected.

Besides the two high-frequency polymorphism&Ril gene, the homozygous rs150979349
6-nucleotides insertion was identified in the s&®K223 gene where the candidate variant
was detected by the WES. The hypothesis of a pathogffect exerted by the co-occurrence
of these two homozygous variants exclusive of thpaflents was also supported by the
presence of the same insertion with a second synouy substitution in another dHMN

patient (data of Genomes Management Applicatioluege, with data from patients with

neuromuscular disorders and unidentified genetias€n This insertion was annotated
without allele frequency data and by several subiois, suggesting a certain frequency in
the population. On the contrary, its mapping tdedént positions in a tandem 6-nucleotide
repetition corroborated the hypothesis of a veme rfrequency. The involvement of this

second variant in the disease was subsequentlydediby a genotyping study of healthy
controls, where a high frequency was found. Connolydalso this analysis excluded other
candidate variants, thus enforcing the hypothesisanisality of theSGK223 ¢.1529T>C

missense substitution in the disease.
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3.3.5 Study of the nucleus 2

In this second nucleus the DNA samples of thebedinch of the pedigree were not
available for the current study. However, the infation about the consanguineous marriage
between VI-1 and VI-2 subjects corroborates theobygsis of a recessive mode of
inheritance of the disease. Considering also tHa? ¥nd VI-3 are brothers and that they
should carry the same disease allele, this data ¢fa idea to verify the consanguinity

between VI-3 and VI-4 spouses that was only repldotg not confirmed.

Nucleus 2

] (O Healthy individuals W  Proband
@ [ @ Affected individuals . Available DNA

Figure 3.14: Pedigree of the nucleus 2 of Family 2.

3.35.1 Homozygosity mapping

As for the nucleus 1, the recessive trait was istudy using the genome-wide
homozygosity mapping approach. The analysis of BDSNP genotypes identified a high
number of homozygous regions in patient VII-2 aotl shared by the healthy brothers VII-3
and VII-4 (Figure 3.15). For each of these regiomaplotypes were compared with the
healthy sibs and evaluated for possible genotypimgaerrors. The 11 candidate regions
identified are listed in Table 3.8.
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s

Figure 3.15: Graphical representation of homozygosigions obtained for patient VII-2 of Nucleus Red

Chromosomes

peaks indicate the most promising genomic regions.

Chr | from (op) to (bp) from SNP to SNP Mb Total OMIM OMIM genes a_ndloc_l for recessive
RefSeqs| genes neurological disorders
1 75263485 76401812 rs196911j1 rs1770887 114 i ik -
2 82286435 83378207 rs17642475 rs1430271 1.09 L 1 -
3 8046509 8601764 rs3902639 rs76393¢3 0|55 2 -
6 53292013 53876547 rs4715392 rs1409101 0.58 3 ik -
6 90651785 | 92241291 rs210052 rs10498974 159 y - -
6 | 97234028| 99150601 rs1854269  rs7776418 1,93 4 1 NDUFAF4 for Mitochondrial complex |
deficiency
63999561 65448437 rs6994076 rs12056691  1.45 4 - -
8 76140789 | 77390676 rs1351225 rs6985886 125 Y - -
- APTX for Ataxia;
- BAGALTL for disorders of
glycosylation;
- SGMARIL for Juvenile amyotrophic
lateral sclerosis 16;
O | 30504340| 38362713 rs17775810 rs1022770 786 95 19 - SPGAsfor Hereditary Spastic
Paraplegia;
- GNE for Inclusion Body Myopathy-2
and Nonaka Myopathy;
- EXOSC3 for Pontocerebellar hypoplasia
1B
- DHMN-J locus for Jerash type dHMN
11 13886922 15220073 rs1827516 rs1540151 1.33 D 2 -
11 | 123880722 124345791 rs4936879 rs10431091 (.46 P - -
total 19.03 130

Table 3.8: Candidate regions identified after hggde evaluations. For each region the chromosomsitipns
(hg19 release), flanking SNP markers, total vaidaRefseqs and OMIM genes mapping to the regiore wer

annotated.
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3.3.5.2 Identical-By-Descent (IBD) analysis

The kinship between VI-3 and VI-4 spouses was sa&sk by Identity-By-Descent
(IBD) analysis. This approach estimates the prdibatof sharing alleles identical by descent
(IBD) between pairs of subjects. Starting from abé4,000 genotypes of SNPs that were in
approximate linkage equilibrium with each other,lyomne region displayed an IBD1
probability close to the maximum of 1 within thehole genome (Figure 3.16). This
chromosomal segment maps on chr9p21.1-p13.2 asdikely to be inherited by VI-3 and

VI-4 from a distant common ancestor.

Chr9

NN A

0.000C2 0.00004 0.00005 0.00002 0.0001 0.00012 000014
Mb

Figure 3.16: The IBD1 analysis between patient'septs (VI-3 and VI-4) identified an unique peak on
chr9p21.1-p13.2. This peak reaches the maximumgpibty (value of 1) of this analysis.

Interestingly, the shared IBD1 region was transeditby the two analysed individuals
exclusively to their affected daughter (IV-1 in thaplotype of Figure 3.17) and corresponded
to one of the homozygous regions identified in fhrevious analysis. The haplotype
reconstruction shows the recombination event irffaoged patient’s sister, which defines the
telomeric limit of the homozygous candidate reg{an the haplotype SNP_A-1933680 at
61.33 cM). Centromeric limit is instead defined hyrecombination event occurring in
patient’s father (in the haplotype SNP_A-181276T@l3 cM).

It is noteworthy that this autozygous region oveslavith a locus previously associated to a
rare form of dHMN termed Jerash type (Table 3.8)r(€odoulouet al., 2000)
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Figure 3.17: Haplotype segregation on chromoson2d 9pp13.2. The disease haplotype is in black, the

candidate homozygous region shared exclusivelheyttient is indicated by the box.
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3.3.5.3 Whole-exome sequencing

The identification of potential disease-causingtatians in the 95 genes mapping to
the chr9p21.1-p13.2 candidate region was carridgdbguthe exome-sequencing approach.
When this analysis was performed, WES data werga#e for the affected individuals V-3
and VI-6 of nucleus 1. Considering the haplotypgregation reported in Figure 3.17, these
individuals carried in heterozygosis the IBD segmektcordingly, heterozygous variants
shared by both patients were searched on WES Qat@ecember 2013, the high-coverage
WES (at least 100X read depth) of patient VI-2 vpesformed in order to get further
confirmations and exclusions. UTR regions were atetuded in the analysis by using the

Agilent Select Human All Exon v4+UTRs kit for the target enrichment.

3.354 Variants in the candidate IBD region on cl#p21.1-p13.2

WES variants of the subjects V-3 and VI-6 wergeétded in the IBD region paying
particular attention to the genes underlying neegatherative and movement disorders with
recessive transmission. Amongst them, ARX gene is associated with a form of ataxia;
BAGALT1 with disorders of glycosylatior8 GMARL underlies Juvenile amyotrophic lateral
sclerosis 16 3PG46 is associated with Hereditary Spastic Paraple@NE with Inclusion
Body Myopathy-2 and Nonaka Myopathy, amKOSC3 resulting in Pontocerebellar
hypoplasia type 1B (Al-Sa#t al., 2011;Dateet al., 2001;Eisenbergt al., 2001;Hanssket
al., 2002;Martinet al., 2013;Wanet al., 2012). Filtering and prioritization steps allowtx
identify one highly candidate variant in tBEGMARL gene (34,637,027 genomic position in
hgl9 release) (Table 3.9).

’ ) . ’ Confirmation
Candidate Variant call Variant call Predicted Allele )
Chr - V-3 VI-6 Effect frequency Haplotype Functional Role by Sanggr
sequencing
Homozygosit ER intracellular
SIGMARL C(ref)11/G9 | C(ref)12/G18| Missense . ygosity receptor,
9 - - . Novel variant exclusive of yes
c.412G>C (Q=99) (Q=99) damaging : nervous system
patient VII-2 d
evelopment

Table 3.9: The best candidate SNV found in the axome-sequenced patients, heterozygous for the IBD
candidate region of patient VII-2. Variant callse aexpressed with the number of reads for eacheallel
(ref=reference allele in the genome) and Q=Phidesl-fjuality score of the variant call. ER=endoplasmi
reticulum.S GMARL showed the complementary alleles in the genomee gime transcript is oriented on minus
strand.
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All undetectable variations (SNVs, indels and CNW&}he poorly-covered exons and UTR
regions were excluded by means of the high-coveeagene sequencing (mean read-depth of
100X) that have been recently carried out for patMll-2 (data not shown). This analysis
excluded a common genetic cause between the 2irhettause no homozygous mutations
shared by all affected subjects were identified. SV&nalysis pointed to th8 GMARL
€.412G>C substitution that was confirmed by Sangeguencing in homozygous state

exclusively in patient VII-2.

3.3.6 Confirmations for SIGMAR1 and SGK223 variants

The analyses of Family 2 pinpointed two novel amai$, the ¢.1529T>C i8GK223
and the ¢.412G>C in tftdGMAR1 gene, as the best candidate mutations for nucleusl 2
respectively.
The segregation of both variants (obtained by ggmiog all the available family members)

confirmed previous haplotype analyses as reporntédgure 3.18.

1Y D:%‘Z/

1 2 3
SGK2232 c.1529T>C TiC (TIC)
SIGMART c.A12G>C GIG (GIC)
. > \l g g L
1 2
SGK222 c1529T>C C;‘C TIC T;'C
SIGMART c.A12G>C GIC GIG GI/C GiC

vi O—1] C’)=%£

1 2 3 4
SGK223 ¢.1529T>C TT TiC
SIGMART c.412G>C G/iC GIC
Vil ® r O
1
SGK223 c1529T>C T TT T7
SIGMART c.412G>C cic GI/IG GIC

Figure 3.18: Genotypes of the two candidate vasiatentified for theSGK223 andSIGMAR1genes in Family 2.

Genotypes in parentheses of individual IV-3 arerirgd.
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3.3.7 Characterization of the ¢.1529T>C variant inhe SGK223 gene

In order to characterize the functional effect tbé ¢.1529T>C variant, further
information from literature, databases and predictools were collected. TH#K223 gene
(NM_001080826) codes for PRAGMIN (NP _001074295, blmg of rat pragma of Rnd2), a
still not well characterized Tyrosine-protein kieaprobably involved in the regulation of
Rho GTPase pathway for the cytoskeleton dynamiasdKaet al., 2006). Unfortunately, the
paralogous genPEAK1 is not deeply characterized as well. Full-lengtbt@n were first
investigated to study potential functional domaios the N-terminus half where the
substitution falls. InterproScan server showed thateral tools predict at C-terminus a
catalytic kinase domain confirming data of literatubut did not provide insights into the

function of the N-terminus half (Figure 3.19).

[InterProScan (version: 4.8) Launched Wed, Dec 11, 2013 at 11:00:5 3'1:
Sequence: Sgk223 Finis hed Wed, Dec 11, 2013 a1 11:01:51)
Length: 1404
CRCE4: 751506056 DE9CE58

InterPro Match ] Query Sequence i Description
1 1404
— IPRODO7LY | Protein kinase domain
PFODOGS e H Pkinase
PS50011k 3—— [ PROTEIN_KINASE_DOM
[ IPRO0ZZI0 | Serine/threanine- [ dual specificity protein kinase, catalytic domain
SMOD 220w B Serine/Threonine pratein kinases, catalytic
| |PRONDBZGEG | Tyrosine-protein kinase, active site
PSOO109» O PROTEIN_KINASE_TYR
— IPROTIO00 | Protein kinase-like domain
S5FS6112e M Frotein k like {PK-like}
[ nolPR. | unintegrated
1.10.510.10k B no description
3.30.200.20» e B no description
PTHRZ2372r B SERINE/THREONINE FROTEIN KINASE
@ PRODOM PRINTS EFk E PFAM ESMART ETICRFAMS E FROALE
OHAMAR OFROSITE W SUPERFAMILY ESIGHALP ETMHMM EFANTHER ECENEID
& European Bioinformatics Institute 2006-2013, EBI is an Outstation of the European Molecular Biology Laboratory.

Figure 3.19: Result of PRAGMIN protein for domairegiction/identification by InterProScan.

The missense substitution determines the p.Val5d.Ghino acid change from valine to
alanine. Even if this variant has never been reploirt variant databases, it was not predicted
to be deleterious by SIFT, Polyphen2, MutationTraated LRT tools, suggesting a neutral
effect at protein level. This result was probabtfiuenced by the biochemical similarity
between valine and alanine, and by the presene¢anine in the wild-type protein of other

organisms (Figure 3.20).
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o OSSR, 30l 2 201860 - -WF WEs SAWSTRC- LOQPARKDP -|A/SPGW- - ASQCALFE- - -GR---HTKPESSPFIP
o O03wslh. 8 gasdcs L1845 SAISTRC- LQBPARKDP-|-|- - Q- -AFRWFSEFPS.- - -SH- - - vFRKPRsSsEFIP

Figure 3.20: Multiple amino acid sequence alignmefrPRAGMIN where the substitution falls. Higher iam
acid identity corresponds to more intense colounifo acid at position 510 is marked by a box. Atigmt was
provided byUCSC Multiz46Way GRCh37/hg19.

On the other hand, valine 510 is conserved in ges)andicating a possible primate-specific
evolution of this allele. Phosida, NetPhos and NMetAprediction tools did not showed
evident alterations in the most common goabslational modifications such as
phosphorylation and acetylation (data not showrgnv@rsely, the ¢.1529T>C nucleotide
substitution could affect the mRNA splicing. Indeeldta obtained by different prediction
tools were in agreement with an alteration of tberexct splice site selection and usage. (Table
3.10). To increase the reliability of this silico analysis, multiple tools were used. They rely
on the sequence information, the intrinsic strergythvhich the splice sites are recognized by
the spliceosome, as well as the antagonistic dyegwi proteins that bind Exonic Splicing
Enhancers (ESEs) and Exonic Splicing Silencers $lESSSE-finder and FAS-ESS have
already successfully predicted the disruption oEEESSs in a variety of genes, including
SVIN1, SMN2 and POMGNT1 involved in neuromuscular diseases (Cartegni anaini€r
2002;0Oliveiraet al., 2008).
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Reference Mutated Wild

motif motif Type Mutant Variation

Prediction tool Result

10,2% (significant
difference >10%)

Acceptor
Splicepsite ctccgagghggt ctccgaggmGT 75.65 83.33

Human Splicing
Finder

-30% Site broken
gaggaggt GAGgaggt 89.9 63.06 (significant difference
>10%)

Donor
Splice site

Increased
gagat GAggc 49 AR) | 6.5 AR) (Fold change -131,
%binding 0.7)
Decreased
gaggiggt gaggaggt 8.2AR) | 1.2 AR) (Fold change +3,
%binding 303.3)

ASSEDA server | Splice site

+102% (significant

Splice site taggtgaag _BGgtgaag 3.29 6.66 difference >20%)
MaxEntScan 81% (significant
Splice site gaggaggat GAGgaggt 9.65 1.9 differ(']encge >2006)
Exonic New Site, specific for ASF
ESE Finder Splicing ggtaggt ggeggt - 82.59 | splicing factor (significant
Enhancer difference >10%
- Computational
approach for Exonic
Silencer motifs . .
e Splicin taggt aggt 69.88 - Site broken
(Sironi et al., SiFI)encegr ggwrggig ggagglg
2004)

- FAS-ESS server

Table 3.10: Predictions of splice site and ESE/ER#ents for the ¢.1529T>C 85K223 and relative scores.

Mutated position is underlined in the nucleotidgusnce.

Interestingly, these analyses predicted in thereefee sequence the presence of a natural
splice site that has never been annotated amonduhenSGK223 transcripts of NCBI
Genome Browser database. Conversely, the splioregteseemed to occur in non-human
transcripts displaying the same allelic variantha reference sequence. A further analysis of
human expressed sequenced tags (ESTs) identifiresindn ESTs encompassing this region:
two not-spliced and expressed at embryonal staGéi41734 and CN341745) and two
spliced and expressed in adult brain (HY116488 ENB06767). These findings might
indicate the presence of a cryptic splice site wathtiissue-specific and developmental
activation. According to the late onset of the dg® the ¢.1529T>C substitution could

modify the strength of this cryptic splice siteitsrregulation in the adult.
3.3.8 Characterization of the ¢.412G>C variant inlie SIGMARL gene

Ascertained from literature th&GMARL underlies a motor neuron disorder (ALS16)

and is a good candidate gene, the pathogenic effetite specific missense variant was
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investigated. The ¢.412G>C substitution has neeenlreported in variant databases neither
in LOVD, HGMD and ClinVar mutation databases. Itsmaredicted to be deleterious by
Polyphen2, MutationTaster and LRT tools. Moreoverthe current study it was excluded
from 200 control chromosomes belonging to same mg@bgc area of this family. The
€.412G>C substitution falls within exon 3 whichnet present in all alternativel GMARL
transcripts (isoforms 2 and 10 lack exon 3 as tegoin Figure 3.21). However, the
pathogenic effect of the c.412G>C substitution iegpthe expression of full-length isoforms
in the nervous system. The majority of isoformst thee currently annotated in UCSC
Genome Browser presents the exon 3 (Figure 3.28)e®er, the analysis of spliced ESTs
confirmed the presence of isoforms with exon 3he hervous system (for instance ESTs
DA075272, CD519094, BI596428 and AL537799).

Figure 3.21: All transcript variants f@GMAR1 currently annotated in RefSeq Genes track of UGe@Bome
Browser. From top to bottom, transcript varian16, 7, 11 (non-coding), 8, 10 and 9, all undeiew and not

still validated. From the genomic positions, traipgs are oriented on minus strand and are herrsed.

The exon 3 ofGMARL encodes the ligand-binding domain of the protelreng specific
anionic residues were showed to be critical fofutsction (Sethet al., 2001). The residue at
position 138 (glutamic acid) is negatively-chargedl is here substituted by an uncharged
one (glutamine). It is interesting to note that tieole gene is highly conserved and only 6
polymorphisms are reported in the coding regionS(dB137 and dbSNP138 annotations,
MAF>1%). Also p.Glul138GIn change falls in a higldgnserved sequence (Figure 3.23), as
confirmed by phyloP, GERP and phastCons tools.

