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ABSTRACT

La nefrolitiasi calcica idiopatica (NCI) e una nt#ia multifattoriale, la cui patogenesi
dipende dall'interazione di fattori ambientali, rleslici, anatomici e genetici.

L'importanza dei fattori ereditari € emersa da ddvetudi su famiglie e gemelli affetti da
NCI. Il modello di ereditarieta piu probabile semt@mbbe, come predetto da programmi
bioinformatica, ad eredita monogenica co-dominanpeligenica.

La maggior parte degli studi a gene candidatoasdociazione condotti fin ora ha prodotto
risultati negativi o marginali, lasciando pertafedbasi genetiche della NCI una questione
ancora aperta.

Tuttavia, le nuove tecnologie di analisi genetioacsin continua evoluzione e potrebbero
contribuire ad approfondire le nostre conoscenita patogenesi della NCI.

Le tecnologievhole-genome scanninguali Next-Generation Sequenciii§GS) and CGH
(Comparative Genomic Hybridizatipn array, rappresentano gli approcci di genetica
molecolare piu recenti, e permettono di tracciana mappa completa della variabilita
presente nel genoma umano, in particolare SNEsgle Nucleotide Polymorphisine
varianti strutturali. Negli ultimi anni limportasz di queste ultime, maggiormente
rappresentate dall@opy-Number Variant§CNVs), é stata infatti dimostrata in numerosi
studi che ne hanno individuato un ruolo critico persviluppo di malattie genetiche

complesse.

Scopo di questo studio € stata la ricerca di aldeile maggiori varianti di suscettibilita
alla NCI, applicando I'enorme potenziale delle tdogie whole genome scannirag un
caso studio molto peculiare, sia per manifestazbniche che per ibagkgroundgenetico.

Il probando da circa 30 anni e affetto da una fosesera di NCI, con ipercalciuria
intermittente e tubulopatia fosfaturica, espellerfdm ad oggi circa 300 calcoli, sia
spontaneamente che mediante litotripsia (33 intgrve=gli appartiene ad una famiglia con
consanguineita, in cui la nefrolitiasi viene trassgin modo apparentemente dominante,
con maschi affetti piu severamente e meno frequastiée rispetto alle femmine.

Da un’analisi CGH array, al fine di individuare fmesenza di eventuali CNV, é stato

possibile identificare una duplicazione di una oegi di 308 Kb del cromosoma X (Xq22.2
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CNV) del probando. Questa CNV e risultata partiocoknte interessante poiché fin ora mai
identificata e condivisa da altri tre familiariréeita materna).

Inoltre, confrontando la duplicazione Xg22.2 condatabase di 14375 individui sono state
identificate solo 5 duplicazioni “ overlappantiprifermandone pertanto I'estrema rarita. In
particolare, tutte queste 5 duplicazioni mostravamma regione minima comune,
corrispondente al gene NUP62CL, suggerendone ussilple significativita. In uno studio
di espressione da noi effettuato si e inoltre asgaruna significativa e marcata down-
regolazione di NUP62CL. Pertanto, pur non avendondo prova definitiva, € sembrato
che la CNV Xg22.2 giocasse un ruolo importantéanghtogenesi della NCI nella nostra
famiglia. Tuttavia, data la sua presenza anchenimembro non evidentemente affetto e
considerata anche la severita del fenotipo NChltiuni membri del ramo paterno, e stato
ipotizzato che la presenza aggiuntiva di altri duteanti genetici potesse essere
responsabile del fenotipo estremo riscontrato mebgndo. In questottica, €& stato
sequenziato l'intero esoma del probani¢éhple Exome Sequenc)ng fine di individuare
varianti puntiformi rare che potessero agire daridti varianti di suscettibilita alla NCI
nella famiglia caso studio.

La fase di analisi bioinformatica e validazione ewdllare ha portato a delineare un quadro
di eredita poligenica, con lindividuazione di quatpossibili geni di suscettibilita: XDH,
ATP6V1B1, HNF1B, NUP62CL. Il gene XDH, fattore catigo della xanthinuria di tipo I,

e stato evidenziato per la presenza di due vaniargicon un predetto effetto dannoso sulla
struttura proteica. Il gene ATP6V1B1, di cui e g&o il ruolo nell'acidosi tubulare distale,
presentava una variante missenso che sembravarreod® del fenotipo intermedio
ipocitraturia osservato nella famiglia. E’ statadiinduata, inoltre, una variante
estremamente rara nel gene HNF1B, un fattore dsasati nefropatia cistica e,
concordemente, il probando recentemente aveva ahosér presenza di cisti pre-caliceali.
Infine, soprendentemente, e stato possibile evidemancora una volta il gene NUP62CL
per la presenza di due varianti omozigoti, checagie attivando dei siti criptici di splicing
e quindi con un probabile effetto di produzionaudimRNA aberrante. Questo gene non é
stato mai associato alla NCI ma, possedendo uro raoto nel trasporto dell'ossalato,
potrebbe essere responsabile di alcuni dei mecoanle sottendono alla patogenesi della
NCI.