In order to confirm th&d GMAR1 involvement in dHMN, a genetic screening was penfed

in other 12 unrelated index cases displaying aicalinpicture similar to patient VII-2 and
without an identified genetic cause yet. Surprisin@ second variant (c.448G>A) was
identified in one patients belonging to a small ifgrwith two affected brothers. The family
came from South of Italy and was clinically ascedd by Dr. Bengala and Petrucci at S.
Camillo-Forlanini Hospital of Rome. Both patientsegented a phenotypic onset and
progression similar to that of the subject VII-2micleus 2, and the absence of the disease in
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the parents suggested a recessive inheritance.eSaeguencing enabled to confirm the

homozygous segregation of the ¢.448G>A varianhanttvo affected subjects 1l-1 and II-2

(Figure 3.22).

°
SIGMARI ¢.448G>A I JZI1 :2

reference. cccccagGGGAGACGGTAG GIA
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AN a |'."‘ RV, A \ ii \

proband J|/\/1/\ \ J/ i IL"_‘.Ih_ . I\\ Jh VY 1 PN
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Figure 3.22: Electropherogram with the homozygBiSMARL c.448G>A variant indicated by the arrow, and

the genotyping in the available family members.

Also the ¢.448G>A variant has never been repomedariant databases, neither in LOVD,

HGMD and ClinVar mutation databases. It was predidb be deleterious by different tools

and was excluded from 200 control chromosomes fsanith of Italy. It maps to exon 4 near

the splice-site junction with exon 3 and leadshe substitution of a glutamic acid residue
with a hydrophobic phenylalanine at position 15@5{p150Phe). The change occurred in the
same conserved amino acid motif of the first matatifor which the anionic residues have
been previously described as playing a criticag idligure 3.23). The two mutations fell in

the same C-terminus chaperone domain that was ds#rated exposed in the inner ER

membrane, and a similar pathogenic role was thugated to two variants (Ortega-Roldan

etal., 2013).
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Figure 3.23: Multiple amino acid sequence alignmehtSIGMAR1where p.Glul38GIn and p.Glul50Phe
substitutions fall. Higher amino acid identity asponds to more intense colour. Amino acid at posit38 and
150 are marked by a box. Alignment was providetUB®sC MultiZ46Way GRCh37/hg19.

In conclusion, these findings strongly support theausality of the SIGMAR1 ¢.412G>C

and c.448G>A mutations in the dHMN disease and propt to consider SIGMARL the
gene of the dHMN Jerash typdocus.
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3.4 Identification of the candidate gend-BX0O41 associated with a complicated form

of peripheral neuropathy and spastic paraplegia

3.4.1 Clinical picture of Family 3

This consanguineous family comes from a littléagie in Veneto region and presents
three brothers (IV-2, IV-6, IV-7) affected by a cplex form of motor neuropathy with
spastic paraplegia and mental retardation. Neurcdbgxam was performed in all subjects of
the fourth generation (both healthy and affectedividuals) by Dr. Micaglio of Neurology
Division, Hospital of Montebelluna (Treviso). Therée patients displayed a similar clinical
picture, characterized by weakness of the lowebdimbilateralpes cavus, spastic gait,
hyperreflexia and mild hypertonicity. The age ofsen was the third decade of life.
Electrophysiological studies and nerve biopsy reaga reduced motor conduction velocity
and the presence of a distal motor neuropathy nBraignetic resonance imaging, computed
axial tomography and electroencephalography shavegdsignificant CNS involvement. In
addition, all affected members showed a neuropsggital impairment characterized by
mild mental retardation, visual agnosia, short- &nty-term memory deficiency, signs of
perseveration and confabulation.
The analysis of the pedigree suggested an autosmuessive way of inheritance of the
disease. Indeed, as reported in Figure 3.24,ahkHy parents (lll-1 and 11I-2) of the affected
sibs were first cousins and the recurrence of limcal phenotype was observed only in one

generation.
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Figure 3.24: Pedigree of Family 3.
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3.4.2 Preliminary results

First studies of whole-genome scan were performétd 382 STR markers and
identified a candidate region on chromosome 3qZ (2351580 and D3S3669 flanking
markers), definedPG14 locus (Vazzaet al., 2000). A further investigation with other 50
STRs allowed to detect a second chromosomal regiorchr21ql11.1-q21.1. Screening of
candidate genes in this region, identified the €7B>C substitution in the 3'UTR of the
HSPA13 gene (NM_006948.4). This sequence variant was alse800 healthy individuals
and a luciferase assay showed a decrease of theimpitoanslation in presence of the
substitution, probably due to a mechanisms of pasiscriptional regulation by microRNAs
(unpublished data). A further genome-wide searchubyg over 200,000 SNP markers
(lumina Human CNV370-Quad platform) excluded lalown HMSN and HSP genes and
loci associated with this phenotype, confirmed the tandidate regions already detected,
and highlighted a new linkage signal on chr2p13L.3:@he homozygous status was assessed

for three candidate regions.

3.4.3 Better definition of the candidate regions

The high number of genotyped individuals (3 akdcand 8 unaffected individuals)
and the clear recessive mode of inheritance enablagse well-defined parameters for a
robust linkage analysis (autosomal recessive mofidll, penetrance and disease allele
frequency of 0.001). Indeed, maximum linkage peatikplayed significant LOD score values
of 3.86 (3 is the minimum value to accept the higpsis of linkage), indicating 3 reliable
candidate regions. For each linkage peak identiffeghlotypes with SNPs were combined
with STR markers previously genotyped, thus uniythe advantages and compensating the
limits of both (i.e. STR markers are more informatifor their high variability but more
interspersed than SNPs, that are more dense getimme).
For instance, this analysis allowed to divide tleatmmeric terminus of linkage region on
chr3g27-928 into 2 chromosomal segments accordirtg the haplotype (Figure 3.25).
Flanking makers were identified by taking advantafieecombination events in unaffected
and affected brothers IV-1 and V-6 respectivelyl. dandidate linkage regions with refined
limits are reported in Table 3.11.
Furthermore, considering the recessive trait ané ttonsanguinity, a more-dense
homozygosity mapping (with 350,000 SNPs) was paréat to overcome computational
limits of multipoint linkage analysis and to comfirthe linkage regions, since it required a

lower number of SNPs (about 25,000 SNPs). Alsdis family a less-stringent analysis was
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carried out by considering the homozygosity of Bquas at least, thus limiting genotyping

errors and incomplete detections (regions repandable 12 of Appendix E).
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linkage regions on the centromeric terminus of qRi3q28 region. Markers reported in bold type asgeh

flanking markers, in the table previous flankingrkeas were annotated.

Linkage from Total OMIM genes for

region i {e) 1 {ag) SNP i o RefSegs| neurological disorders
- ALMSIL for Alstrom

2p13.3-pl2| 72251751 75681462 rs1878503 rs10496198 |3 56 _podrome ()

(AD)

3027-028

Centromeric| 188161706| 188500658 rs2162259 rs3846183 .34 il

region

3027-928

Telomeric | 188952524 192088525 rs1562761 rs9859377 B.14 16

region

22(;111i2- 14658830 | 19044397 rs2258300 rs2824435 @.4 21

total 11.3 94

Table 3.11: Limits of linkage regions obtained by ttombinations of haplotypes with SNPs and STH&= A

autosomal recessive, AD= autosomal dominant.

3.4.4 Whole-exome sequencing

Considering the 94 genes mapping to the linkaggons, even in Family 3 the
identification of disease-causing mutations wasriedr out by the exome-sequencing
approach. Exome capture, sequencing and compuahaoalysis were performed by the BGI
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for the proband IV-2 in 2011 and recently (DecemBed3) for the patient IV-7 (more

technical details in Materials and Methods).

3.4.5 Statistical evaluation of the performance

The performance of WES for IV-2 appeared simitathiat of Family 2. On the other
hand, recent data obtained on December 2013 froienpaV-7 have shown a higher
performance due to the optimization of the techaigad the higher coverage achieved. The
specificity, which was calculated through the patage of reads mapped to the target regions
(70% in 2011 and 78% in 2013) and uniquely map@ddoin 2011 and 87% in 2013), has
been increased over two years as expected. ltagesting to note that the mean read depth of
149X for IV-7 strongly overcame the value of IV-200X), even if this value is only
indicative because of the high variability betwegmmes and exons. The coverage for target
regions (more than 1X read-depth) was high for Isatmples (97.8% for 1V-2 and 99.8% for
IV-7), but the 10X read-depth required for a higinitdent variant calling increased from
89% in 2011 to 99.5% in 2013 The better qualityhef more recent techniques can be also
appreciated through the following histograms (Feg8i26).
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Figure 3.26: Histograms of distribution and cumuktdistribution for sequencing depth in the targegions.

Subject IV-2 was analysed in 2011, IV-7 has beeamtly sequenced (December 2013).

3.4.6 Single Nucleotide Variants (SNVs) and indesnotation
The final set of high-quality variants obtainedthg exome sequencing was annotated
in the following tables (Table 3.12 and 3.13).
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Patient IV-2 | Patient IV-7

Categories of SNVs (2011) (2013)
Number of genomic positions for calling SNPs 135216361 | 134975362
Total number of high-quality SNVs 91935 108898
Homozygous 33653 41279
Heterozygous 58282 67619
Intron 56440 64477
Intergenic 1553 3450
5-UTR 3519 3922
3-UTR 4555 7257
Synonymous 10440 5973
Splice sit& 2549 2729
Missense 12620 11119
Stop codon abolishing 69 60
Nonsense 190 120

Table 3.12: High-quality SNVs annotated in ne.filter.gff files. (1) Capture target regions and its 200bp
flanking regions; (2) Intronic SNPs within 10bpexfon/intron boundary.

Categories of indels Patient IV-2 | Patient IV-7

(2011) (2013)

Total number 7067 11855
Total insertions 3335 5471
Total deletions 3732 6384
Homozygous 2926 4831
Heterozygous 4141 7024
Intron 5343 8537
Intergenic 63 325
Promote(1000bp upstream the gene) 29 120
5-UTR 319 354
3-UTR 393 761
Non-frameshift 193 258
Splice site 386 499
Insertions in coding sequence 277 267
Deletions in codingequence 257 282
Frameshift 341 291

Table 3.13: Indels annotated in iinelel.gff files.

The analysis of the current study started from 38 Bigh-quality SNVs and 7067 total indels
for the subject IV-2. From a comparison betweenaveis obtained in 2011 (sample 1V-2) and
2013 (sample 1V-7), a higher accuracy and the sioluof UTR regions were evident for the
most recent data. A decrease of false positivewatgiin non-synonymous SNVs and a higher

sensitivity in indels detection were observed.
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3.4.7  Coverage analysis

Before having the confirmation with the recent WH® coverage was analysed for
the patient IV-2 who displayed a low accuracy @& tachnique. The read depth within the 4
linkage regions on 2p13.3-p12, 3927-928 (centroenand telomeric regions) and 21q11.2-
g21.1 was visualized through the read alignmenerAhany observations, a read depth under
10X was arbitrarily evaluated as insufficient tac@a@tely call homozygous mutations or to

assess false positive calls (Figure 3.27 and Tall).
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500 V-2
& 400 - Total coding exons 625
% 36 High coverage depth 529
£ & (>10 reads)
E 200 Low coverage depth 75
100 - 12% (<10 reads)
4 3.5%
- - o No reads 6
high coverage low coverage no reads no probes No probes 22

(210 reads) (<10 reads)

Figure 3.27: Depth of coverage per exon, on 3 fijgkeegions. Y-axis indicates the number of codixans; the
correspondent percentage of total is indicated eleach histogram baPoorly-covered coding exons were
annotated for V-2 patient. Table 3.14: Exons factecategory of coverage depth on 3 linkage region.

This analysis allowed to highlight problematic egxdhat were not captured by probes (1%)
or not well-sequenced (12%) within the 4 candidagions. Moreover, the capture kit was
not adequately designed for 22 exons. For thessomsathe 3.5% coding exons required a
coverage by direct sequencing. The performancehiese regions was lower than for the
whole exome. Over 10X read depth, the 89% covefag¢he whole exome decreased to
83.5% for the 4 candidate regions. All variantsiitfeed by Sanger sequencing in the selected
poorly-covered exons were detected in the patiéfit tecently sequenced but none of them
was considered a good candidate (poorly-coveredsskoTable 8, Appendix D; variants in
Table 13, Appendix E). The missense variant andléietion mapping iCLDN16 have been
reported with several ID in the same G homopolymesiretch, suggesting different
submissions for a unique variant. The high-freqyeofcthe missense variant (MAF>5%)
could be thus extended to the deletion. MoreoverahDN16 gene was reported to be the
primary cause of Renal hypomagnesemia 3, charaetkhy the specific involvement of renal
epithelial cells and not related with nervous sys{&imonet al., 1999). Also theALMSL
gene, where the second candidate deletion (c.62deGEAGGAG) was detected, have been

associated with Alstrdom syndrome that is mainlyrabterized by renal involvement (Hearn
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et al., 2002). This in-frame deletion of 9 nucleotides haser been reported before but maps
in a GGA simple repeat, where many other in-framseitions and deletions have been
annotated. A relative frequency and a neutral effee thus suggested for the indels of this

region.

3.4.8 Variants in disease genes and loci and CNV ayisis

Whole SNV dataset deriving from the WES was aredylay CoNIFER program and a
total of 21 and 8 CNVs (>1.5 kb) were identified fatients 1V-2 and IV-7 respectively. No
CNVs shared by the 2 affected subjects were obddeble 14 in Appendix F).
The analysis of the variants in the known diseaseaated genes andci implicated in
distal neuropathies and HSP, as well as all genestated in OMIM database associated
with similar phenotypes enabled to exclude therdeéd, very few variants in these genes
showed a homozygous call different from the refeeenllele and with a lower than 2%
frequency. Two variants in thEBHROOM4 (c.3385A>C) andFAM58A (c.49A>G) genes
explained a dominant X-linked trait and they weoé consistent with the autosomal mode of
inheritance in this family. In addition, their des® haplotype segregated in more than one
unaffected subject. Therefore, all OMIM genes oplicated in neurodegenerative disorders

seemed unlikely to be the primary cause of thaadlrphenotype in this family.

’ Variant call Variant call - Confirmation
Chr ngg;jrite V-2 V-7 Préf(:'ecéfd freAIL?alﬁc Haplotype Functional Role by Sanger
(2011) (2013) q 4 sequencing
r$199502054, trari(s_rlrlﬁls(seign in Cause of Stocco dos
SHROOM4 T(ref)0/G2 T(ref)3/G9 missense | not validated, ' .
X - _ more than one Santos mental retardation
€.3385A>C (Q=35) (Q=73) tolerated unknown -
§ unaffected syndrome (X-linked)
requency S
individual
X-linked
X FAMSEA T(ren0/GO T(reN0/G15 missense Novel variant tﬁgrsemtﬁ;:) g’nle? Cas;r?d(r)(f)r?leR
C.49A>G Q=1) (Q=37) tolerated unaffected (Dominant X-linked)
individual

Table 3.15: Filtered SNVs found in genes annotate@®MIM and related to neurodegenerative disorders.
Variant calls are expressed with the number of sefad each allele (ref=reference allele) and Q==Mie

quality score of variant call. Homozygous status wansidered.

3.4.9 Variants in the candidate linkage regions

The exclusion of the known disease-related loggssted the presence of a novel
disease gene and a similar analysis was performedhé WES variants mapping to the
candidate linkage regiorehr2p13.3-p12 chr3q27-g28 (centromeric and telomeric regions)
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and chr21g11.2-g21.1 A total of 214 variants mapped to these regiond 45 were
prioritized because in coding exons and close lioespites. Finally 7 SNVs with a lower than

2% frequency were filtered. Amongst them, the asialhighlighted 3 best candidate variants

(Table 3.16).

Candidate Variant call Variant call Predicted Allele Confirmation
Chr - V-2 V-7 Effect e—— Haplotype Functional Role by Sanger
(2011) (2013) q Y sequencing
FBXO41 C(reHLT18 | C(ref1/T135 | Missense . Excluded from | ¢y, . orotein 41,
2 7 - . Novel variant unaffected R yes
€.950G>A (Q=26) (Q=64) damaging A ubiquitin ligase
subjects
. rs62619834, | Excluded from N-
2 cNSgE?BET C(r(e(;)_:l.;é;[ls C(r(e(;)_:l.é;g)254 Mlsiense Rare, MAF= unaffected acetyltransferase
' B B ! 0.356% subjects (pseudogene)
rs139075681, Excluded from Cause of Lipoma
3 LPP T83/A2(Cref) C(ref)0/T253 Missense in EVS: unaffected and acute es
c.1142C>T (Q=68) (Q=99) tolerated MAF=0.02% subiects myeloid Y
(1/4545) ) Leukemia

Table 3.16: Filtered SNVs found in genes of the bpygosity candidate regions. Variant calls are esped
with number of the reads for each allele (ref=refiee allele) and Q=Phred-like quality score of astricall.

Alleles in the genome and in the transcript are gementary for transcripts oriented on minus strand

The variant ¢.355G>T iNAT8B seemed unlikely to be the genetic cause of theades Even

if not-well characterized yelAT8B has been reported to be the pseudogeMA®B. Unlike
NAT8 that encodes a N-acetyltransferaSi&\T8B is described not encoding a functional
protein in humans due to premature stop codonsgé/da-Cunhaet al., 2010). The variant
€.1142C>T in thd.PP gene maps to the small centromeric region on @w3ghis missense
variant was predicted to be “tolerated” althougk tiene is causal of disorders, probably
because this specific variant is annotated in war@databases. Even though any point
mutations have not been reported in tbleP gene to date, rearrangements have been
associated with lipoma and acute myeloid leukengharacterized by pathogenetic
mechanisms and involvement of tissues apparently ralated with neurodegenerative
disorders and nervous system (COSMIC and OMIM detad). In addition, LPP protein
seems mainly expressed in internal organs suchdag liver and lung, suggesting a non-
neuronal primary function and specificity.