ABSTRACT

Idiopathic calcium nephrolithiasis (ICN) is a mfdttorial disease with a pathogenesis
depending upon the interplay of environmental, imgia, anatomical and genetic factors.
The importance of hereditary factors in ICN has mymé from a number of studies on
families and twins affected by ICN. Computer progsapredicted the best inheritance fit
with a model of single gene co-dominant model/pehig model.

Most candidate gene or association studies haveupeal, up to date, negative or only
marginal results, leaving the genetic basis of I&MNl an open question. But, genetic
analysis techniques are rapidly evolving and prents improve our knowledge of the
genetic basis of nephrolithiasis and allied discsde

Whole-genome scanning techniques, liKext-Generation SequencifdlGS) and CGH
(Comparative Genomic Hybridizatiprarray, are the most recent technical approaches o
molecular genetics that allow to trace out a cobepliraw of variation present in the
human genome, namely SNPSingle Nucleotide Polymorphisjnand heterogeneous
structural variants. In the last years, indeedess#\studies have recognized the critical role
of structural genetic variants, mostly represeriigdCopy-Number Variant§CNVs), in

modulating gene expression and complex disease®pipe.

Aim of this project was to identify some of the wrasusceptibility genes involved in
idiopathic calcium nephrolithiasis applying the gial of whole-genome scanning
technologies to a case study very peculiar, bothcimical manifestations both for its
genetic background.

The proband, since 30 years, suffers of a recureat severe form of ICN, with
intermittent hypercalciuria and phosphaturic tulpalkhy, expelling, up to date, about 300
calculi both spontaneously and by lithotripsy (83atments). Strikingly, he belongs to a
family with consanguinity in which nephrolithiasis present in several members and is
transmitted in an apparently dominant fashion, withles being more severely affected
than females.

CGH arrays has been performed in the proband aaijit members of the family in order
to detect the presence of CNVs in the genome. Aicaipn of 308 kb region of the
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Xg22.2 chromosome has been detected in the probrid. CNV resulted particularly
interesting because it was a novel (not known)avarand it was shared by other three
family members (maternal inheritance).

Moreover, matching the Xq22.2 duplication over @abase of 14375 individuals only 5
overlapping duplications were found, confirming éstreme rarity. Strikingly, all these 5
duplication shared a common region that correspbnideNUP62CL gene, suggesting a
likely importance of this genetic trait. Furtherrapperforming an expression study, we
observed a significant and marked down-regulatiodldP62CL.

Thus, even if we could not have a definitive probprinciple, this Xq22.2 CNV seemed to
have an important role for ICN pathogenesis infaarily. Nonetheless, given its presence
in a member of the family that was not evidentlfeeted and given the severity of the
phenotype of some members of the paternal branelpasgtulated that additional genetic
determinants were also responsible of the sevezaqgtippe encountered in the proband. In
this light, we performed whole exome sequencinghef proband to identify rare single
nucleotide variants that may have a role as subdggtvariants for ICN in the case-study
family.

By bioinformatic analyses and molecular validatiam could draw a polygenic model of
heredity, with the identification of four possibdeisceptibility genes: XDH, ATP6V1B1,
HNF1B, NUP62CL. The XDH gene, normally responsiblie xanthinuria type I, was
highlighted for the presence of two very rare vaisawith a damaging predicted effect on
protein. Next, we discovered a missense homozygatiant in ATP6V1B1 gene, whose
role is already known in distal tubular acidosisatt seemed to account for the ICN
intermediate phenotype hypocitraturia observedhm family. In addition, we found an
extremely rare heterozygous variant in HNF1B gena, causative factor in cystic
nephropathy, and the proband, indeed, recently stiqwe-calyceal cysts. Strikingly, we
again evidenced NUP62CL gene for the presence @httmozygous variants that operate
activating criptic splicing sites, thus eventualignerating an aberrant mRNA. This gene
has never been associated to ICN but, having a krroke in oxalate transport, could be
responsible of some of the biological mechanismat tare on the basis of ICN

pathogenesis.






1.INTRODUCTION

1.1. NEPHROLITHIASIS

Nephrolithiasis is a common disease, typically odng between 30 and 60 years of age
and it represents the most chronic kidney conditifiar hypertension. In the majority of
patients the symptoms and consequences are notigdatening, but stones in the urinary
tract are a major cause of morbidity, hospital@atnd days lost from work (Saigal et al.,
2005). In Italy for example, the number of patiergseiving hospital treatment between
1988 and 1993 increased from 60 to 80,000 per yaampng these, 14% (12,000
patients/year) required surgical treatment or \gicll manoeuvres and the number of
extracorporeal shock wave lithotripsy sessions \agproximately 50,000 per year
(Gambaro et al., 2004).

Initiation and growth of stones is determined bpesgaturation of urine with respect to a
solute (calcium, oxalate, uric acid and cystindgttleads to a phase change in which
dissolved salts condense into solids thus forrtiiegstone.

Nephrolithiasis and the metabolic characteristicgrmary stones are heterogeneous: there
are many types of renal stones, but the most conar®palcium-containing stones making
up 75% of all stones. Calcium oxalate (CaOx) is pinedominant component of most
stones (Worchester and Coe, 2008), often admix&l same calcium phosphate (CaP),
which may form the initial nidus of the stone.

For CaOx stones, the most important determinantgiafry supersaturation are the total
daily calcium excretion and urine volume, that tise urine calcium concentration. In
addition to solute concentration, urine pH congtigua critically important determinant of
solubility for CaP, uric acid and cystine (Coe let2007).

However, urinary CaOx supersaturation is found deedly in normal subjects and this
occurs, most likely, because of the presence ddtallization inhibitors in urine (citrate,
pyrpophopshate, as well as at least a dozen psoteirlike osteopontin - and

glycosaminoglycans), which can impede the nucleatioowth, and aggregation of crystals



in vitro and have been shown experimentally torfete with crystal attachment to renal
epithelial cells (Kumar and Lieske, 2006).

The initial presentation of nephrolithiasis occaften with renal colic - severe pain caused
by stone passage- triggered by movement of a dtonethe renal pelvis into the ureter,
which leads to ureteral spasm and possibly obstrucA radiograph of the kidneys, ureters
and bladder often can visualize calcium-contairgtumes in the kidney or ureter, including
struvite stones, but uric acid, purine and cyssitmes are often visualized poorly. Stones
smaller than 5 mm in diameter usually can passtapeously, but about 50% of stones
larger than 5 mm require urologic intervention femoval, and those larger than10 mm are
very unlikely to pass unaided.

Therapeutic attention has been directed more tantkevention on already formed stones,
than to the prevention of stone formation, veryenfbecause the nature of stones is not
threatened by any drug. There are several optibeargical treatment for the 10% to 20%
of stones that fail to pass spontaneously (AugeRnedhinger, 2002), and the appropriate
chose depends on the size, the location, and pgeedi/stone, or the presence of anatomic
abnormalities or infections. Nevertheless everylagic treatment is made by invasive
extra- and intra-corporeal manoeuvrggtracorporeal shock wave lithotripgzSWL) uses
sound waves to fragment stones into small piecatscn be passed easily, but is effective
for most stones smaller than 2 cm and phosphateystthe stones appears to be resistant
to fragmentation. Larger stones can be removed éagupaneous lithotripsy, through a
small flank incision that allows direct visualizati stone disruption and removal of
fragments.

It is clear that all these urologic measures haveffects over the incidence and worsening
of nephrolithiasis, in some cases being even cafiseew colic episodes due to the
permanence of stone fragments in the urinary {f&oe et al, 1995), thus representing no
ideal treatments of nephrolithiasis.

Therefore, it appears more and more necessary derstand deeply basic metabolic-
physiologic mechanisms that are causative factéreephrolithiasis pathogenesis and

eventually develop new preventive and targetedithies.
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1.1.1.Renal pathology in stone formers

Retention of crystals within the kidney is necegdar stone formation and it occurs with
several patterns of deposition in kidney of staoenkrs, and these patterns are associated
with specific stone types. Patients who have idiojgsCaOx stones have white deposits on
their papillae, called “Randall's plague” (Evan AHngeman JE, Coe FL et al., 2003).
Biopsies of these areas reveals interstitial dépadiCaP, in the form of biologic apatite,
which starts in the basement membrane of the thopd of Henle and contain layers of
protein matrix. Deposits can extend down to thedfipthe papilla, and if the overlying
urothelium is denuded, the exposed plague can becamattachment site for stones (Evan
P, Coe FL, Lingeman JE et al., 2007). Stones seestatt as deposits of amorphous CaP
overlying the exposed plaque, interspersed withauyi proteins. With time, more layers of

protein and mineral are deposited, and the mingnake becomes predominantly CaOx
(Fig. 1).

A. Interstitial Randall’s ihiue IRPI
Coliecting duct lune,,

Calyceal urine

B. RP exposed; stone grows.

Collecting duct lumap

Figure 1. Concept of stone growing on Randall’s pljue (RP).
A) The plaque appears in the interstitial tissue iwithe renal papilla,
with no crystals present in any tubular lumens. plague is composed
of calcium phosphate in the mineral form of apatB@ Papillary
epithelium is lost, and the plaque is uncoveredts its surface is
bathed with urine in the renal calyx. The resultiafécium oxalate stone
may grow only very slowly, and can remain small &r extended
period of time, as the plaque keeps the stone ftowing out with the
urine, and the insolubility of the calcium oxalatekes the stone quite
i stable with time. The layers in the schematic regmé hypothetical
growth periods for the stone, periods which coutd deparated by

weeks or even month§€) Some stones that are formed on Randall’'s
plagues are released from the papilla in which theyed, by a process

C. RP and stone released

Colre-:ﬂng-duct Timey, .