On the contrary, the “damaging” effect predictedtfe novel missense variant c.950G>A in
the FBXO41 gene was in agreement with a putative pathogeéc The involvement in the

ubiquitin-proteasome pathway was reported for FBXOgrotein, which represents a
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pathogenic mechanism already associated with negesrative disorders. In addition
FBXO41 is ubiquitously expressed but mainly in tl@vous system, suggesting a specific
key role in it (data of GeneCard database). Fosegheasons, the ¢c.950G>A substitution in
FBXO41 gene was considered the best putative mutatitmsrfamily.

3.4.10 Confirmation and characterization of the c.90G>A variant in the FBXO41 gene

Previous analyses of this study pinpointed oneehmariants, c.950G>A in the
FBXO41 gene, as the candidate disease-causing mutatibanmly 3. Segregation analysis
was performed by genotyping all family membersvitmich the genomic DNA was available
and as expected the c.950G>A variant was homozygrcisisively in the affected subjects
IV-2, IV-6 and IV-7 (Figure 3.28).
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Figure 3.28: Genotypes of the candidate varianitiied for theFBXO41gene in Family 3.

This substitution has been never reported in amanadatabase and was predicted to be
“damaging” and “conserved” by the majority of pretdhn tools (Table 3.17). Moreover, the

€.950G>A variant was excluded from 400 chromosoofesontrol subjects from Northern

Italy.
ovpienz | Mamen | CEREST | enyor
(deleterious<0.05) damaging: 0.9-1) (0-1) >2) score score
FBX0O41 Probably damaging Damaging Conserved Conserved
C.950G>A Tolerated (0.15) (0.99) (0.99) (5.17) Conserved (2.4) (17.2)

Table 3.17: Prediction tools with relative scornesparenthesis)

The FBXO41 gene (NM_001080410) encodes for the 875 aminosgmidtein FBXO41 (F-
box only protein 41,NP_001073879), one of 46 members of the F-box prdamily.
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FBXOA41 is not-well functionally characterized, aihe@ only defined role is due to the F-box
domain. Indeed, all proteins presenting F-box avelved in the E3 ubiquitin ligase complex
SCF (SKP1-CUL1-F-box protein) for the recognitiondaubiquitination of other target
proteins.
In order to characterize the functional effecthd £.950G>A mutation, the full-length protein
was first investigated to study potential functibdamains in the N-terminus half where the
substitution falls. InterproScan server showed tbaveral tools predicted the well-
characterized F-box domain in C-terminus half, camhg data in literature, but it did not
provide insights into the function of the N-termén{irigure 3.29).

[interProscan (version: 4.8) e s )

| Length: 875
| CRCB4: B1491492 3068385C

InterPro Match Query Sequence Description
b 75

S5FE138 3w M F-hox_dam_SkpZ -like

[ [PROIS 880 | Zinc finger, C2H2-like
SMO0355r @ W ZnF_C2HZ
nolPR | unintegrated
3.80.10.10» W C3DSA:3.80.10.10
PTHR157359® B PTHR15739
PTHR15735:5F 30 B FTHR15730:5F3
PF12037w Te— B F-hox-like
SSF52047» W S5F52047
HE PRODOM PRINTS BFR W PFAM W SMART ETIGRFAMs B PROFILE
OO HAMAP O FROSITE W SUPERFAMILY ESIGNALP B TMHMM B PANTHER W CENEZD

@ European Bioinformatics Institute 2006-2013. EBl is an Outstation of the European Mo lecular Biology Laboratory.

Figure 3.29: Result of FBX041 protein for domaiediction/identification by InterProScan.

On the contrary, literature data reported at théeminus half an apolipophorin lll-like
domain, suggesting a role in cholesterol trans@ntet al., 2004). Lipophorin ApoL-Ill was
already described in insects as a multifunctioq@drotein involved in lipid binding and
transport, displaying an amphipathic structure oftr-Belices (Weers and Ryan 2006).
Specifically, hydrophylic residues were describedé crucial for the lipid-induced opening
of the structure and the protein-lipid interactigéeerset al., 2005). The secondary structure
of FBXO41 was predicted by Jpred3 and Psipred so#ier and revealed the p.Arg317GIn
amino acid change localizing to iehelix structure. Theu-helix was also confirmed by
ConSeq server which predicted an alternation betweeosed and buried amino acids,
indicative of ao-helix. Arginine localizes to an exposed positiordicated by “e” letter) like
all charged amino acids in &helix (Figure 3.30). The p.Arg317GIn determineshange
from the strongest positive-charged amino acid ifarg) to an uncharged residue

(glutamine), leading to strongly change chemicalpprties. Glutamine could destabilize the
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structure ofu-helix or disrupt a crucial function already debed for hydrophylic residues by

Weers and colleagues

cont: JINNNNNRNNNNNNINRNRANNNNNEnNANNANRRRENxit

Pred: <) *f D— J:) S .

Pred: CHHHHHHHEHHHEOHHHHHHHEHHHHHHEHHHEHEHHHACC el s
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10 20 30 40

301 311 321 331 + An wiposed residus according ta the meural-netvork algarithn

b - A borled resldus aceordisg ko the neural-metwork algerithe.
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Figure 3.30: (Topp-helix structure predicted by Psipred softwaretfar specific amino acid sequence where
p.Arg317GlIn falls (indicated by the arrow). (Bottpiternating exposed and buried amino acids ptediby

the algorithm of ConSeq server, indicative efhelix structure with arginine in exposed position.

This position and the surrounding amino acid regappeared extremely conserved,

agreement with a functional role at protein leW@g(re 3.31).
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Figure 3.31: Multiple amino acid sequence alignmanEBXO41 where the substitution falls. Higher ami
acid identity corresponds to more intense coloumio acid at position 317 is marked by a box. Atigamnt was
provided bylUCSC Multiz46Way GRCh37/hg19.

Unfortunately, the homology modelling based on skquence similarity was hampered by

the lack of templates already crystallized and ldigpg a more than 30% of sequence
identity for N-terminus half. Global and local aligents of full-length protein performed
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with BLAST tool found sequence conservation exslely for the F-box domain, whereas the

N-term portion displayed no significant similarityth other proteins.

Despite the paucity of information on the functionof FBXO41, our findings strongly
support the role of the c.950G>A mutation in the deelopment of the disease in this
family. For this reason, a mutation screening of ta FBXO41 gene in patients exhibiting

a similar clinical picture is currently under way.
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3.5 Insight into the genetic causes of HMSN and HSWFith a dominant transmission

3.5.1 Clinical picture of Family 4

This four-generation family presents patients@éd by a typical form of HMSN type
V with heterogeneous clinical signs. Clinical feat of axonal peripheral neuropathy
(HMSN type Il) such as weakness, atrophy of loweatbl muscles and bilaterges cavus
were associated with pyramidal signs with spasticftlower limbs and hyperreflexia. Two
clinical pictures typical of HMSN and HSP co-oc@adrn many cases, in patients II-8, 11l-11,
[11-13, IV-3 and IV-5 the involvement of peripherakervous system was predominant or
exclusive, whereas in the patients 1ll-2 and lltH2 central nervous system was mainly
affected. Family members were seen by Dr. Angalinthe Department of Neurosciences,
University of Padova. Motor conduction velocity waewed ranging from 38 to 44 m/s, and
cerebral and spinal MRI revealed no abnormalifiése age of onset was about the third or
fourth decade of life, with a variable and progres course.
The analysis of the pedigree suggested an autosgdomainant mode of inheritance of the
disease, since the recurrence of the clinical ptypeovas observed in all generations, in both
male and female and there was one male-to-malsnigsion. To explain the phenotypic
heterogeneity, an unique genetic cause or twondistienetic causes for HMSN and HSP

were proposed.

I

I 1 O ' [T,

_| _ Healthy individuals

\ Proband

B @ -:f:ctedindividuals with HMSH signs
®  Available DNA

o Tticertaity affection status

Figure 3.33: Pedigree of Family 4.
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3.5.2 Preliminary results

First studies on this family were focused on thsease genes most frequently
associated with a similar clinical picture (iMPZ, PMP22, MFN2, SETX, GJB1 and SPG4)
and they were excluded by Sanger sequencing. Aadeakanalysis performed with 368 STRs
enabled to highlight two linkage regions on chrl3&nd on chr9g33.1-34.11 (LOD score
value higher than 2). A second high-density genente linkage analysis with over 200,000
SNP markers (lllumina Human CNV370-Quad platforiveed to ruled out all genes and
loci already associated with this phenotype. A linkaggal on chr9g31.33-g31.2 (LOD
score value of 2.75) was detected; a lower peakewas obtained on chr5g33.1-935.2 (LOD
score value of 0.75) which co-segregated in akaéd subjects and was shared by also 4
unaffected individuals (lI-7, 111-8, IV-1 and IV-2Haplotype reconstruction confirmed and
better refined the region on chr9g31.1-q31.2 of82Mb (rs2049347; rs7875152) co-
segregating with the disease. Moreover, CNV amslydid not identify candidate

deletions/duplications spanning more than 10 kb.

3.5.3 Re-evaluation of the linkage data

In addition to the linkage regions identified byeyious studies, a less stringent
linkage analysis with only affected subjects (“aféel only” approach) was performed to
overcome cases of incomplete penetrance and latset.olt broadened the region on
chr9g31.1-g31.2 and highlighted a novel candidagion on chr5933.1-935.2, explaining
together a digenic model. In addition, considerthg clinical heterogeneity, a model
accounting for two distinct genetic causes for HM&hN HSP was used. A genome-wide
linkage analysis was thus carried out by stratgypatients displaying predominant HMSN or
HSP clinical features. For the HMSN phenotype (dials IlI-4, 111-11, 111-13, 1V-3)
linkage signals on chr1g21.3-g31.1, chr4q28.3-g3¢hi8p21.2-q13.3 and chr9g21.13-gq34.3
were identified; conversely, for the HSP phenot{ipeéividuals 111-2, 111-3, 1lI-4 and 111-6)
linkage peaks on chrlp36.32-p36.31, chrlp32.1-p3&t32936.3-q37.3, chr4q22.1-926,
chr5p13.2, chr9g31.1-g33.2 and chr21g22.11-q22 dr2 wbtained.

3.5.4 Whole Exome Sequencing

Patients IlI-2, 1lI-4 and 11l-6 were chosen foretiwhole-exome sequencing in order to
identify disease-causing mutations among the shagdnts in all candidate regions.
The performance of WES technology appeared sintoldnat of previous families (Table 12,

Appendix E). It is interesting to note that the meaad depth of 65X is lower than in other
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families (77X and 91X in Family 2 and more than Xd@ Family 3). Also the coverage of
target regions was lower and a read depth more 20&h (required for confident calls of
heterozygous variants) was achieved for only 76%hef target. These low values could
negatively affect the performance of variant cagltinn particular for heterozygous variants,
which are those expected in patients for a domitrartt

The final set of high-quality variants obtainedthg exome sequencing was similar to other
families (about 85,000 high-quality SNVs). The legmumber of intergenic variants (more
than 12,000 variants in this family versus the 1B06ther families) and the lower number of
coding SNVs (about 7200 missense variastsiore than 12000 in other families) confirmed

the low quality of these WES data.

3.5.5 Variants in disease-genes arndci and CNV analysis

As the HMSN type V was not genetically charactetiaed the clinical classification
not well-established, all the known disease-gemedaci implicated in HMSN and HSP, as
well as all the genes annotated in OMIM databasee vemalysed for the WES variants.
Variants in at least one of the 3 patients, in kgdixons and close to splice-sites, with a MAF
lower than 1% were considered. After the filteriaigd prioritization, 5 candidate variants
were detected in the known disease-genes, but nbrtkem was confirmed by Sanger
sequencing even if with a high quality score (TaBl&8). All these false positive calls
mapped in homopolymeric stretches and 3 of thene velmtified in other in-house unrelated
exomes confirming error-prone positions. Therefoi@,candidate mutations were identified
in the known HMSN and HSP genes and in other déeseslated OMIM genes. The analysis
of the whole dataset of WES variants identifie@@lt CNVs (>1.5 kb), but none of them was
shared by at least 2 affected subjects (Table ppeAdix F).
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In-house Functional CELIETD
Chr Candidate Variant call Variant call Variant call Predicted Allele e Role (of n
Variant 11-2 11-4 111-6 Effect frequency - by Sanger
stretch mutations) .
sequencing
. HSPB1
1 MAPKAPK?2 A(ref)43/C17 | A(ref)44/C14 | A(ref)39/C17 | Missense Novel variant Yes /ves | target. cause False
C.643A>C (Q=0) (Q=89) (Q=78) damaging y get, Positive call
of HMSN
6 SYNEL CreN28IT17 | C(reN26/G6 | C(reN36/TI0 | Missense [\ 0| m‘;‘;iﬁg\ False
€.20242C>T (Q=44) (Q=21) (Q=0) damaging Y HSP Positive call
7 hnRNPA2B1 T(ref)46/C35 | T(ref)38/C39 | T(ref)48/C34 | Missense | rs117917826, Yes | ves cause ALS False
€.1048T>C (Q=99) (Q=99) (Q=92) damaging MAF<1% Y Positive call
o FNBPL A(renao1/cas | ACENIBSIG3 | ACDIBICA T yissense | | Ve Jes regulation of False
c.941T>G (Q=0) (Q=0) (Q=0) damaging cytoskeleton Positive call
12 KCNMB4 G(ref)22/A13 | G(ref)26/A16 | G(ref)18/A9 Missense Novel variant No / ves cause False
€.604G>A (Q=27) (Q=31) (Q=10) damaging y Dyskinesia Positive call

Table 3.18: Filtered SNVs found in genes annotate@®MIM and related to neurodegenerative disorders.
Variant calls are expressed with number of reade#&zh allele (ref=reference allele) and Q=Phrkel-gjuality

score of variant call.

3.5.6 Coverage analysis for the best linkage region on t9922.33-9931.2

The accuracy in heterozygous variants callingasessary to unravel an autosomal
dominant trait. The variants at the heterozygowestre more susceptible to technical
artefacts and more difficult to identify than honggaus sites, particularly in regions of low
coverage.
The coverage in the best candidate region on cR882931.2 was analyzed using the
visualization of read alignments. After the obséoraof many regions, a read-depth under
20X was arbitrarily evaluated as insufficient tc@@tely call heterozygous mutations or to
assess a false positive call. The analysis wa®meeld for the three patient separately and

gave comparable results, reported with mean vatuEgure 3.34 and Table 3.19.
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Mean value
of 3 patients
BT sow Total coding exons 355
0 High coverage depth 316
250 (>20 reads)
o 200 Low coverage depth 15
3 (10<reads<20)
£ Very low coverage deptil0
3 19
100 reads)
50 — : No reads 2
4.2% - 0.5% 0.8%
o4 = = No probes 3

High coverage Low coverage  Very low coverage No reads No probes
depth (220 reads) depth depth (<10 reads)
(10<reads<20)

Figure 3.34: Depth of coverage per exon, on chr®&R2q31 linkage region. Y-axis indicates the numtfe
coding exons; the correspondent percentage of staidicated above each histogram bar. Means satifie
poorly-covered coding exons were calculated comigige3 patients. Table 3.19: Exons for each categdr

coverage depth for linkage region.

The 21% targeted coding exons displayed a low degth due to problems of probe design,
capture, preferential amplification, low complex#gquence or poor alignments. On the basis
of the gene function and pathways in which the dedoprotein is involved, the poorly-
covered exons were prioritized and selected forg8arsequencing, in order to identify
potential mutations still not detected by the WH&hle 9, Appendix D). From this analysis

no significant variants were identified.

3.5.7 Variants in the linkage regions

The exclusion of the known disease-related loggssted the presence of a novel
disease gene. For this reason a similar analysieeo#WES variants was performed for the
linkage regions. Considering the above-mentioned dmality of the WES data, variants
called in at least 2 out of 3 patients were scoMm.WES variants were found in the best
linkage region on chr9g31.1-g31.2, thus the anslysas extended to the other regions
identified by the “affected only” linkage analysi$he analysis highlighted 7 candidate
variants (Table 3.20).
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Candidate Variant call Variant call Variant call Predicted Allele In-house_ St
Chr Variant -2 I11-4 I1l-6 Effect frequenc exomes/in by Sanger
q Y stretch sequencing
RNF20 A(ref)41/C18 A(ref)33/C26 A(ref)33/C12 Missense . False Positive
9 C.2854A5C (Q=0) (Q=26) (0=59) damaging | Nove! variant No/Yes call
9 MCc2 C(ref)37/T20 C(ref)33/T12 C(ref)26/T15 Missense rs201083116, ves / Yes False Positive
¢.1583C>T (Q=99) (Q=37) (Q=98) damaging No data call
9 SVEP1 G(ref)158/T35 G(ref)158/T35 | G(ref)158/T35 Missense Novel variant vYes / No False Positive
c.4781C>A (Q=0) (Q=0) (Q=0) tolerated call
9 HSDL2 G(ref)21/C11 G(ref)38/C10 G(ref)49/C14 Missense rs184202621, ves / Yes False Positive
c.130G>C (Q=77) (Q=29) (Q=78) damaging | MAF(A)<0.2% call
o MEGF9 GrehL/A2 G(reH3/A3 GreUTO | Missense rs&‘i\géi?fm No/No o
€.380C>T (Q=19) (Q=31) (Q=2) tolerated = Y
0.96%
5 C"”\fslfz'zg%éo T(ref)124/C90 | T(ref)126/C117 | T(ref)124/C90 | Splice Site | rs14385761, No / No o
9- Q=99 Q=99 Q=99 activation | MAF=0.09% y
T>C
5 RANBP17 G(ref)74/A81 G(ref)55/A56 G(ref)82/A56 Missense rs14366219, No / No s
€.2548G>A (Q=99) (Q=99) (Q=99) tolerated MAF=0.1% Y

Table 3.20: Filtered SNVs found in genes of the2082-9g31.2 and chr5q33.1-gq35.2 candidate reghasant

calls are expressed with number of reads for elele gref=reference allele) and Q=Phred-like quadicore of

variant call.