4

that is not known
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By contrast, in patients with stone constitutionimhaof CaP (apatite or brushite) stones
are not attached to plaque. Instead, many coligdaurcts are filled with crystal deposits
made of apatite that fill the tubule lumen and rpegtrude from the mouths of the ducts of
Bellini. Overall, most stone formers studied so liave crystal deposits in the medullary
collecting ducts, except for those who have idibgatCaOx stones, that have no
intratubular deposits but instead have abundantsiep of apatite in the papillary

interstitium.

Strikingly, if the manifestation of urinary stones due to multiple different underlying

pathologies, then studying patients grouped togetmeply under the category of “stone
former” will certainly result in confusion. Evenesgfying patients under the term “calcium
stone former” can lump together pathologies thgieap to be completely separated in
primary cause of the disease.

In conclusion, it appears necessary to integratbopegy mechanisms in the general
picture of every stone former patient, thus enaplio define a clearer phenotype that

results essential to further basic biology and gerstudies.

1.1.2.Risk factors

Environmental factors, especially diet, play an am@nt role in expression of the tendency
of stone formation. Evidence of environmental ieflae includes the different distribution
of the disease in wealthier as opposed to pooeasaits constant increase in industrialized
countries during the last century (an increase tettyporarily interrupted by World Wars |
and 1), and the recently reported increasing dem@e of nephrolithiasis in younger
women (Robertson et al., 1999). The reasons foeasing prevalence are not clear but, for
instance, mass index and waist circumference seeplay a role, especially in women
(Taylor et al., 2005).

However, also inherited factors play a role in stdarmation. In fact, under the same

environmental conditions, only a few individualsideto develop stone disease (incidence
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estimated at-.1%l/y; prevalence>10%), and these subjects frequently have family
members affected by the disease.

Nephrolithiasis, indeed, occurs more frequentlingividuals with a positive family history
of renal stones. Large-scale epidemiological susweve shown a familial aggregation for
kidney stones, with a greater risk for first-degrelatives (McGeown, 1960; Resnick et al.,
1968; Robertson et al., 1983).

For example, as regards patients with idiopathiciwa nephrolithiasis, 16 to 50% of have
a positive family history of nephrolithiasis (Mehasd Szelid, 1980; Coe et al., 1979). In
the United States, a family history of nephroliiisawas reported in 16% and 17% of stone
patients by Resnick et al (1968) and Curhan e{18197), respectively. A much greater
prevalence has been observed in lItaly. Trinchi¢riale (1988) observed a familial
aggregation in 37% of cases, and we reported thahany as 38% of non-recurrent and
50% of recurrent stone formers have a positive lfatistory of nephrolithiasis (Gambaro
et al., 1996). In 71 Canadian families from a geady and geographically homogeneous
population, hypercalciuria segregates with stome&ion (Tessier et al., 2001).

The importance of hereditary factors in idiopathadcium nephrolithiasis has emerged
from a number of studies of families containing rbens affected by renal stone disease
and from twin studies. Computer programs preditiedbest inheritance fits with a model
of single gene co-dominant model/polygenic modethBnodels gave a heritability scores
of 58%. As a whole, genes might determine over 50%e urinary calcium excretion rate.
The role of inheritance is clearest in the monogeorms of nephrolithiasis such as
cystinuria, Dent’'s disease, and primary hyperoxal(€oe et al., 2005). There is a clear
familial tendency in idiopathic stone formationvesll (Goldfarb et al., 2005), although the
genes involved are currently unknown.

In the last decade important additions have beetenta our knowledge by Bushinsky’s
animal model (Bushinsky, 1999), the important tleéioal contribution from Goodman et
al. (Goodman et al., 1995) on idiopathic calciunphrelithiasis as a polygenic disorder,
and the studies of Canadian stone-former sib-dhyphie Bonnardeaux group (Scott et al.,
1998).
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1.1.3.ldiopathic Calcium Nephrolithiasis

Calcium stones are the most commoidinopathic calcium nephrolithiasidCN), and they
are associated with a number of metabolic derangemethe most common is
hypercalciuria. Elevate urine calcium excretiorddéed, is the most common abnormality
found in both adults and children who form kidndagnes: 30% to 60% of adult and
paediatric stone formers have hypercalciuria. Mampnogenic diseases are associated with
hypercalciuria, but the majority of cases in stéoeners are caused by either idiopathic
hypercalciuria(lH) or primary hyperparathyroidisnPHPT).

The term “idiopathic hypercalciuria” is generallgpdied to cases in which serum calcium
is normal and other causes of increased calciuregan, such as vitamin D excess, renal
tubular acidosis, granulomatous disease such asidasteroid use and hyperthyroidism
have been excluded.

IH can involve normally calcium handling by gutdkey and bone. Patients with IH very
often have elevated serum 1,25.dihydroxy vitamile\ls and increased intestinal calcium
adsorption (Coe et al., 2004) . Their kidneys eitlaldecreased ability to reabsorb filtered
calcium. A decreased renal reabsorption of phogpimaty also occur, and serum phosphate
levels are low in patients with IH.

For idiopathic hypercalciuric who have recurreingts, thiazide diuretics, which can lower
urine calcium, are the treatment of chaiBerghi et al., 1993).