The 3 variants confirmed by Sanger sequencing wetédentified in other in-house exomes
or in homopolymeric stretches. Even if their fuoofl role could be interesting for the
pathogenesis of the disease, they were alreadytatedoin variant databases with a low
frequency and did not displayed a correct segregatwithout assuming non-penetrant
subjects. Also theMEGF9 ¢.380C>T variant mapping to the best linkage negmn
chr9g31.1-g31.2 segregated in 3 unaffected sub(é¢td, IV-6 and 1V-8). These data were
not able to fully explain the disorder except fbe tdigenic model which relies on the co-
occurrence of the two candidate regions chr9g331lzyand chr5q33.1-g35.2 exclusively in
affected subjects. In addition, further analysesewperformed with the stratification of
patients according to their prevalent HMSN or H3Rmotype. Also in this case 3 candidate
variants were identified and listed in Table 3.21.
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Phenotype :
. . In-house . Segregation of the haplotype
q y stretch . Affected Unaffected
analysis
rs373170016
SLC26A7 | Synonymous| : All the affected by )
.808T>C tolerated Unknown No / No HMSN chr8p21.2-q13.8 HMSN 111-8
frequency
c2lorf67 | Stop gaining . chr21g22.11- All the affected by ~
c579C>A | tolerated | NOVelvariant - No/No j HMSN q22.12 | HMSN except for IV-5 -8
. rs150786024
FARP2 Missense Sy ) All affected by HSP a1V
c.2530AST|  tolerated M(SAEO/‘(I)' No / No HSP chr2936.3-937.6 and IV-3 (HMSN) -8, IvV-1, IV-2

Table 3.21: Candidate SNVs confirmed by Sangeressgjng and correct segregation in patients with M8
HSP phenotype.

Despite theFARP2 variant with a partial co-segregation with the ds® the variant
displaying the best segregation was the synonyreohstitution (c.808T>C) in th&LC26A7
gene. Several tools displayed notable difficulties reliably predict the effect of a
synonymous variant, however tBeC26A7 gene characterized by a renal expression seemed
unlikely to be the primary cause of a neurologdalical phenotype. On the other hand, the
c.579C>A substitution irC21orf67 was interesting because of the stop codon intraaluct
The interpretation of a possible effect was hinddrg the lack of information on this gene
that is annotated as long non-coding RNA. Therefals these variants or a combination of
them were not able to fully explain the affectioltgs without assuming non-penetrant

individuals.

In conclusion, the analysis of Family 3 has idenigd a pool of variants within
genes displaying functions of interest. All variarg are unable to explain the disease
without assuming non-penetrant subjects or the ineement of a second genetic cause
(such as the digenic model). Except for one canditdavariant mapping to a long non-
coding RNA, other variants are low-frequency polymegphisms. In order to unravel the
genetic cause in this family, further evidences areequired. For this reason other 2
patients have been sequenced with high-coverage WE#d the analysis of their data is

currently under way.
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4. DISCUSSION AND CONCLUSIONS

The present study was focused on searching newslat genes in different forms of
hereditary peripheral neuropathies or HMSN (HeesglitMotor Sensory Neuropathy). The
growing genetic heterogeneity of these disordesh@vn by more than 50 genes identified
up to now. Although several efforts have been rdganade by genetic studies, many cases
still remain “orphan”. For instance, in more thab?8 distal HMN patients which undergo
molecular diagnosis, the causal mutation is nottiled (Rossoret al., 2012). In the four
families of the present work, a previous exclusibithe known disease-genes associated with
the peripheral neuropathies failed to detect catesautations, indicating a further genetic
heterogeneity.

This already complex background is further compéidaby the phenotypic heterogeneity of
the disease. Indeed, clinical pictures associatéd these neuropathies display variable
symptoms, age of onset, disease course, severityegpression even in the same family
(Brusseet al., 2009). The four families object of this study atkafected by peripheral
neuropathy, but different additional signs and nsoofeinheritance are described. Considering
these dissimilarities, the study of each family wasducted separately by taking into account
the specific peculiarities and developing, wheneeguired, more sophisticated strategies of
study. Indeed, in a context of clinical and genagterogeneity, unravelling the genetic bases
can be more challenging respect to the majoritylefndelian disorders with a straightforward
genotype-phenotype correlation. However the regessansmission and the consanguinity
loops which characterize three of these familiggegented a considerable advantage for the
study. Indeed, consanguineous pedigrees, even avitow number of individuals, are
invaluable to mapping recessively acting diseasegeince rare alleles are expected to be
overrepresented and with homozygous state in therpsa For these families the approach of
homozygosity mapping enabled to successfully iferitomozygous segments in patients,
but at the same time it highlighted striking uneotpd findings that further support the
growing genetic heterogeneity which is increasindiging characterised the distal

neuropathies and other neurological disorders.

Family 2 represents a very good example of this fact.sppldiys three consanguineous
marriages, suggesting a recessive transmissionpiasence of such a high inbreeding rate in
the same family apparently seemed unlikely, buiaber reasonable considering the origin

from a closed community located in a little villaggénexpectedly, homozygosity mapping
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failed to identify an autozygous region shared bypatients suggesting a more complex
inheritance model. The presence of two slightlyedént clinical pictures between patients
prompted the existence of two different geneticsesuthat were effectively identified by
studying separately two nuclei of the family.

In the first nucleus, the homozygosity mapping tetyg efficiently detected a single
autozygous regions of 6 Mb on chr8p23.1-p22 (rs2488rs6997599) shared exclusively by
the two patients of the | and Il generation. On ttieer hand, the availability of only one
patients in the second nucleus (lll generation)reksed the robustness of this analysis,
identifying 11 homozygous regions with many idgnbi-status regions due to high-
frequency homozygous SNPs. The combination ofapmoach with the Identity-By-Descent
(IBD) analysis enabled to definitely overcome théaf) of IBS regions. In this study IBD
analysis has turned out the approach of choiceotdiren the distant kinship among the
patient’s parents, relying on rare IBD chromosormagments shared in single copy. It
revealed very powerful as enabled to define ansralehaplotype (IBD1) which surprisingly
matched with one of the 11 homozygous regions itdtkin double copy exclusively by the
affected child. Therefore, this more specific aggio allowed to pinpoint one candidate
region on chr9p21.1-p13.2 (rs17775810; rs10227fApr@st the IBS and IBD regions
detected by the single-patient homozygosity mapgBigen that more than 120 genes and 95
genes (respectively for nucleus 1 and nucleus Ppexdin the candidate regions, the Whole
Exome Sequencing (WES) approach was applied. Themation of candidate regions was
absolutely necessary to reduce the number of tipgeseed family members and the relative
costs, but especially to dramatic reduce the higimber of WES variants. Indeed, nearly
100,000 high-confidence variants were markedly aveed down to less than 250 between
SNVs and indels. Starting from this manageable mdolariants, a deeper investigation
further supported by manual reviews was more féadidr both low and high-confidence
variants. This strategy have been powerful in idgng the two different genetic causes
expected by this complex model of segregationhénfirst nucleus, the candidate variant was
identified in theSGK223 gene ¢.1529T>Q of the chr8p23.1-p22 candidate region, and it
was absent in the variant databases. The hypotbkgs causality in the disease is enforced
by the interesting functional role of the PRAGMINceded protein. Even if not-well
characterized yet, it has been described as reguhthe RhoA protein for the reorganization
of cytoskeleton filaments (Tanalat al., 2006). Interestingly, dysfunctions in cytoskeleton
maintenance have already been considered one pgalcoghechanism of neuropathies.

Moreover, PRAGMIN seems to plays the same role BABIN protein, another Rho
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GDP/GTP exchange factor that has been associatedCMT4H (Delagueet al., 2007).1n
silico predictions of this study strongly support theeeffof this variant in a splicing
alteration. Even if to date tHaGK223 transcript is not well-characterized, these figdirare
indicative of the presence of a natural cryptiacgpkite that is activated by a developmental
regulation (probably after differentiation) withtiasue-specificity. According to the late onset
of the phenotype, the effects of this substitutiomthe strength of the splice site could be
evident only after the development, when this gplgite becomes activated. Further
characterisations of th8GK223 transcript in normal and mutated conditions wilgh to
verify this hypothesis. Therefor&85K223 is strongly candidate to be a novel causal gene fo
the dHMN and further evidences could confirm tlmsling.

For the patient of nucleus 2, the analysis of WIES variants mapping to the IBD
region effectively detected the candidate mutaf@#12G>Q in SIGMAR1, a gene that was
already associated with the Juvenile amyotropherdd sclerosis 16 (ALS16) (Al-Saét al .,
2011). As expected, Sigma receptor-1 protein plagse than one function in pathways
involved in the pathogenic mechanisms of neuropathit has been described as an
endoplasmic reticulum chaperone and a regulat@zbF signaling, with a main expression in
motor neurons (Crottest al., 2013;Pabba 2013;Prause al., 2013). By theSGMAR1L
screening, a second variaot448G>A) was identified in another unrelated case dispigy@
recessive form of dHMN. Both mutations were noved aexcluded from 200 control
chromosomes. At a protein level, the two amino asibstitutions (p.Glul138GIn and
p.Glul50Phe) seem to modify the chemical propertiegshe chaperone domain that is
exposed to the endoplasmic reticulum (ER) lumererEif the involvement in different
pathways makes it difficult to link the mutatiorsd specific role, a mutational effect on the
folding/degradation of proteins in the ER is spated. In line with this hypothesis, ongoing
experiments in NSC34 cells will attempt to verify effect in the unfolded protein response.
All these notable findings confirm the causalifythe SGMARL gene in dHMN disorder.
This is also supported by the mapping to the “ondrdHMN Jerash typéocus (dHMN-J)
(Christodoulouet al., 2000). Indeed, a similar form of autosomal recessMMN was
described by Christodoulou and colleagues in flaenilies.

In literature only one homozygous mutation (p.GRG) has been reported 8IGMARL
(Al-Saif et al., 2011). This is interesting because in spite of plaeicity of mutations
worldwide, two mutations (p.Glu138GIn and p.GlulB8Phave been identified in the same
Italian region and do not share a common ancealliede. A possible explanation could be a

mutational frequency i®lGMAR1 higher than expected. The known association wits¥6
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could have prevented the screeningddBMARL in many dHMN cases which still remain
unsolved. For this reason we believe that our figdwvill have strong consequences for the
diagnosis of dHMN.

Interestingly, the problem we face is the tradidibicategorization of diseases. Whether
dHMN and ALS16 are considered two distinct disosg@re can state that this study allows to
extend the phenotypic spectrum associated BItBMARL mutations. In regard to this,
similar genetic overlaps between dHMN and ALS dissahave been observed CTN1
and SETX genes (Piercet al., 2010). On the other hand, the dichotomous classifio has
been questioned by other evidences. First, a diffian differentiating the diagnosis of ALS
from hereditary peripheral neuropathies emergeskireral cohort studies (Davenpetrtal.,
1996;Rivaet al., 2011). Second, SigmaR1 knock-out mouse model sthamage slight motor
abnormalities than observed for classical ALS plyrey more similar to neuropathy
(Mavlyutov et al., 2013). Third, also the neuropathy could hampeiffardntial diagnosis, as

it is a common sign in many disorders and not acifipehallmark. Considering these
limitations, a classification based on moleculasibaould be preferable but even necessary
to unravel and clarify a definitive genotype/phemet correlation. However our data enable
to link theSSIGMARL gene to the dHMN Jerash tylmeus, thus explaining it for the first time.

Also the study oFamily 1 put in evidence the heterogeneity of the neurodeggive
disorders and the consequent problem of the toaditicategorization of these diseases. The
analysis of this family, affected by a recessivenfoof distal neuropathy and spastic
paraplegia, is an example of application of thalitianal approach. Only one candidate
region was highlighted by the genome-wide linkagalygsis on chr13q12.1-q12.12, and only
5 genes map to this interval. These findings altbiceuse the traditional Sanger sequencing
of the coding exons to identify the variants irsthegion. A homozygous missense mutation
(c.11104A>G p.Thr3702Ala), co-segregating with the diseasthe patients was identified
in the SACS gene. The mutation was absent in all variant daedband was not detected in
350 healthy controls. InterestinglACS is responsible for the autosomal recessive spastic
ataxia of Charlevoix-Saguenay (ARSACS) and mora th@0 different missense, nonsense
and frameshift mutations have been reported sin@@02up to now. (Engeret al.,
2000;Thiffaultet al., 2013). The identified substitution p.Thr3702Alathe first amino acid
change affecting the XPCB domain of sacsin proteimch was reported to interact with the
E3 ubiquitin ligase UBE3A (Greeat al., 2010). In the current studyn silico predictions

showed that p.Thr3702Ala change falls in a suri@ssed and evolutionarily conserved
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region, suggesting a key role in UBE3A binding aih@ consequent ubiquitination of
proteins. Indeed, even if sacsin has not beenchellacterized because of its large size, a role
in the protein quality control has already beerortga for sacsin (Kozloet al., 2011;Parfitt

et al., 2009). It is interesting to note that the same tiencwas reported for LRSAM1 and
TRIM2 E3 ubiquitin ligases responsible for HMSN (I9M2P and HMSN2R respectively)
and for the E3 interactor spartin which causes H&Rciet al., 2012;Finstereet al., 2012).
Recently, Girard and colleagues described an imbaldetween mitochondrial fusion and
fission in fibroblasts of patients homozygous toe £.8844delTSACS mutation (Girarcet al.,
2012). In the present research such impairmentassassed for the mutation identified, and a
higher number of significantly more little and spghal mitochondria was observed in the
proband’s fibroblasts. These findings were indieatiof a higher fragmentation of the
mitochondria in presence of the p.Thr3702Ala saasutation, in agreement with the
hypothesis of impairment in the fusion/fission mhondrial dynamics. Previous studies for
mutations inMFN2 complained several limitations in studying mutasibeffects inpatient’s
fibroblasts (Amiottet al., 2008). This aspect could explain the reason wieydifferences
here observed between mutated and control fibrtsblae significant but not so striking.
Nevertheless a deeper investigation is requireatder to confirm and lend further weight to
the hypothesis supported by these data. A betteehior studying neuron mechanisms could
be obtained by reprogramming these fibroblasts mearons (Vierbuchemt al., 2010).
Considering that the current knowledge on sacsreleéed to the protein quality control, the
p.Thr3702Ala mutation could impair the mitochondrfoteostasis specifically through
UBES3A binding, thus affecting the mitochondrial @fimnality and consequently causing the
morphological changes here observed. In line Witk $peculation, a study revealed smaller
mitochondria and “dense spheroids” associated WBE3A deficiency (Suet al., 2011).
Mitochondrial impairment has been also reporteHHMSN patients witt MFN2 and GDAP1
mutations, whereas the paraplegin and HSP60 whiehmaitated in HSP, participate to the
mitochondrial protein-quality control as hypothesizfor sacsin (Timmermaet al., 2013).
Therefore, further studies on the mitochondrialctionality (by checking the membrane
potential or oxidative damages) might explain wkethis finding is solely a secondary effect
of the mutation.

The results obtained in this family representfitst evidence for &ACS mutation associated
with a non-ataxic clinical picture (Gregiangt al., 2013). Indeed, ARSACS is mainly
characterized by early-onset spastic ataxia (neoardination of voluntary movements) and

pyramidal tract signs. Even if a clinical variatyilihave been increasingly described, the
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cerebellar ataxia and typical features in the magneesonance imaging (MRI) are
fundamental hallmarks for the diagnosis of ARSAG&agciullo et al., 2012;Pyleet al.,
2012;Shimazaket al., 2007;Synofziket al., 2013;Takiyama 2006). Interestingly, the patients
in this family did not show overt evidence of cexldr abnormalities in MRI. This novel and
atypical non-ataxic phenotype may be effectivelplaxed by the first substitution affecting
the XPCB domain. Indeed, ARSACS phenotype has beenly defined on the basis of cases
in Quebec region (Canada), where a founder eftedriincating mutations has increased the
prevalence of a severe and relatively homogenossade phenotype. On the other hand, a
growing phenotypic variability has been recentlyndastrated in other populations, mainly
associated with missense mutations which cause amplgrtial loss of function (Thiffaukt

al., 2013). This could explain the later onset in tlaisily compared with the early childhood
onset of ARSACS. In agreement with this suggestaiher cases displaying a later onset
have been reported f&ACS missense mutations (Baetsal., 2010).

In conclusion, our findings expand the genetic spet of SACS mutations and further
broaden the

ARSACS phenotype described up to now. In line vatlgrowing number of reports, the
increasing clinical variability supports the hypesis thatSACS mutations are more common
than previously known and that they might be unetcied (Synofziket al., 2013).
Accordingly, theSACS screening has to be considered in still-unsolveses with unusual
clinical presentations such as late onset, prondinmaripheral neuropathy and spastic
paraplegia. A not-biased approach of whole-exonggiesgcing could be useful to find these
cases. Considering the limitations of the tradaiociassification, ARSACS disease could be
better indicated by the term “sacsinopathy” to dyeall diseases caused ISACS mutations
(Takiyama 2006). A disease classification based nuwlecular evidences is becoming
increasingly necessary to unravel and clarify anitefe genotype/phenotype correlation.
Moreover, as for other not-well characterized prete mutation discoveries like this one

represents a stimulus for shedding light on theisaole which is still poorly characterized.

The approach of homozygosity mapping/linkage amalgembined with WES enabled to
powerfully shed light on the genetic bases of thiedtconsanguineous family. THeamily 3,
affected by a recessive complex form of neuropatiyph spastic paraplegia and mental
retardation, was investigated by robust homozygasiapping/linkage analysis because of
the clear recessive monogenic model and the highbeu of genotyped individuals (3

affected and 8 unaffected family members). Degpigehigh informativeness of the family, 4
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candidate regions on chr2p13.3-p12, chr3g27-g28tf@eeric and telomeric regions) and
chr21g11.2-g21.1 were surprisingly identified. Argenthe 94 genes mapping to these
regions, the analysis of WES variants enabled émtifly in chr2p13.3-p12 region the best
candidate variant in th&BX041 gene. The missense varian®50G>A has never been
reported in variant databases and was excluded #0@hcontrol chromosomes. FBXO41
protein has been described with a role in the EQuitin ligase complex SCF and probably in
cholesterol transport, with a main expression arbrvous system (Jat al., 2004). Several
data in literature are in agreement with a putapaéhogenic role of this variant. First, the
ubiquitin proteasome pathway is a mechanism alremd$pciated with the pathogenesis of
HMSN, with mutations in theflRIM2 and LRSAM1 genes encoding E3 ubiquitin ligases
(Guernseyet al., 2010;Ylikallio et al., 2013). Second, the paralo§8X048, FBXO7 and
FBXO38 have been already associated with clinical featdioesd in Family 3, such as
neuropsychological signs (Parkinson Disease), Eppataplegia and neuropathy (Shojaee
al., 2008;Sumneret al., 2013). Third, spartin protein (SPG20) that hasady been
associated with a very similar complex picture,spras the two same functional roles of
FBXO41 (Eastmaret al., 2009). Concluding, even if the underlying mechaniemains
unclear and functional studies on FBXO41 will bguieed to gain further information, at
present the=BXO41 gene appears the best candidate disease-causiegirg&amily 3. In
order to shed light on many of these aspects, atioat screening oFBX041 gene is
currently under way in unrelated patients. At timse, FBXO41 is strongly candidate to be a
novel causal gene for this disease and furthereaiels could confirm the findings of the

current study.