Low urinary citrate excretion may occur in a largaction of stone formers as a
consequence of acidosis or potassium depletiom @ase of an idiopathic disorder; it is
frequently associated with other metabolic dissddiat increase stone risk. Citrate can
inhibit stone formation for its ability to chelatalcium, forming a soluble complex that
prevents calcium binding with oxalate or phosphéteaddition, citrate can act on the
surface of preformed CaOX or CaP crystals asowa/tlrinhibitor.

Citrate has also been used as a treatment forathapcalcium stone formers, especially in
those who have low urine citrate levels (Barcelalgt1993).
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Hyperoxaluria is a quite common metabolic conditiomong stone formers and, apart from
genetic primary hyperoxaluria, may be caused byesmed oxalate absorption triggered by
a low calcium diet (Asplin, 2002).

Patients who forms CaOx stones may have also eledetiric acid excretion, and
hyperuricosuria decreases solubility of CaOx andnyotes stones. Patients who have
hyperuricosuric calcium stones differ from patiemiso have gout and uric acid stones
because they have higher urine pH and a highee wiriic acid level as well.

Most calcium stones are composed predominantly aO©xC with small amounts of
admixted CaP. Normally, stones containing more t%@¥ CaP are uncommon and form
when urinary CaP supersaturation is persistendyatéd. The major determinants of CaP
supersaturation are alkaline urine (pH>6.3) comtiméth hypercalciuria (Parks et al.,
2004). This condition is seen in patients who hdigtal renal tubular acidosis, whether
genetic or acquired, but most patients who have afes do not have metabolic acidosis,

and the cause of their persistently alkaline pHinislear.

1.1.4.Genetics of idiopathic calcium nephrolithiasis

During the past years it appeared more and moeelgléhat genetic factors are important
determinants of the individual’s risk of developikginey stones. As many as 40% of
hypercalciuric stone formers have at least ond-diegree relative with nephrolithiasis
(Pak, 1979). Men form stones three times more thamen, and men with kidney stones
are three time more likely to have a parent orirsgolwith a history of kidney stones
(Curhan et al., 1997). This indicates that, algioas previously discussed shared dietary
or environmental factors may contribute, the gipal determinants for these associations
are probably genetic in origin.

Nevertheless, the genetics of ICN is very often glicated by a number of issues.
Primarily, some patients may inherit a predisporiti to an abnormality, but the

abnormality itself may not be manifest at all timékis can therefore make it very difficult
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to assign phenotype properly when conducting farstlydies and it obligates to make
observations under standardized conditions. A sta@mmplicating issue is that many
patients form stones in the setting of several b@ia abnormalities. Thus, for example, a
particular patient with calcium stones may have engplciuria, hyperoxaluria, and
hypocitraturia, whereas other members of the famibpy share some but not all of the
same risk factors.

A third complicating issue is that, with the exgeptof rare monogenic diseases, some risk
factors for stones may reflect not a single gerterdsther the interacting effects of multiple
genes.

Idiopathic hypercalciuria, indeed, occurs 40% orrenoin patients that have a family
history of nephrolithiasis. Eventhough several ssichave presented families in which
hypercalciuria appears to be inherited as an antaktrait (Coe et al., 1979; Mehes et al.,
1980), there are several reasons to conclude tfgrtalciuria is not a monogenic but
rather a quantitative trait.

In the nineties, studies of gene mapping and mositicloning have identified a candidate
gene for hypercalciuria, CLC-5 chloride channehttis mutated in X-linked nephrolithiasis
or Dent's disease, characterized generally by LMW molecular weight proteinuria,
low level of parathyroid hormone (PTH), and hypéicaia, and very often by
nephrocalcinosis and nephrolithiasis.

CLC-Kb, another channel of chloride channel fanalyd ROMK (KCNJ1), a potassium
voltage gated channel, have been already identd&gdesponsible of Bartter syndrome,
another hypercalciuric condition (Simon DB et 2097).

From a number of candidate gene, association akdde studies, it has been demonstrated
that polymorphisms in a variable number of candidgénes could be associated with
higher calcium excretion and/or nephrolithiasispagnthem VDR and CaSR genes (Pearce
et al., 1996; Scott et al., 1999) (Tablel).

Nevertheless, with the expanding scenario of naowelecular genetic techniques, it is

reasonable to expect exciting advances in our stefeting of the genetics of ICN.