As reported in literature, the majority of the nbgenes identified by the WES approach
underlies recessive diseases, whereas dominamtidisare more difficulty to unravel to date
(Gilissenet al., 2012). Indeed, data obtained in the current stuyFamily 4, which is
affected by an autosomal dominant form of HMSN andipastic paraplegia, have been
insufficient to pinpoint a candidate genetic causléernative genetic hypotheses such as the
digenic model and the co-occurrence of two indepahdauses were also proposed in order
to explain the intrafamilial clinical heterogenityjth patients exhibiting either a prevalence
of peripheral neuropathy or pyramidal signs or botithem. Linkage analysis enabled to
detect a high number of candidate regions, withbibst candidate one on chr9g22.33-9933.2
(rs2297602; rs1041356) that was defined by theyarsalvith only surely affected individuals

and the integration with microsatellite genotyp@4&S variants were inspected in all these

98



regions but no variants displaying a correct segjfieg without assuming at least one non-
penetrant subject were selected. Also the CNV amalgnd the direct sequencing of the
poorly-covered exons in the chr9g22.33-9933.2 regia not identify any other significant
variant. However, through this study the weaknesdethe WES technique came to light.
Firstly, technical artefacts created by the seguenand read alignment steps were
highlighted. The presence of allelic variants imtopolymer nucleotide stretches and in other
in-house unrelated exomes proved to be good sefectiteria to filter them out. Also the
presence of multiple-mapping reads due to repetitegions in paralogs and pseudogenes
were indicative of spurious variant calls. For amste, in all exomes a huge number of
variants in olfactory and taste receptor gene fasiiwas found. Second, the automatic
thresholds that are commonly used by the algoritbfredigners and variant callers to select
high-quality variants, may instead produce unfaable results. Only a manual review of the
allele-specific read depths allowed to unmask ndisggriants and miscalled heterozygous
calls. As expected, the heterozygous calls wereeremor-prone than homozygous ones due
to misinterpreted background noise, and strong eedds were observed in this family.
Indeed, a high number of variants called in poadyered regions failed to be confirmed by
Sanger sequencing. Third, the coverage had a sgstemnmpact on the sensitivity and
specificity of the technique. The visualisationttoé depth of coverage in the critical intervals
revealed a similar trend among different samplasah inter-exonic and intra-exonic uneven
distribution. The sequences characterized by exherow (<40%) or high (>60%) GC
contents appeared the most affected in capturesagdencing yields. Therefore, Sanger
sequencing of a high number of poorly-covered exeas necessary to detect missed variants
and exclude homozygous deletions. Only recent ingr@nts in the accuracy have been able
to bridge this gap. Indeed, thanks to technologyaades, a higher quality of WES data was
observed in the high-coverage exomes (100X of depdguenced at December 2013.
Samples sequenced in 2011 (with a mean 75X reaitidddsplayed 80% target sequences
with more than 20X depth of coverage, whereas eceneWES the value increased to 98%.
Unfortunately optimal values of sensitivity and aifieity and their relationship with the
mean on-target read depth are not well-definedate.dsuidelines and standardization criteria
have only recently been taken into account for mhi&gjc purposes. Unfortunately a better
understanding is also hampered by the multipli@fycapture technologies, sequencing
platforms and aligners. Moreover longer reads, llaealignments and more efficient
algorithms should improve the currently limited i@fncy of investigating structural

variations, chromosome rearrangements and shaftsind
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In conclusion, this project supplies an original contribution fire study of peripheral
neuropathies, for which many cases are still “orpliaday. In detail, the results provide the
first evidence thaGACS mutation can be associated with non-ataxic phemstyand that

S GMAR1 mutations cause a form of distal motor neuropatbgnsidering also that the
S GMAR1 gene maps to the “orphan” dHMN Jerash typeus (dHMN-J), this finding
supports the causalityf this genein dHMN disorder. Moreover, th8GK223 and FBXO41
genesidentified by the combinatorial strategy of linkaged WES approach in families with
recessive transmission, are strongly candidateetadwvel causal genes for the inherited
peripheral neuropathies. This study representdirtstestep to demonstrate the pathogenicity
of a candidate variant and dissect the mechanismderlying the pathology. Indeed, further
genetic screenings in a large cohort of patientsfanctional studies are currently undergone
and will elucidate the actual involvement of thev@locandidate genes in these disorders. The
demonstration of a growing phenotypic heterogengityo an overlap with other neurological
disorders can be indicative of a more extended gypit spectrum associated with these
genes, which could be masked by a neat categanizbtised on traditional diagnostic criteria
and clinical features. Even if a complicated tadhlk, classification of these diseases based on
genetics criteria is becoming increasingly usefulibhravel and clarify the heterogeneity of

these disorders.
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5. MATERIALS AND METHODS

5.1  Traditional approach of genome-wide scan

Linkage analysis and haplotype reconstruction

This analysis starts from high-density SNP genaotypbtained by different platforms. For
the families 1, 2 and 4 genotyping was carried outh Illumina Infinium HD
HumanCNV370-QuadV3 BeadChip (average density of 1 SNP per 8 Kb), for the fandly
with the Affymetrix Mendel Nsp 250K chip (average density of 1 SNP per 12 Kb)

Linkage analysis was performed for each family &ENEHUNTER-PLUS program
(Kruglyak et al., 1996) through the graphical user interface easflASE PLUS (Lindner
and Hoffmann 2005).

The program calculates a parametric multipoint L&&re, which indicates the eventual
presence of linkage and considers the probabifisoesegregation between disease and allele
markers. This analysis takes into account paramébat define the disease model, such as
the mode of inheritance, disease allele frequepeyetrance and possibility of phenocopy.

For each region of interest, since the genome-vedalysis uses a limited number of
SNPs, haplotype reconstruction allows to consideigher SNP number and to obtain a more
detailed segregation. Moreover EasyLINKAGE provideput files for the HaploPainter
program (Thiele and Nurnberg 2005). HaploPaintersed to draw pedigrees and visualise
coloured haplotypes of SNP markers with their gengbsitions and eventual recombination
events. In order to confirm haplotypes of SNP miakéhey are manually integrated by
microsatellite genotypes collected in previous ysed.

Homozygosity mapping analysis

For consanguineous families with a recessive motlanberitance and few affected
individuals, autozygosity regions was confirmed llge analysis carried out by
HomozygosityMapper software (Seelast al., 2009). Moreover, for a dominant trait the
homozygosity mapping can highlight possible hemizyg) deleted regions. Starting from
SNP genotyping data of more than one individualmidpygosityMapper screens patients
(cases) for blocks of homozygous genotypes in gantis markers. Homozygosity scores are
reported and candidate genomic regions are visdlemd compared with genotypes of
unaffected individuals, in order to exclude shatemmozygous regions. Frequencies of
homozygous genotypes for SNP markers are obtaied the CEPH (Centre d'Etude du
Polymorphisme Humain) collection of HapMap proje¢b circumvent the problem of
genotyping errors, single heterozygous genotypés séven or more homozygous genotypes
on each side are ignored. A homozygosity scoreehnigfian 80% of the maximum value is
considered suggestive of the most interesting genoegions. A manual inspection of
genotypes allowed to evaluate genotype-callingreraod better define recombination events
of candidate regions.

IBD sharing analysis

The program performs a non-parametric statistinalysis and estimates the probabilities of
sharing alleles identical by descent (IBD) betwpais of relatives. Multipoint estimates of
IBD sharing at any genomic location are based an ithplementation of Lander-Green
algorithm (Kruglyaket al.,1996). The obtained scores represent the probasbilihat two
relatives share 0, 1 or 2 IBD alleles (maximum gafl) and a sharing of the same ancestral
alleles can be suggestive of a kinship. To preusas in the analysis due to linkage
disequilibrium (LD), SNPs in strong LD with otheNBs were previously removed and a
pruned subset of about 64,000 SNPs in approxindtade equilibrium was used.
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5.2 Whole-exome sequencing approach

Exome sequencing

Exome capture and following sequencing were peréarby Beijing Genomics Institute
(BGI) in affected individuals. The first sequenciigsubjects V-3 and VI-6 of Family 2, V-2
of Family 3 and 1lI-2, 1lI-4 and 111-6 of Family dated 2011; the second sequencing of VII-2
of Family 2, IV-7 of Family 3 dated December 2013.

In this projectAgilent SureSelect Human All Exon v4 kit andAgilent Select Human All Exon
v4+UTRs kit were used for the targeted enrichment of codingiores and all exons
respectively.

The first kit contains probes designed with the afhrcapturing 51 Mb of the genome by
hybridization and to obtain 4 Gb of sequencesstwond kit covers 71 Mb of genome with 6
Gb of sequences. Probes are designed for captexog sequences, their flanking regions
and a pool of non-coding RNAs based on ENCODE, mEh#e (GRCh36 assembly) and
Consensus Coding Sequence (CCDS) gene annotatiam kifs are composed by 120-mer
biotinylated single strand RNA probes, synthesizga@ transcription from a DNA library and
with biotin-conjugated uridine-5’-triphosphate imporation.

Genomic DNA of patients (mg) was randomly fragmented by sonication and ldjate
standard adaptors. Fragments of 250 bp were selecté amplified by polymerase chain
reaction (PCR) with standard primers. This genolibi@ry was hybridized in liquid-phase
with the biotinylated RNA probes, which in turn wecaptured by streptavidin-coated
magnetic beads to purify targets from nonspecifeginents. Captured fragments were
quantified and sequenced by Illumina Hiseq2000fqiat. lllumina (Solexa) NGS platform
relies on bridge PCR amplification, where singlastl templates bind a solid support and
form a “bridge” structure by means of their stamdaadaptors which recognize
complementary primers. Each single template is diegblto obtain a cluster that will be
sequenced with reversible terminators and cyclessingle-base extension. After each
incorporation of a single nucleotide, fluorescemoaging allows the base calling. In this
project sequences were generated as 90 bp readsoamdoth extremities of each library
fragment (end-paired reads).

Output files from the exome sequencing

The creation and managing of output files was elytiperformed by the BGI. The Genomic
Institute developed a pipeline of analysis and jged files for each sequenced individual. In
the last steps data from different family membeeseapooled together.

The raw data obtained by the sequencer were prettdss lllumina base-calling Software
1.7, which converts fluorescence signals into lzadls. All reads were annotated in FASTQ
format file (*. fq) with their identifier, sequen@d single-nucleotide quality scores.

@FC81EBGABXX:7:1101:1359:2102#GCCAATAT/1 (or 2)

ATCCTGAAGACTTCTAGAGAGCTATCCACTTCCCCATGTAATCCCATAGTTCGCCAGAAAGAATCTGACTTACAAATGAC
ATCTGCAGCC

1
2
3+
4 | 999999999e99999dgfgeegyggggegygygyggee[gcggggedegogbgbdccUedccShddfa efacegggfc™dec

Table 5.1: Examplef *.fq file. Row 1: read identifier; row 2: read samce; row 3: eventual annotations; row
4: string of single-nucleotide quality scores, egsed in ASCII character and corresponding to batitity of
error for single base calls.
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Reads were aligned

against

the existing UCSC mtere human genome by

SOAPaligner/SOAP2 (Short Oligonucleotide Analysecliage) program created by the BGI
(http://soap.genomics.org.cn/). This software dakad the best alignment with maximum 3
mismatches per read and the parameters -a -b -D 4@ -2 -m -x -s 40 -| 35 -v 3. The used
reference genome was based on March 2006 humaenegésequencédl8) (NCBI build

36.3 assembly) from University of California, Sateuz (UCSC). The *.soap output file

contains for each read information about the mappwsition and nucleotide mismatches.

2

3

4

5

6

7

8

9

10

11

12

73

ATAAATCTGAATGGCATATTGTACA
TGTAGAAATTTGTGGTGTTCACTTT
TTATCAGAACTAAATCCGGATTCTG
GGGCTGGAGGACAGA

09999999999999999999geedf
effeegggggeggeggggggygggys
gefgfdfebeeggfdcgggfggfgegdd

W_d[dcd\

ff

&

90

+

chrl?

108946177  (

90M

96

GGGACAATGAACTATTCATTAAAA
AAAATACGCTTAGATACCTACCTCA
CACCATATACAAAAATCATTTCCAG
ATGGATTAAAGAGCTC

SUQSSWWWSVYYYY]_cczZY

YXXXYc_[cc cceeeMAM

cXXccceccccccecece

cccceec_[[[IIYWXUB

90

chrl5

86229884

A-
>89C21

90M

Table 5.2: Exampl®f *.soap file: Column 1: read identifier; 2: read seqce; 3: string of single-nucleotide

quality scores; 4: number of read mapping in theogee; 5: forward “a” or reverse “b” sequence ofrfaid
reads; 6: nucleotide lenght; 7-9: strand and chszm@l position; 10: number of mismatches; 11: ratade and
position of mismatch (reference allele >alternatbegjuenced allele, quality score); 12: matches eunis:

consecutive matches number.

The consensus sequence was obtained by SOAPsnp, @@togram that calls consensus
genotypes and measures their call accuracy. Thewiolg parameters were set: -i -d -0 -r
0.0005 -e 0.001 -u -L 150 -T -s -2. SOAPsnp takés account different scores indicating
data quality, alignment and recurring experimeptabrs, and it converts them into a single
Phred-like quality score. The *.cns file indicaties each position the consensus diploid
genotype and the more likely nucleotides, baseBayes’ theorem.

L7

1 2 3 4 5 6 7 8 9 10 11 12 1B 14 15 16|
chrl 19850 T T 99 T 36 67 67 q ( D D r 1 255
chrl 19851 G G 99 G 39 29 35 A D D 0 5 1 25p

Table 5.3: Examplef *.cns file. Column 1 and 2: chromosomal position;r&ference allele; 4: consensus

genotype of the sample; 5: Phred-like quality scoiréhe genotype; 6-9: more representative allglelity
score, uniquely mapping reads number and totalsteb@13: second more representative allele, qusdiore,
uniquely mapping reads number and total readstatdt reads or read-depth; 15: p-value; 16: copylver of
adjacent regions; 17: annotation in dbSNP dataliasd,annotated, “0” if absent.

All genomic positions where the consensus genotifiered from the reference sequence
were annotated in the *.snp file as candidate nésia

1 2 3 4 5 6 7] 8 9 10 11 1p 18 14 15 16 17 18
chrl 25621 C T 1 Cc 0 129 [ D m 151 |1 2,81457 1 33138
chrl 58759 G A 3 A| 38 1 6 a q 0 q L 2,16667 1 167
chrl 58926 T Y 0 C 39 46 T q 217 263 |0 2,612170 167

Table 5.4:Exampleof *.snp file. Column 1 and 2: chromosomal position;r&ference allele; 4: consensus

genotype of the sample; 5: Phred-like quality scoréhe genotype; 6-9: more representative allglelity
score, uniquely mapping reads number and totalsteH@t13: second more representative allele, gqusdibre,
uniquely mapping reads number and total readstatdt reads or read-depth; 15: p-value; 16: copylver of
adjacent regions; 17: annotation in dbSNP dataliasé,annotated, “0” if absent; 18: distance frahe nearest
variant (bp). The distance from the nearest vaadotvs to detect regions prone to high error rates
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In order to discard false positive calls, filteringteria were applied. For each variant call, 5
bp minimal distance from another varian®, estimated copy number of a nearby regk{)
Phred-like quality score and 4X read-depth weresiared. Resulting high-confidence
variants were reported in *.snp.filter file, whishows the same structure of *.snp file.
Further information was added in *.snp.filter.gfef such as rs identifier for already reported
variants or snp number for new variants, gene reamleother annotations.

1 2 3 4 5 6| 7 § 9

ID=rs3115861; status=dbSNP; ref=C; alleles=G/Gpsuz=17/17;
name=FAM87B; genelD=ENSG00000177757; mutType=Hom;
chrl| SOAPsng SNF 743132 743132 #6 | | transcriptiD=ENST00000326734; mRNAtoChr="+'; exomiNL;
mRNA_pos=380; codonNum=127; codonChange='ACT=>AGT/,
residueChange='T=>S'; function=missense;

ID=rs11240780; status=dbSNP; ref=C; alleles=T/apmut=247/247;
name=AL669831.13-2; genelD=ENSG00000209354; mutFiioe;
transcriptiD=ENST00000386619; mRNAtoChr="-'; exomiL; function=5-
UTR;

chrl| SOAPsng SNR 798791 7987Pp1 42 | +

Table 5.5: Examplef *.snp.filter.gff. file. Column 1, 4, 5 and 7: chresomal position and strand; 2: variant-
caller program; 3, 6: variant type and Phred-likeldy score; 8: codon position; 9: SNP identifistatus,
reference allele, genotype, mapped reads, homoitygosheterozygosity, transcript, exon and mRN/Aigion,
codon and residue change and function

Short insertions and deletionsdels) were identified by Genome Analysis ToolKit softea
(GATK, Broad Institute) and collected in *.indeligile.