16



Mode of Himan dhiromn osom al
Hdl_ﬁ Aline ..llu:".|.\.|.."" I:lhﬂ: Il::l'lL'l:""I L Iut;_lhlli TS |
Associated with hypercalciuria
A~ bt [ I 3 Rg2d
Asd VYO R 12l 24
A-d o P IqH,2
ADHH A-d CASR Ig2l.l
Hypercales mia with hy pewcalcnmina A CASR Roved ]
Hartter syndromes
Type 1 A1 SLOCI2AL NKCOC2 15ql5-g2 ). 1
Iype 11 At ECNJT /REK Iq24
T 111 AT CLONKR (IS
Type IV A BSV D g3l
Type ¥V A-d CANE g2l
Type V1 Mar NS Xplli2
Dent'’s disease X-r CLENS Xplh22
Lo sy nclroimne Xer COCRLI X2 s
HHEH A=p NPT 2/ SLOCIHAF Sqid
Nephrolithiass, osteoporosis mnd hypophosphaemii Asd NPT2a/SLC3 AT 5q35
Familial hypomagnesemia with hyperaalciuns and A=t PCLNTCLDNIG Iqa
nephrocalanosis
Familial beypomagnesemin with bype realcimmm md A1 CLIDNTR Ipki2
nephrocaleinosis with oo la alwonmalises
dRTA A=l SLOCHALRAET 1Tg21.31
dRETA with sensonncuml dealness AT ATPOB I ATV IR ] 2pl3
dRTA with proseryad heaaring At ATFENT R ATPGSI A4 T
L"Not associated with hypercalciuria
ey By peresalur i type 1 A-r AGYT 29373
Pr iy h:;l'l.“hl'\t:l,ll.l,l‘ ity pe 2 A-r CiRHPR 'J'l'ri:l- 2
APRT defidency At APRT 1o 24.3
Cystinuria type A Art SLCIAT plo
Cystiniri type B At SLCTAY g0
Wilsm's d lamie As ATI7R 13143

Table 1. Genetic defects related to monogenic forms rermbestdisease associated or not associated to

hypercalciuria (Image b$techman et al., 2009

1.2 MOLECULAR GENETICS: COMPLEXITY OF HUMAN
GENOME AND COMPLEX GENETIC DISEASES.

The approach to molecular genetic studies of compliseases evolved considerably

during the recent years. In particular the candidgne approach, restricted normally to an
analysis of a few single-nucleotide polymorphisimas been supplanted by the unbiased

approach of genome-wide studies that exploit therranus potential ofwhole-genome
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scanningtechniques. To better understand the extreme @itplof human genetics and
complex genetic diseases and the fine relationstap exists between them, it is firstly
necessary to clarify some new genetic concepts. I&/genome scanning techniques,
indeed, revealed extreme variability in humans atidwed to discover new forms of

genetic variation

1.2.1 Single-Nucleotide Polymorphims

A single-nucleotide polymorphis®NP is a DNA sequence variation occurring when a
single nucleotide — A, T, C or G — in the genoméfeds between members of a
biological species or paired chromosomes in a human

Humans are genetically diverse and they differ ppraximately 0.1% of their genomes.
The single-nucleotide polymorphism database (dbSIS8) more than 37 million variants
among humans. With the exception of identical twine two humans have identical
genomes. Every genome contains approximately 4iomilof DNA sequence variants
(DSVs that affect half of the genes in each genomeectillely, and many are private
(Pennisi E, 2010; Wheeler et al., 2008).

Among the approximately 3.5 million SNPs in eachayee, approximately 10,000 SNPs
arenonsynonymous SNRssSNPs)pf which approximately two thirds are predictediby
silico analysis to impart potentially damaging effects.addition, each genome contains
approximately 50 to 100 variants that have beeoncs®d with inherited disorders and
approximately 3@e novovariants, whose presence is indicative of contisuatroduction
of new variants to the genetic pool (Durbin et 2010).
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1.2.2 Structural variations

Most DSVs in the genome are SNPs, but a big portibrvariants is constituted by
structural variations(SV3. They affect more nucleotides in the genome, Birbpcause of
their sizes and the first identified were smalletieins, insertions and duplications (<1kb).
Genome-scanning array technologies and comparfatif-sequence analyses have begun
to reveal DNA variations that involve segments thet smaller than those recognized
microscopically (e.g. aneuploidies, chromosomalresagements, heteromorphisms, fragile
sites) but larger than those that are readily detelosy conventional sequence analysis (e.g.
SNPs, micro- and mini-satellites) . These variantich range from ~1 kb to 3 Mb in size,
are normally refererred asibmicroscopic structural variants

In the last decade rearrangements of larger segn®@nDNA (>1 kb) were discovered
through CGH (Comparative Genomic Hybridizatipnarray technology, with the
contemporary understanding that they might increasgecrease the copy number of the
genes from the natural two copies (Mills RE et2011; Eichler EE et al., 2010). Such SVs
are referred to aSopy Number Variant€CNV9.

1.2.2.1 Copy-Number Variants: meaning and identifiation techniques

The DNA encodes around 23,500 genes. It was géynenmiught that genes were almost
always present in two copies in a genome. Howeeeent discoveries have revealed that
large segments of DNA, ranging in size from thodlsato millions of DNA bases, can vary
in copy-number. In particular, a Copy- Number Vatgarepresents a segment of DNA that
is 1 kb or larger and is present at variable copsnlmer in comparison with a reference
genome. Classes of CNVs include insertions, delstiand duplications. This definition
also includegarge-scale copy number varianighich are variants that involve segments of
DNA >50 kb LCV).
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Such copy number variations can encompass gendsdeto dosage imbalances. For

example, genes that were thought to always occtwarcopies per genome have now been
found to sometimes be present in one, three, orerniwan three copies. In a few rare

instances the genes are missing altogether (Figh2)s, the new findings seems to indicate
that our DNA is less than 99.9% identical, as wavipusly thought.