1 2 3 4 5 6| 18 9

ID=rs59317408; status=-8; indelType=+2; Base=ACtType=Het;
chrl| GATK | Indel | 1148397 | 1148397 5| [+. | name=SDF4; genelD=51150; transcriptiD=CCDS12.1; hARKhr="-";
exonNum=3,4; function=intron;

ID=rs35961525; status=-8; indelType=+6; Base=TTTCifutType=Het;
chrl| GATK | Indel | 1637753 | 1637753 87 1| name=CDK11B; genelD=%; transcriptiD=NM_033489; mRté&hr="-";
exonNum=6; mMRNA_pos=278; codonNum=93; function=tuzI;

Table 5.6: Examplef *.indel.gff file. Column 1, 4, 5 and 7: chromosonpalsition and strand; 2: variant-caller
program; 3, 6: variant type and read-depth; 8: ooglasition; 9: more details such as variant idestifstatus,
type, genotype, homozygosity or heterozygositypdecaipt, exon and mRNA position, codon and resichenge
and function.

The high-confidence indels and single nucleotideawés were filtered out whether annotated
with a MAF (minor allele frequency}0.5% in the following variant databases: dbSNP130
and 132 (different versions depending on more es lecent sequencing), 1000 genome
project (pilot 1, 2, 3), eight HapMap exomes, Yaahg project and BGI database. Rare and
novel variants were annotated in a *.xls file.

Upon request, a re-alignment was performed by BG013 and new *.xls file was created.
Variants were updated to the assembly GRCh37 (haii@®)nformation from KEGG database
(Kyoto Encyclopedia of Genes and Genomes) and Gemelogy were added.

Furthermore a *.xIs file containing CNV (copy numberiants) called by Copy Number
Inference From Exome Reads (CoNIFER) program weatyaed (Krummet al., 2012).
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Coverage analysis

Output files obtained by exome sequencing, for Whacvisualization standard tool is not
provided, were displayed in UCSC Genome Browser aftodification (http: /genome. ucsc.
edu/). *.soap, *.snp, *.snp.filter, *.indels filegere converted to *.bed files and displayed as
custom tracks of a work session. Moreover, a filthvBequences of Agilent probes was
added. By a manual investigation, these data weaé/sed in a context of already existing
information of the database.

The MapView tool was also used for the navigatiomugh the alignment since *.soap file
was converted to a compressed MVF binary file (Baal., 2009). MapView allows the
alignment visualisation of only uniquely mappedd®and their sequences could add further
information to Genome Browser visualisation.

For each linkage region, exon coverage was analyzetl a table with the following
annotations was created (Table 5.7). Read-dep#gaaes were arbitrarily established in
order to unequivocally evaluate variant calls. Ifamily with a suspected recessive trait, a
homozygous or two compound heterozygous mutaticre wxpected. A read-depth of 10X
was evaluated sufficient to detect them or to pimipa false positive call. On the other hand,
in a dominant disease a heterozygous mutation wpscted and a higher read depth was
required (20X).

GENE of no ;larc;be with probe
LINKAGE | Exon | UTR/coding | (@M for ,
REGION coding no reads low coverage (<10 reads) high coverage
Exons) (>10 reads)
GENE of ?gnﬁ)r?gre with probe
LINKAGE | Exon | UTRI/coding gj’ )
REGION coding no reads Very low coverage | low coverage high coverage
Exons) <10 reads (10<reads<20) (>20 reads)

Table 5.7: Tables headers used in coverage andtysasecessive and dominant disease respectively.

Through these tables, technical problems due tbgwaesign, capture or sequencing steps
were highlighted, in order to better understanchniéaal limits and to cover low-coverage
target regions by direct sequencing.

Analysis of the WES variants

Single nucleotide variants (SNVs) and indels wemalysed first for linkage regions and
genes listed in OMIM database (OMIM and “review’nge). A detailed analysis was
performed starting from *.snp.filter and *.indeige§. When required, a deeper investigation
of *.snp files was carried out. In order to rule all other variants in the whole-exome, final
* xlIs files containing all rare and novel variamtsre also investigated.

The nearly 100,000 total variants in *.snp.filtenda*.indel.gff files were reduced to
manageable pools by filtering out all variants whitearly represented technical errors based
on the presence of homopolymeric nucleotide semserilanking the variant, multiple-
mapping reads, the occurrence in other non-coeglgi-house exomes, the evaluation of the
number of reads representing each allele in a madall. Limits of variant detection was
overcome by considering calls in at least one iddial and evaluating whether the read depth
in the not-sharing patient could be sufficient xolade its presence.

The prevalence and the late-onset of the diseasdeea to the annotation of causative
mutations in variant databases, thus a thresholdionér allele frequency (MAF) of 1% or
2% was used to filter out polymorphisms from dbSBIR1dbSNP138, NHLBI Exome
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Variant Server and 1000 Genome Browser. In additiba HapMap and Human Genome
Diversity Project allele tracks in NCBI Genome Bewsvere visualised. The false positive
rate which could characterize a single database tiuas minimized by the integration of
allele frequency data annotated in different dateba Moreover, information on the
validation status and number of submissions in db$ldtabase was indicative of a rare or
false positive variant.

Variants were analyzed also by functional predsstar order to prioritize them on the basis
of a putative pathogenic effect. The type of amanm substitution, the localization in known
or predicted functional domains, the high sequenoaservation were evaluated. The
potential pathogenic effect was predicted using yiPloén2
(http://genetics.bwh.harvard.edu/pph2) Mutation&asthttp://www.mutationtaster.org) and
SIFT (http://sift.jcvi.org) programs and likelihoagdtio test LRT (Chun and Fay 2009). The
evolutionary conservation of sequence was calallate by phyloP (Pollardt al., 2010),
GERP (Davydowet al., 2010), phastCons (Siepetlal., 2005) and SiPhy tools (Garbeiral .,
2009). Further information about the functionalerolf the encoded protein was searched in
databases such as Gene Card and STRING servemdeinto find a link with the pathogenic
pathways already known for the disorder (followatmpters). Finally, the correct segregation
analysed by means of haplotype reconstructionsoldéitter out other variants.

53 Bioinformatic tools

UCSC Genome browser

UCSC Human Genome Browser (http://genome. ucsd) &lan online bioinformatics tool
created by the University of California, Santa C(WCSC). Interesting annotated tracks
include reference genomic sequence (RefSeq), OMéieg and updated DNA variations.
Useful information for understanding technical giebf high throughput sequencing
alignment are displayed by “Hi Seq Depth” and “Maibty” tracks. Genomic regions
affected by problems of alignment can be detectgdthese tracks, which indicate
troublesome regions due to repetitive elements saglience similarities throughout the
genome. “GC Percent” track can indicate criticgioas for the library enrichment step.
Putatively pathogenic variants are annotated by DOMGMD, UniProt, ClinVar mutation
databases or published in literature (“publicatiotrtack), while frequent polymorphisms
were annotated in dbSNP, 1000 genome Project, HapM@&DP allele tracks.

Moreover the user can upload and visualize his @iles or retrieve the data of already
existing tracks by “Table Browser” application.

Variant databases

dbSNP database (http://www.ncbi.nlm.nih.gov/projects/$Nis a free public archive
developed by the National Center for Biotechnoldgiprmation (NCBI) and the National
Human Genome Research Institute (NHGRI). This de@hbincludes different classes of
polymorphisms, such as SNPs, indels and short mandspeats. Information on allele
frequency and validation status allows to undetsiahether a submitted variant represents a
real polymorphism rather than a rare or false p@siariant. Exome sequencing output data
(*snp.filter.gff) refer to the build 130 of dbSNEreated in 2009. By more recent releases
(dbSNP132, 135, 137 and 138) more details have hdded, and SNPs are divided into
“Common” (in at least 1% of the population), “Muyle” (mapped in more than one genomic
position) and “Flagged” (probably clinically assated).

The false positive rate of dbSNP was minimized hy integration of allele frequency data
annotated in other databases, such Exeme Variant Server (NHLBI GO Exome
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Sequencing Project (ESP), Seattle, WA; http://eamigshington.edu/EVS/). EVS has been
developed by National Heart, Lung, and Blood Inogtit(NHLBI) and currently collects
exome variant calls of 6503 samples (13,006 chromes) from different projects. Samples
have been selected in order to represent controla fAfrican-American and European-
American population.

1000 genome browse¢http://browser.1000genomes.org/) represents p datlog of human
genetic variation from 1092 individuals belongir different populations (phase 1 of the
1000 genome project).

GEnomes Management Application (GEM.app, https://genomics.med.miami.edu/) is a
software tool to annotate and visualise datasetaigfnts from exome sequencing. GEM.app
currently contains 1,600 whole exomes belongingp&tients affected by 50 different
phenotypes.

In silico study of proteins

For not functionally characterized proteins, cowsdr protein domains were assessed by
InterProScan, which allows to scan protein sequeiocematches against the InterPro
collection of protein signature databases (httpvidnebi.ac.uk/Tools/pfa/iprscan). The search
for known and predicted direct and indirect intéicats between proteins was performed by
STRING database. It currently covers 5214234 pnsté&iom 1133 organisms (Franceschini
et al., 2013).

Jpred3 (Colest al., 2008), Psipred (Jones 1999) and SOPMA (GeourjanCaieage 1995)
prediction tools were used to investigate the efdé@ mutation in the secondary structure of
the protein. Alterations in the most common poahslational modifications, such as
phosphorylation and acetylation were predicted hgditia, NetPhos and NetAcet servers
(Blomet al., 1999;Gnackt al., 2011;Kiemetet al., 2005).

Three-dimensional structure of the full-length pint or a single domain (target) was
predicted by homology modelling starting from thmi@o acid sequence alignment with a
crystallized protein (template with a pdb code Ede). PDB database contains information
about experimentally-determined structures of pnste nucleic acids, and complex
assemblies obtained by means of NMR spectroscopy-raty crystallography. The amino
acid sequence alignments were obtained by NCBI-BLAStschulet al., 1997) or ClustalW
tool (Larkin et al., 2007) whether target and template were alreadywhknd-or oligomeric
proteins the modelling of a single domain is coesdd more reliable. SWISS-MODEL gave
the output file of the best target-template alignthn@nd HOMER server performed the
homology modeling which was visualised by PyMol gnam (Kiefer et al., 2009)
(URL:http://protein.bio.unipd.itthomer/)  (URL:ht#hvww.pymol.org). The  surface
conservation of the structure was evaluated by @érserver (Ashkenazgt al., 2010). The
evolutionary conservation starting from linear satre was assessed by ConSeq server
(Berezinet al., 2004).

A potential regulation of splicing site was predittoy ASSEDA server (Mucakt al., 2013),
ESEfinder (Smithet al., 2006), Human Splicing Finder (Desnettal., 2009), MaxEntScan
(Yeo and Burge 2004), Computational approach fenSer motifs (Sirongt al., 2004) and
FAS-ESS server (Wang al., 2004).

108



54 Molecular studies

Salting-out genomic DNA extraction

The genomic DNA extraction was performed by usinghadified protocol based on the
salting-out method described by Miller et al., whielies on the physical-chemical rationale
that macromolecules are less soluble at high saltentrations (Milleet al., 1988).

10 ml of peripheral blood were collected in tubestaining disodium-EDTA and stored at -
20°C. After thawing, 40 ml of isotonic N-N solutigNaCl 0.9%, Nonidet 0.1%) were added
and leukocytes were pelleted by centrifugation f86 at 4000 rpm, 4°C). Pellet was rinsed
twice in 30 ml of N-N solution and resuspended imKof hypotonic TEN buffer (Tris-HCI
10mM pH 8, EDTA 2mM, NaCl 400 mM). After the addmi of 300 pul of 20% SDS solution,
samples were incubated at 80°C for 3 hours undgreus mixing, in order to lyse nuclei and
solubilise proteins. The supernatant was colleafezl adding 1 ml of saturated NaCl (higher
than 6 M) and centrifugation (10 min at 4000 rpfo)lowed by the addition of an equal
volume of chloroform and another centrifugation (hih at 4000 rpm). The supernatant
containing DNA was thus separated from proteins. efjual volume of isopropanol was
added and after centrifugation (10 min at 4000 rggme) DNA was precipitated. 2 washes of
pellet were performed with 1-2 ml of ethanol 70%eTpellet with DNA was dried from all
ethanol and resuspended in 300-500 pl TE buffen{iDTris-HCI pH 8, 1 mM EDTA).

DNA quantification

DNA concentration was quantified by measuring tiptical density (OD) at 260 nm with
NanoDrop ND-1000 UV-Vis spectrophotometer (CELBIGyYarting from 1.5 pl of DNA
sample, the 260nm/280nm absorbance ratio assegsatu@ contaminations by proteins
(Absorbance of proteins at 280 nm). Values betwieBrand 2 are indicative of a sufficiently
pure DNA sample. In addition, the 260nm/230nm dbsoce ratio assesses eventual
contaminations by carbohydrates and phenols, wdthslorb near 230 nm. Values higher 2 are
indicative of a sufficiently pure sample.

Genome amplification with GenomiPhi DNA amplification kit

Whether the genomic DNA was not sufficient or pmlyi degraded for the following
analyses, it was amplified with GenomiPhi DNA arfipéition kit (GE Healthcare). Few
nanograms of genomic template were added to thelsamiffer (50 mM Tris-HCL pH 8.2,
0.5 M EDTA), containing random hexamer primers.efAftlenaturation of 3 min at 95°C,
reaction buffer (ANTPs and buffer) and enzyme niki29 DNA polymerase and other
hexamers) were added. The polymerization reactias earried out at 30° C for 90 min. The
final step of enzyme inactivation was performe@%iC for 10 min.

Amplified DNA was then purified through ethanol pigtation.

DNA amplification by Polymerase Chain Reaction (PCIRRand Sanger sequencing

All exons and adjacent intron regions of candidditease genes, not well covered target
regions and regions where interesting variants weye amplified by PCR reaction. Primers
were designed by Primer3 software (http://prime&ri3.mit. edu/) based on the sequence data
in UCSC Human Genome Browser and taking into adcanspecific annealings predicted
by Oligo Analyzer v 1.0.3. tool. Large exons weogered by multiple amplicons.

PCR reactions were carried out in aiil¥olume, which contains 50 ng of DNA template and
the remaining volume of master mix. The master imiudes primer (4 pmoles each), dNTPs
(200 uM), PCR buffer (1X), MgCGl (1.5 mM) and of DNA polymerase (0.8 U). DNA
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polymerase was either Taq Gold® DNA Polymerase (i&ppBiosystems) or Accuprim®
GC-Rich DNA Polymerase (Life Technologies) or Fagtrt® Taq DNA Polymerase (Roche)
or GoTag® Polymerase (Promega) or AmpliTag® 360 DRAymerase (Life Technologies)
depending on the different amplicon. PCR reactiaas werformed in a Peltier PTC-200
thermal cycler (MJ Research) using standard orhtalaavn protocols. Whether a high GC
content was present in the template sequence, DEIS® specific GC buffer was added
according to the manufacturer’s protocol.

The PCR yield was checked by gel-electrophores®/inw/v agarose gel stained by GelRed
(Biotium). DNA bands were visualized under ultrdetotrans-illumination and compared
with a known molecular-weight marker. Amplified eowere purified in order to remove
unincorporated dNTPs and primers, which might feter with the following sequencing
process. A qul of PCR product was purified by Antarctic Phospaisat (1 U) and Exonuclease
I (5 U). Samples were incubated at 37°C for 15 amd 80°C for 15 min for the inactivation
of the enzymes. The purified PCR products with @®les of primer were sent to BMR-
Genomics (Padua, lItaly) for the Sanger sequenc®eguencing was carried out by
ABI3730XL DNA Sequencer using Big Dye dideoxy-temaior biochemistry (Applied
Biosystem). Electropherograms obtained in *.abmfatr were analyzed by SegManll software
(DNASTAR).

Candidate variants identified with the exome sequmgn were validated by Sanger
sequencing. Unsufficiently covered coding exonsciwhiap in the linkage regions were
sequenced as well. The most promising disease g&A€S and SGMARL) were also
investigated by direct sequencing in other unrdlapatients. Amplicon sizes, primer
sequences and condition of amplification are reggbim Appendix A, B, C and D.

Test of variants by restriction assay and ARMS PCR

The amplification products can be also digested rbgtriction endonucleases which
specifically recognize reference or alternativelall thus producing restriction fragments of
different lengths. The genotyping of a specific @g@aic position was alternatively inspected
by tri-primer ARMS (Allele Refractory Mutation Sysh) PCR reaction. In a standard PCR
master mix, outer and inner primers specific fa &mplicon with the variant were favoured
by a higher concentration (3 pmoles of each primétje the outer primer competitor of the
inner one was added at a lower concentration (O\@l¢s).

The presence of the best candidate variants mappi8§CS FBXO41, LPP and SGMAR1
genes was examined in a pool of unrelated healthjests in order to study variant frequency
in the same population and to exclude a polymorph®ther candidate variants identified
with the exome sequencing were validated by enzges&iction. All tested variants with
primer sequences and conditions are reported ireAgig C.

RNA isolation and Reverse Transcription

Total RNA was extracted by fibroblasts pellet usikigeasy Mini Kit (Qiagen), according to
the manufacturer’s protocol. The content of RNA ezich sample was quantified using
Nanodrop 2000 spectrophotometer (Thermo ScientR&JA was reverse-transcribed in a 20
uL reaction volume consisting of MgC(5 mM), PCR Bufferll (1X), RNase inhibitor
(1U/uL), Moloney Murine Leukemia Virus Reverse Transtage (50 U, Promega), random
primers (2.5uM) and dNTPs (1 mM each). Reaction was performethéenthermal cycler at
37°C for 1 hour and 85°C for 5 sec. 20 of RNase-free water was added to each tube at the
end of the reaction.
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Quantitative real-time PCR (qPCR)
Quantitative real-time polymerase chain reactios performed in a 10l reaction containing
5 ul of KAPA SYBR® FAST gPCR Master Mix 2X (KAPABIosysms) with fluorescent dye
SYBR® Green |, 2ul of the reverse transcription reaction and 600 piers, by using
Mx3000P™ real-time PCR system (Stratagene). Theliwagtion program consisted of
denaturation at 95°C for 3 min, 40 cycles of deraiton at 95°C for 3 sec, annealing 60°C
for 30 sec and extension at 72°C for 1 sec. Firlallyin at 72 °C. Real-time PCR assays were
performed in triplicate for each condition. The leythreshold (Ct) value was measured for
SACSgene and the Ct value GAPDH gene was used as internal reference for normiglizat
Primers specific foBACS cDNA that were used are:
Forward (exon9): TTTAAAGGAAGCTGCCCAAA
Reverse (exon10): CCAAACCATCTTAAGCCATGA
Specific primers foGAPDH cDNA that were used are:
Forward (exon2): GAAGGTGAAGGTCGGAGTC
Reverse (exon4): GAAGATGGTGATGGGATTTC

55 Functional studies on fibroblasts

Fibroblasts culture

Skin fibroblasts were obtained from the skin biop§X patient of the family 1.