Figure 2. Copy number variation in the
human genome.The 30,000 genes are usually
present in two copies. A new map of the
genome has been unveiled that catalogues
DNA and genes variable in copy number
(those numbers others that 2 are highlighted in
red). Duplication of a gene (top) and deletion
of two genes (bottom) are depicted. (Image by
http://www.sickkids.ca/mediaroom/custom/gen
omevariation06.asp)

33

Studies over the past six years have resultedcre@sing recognition of the critical role of
structural genetic variation (most of which app&arbe in the form of copy number
variation) in modulating gene expression and desgasenotype. CNVs, indeed, are now
known to be a prevalent form of common geneticataeon and represent a substantial
proportion of total genetic variability in humangdations.

Moreover, association studies have already denaiesdirthe importance of CNVs as
disease-susceptibility variants, with specific CN\gand to confer differential risk to HIV

infections, autoimmune disease, and asthma (Ganaleal., 2005; Fanciulli M et al.,

2007; Brasch-Andersen C. et al., 2004). Recentlgnogie-wide surveys have
demonstrated that rare CNVs altering genes in mewelopmental pathways are

implicated in several neuropsychological disordike, autism and schizophrenia (Sebat J,
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et al. 2007; Walsh T, et al., 2008). It is therefecoming increasingly clear that genetic
studies of complex diseases must pay closer aitetdithe contribution of CNVs.

Several distinguishing features of CNVs supporirth@le in disease pathogenesis. First,
though less abundant than SNPs, it has been sedg#sat CNVs account for more
nucleotide variation than do SNPs because of gie@. By spanning thousands of bases,
CNVs often encompass (and can sometimes disrupttiinal DNA sequences. Second,
there appears to be an enrichment of currently-kn@NVs toward “environmental
sensor” genes — i.e. genes that are not neceseatital for early embryonic development,
but rather help us to perceive and interact subagssvith our ever-changing environment
(Sebat J et al., Science 2004). This includes lemént for olfactory receptors, immune
and inflammatory response genes, cell signaling @ibdadhesion molecules, structural
proteins, and ion channels. Third, a recent commspardf the relative impact of SNPs and
CNVs on gene expression noted that a substantigloption (~18%) of gene expression
variability was attributable to known CNVs greatiean ~40 kb in size (Stranger BE et al.,
2007). Lastly, like other forms of genetic variatidooth purifying and adaptive natural
selective pressures appear to have influencedd¢gedncy distribution of selective CNVs,

suggesting their functional significance (RedontRlg 2006).

Currently, the main approaches for identifying uabeed structural variants are array-
based analyses and quantitative primarily PCR-basséys Array-based comparative
genome hybridizatioifarray-CGH) approaches (Pinkel D et al., 1998) provide thestmo
robust methods for carrying out genome-wide scarismtl novel CNVs. These approaches
use labeled fragments from a genome of interesthndre competitively hybridized with a
second differentially labeled genome to arrays #natspotted with cloned DNA fragments,
revealing copy-number differences between the termges (Fig. 3).

Nevertheless, the most robust assays for scredanggted regions of the genome are
mainly PCR-based, whose the best establishedaistime quantitative PCRBieche | et
al., 1998). However, although most protocols fas tmethod work well for detecting
individual deletions and duplications, they areagafty not suitable for multiplexing.
Structural variants can also be identified silico by comparing DNA sequences from

different sources. In the simplest approach, twseadblies from unique human DNA
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sources are aligned to detect differences (Tuzah @005). One advantage of this method
is that all types of variant, including balancediaats, can be detected. In addition, there is
no limit to the resolution, and the variants tha¢ @entified can be defined at the
nucleotide level (Feuk et al., 2005)

Reference DNA Test DNA

Hybridize to arrays
Cys

Block repeats with Block repeats with Cys
COT1DNA COT-1DNA
N el e e W /7
L J,
5 / a0 P Ce = \
Cy3 Cy3
2
Detect and quantify signals
(Cy3:Cy5
TestDNA Duplication P Spurious signal Reference DNA

\
Deletion

Figure 3.Array-CGH for the identification of copy-number var iants. In array based comparative genome
hybridization (array-CGH), reference and test DNdinples are differentially labeled with fluorescésgs
(Cy5 and Cy3, respectively), and are then hybridlitee genomic arrays after repetitive-element bigdin
blocked using COT-1 DNA. The array can be spottéith \wone of several DNA sources, including BAC
clones, PCR fragments or oligonucleotides. Aftebridization, the fluorescence ratio (Cy3:Cy5) is
determined, which reveals copy-number differenasben the two DNA samples. Typically, array-CGH is
carried out using a ‘dye-swap’ method, in which ithigal labelling of the reference and test DNAgaes is
reversed for a second hybridization (indicated Hey left and right sides of the panel). This detspisrious
signals for which the reciprocal ratio is not olveet. (Image by Feuk et al., 2006)