Patient and control fibroblasts were maintained fitasks (CORNING) and culture medium
containing DMEM Glutamax (GIBCO) supplemented withtal Bovine Serum 10% (v/v)
(Life Technologies), 100U/mL of penicilin and 1@@mL of streptomycin (Life
Technologies). Cell growth were in controlled temgpere (37°C) and atmosphere (5% CO2
v/v). When cells reached confluence were detachiéd twypsin and seeded at a density of
5,000 cells/crhfor propagation.

Protein extraction and Western blotting

Cell monolayer was detached by trypsine, pelleted resuspended in lysis buffer with 1x
complete protease inhibitor cocktail (Roche). Soptant was collected after centrifugation
and proteins were quantified using a Bradford goletric assay with bovine serum albumin
(Sigma). 4Qg of proteins were denatured at 95°C for 5 min lmadled in each well of a 4-
12% gradient NUPAGE Bis-Tris gel (Life Technologidslectrophoresis was performed for 5
hours at 200 V withmorpholinepropanesulfonic acid (MOPS)-sodium dotisaifate (SDS)
running buffer (Life Technologies). Proteins werdotted overnight at 4°C onto a
nitrocellulose membrane (Whatman). Membrane wasibated with rabbit anti-sacsin
(1:500) and mousg-actin (1:10,000, Santa Cruz) primary antibodidsted in BSA 5%
Tween20-PBS. Fluorescent immunodetection was chmigt using secondary antibodies
conjugated to fluorescent dyes (1:10,000, Dako).

Immunostaining of the mitochondria and Imaging

Cells were grown at 70% confluence on glass copsrsind fixed in 4% paraformaldehyde in
phosphate buffered saline (PBS) for 15 min. Perifisation was performed in 0,2% Triton
X-100 in PBS for 5 min. Cells were washed and iratet in blocking solution (10%goat
serum, 1% BSA, 0,02% Triton X-100 in PBS) for 45nmRabbit polyclonal anti-Tom20
antibody (1:500, Santa Cruz) was used in blockwigt®n for 2 hours, and AlexaFuor (568
nm) goat anti-rabbit antibody (1:1,000, Life Teologies) in blocking solution for 1 hour.
Three washes with PBS were followed by the nucktaming with 1ug/ml DAPI (4,8-
diamidino-2-phenylindole) for 2 min.
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Cover slips were mounted and images were acquirgd & Zeiss LSM510 inverted
microscope equipped with aX®3il-immersion objective (1.4 NA) and zoom 1.5. leaich Z-
stack about 16 cross-sectional images were takeciaments along the Z-axis to encompass
the entire fibroblast volume.

Image processing and 3D reconstruction

Image processing, 3D reconstructions and surfacdereng were performed with Surpass
mode of Imaris software (Bitplane AG, St. Paul, MEach mitochondria were considered
one object for the analysis and three-dimensionaiphometry measures (area, ellipticity,
sphericity and volume) were conducted. To reducekdraund noise, background
fluorescence was subtracted by manual thresholdsedgnt and invalid objects were
manually deleted. Experiment was repeated threestimith a total of 100 patient fibroblasts
and 100 control fibroblasts collected.

Statistical analysis of data

Statistical analyses were performed using Grapliesin software (GraphPad Prism version
5.0 for Windows, San Diego, CA). In normally dibtited data, parametric Student’s t-test
was used. In not normally distributed data (conéidrby D’Agostino test), non parametric

Mann Whitney test was used. Differences were cansatisignificant for p-values < 0.05.
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APPENDIX A

Mutational screening of unrelated index cases

Amplicon | Forward and Reverse Primer sequences 5'-3] Amplicon lenght (bp) | PCR conditions | DNA Polymerase
exio | STCOOTCCOTATIOON | | S0 e
o2 | B ShiiCTISCrSeeTTIeTe
EX10_3 ;:: GTgACAAAA:TTAGTI;%CTTGTg:«STTT%(/iTTAGTAG 677 30'23"1(;;6)(0;&25 Tag Gold
o s | B, mecsocmencecaer
o 7 | B, ASCOCTCTIIAcHh
exos | JSTSSSTSeTTeCTS
09 | F, ToTemeTeeTeTcee
exio o | SSTSMCSTSCASTOTCASTAS
o | uSSCTIoNCoMTeA
o iz | SAATACCCACOGMOTACCA
EX10_14 ;:: ?%ﬁggﬁiﬁgéﬁmgémme 691 30%8‘4?597 535 Taq Gold
1015 | . OATSSCTCTOACTISOACT
x| | SpeSeIeccTICToTere
o i | [ fogmISCCcReATen
1018 | F SAMACACTCTIACC AT
oo | TOASSSCTMTACAOACToS
EX10.20 | £ G AACACAACGOTCOARACT 617 s0ra0s xl0+2s| T80 GOl
EXI0.21 | o CATTGOGTCCATAAGOAGA 699 s0a0'as s | 120 GoM
EX10.22 | £ GGTICTCTGOATITITGTCAGS | 662 sa0as ks | 120 GoM
EX10.23 | o FTCOCCTCACAGCATAGTCA 614 a0a0'as xas | 120 GoM
EX10_24 | £ CeATCCOARTOATTCARATCC 639 3073045 x10+25| T80 GO

Table 1: Primers and amplification conditions foe BACS gene. For the proband of Family 1, full-lenght c®N
from fibroblasts were screened. The mutational estrey of unrelated cases displaying a similar céhi

phenotype was performed for the most extended raogiéntly mutated exon10.
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Amplicon | Forward and Reverse Primer sequences 5'-3| Amplicon lenght (bp) | PCR conditions | DNA Polymerase
Exi | F: GAGGAAATGGTTCAACCGAAG 422 STD 58°C 360 Tag
R: GTCCTAGGTCCGGGGATG 30"30"30" x35 GC buffer
Exo | F: CGGCAGTACGCTGGTGAG 423 TD 68-58°C 360 Tag
R: ATGGCCCAGCCAAACATC 30"30"30" x10+25|  GC buffer
F. CATGCCCTCCTTTCTGATGT STD 58°C
EX3 | Ri CCCAACACACTCCTTTTCCA 267 30"30"30" X35 FastStart Taq
F. TCCCCACCCCTAGTTAGTCC STD 58°C
EX4 | R: GCTCCAGCAAGTGGATATGTG 394 30"30"30" x35 | estStartTag

Table 2: Primers and amplification conditions foe 8 GMARL (NM_005866) gene. The mutational screening

of 12 unrelated cases displaying a similar clinpianotype to the Family 2 was performed.
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APPENDIX B

Validation of candidate variants identified by theexome sequencing

Family 2
Candidate Variant Forward and Reverse Primer sequence§ Amplicon .. DNA
cly (gene, position, effect) 5-3’ lenght PIER el Polymerase
BK223
F: TGTCAGCCACCATCACAGTC STD 59°C
Chr8 €.1529T>C R: CTCTCCTTGGGCTTGCTCTC 214 3030°40" x35 | HestStartTaq
missense
MTMRY F: ATGATTTTTCCCCTGAAATTGTT STD 60°C
Chr8 c.1749T>G R: CAGAATCTTCATCGCCTTGTG 220 3030"30" x35 | HastStartTaq
missense
ABTB2_intron5
- F: GTGCCCGATCTGTGGTTT STD 60°C
Chrll 9'34183;"13;?”2 (hg19)| r. AGCTCTGTGGGGCTTCCT 206 303030 x35 | astStartTag
PLEKHG4
F: TTCCGAAAGATGTGGGCTCT STD 60°C
Chr1g C.1986G>T R: GGGAGTCAGGACCCAAGACA 442 30"30°30" x35 | HastStartTaq
missense
PLEKHG4
F: GTCTCTGCAGGAGCAGGTCA STD 58°C
Chr1g C.1658C>G R: GGCAGCATGACCAAGAAAAG 290 30"30°30" x35 | HastStartTaq
missense
chix S F: TGTTGGGGCTTGAACTCCACCGTA| o0 STD 67°C e igeation
- R: CACGGCGITGGTGCATTCATCCAG 30°30"40" X35 lig
missense with Hpnl

Table 3: Primers and amplification conditions faligdation of candidate variants by Sanger sequgnoin
enzymatic digestion (when indicated) in Family 2.

Family 3
. . . Amplicon
Chr Candldat(_e_Varlant Forward and Reve’rS(? Primer sequences lenght PCR conditions DNA
(gene, position, effect) 5'-3 (bp) Polymerase
FBXO41 c. 950G>A F: TGAGGCTCTGGGGTAAGAGA TD 68-58°C Taq Gold
Chr2 - C. > y 291 o +digestion
missense R: GTAGAGGAGGGAAGGCAGGT 30"30"30"x10+26 with BstUI
ors | T (NM_OOUIOTETLY)| £ TGCAATCGCTGCTTGTTTAG 270 TD 65-55°C, | FastStart
ﬁ]issense R: TTCCAATTACTAAGGAAGGAAATCA 30"30730"x10+26 Taq

Table 4: Primers and amplification conditions falidation of candidate variants by Sanger sequegnoin
enzymatic digestion (when indicated) in Family 3.
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Family 4

Candidate Variant Forward and Reverse Primer sequences ATIEE PCR DNA
Chr - " o lenght "
(gene, position, effect) 5-3 (bp) conditions Polymerase
Chrl MAPKAPK2 c.643A>C | F: GAGTAGAGGAAGGGAGGAACC 206 STD 57°C FastStart
missense R: CCCCAGATAGCCAAGAGGAG 30"30"30" x35 Taq
chr2 FARP2 c.2530A>T F: GCCCTACACAAGGAAGAGCA 255 STD 60°C FastStart
missense R: CAATGGGGACCAAGGAAAA 30"30"30" x35 Taq
Chra PALLD c.1394G>A F: TGTATCTGTTTTGTCTGAGGTTTGG 264 STD 60°C FastStart
missense R: GGGCACTTCTCCTTACTTTTCTG 30"30"30" x35 Taq
CLINTZ_intron10
= F: CAGCCAGCGGTAGAACTTG STD 59°C FastStart
Chrs | g.157151286T>C (hg19) o -5 AGAGTATGAGGTAAATGAA 367 30"30"30" X35 Taq
Splice site activating
chrs RANBP17 c.2548G>A | F: AGTGTGTCCCATAACTACTTTGAAT 374 STD 57°C FastStart
missense R: CTAACTCCCTGGGCTTCATTA 30"30"30" x35 Taq
chré SYNEL ¢.24422G>C F: GGGATGAAATGTTTACTTAATGGACT 248 STD 59°C FastStart
missense R: CTTTTCTACTGGTGTATGGGTCAG 30"30"30" x35 Taq
STD 59°C
chr7 hnRNPA2B1 ¢.1048A>G | F: TGGATGGATATAAAATAGAATCAACTG 396 40740740"x35 FastStart
missense R: CGATAACCTGAAGCTGTTCTG and Digestion Taq
BseRI
chrs SLC26A7 ¢.808T>C F: TCTAAGGGCAAGGCTGCT 398 STD 59°C FastStart
Stop codon abolishing | R: CTGGAGTGGAGAGGGACTG 30"30"30" x35 Taq
chro SMC2 c.1583C>T F: TTTTGCTGATTCTACTTTCATTTCA 236 STD 57°C FastStart
missense R: GAGTCGTTCTCCAGCCACTAA 30"30"30" x35 Taq
SVEP1 c.4781C>A F: TGAAAGAAGGAAATTCTCACCA STD 59°C
Chro missense R: CTCCACCCCCATCTCTAAAA 260 30"30"30" x35 | 124 Gold
. o Taq Gold
chro MEGF9 ¢.380C>T F: GACTGCTGGACCCTCTTCCA 174 STD 59°C + digestion
missense R: GGTACGGTGGTCGCTACAGG 30"30"30" x35 WitthnII
chro HSDL2 ¢.130G>C F: GGTCGTATTTGTTCTGTTGTAGGA 260 STD 59°C Tag Gold
missense R: AAACTCTCCAGCAAATTCTCTATGT 30"30"30" x35 q
CTNNALL_intron18
chro g. 111705122G>T F: GCTCTCTTAGTCCAACTTCTTTCA 295 STD 58°C FastStart
(hgl9) R: TTAAAAATGTCAGCTTCATCACA 30"30"30" x35 Taq
Splice site activating
Chro RNF20 c.2854A>C F: TGGGTTTTCTTCTTGGTTGTG 292 STD 58°C FastStart
missense R: GCTCCTCTTCTTCTCTTGACTTAGA 30"30"30" x35 Taq
chro FNBP1 c.1646A>C F: GCCGCTCTAACTCTAACCCA 390 STD 60°C FastStart
missense R: GACCACCAAAAGCAACCATC 30"30"30" x35 Taq
Chrii SHANK2 ¢.1664C>T | F: CCCTCAGTCCCCTTCGTT 248 STD 60°C FastStart
missense R: CCACATTCTCTCCACCTTCG 30"30"30" x35 Taq
Chri2 KCNMB4 ¢c.604G>A | F: GCCCTTTCTTTCTTATTCTCCA 365 STD 60°C FastStart
missense R: GTCTTCCAGTTGTGCCTGTTT 30"30"30" x35 Taq
TMEMS50B_ex3
— F: TGAAGAAAGCCAATGTGGAA STD 59°C
Chr21 9:34839414A>C | b TGATCTGTAGGACAAAAGGAATG 199 | 3pv3pv3grxas | 124 Gold
missense
chr2l c2lorf67 ¢.579C>A F: CTCACTCGCTTCCTCCTGT 398 STD 58°C FastStart
nonsense R: AGCCATTTACCCCGTTTG 30"30"30" x35 Taq

Table 5: Primers and amplification conditions falidation of candidate variants by Sanger sequenoin
enzymatic digestion (when indicated) in Family 4.
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APPENDIX C

Frequency study of candidate variants in the healty population

Gene and variant Primers for PCR or ARMS PCR Reaction

F outer: TTCTGCATCATATATTCCAAGAACGAAT S
SACSC.11104A>G . Tri-primer ARMS
missense R outer: GTTATTGATTACCTTATCAAGAGGAGGATC TD 76-66°C 30730"30"x10+25

R inner(mut): CAATGTGATGTACTCCAGCTGTTATTGG

TD 68-58°C 30"30730"x10+27
and Digestion with BstUI (New
England Biolabs)

FBXO41 c. 950G>A | F: TGAGGCTCTGGGGTAAGAGA
missense R: GTAGAGGAGGGAAGGCAGGT

LpP F outer: CTTTTTCCTCTCCAGTGCAATCGCTGCT

(NM_001187871-D) | R outer: CGAAGTCAGCTCTAGGCCCCACTCACCA D 70 B 10424
LLaacs R inner(mut): GGAATGAAGGGGCAACTGCCA

SIGMARL STD 61°C 30"30"30"x35

F: ATTGTCACTCAGGGCGCTAC S .
(NM_005866) R: CCCAACACACTCCTTTTCCA and digestion with Mnll (New England

c.412G>C Biolabs)
(NS,\IAG'(\)A&%%G) F: TCCCCACCCCTAGTTAGTCC STD 58°C30"30"30"x35
C.A48G>A R: GCTCCAGCAAGTGGATATGTG and digestion with Alw26! (Promega,

Table 6:SACS FBXO41 and LPP variants were investigated in 200 healthy Italgbjects by these assays.
SIGMARIL variants were investigated in 100 healthy subjbetsenging to the same Southern region of Family 2.
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APPENDIX D

Direct sequencing of poor-covered coding exons

Family 2

CIENZEONs | AMEEEn ronard aégiseer:/cg:e Primer Amplitzg;)lenght cor?dcitli:({)ns Pol)?r,r\:gase
chrs NDRG1_ex16 ;:: ig%é?gggﬁf&%ﬁ%%&ﬁggG 365 30§3T0'?4%%;C35 FastStart Taq
o | sm e | ESSITECTSTCCIECTS |y | S0 | e
o | sm o | EESTETCCSORIETIOTE | gy | 520 | o
oo | e |pocoeesemencotesr Ty | sere | e

Table 7: Primers and amplification conditions tquence poorly-covered coding exons in Family 2.
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Family 3

Chromosome Amplicon Forward and Revgie? Primer sequences| I:\r?;ﬂtic(gg) cor'?dcits)ns Polyl?r’r\llgase
F: CCAGTCATTTGCCAGGTTTT STD 57°C
Chr2 C2orf65_ex10 R: TTCAACCCCAACTGTCTTCA 180 30”-3;);45” X Taq Gold
Chiz | AUPLeL | b NG ACGAGCAGTAGGA 45 | syauscsa | FASISNTaq
Chi2 | WDRSA_eXL | b CGAGeCARATARGTGTOATCA B | soa0us xsa| oGO0
Chiz | PRADCLEX | oA CCACCOACTTATTCE 53| gyausixas| e GO
oz | soued |OSUCCOTTEONMEAVONS | wp | dwas | 0T
x10+26
oz | Fexoat_eaa | i CCCTGAGCCTICCTGACC 516 | 3o STROC | Faststart Tag
Chi2 | FBXOMLexIE | o CxrcrTeTacTaoACCTCCTC 78| apaasixas | e GO
Chi2 | FBXOHLEXIC | o G aCrSTOACCOGEACACS T | aaasixas | e GO
cwe | eomesan | ACSISSCMOCCCNCR
x10+30
Chiz | EGRALEXA | b CpaArCGCCTCTOGOAM UL | syausicsa | oGOl
Chiz | EGRAEE | b CCACTAGGAGBGGTCAGS S0 | saasixas | e GO
Chz | EGRAeC | b dlTdTecoGTTTCTTCTOAT 2| gyaasixas| e GO
o2 | EcRaeap | FCTGCCTCCGCAACTICAG s | 3030us | Tagcol
x10+26
Chi2 | DCTNLEX® | CiroACCOTITOTGATCOA N S
oz | AMSLexta | Fi CAACGTCGCCTGTAGCAM 2 | soaos0 | TaqGod
x10+2§
chiz | AMSLexts | FGGACTCCGACTCTCACTACGG oz | swa0us ot | FasstnTag
O3 | LEPRELL ex1A | o C2ArCANGOAGCGOAAAA R I i
o | Lo ens | FSSCSTACTICASCOONOICTA | s | s | 0T
O3 | CLONIS.eXI | b0 GATCCAACAGTOAGTCC 42 | syaagcsa | oGO
chr21 USP25_ex1 ;:: %gg%fgffg&gg%éﬁ% 653 30§3T0'?45;7E,’;C35 FastStart Taq
Chizl | SWSNLed | B g TseCTTaMATCOAAC 0 | 3yaa0ixsa | e GO
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chr21 BTG3_ exl E:: %?géggggfﬁf&%&%fg 454 5 0?;)'34%? °XC3 5 | FastStart Tag

ch21 | NRPLext | FGCTGGTCGCAGCGAAGAS 213 | a0s0as | FaststartTag
x10+28

chzi | NRIPLe | g o CdemaoTAGTITATEE | 37 | sraaorxsa | TaA GOl

Chi2l | NRIPLe | o i ACGATTGTAGCTCTITCA | %67 | 3ora0a0'xsa | 120 GOl

Table 8: Primers and amplification conditions tquence poorly-covered coding exons in Family 3.

Family 4

Chromosome Amplicon RO ir;ccilllj?eer:/g:e A Ig?;%ltic(gg) PCR conditions p ol)?n,\:eAr ase
cvo | recmen | ESASITATSCIGICE | g | SOE | rasemra
v | coummons || SCTISTSISERIOIST | | SO0 | e
Cchro NIPSNAP3A_ex1 E:: %ﬂ%ég%géfgé?ﬁggé'“% 343 40%(?’4?(??35 FastStart Taq
Cchro NIPSNAP3B_ex1 ;:: gggéﬁgégﬁﬁéﬁéﬁ%@g 325 40%8’4?82?35 FastStart Taq
i I I T e
v | omoren GO | m | o | s
e v A IR [N T
oo | areoon | LOASTEIETONSS | w0 | SC | ressmnr
v | o | LSS | | smee | e
e e el I I o
chro TMEFFL extb | F: TCCAGGGGCACCAGTCAT - TD 69-50°C Tag Gold

R: AACGGAGGGGTGGGAAGA

30730"40"x10+23

Table 9: Primers and amplification conditions tquence poorly-covered coding exons in Family 4.
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APPENDIX E

Family 2 nucleus 1

Homozygosity mapping for each patient

Patient V-3
Total Comments about relevant
chr | from (bp) to (bp) from SNP to SNP Mb RefSeqgs genes/loci
1 194072229 201517349 rs53340p rs11577p09 (7.4 40 -
1 203281175 211082285 rs17534202 rsl777250 7.8 98| SYT14 for Spinocerebellar ataxia 11 (AR
1 220009989 224897974 rs12143315 rs6669720 4.9 39 -
2 155651200 156917835 rs259115%4 rs7578557 1.3 1 -
8 6754919 | 12718090 | rs2738148 | rs6997599 | 5.96 120 -
9 5487980 8342540 rs10975184 rs1846695 P.9 14 -
- BCL2 for dHMNV and SPG17
(AR/AD)
11 33904286 68855954 rs4756076 rs4930265 35 >100 - IGHMBP2 for dHMNVI (AR)
- B3GNTL1 for Muscular dystrophy-
dystroglycanopathy
15 27706279 35370551 rs6497269 rs6495749 7.7 70 -
18 55201461 61901187 rs754789 rs4328342 6.7 44 -
21 42694667 48061211 rs2838011 rs2256Q070 5.4 >100 -
Patient VI-6
Total Comments about relevant
chr | from (bp) to (bp) from SNP to SNP Mb RefSeqs genes/loci
1 168986374 170383224 rs2146201 rs10919392 (1.4 18 -
3 143505568 144824171 rs1868179 rs7432650 1.3 2 -
6 118543515 119841070 rs9398485 rs10485006 (1.3 -
6 | 128829399 130019354 rs6938035 rs17057640 |1.2 3 LAMA2 for muscular distrophy
- DHMNL1 locus
7 | 135650363| 152608306 rs10261276) rs6954929 | 17 >100 - CLCNL for M{A";‘jg'g)°°”ge”“a"e"'°r
- myotonia-c locus
- RP1L1 for occult macular dystroph
(AD) =
Vps37A (SPG53AR)
8 6754919 | 22111871 | rs2738148 | rs4872456| 15.4 >100 - ASAH1 for SMA with progressive
myoclonic epilepsy
- distal Myopathy 3 locus
SLC52A2 for Brown-Vialetto-Van Laere
8 | 139484985 14629273 rs16909195 chromend |6.8 >10D syndrome 2 (AR)
11 15829043 1700722( rs110237R7 rs2353369 1.2 3 -
11 27266037 28629114 rs10835148 rs11030385 (1.4 11 -
- CNTNL1 for congenital Myopathy
12 | 41301332 | 42140826 | rs11178982| rs1497166| 0.8 2 - CMT2G locus
- SPG26 locus (AR)
12 | 122471031 131490145 rs7137708 rs12313737 9 81 -

Table 10: Candidate homozygous regions selected ladiplotype evaluations for each patient. Regapasining

more than 1 Mb were reported here (even variant® whecked also for smaller regions). For eachoregi

chromosomal positions (hgl9 release), flanking SN&kers, total validated Refseqs and relevant genes

mapping to the region were annotated. In gray élggons totally or partially shared by the secontieph AR=

autosomal recessive; AD= autosomal dominant.
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Variants identified in the candidate regions (Tablel0)

Chr Cand_idate Variant call Variant call Predicted Allele Haplotype Functional Role Cg;fgr;lr?ggrn
Variant V-3 VI-6 Effect frequency sequencing
rsl45_244130, Excluded Lipidic pathV\_/ay,
. MAF= 0.3% myotubularin-
8 MTMR7 A(ref)87/C82 | A(ref)0/182C Missense EVS: 1 from related Hom(_)zygous
c.1749T>G (Q=99) (Q=89) tolerated homozygous ugjtf;f_e‘;itgd MTMR?2 cause of only in VI-6
subject ! CMT4B1 (AR)
. Excluded
1 ABTB2_intronS A(ref)0/19G A(ref)19/G13 | Splice Site r$370573932, from Cytoskelet_on Homozygous
0.34189543A>G (Q=52) (Q=99) damaain unknown unaffected regulation, ion onlv in V-3
(hg19) - B ging frequency subjects transporter y

Table 11: Filtered SNVs found in homozygosity regidor single patients. Variant calls are expressét

number of reads for each allele (ref=referencdegliend Q=Phred-like quality score of variant chilgray the

variant calls which could explain the mode of traission for the disease trait are highlighted.

Family 3

Homozygosity mapping for at least 2 out of 3 paties

from Total Comments about
Bl | e (o) 1% o) SNP o o RefSegs Sl o relevant genes/loci
2 50754813 53356999 rs7595Q7 rs1424972 2.6 1 V-G -
All - ALMSIL for Alstrom syndrome
2 72251751 75681462 rs18785D03 rs10496(198 |3.4 56 . (AR)
patients | _pcTNi for HMNVIIB (AD)
3 188161706 188500658 rs2162259 rs3846183 .34 A” -
patients
3 | 188952524 192088525 rs1562761 rs9859577 B.14 e Al i
patients
6 22248576 23401282 rs93568[l0 rs6932335 1.2 p IV-G; -
21 | 14658830 19044397 rs2258300 rs2824435 |4.4 1 Al i
patients

Table 12: Candidate homozygosity regions selectienl haplotype evaluations. For each region chramuas

positions (hgl19 release), flanking SNP markers)| trdlidated Refseqs and relevant genes mappitigeteegion

were annotated. AR= autosomal recessive, AD= aatabdominant.
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Variants identified in the poorly-covered exons irthe patient IV-2 (WES in 2011)

Gene and Exon Gene function Sl Variants Comments
(Gene Cards)
S . Mainly in Indel rs56086318 .
CLDN16_exonl Claudin in tight junctions kidney Missense rs76555381 cause of Renal hypomagnesemia 3

cause of Alstrém syndrome (cone-roq
retinal dystrophy, cardiomyopathy ang
type 2 diabetes mellitus)

Protein for ciliogenesis in collecting Also in brain €.63delGAGGAGGAG,

ALMSL_exon1A duct cells No rs

Table 13: Poorly-covered exons selected for Saseguencing with relative informations, where vasamere

detected.
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APPENDIX F

Statistics of exome-sequencing data

Family 2
Patients V-3 VI-6
Target region (bp) 49874469| 5003158
Raw reads 79933210 96182744
Raw data yield (Mb) 7194 8656
Reads mapped to genome 70830461 82048555
Reads mapped to target redion 50591639 60247551
Data mapped to target region (Mb) 3826.33 4545 .89
Mean depth of target region(X) 76.72 90.86
Coverage of target region (%) 97.35 97.53
Average read length (bp) 89.85 89.86
Rate of nucleotide mismatch (%) 0.33 0.33
Fraction of target covered >=4X (%) 93.05 93.65
Fraction of target covered >=10X (%) 87.14 88.44
Fraction of target covered >=20X (%) 78.78 81.19
Capture specificity (%) 72.35 74.72
Reads mapped to flanking regitn 6824962 | 8573186
Mean depth of flanking region(X) 18.34 22.44
Coverage of flanking region (%) 91.38 92.43
Fraction of flanking covered >=4X (%) 71.44 75.82
Fraction of flanking covered >=10X (%) 47.65 53.60
Fraction of flanking covered >=20X (%) 28.79 34.27
Fraction of uniqgue mapped bases on or near ta¥gjet 81.50 84.67
Duplication rate (%Y 6.26 10.06
Mean depth of chrX(X) 96.07 58.51
Mean depth of chrY(X) - 144.85
GC rate (%) 43.82 43.81
Gender test result F M

Table 14: Statistical analysis of output data digrds V-3 and VI-6. Data were provided by BGI. (g&pions
actually covered by the designed probes, (2) resithén or overlapping with target region, (3) therpentage of
uniquely mapped reads aligning to target regiohrégions +/-200 bp on both sides of each targgibre (5)

PCR duplicates would have the same start and endofin mates, which rarely occur by chance. Dufibica
rate is the fraction of duplicated reads in ravadat
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Family 3

Patients A V-7
(2011) (2013)
Target region (bp) 50031585| 51339787
Raw reads 118816412 151049882
Raw data yield (Mb) 10693 13594
Reads mapped to genome 95752656 124889294
Reads mapped to target redfon 67005013| 97603841
Data mapped to target region (Mb) 5042.99 7663.11
Mean depth of target region(X) 100.80 149.26
Coverage of target region (%) 97.84 99.79
Average read length (bp) 89.80 89.90
Rate of nucleotide mismatch (%) 0.29 0.20
Fraction of target covered >=4X (%) 94.03 99.53
Fraction of target covered >=10X (%) 88.91 99.04
Fraction of target covered >=20X (%) 81.87 97.96
Capture specificity (%) 71.02 78.70
Reads mapped to flanking regitn 9947003 | 11046587
Mean depth of flanking region(X) 25.55 29.62
Coverage of flanking region (%) 93.48 98.26
Fraction of flanking covered >=4X (%) 77.93 88.98
Fraction of flanking covered >=10X (%) 56.55 68.94
Fraction of flanking covered >=20X (%) 37.34 48.49
Fraction of unique mapped bases on or near taiget 80.87 87.24
Duplication rate (%Y 15.82 14.81
Mean depth of chrX(X) 65.28 165.50
Mean depth of chrY(X) 151.49 -
GC rate (%) 43.48 48.69
Gender test result M F

Table 15: Statistical analysis of output data dfgra V-2 and 1V-7. Data were provided by BGI. (fBgions
actually covered by the designed probes, (2) reattén or overlapping with target region, (3) thercentage
of uniquely mapped reads aligning to target reg{dihregions +/-200 bp on both sides of each tamggibn, (5)

PCR duplicates would have the same start and enddofih mates, which rarely occur by chance. Duftica
rate is the fraction of duplicated reads in ravadat
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Family 4

Patients -2 -4 111-6
Target region (bp) 50238347 | 50080510 50080510
Raw reads 74388348 76554006 71048998
Raw data yield (Mb) 6695 6890 6394
Reads mapped to genome 64020072 65485534 61714360
Reads mapped to target redfon 44510426 | 44978621 43793351
Data mapped to target region (Mb) 3299.62 3339.65 26835
Mean depth of target region(X) 65.68 66.68 65.26
Coverage of target region (%) 96.92% 97.36% 96.95%
Average read length (bp) 89.8 89.8 89.8
Rate of nucleotide mismatch (%) 0.38 0.39 0.4
Fraction of target covered >=4X (%) 92.07 92.88 182.
Fraction of target covered >=10X (%) 85.43 86.7 685.
Fraction of target covered >=20X (%) 75.85 77.62 .26
Capture specificity (%) 70.58 69.71 71.94
Reads mapped to flanking regitn 8568356 | 9045966 725857(
Mean depth of flanking region(X) 20.06 20.62 18.14
Coverage of flanking region (%) 92.26 93.3 91.16
Fraction of flanking covered >=4X (%) 75.63 78.2 .83
Fraction of flanking covered >=10X (%) 53.25 55.77, 48.79
Fraction of flanking covered >=20X (%) 32.89 34.18  29.47
Fraction of unique mapped bases on or near taiget 83.35 82.75 83.19
Duplication rate (%Y 8.14 8.56 6.98
Mean depth of chrX(X) 43.06 82.11 80.84
Mean depth of chrY(X) 94.56 - -
GC rate (%) 43.44 43.8 43.89
Gender test result M F F

Table 16: Statistical analysis of output data dfigud 111-2, 11l-4 and 111-6. Data were provided bBGI. (1)
regions actually covered by the designed probésyg@ds within or overlapping with target regioB) (he
percentage of uniquely mapped reads aligning tgetaregion, (4) regions +/-200 bp on both sidesawfh target
region, (5) PCR duplicates would have the samé atat end for both mates, which rarely occur byncka

Duplication rate is the fraction of duplicated rea&ad raw data.
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APPENDIX G

Copy Number Variants (CNVs) analysis

Family 2
Sample ID | Chromosome Start Stop State bp

V-3 chrl 192129479 192321379duplication | 191900
V-3 chré 31949857 | 31952238 duplication 2381
V-3 chré 31991645| 31994158  duplication 2513
V-3 chré 31999315| 32002118 duplication 2803
VI-6 chré 138566629 138582839duplication | 16210
V-3 chr7 5939904 5944932  duplicatign 5028
VI-6 chrl0 37451926| 37478499  duplication 26573
VI-6 chrl0 46961921 | 47161432 duplication 199511
VI-6 chrl0 48247655| 48264451 duplication 16796
V-3 chril 60971540 60978758 duplication 7213
V-3 chrll 60989841 | 60999048 duplication 9207

Table 17: CNVs obtained from exome-sequencing détpatients V-3 and VI-6, obtained by Copy Number

Inference From Exome Reads (CoNIFER) program. Bate provided by BGI.

3

Family 3
Sample ID Chromosome Start Stop State bp
V-2 chrl 12921055 13001464 deletion 80409
V-2 chrl 1640152 1644787 duplication 4635
V-2 chrl 1650711 1663987 duplication 13276
V-7 chr2 73215372 73249722 duplication 34350
V-7 chr2 96943497 96945302 duplication 1805
V-7 chr2 219288977 219292801 duplication 3824
V-2 chr2 233244190 233245765 deletion 1575
V-2 chr3 48606963 48609515 deletion 2552
V-7 chra 3230424 3237187 duplication 6763
V-7 chrd 5800296 5811351 duplication 11055
V-2 chrb 140710198 140726105 deletion 15907
V-7 chrb 149441046 149449650 duplication 8604
V-2 chrb 176310998 176316593 deletion 5595
V-7 chré 33631436 33633029 duplication 1593
V-7 chré 34496387 34497650 duplication 1263
V-2 chr7 141764133 141786132 deletion 21999
V-2 chr7 143880564 144070392 duplication 18982
V-2 chr8 7753944 7808529 duplication 54585
V-2 chr8 11965649 11969283 duplication 3634
V-2 chr9 117072756 117092301 duplication 19545
V-2 chrl0 37486558 37505335 duplication 18777
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V-2 chrl0 47911019 47920112 duplication 9093
V-2 chrl2 129569025 129822390 deletion 253365
V-2 chrl5 75575199 75581841 deletion 6642
V-2 chrl6 15035613 15043997 duplication 8384
V-2 chrl7 78972133 79059549 deletion 87416
V-2 chrl9 7030585 7049467 duplicatior 18882
V-2 chrl9 52130647 52217377 deletion 86730
V-2 chr20 21314159 21319763 duplication 5604

Table 18: CNVs obtained from exome-sequencing dataatients 1V-2 and IV-7, obtained by Copy Number
Inference From Exome Reads (CoNIFER) program. Bete provided by BGI.

Family 4
Sample ID Chromosome Start Stop State bp

-2 chr3 180320621 18032245( duplication 1829
-2 chr3 180334050 180337798 duplication 3748
-4 chra 69340364 69426440 duplicatior 86076
-2 chré 32317502 32410748 duplication 93246
-4 chrl4d 19553373 19571443 duplication 18070
-4 chrl4d 20014465 20249432 duplication 234967
-6 chrl6 70180024 70190819 duplication 10795
111-6 chrl7 18387175 18395342 duplication 8167
-2 chrl9 14142675 14157177 duplication 14502

Table 19: CNVs obtained from exome-sequencing détpatients IlI-2, 111-4 and 1lI-6, obtained by Cgp
Number Inference From Exome Reads (CoNIFER) progEzeia were provided by BGI.
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