The current map of structural variation in the hanggnome is far from being complete.
While several databases exist to catalog this neywpreciated form of human genetic
variation (notably th®atabase of Genomic Variartshttp://projects.tcag.ca/variation/ and
the Human Structural Variation database -

http://humanparalogy.gs.washington.edu/structurgatian/), quality control is lacking,
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and studies have differed in technological appreagctprecise boundary definition of
CNVs, DNA quality, and even discrepancies in tewtogy (Scherer SW et al., 2007).
Nevertheless, emerging technologies are more senfur detection of CNVs and provide
more precise definition of boundaries (Perry et2008). Undoubtedly, as a clearer map of
human structural genetic variation emerges, we wdhin to more comprehensively
include this type of genetic variation in genomelgvstudies that attempt to elucidate the

role of CNVs in human disease.

1.2.3 Molecular genetics of complex diseases

The plethora of DSVs in the genome and the mukilaggulation of gene expression and
function are indicative of the intricacy of the eehinants of the complex diseases and
phenotypes. The clinical phenotypes are presumedsiat from the additive effects and
interactions among multiple causative alleles witltious genomics and environmental
factors. In a complex phenotype, the effect siZdh@involved alleles are expected to vary
and to follow a gradient that ranges from minimalraliscernible to large and significant
effect size (Fig. 4). Only a few alleles are expddo impart large effect sizes and, hence,
could be detected by the commonly used approachegenetic studies of complex
phenotypes. Many are expected to exert modestteffieat per se might not be discernible
based on the usual phenotyping and genetic apmeadh complex trait results from
confluence of various genetic and non genetic detemts. Genetic factors are major
determinants of the complex phenotype and thisonas supported by heritability of the
complex trait (Barabasi et al., 2011). By influemggene expression, protein structure, and
function, DSVs could impact various interacting atks that together influence
susceptibility to a complex phenotype and accoantile genetic component of a complex
trait etiology (Barabasi et al., 2010).
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Figure 4. Gradients of disease prevalence and the effect sszef the causative allelesThe prevalence of
disease, number of determinant DSVs and their effiees are shown. Single-gene disorders are cdused
rare variants with large effect sizes. In additimnthe main causal variant, which typically exhsba
Mendelian pattern of inheritance, several other-K@mdelian variants contribute to expression of the
phenotype. On the opposite end of the spectrunthereommon complex traits, which are caused, paitty
the cumulative effects of a large number of DSVacheimparting a modest effect size. In oligogenetic
phenotypes, several alleles with moderate sizectsffend a large number of alleles with small effézes
contribute to the phenotype (ImageMgrian AJ, 2012

The contributing DSVs individually might be neitheecessary nor sufficient to alter the
susceptibility to a complex phenotype. This is amttast to single-gene disorders, where
the presence of the mutation typically indicates eélkpression of disease phenotype, even
if with variable penetrance and expressivity. Likssy the effect size of each contributing
variant is typically small and often negligible. general, the effect sizes of DSVs on
phenotypes are expected to follow a gradient, b#ieglargest for those phenotypes that
are influenced directly by genes, such as messdRiyérs (MRNAs) and proteins. These
phenotypes are referred to poximal phenotype®r endophenotypedn contrast, the
effect sizes of DSVs are expected to be smallerpfenotypes that are not influenced
directly by DSVs, such as clinical outcomes. Sublenotypes are referred to dsstant
phenotype¢Barabasi et al., 2011). The gradient of effecésiin part relates to the number
of competing genetic and non genetic factors tloattridbute to the phenotype. For the
proximal phenotypes, such as mRNA and protein fevidwer determining factors are
expected to contribute to the phenotype, thus eéatérminant might have a considerable

effect size. In contrast, for the distant phenotypech as mortality, many competing
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genetic and non genetic factors contribute to tmenptype and dilute the effect size of an
individual DSV (Kathiresan et al., 2008; Debettalet2011).

1.2.4 Genetic approaches to complex diseases

The full spectrum of allele frequency in a populatiis expected to follow a gradient
ranging from private to extremely common allelesn@ntionally, however, the variants
are categorized into 3 classes based on tmemor allele frequenciegMAFS) in the
population. Common and rare variants are thosehae¢ population MAFs of >5% and
<1%, respectively. Variants that have populationFdArom 1% to 5% are considered
uncommon or infrequent (Marian AJ, 2009). As obsdnfor the genetic causes of
Mendelian diseases, DSVs with large effects areeebgol to be rare. However, the
converse is not the rule as most rare variantsdcloave weak or no discernible clinical or
biologic effects. Likewise, most common variant® axpected to exert minimal or
clinically indiscernible effect sizes.

Genetic studies of complex diseases might be mstigby a priori knowledge of potential
involvement of a gene in the pathogenesis of thenptype, which is referred to as the
candidate gene approach(Marian AJ et al., 2011). An alternative is anbiased
approach, taking in consideration many genes and variamd typically the entire
genome, as INGWAS (Genome Wide Association Studlies NGS (Next Generation
Sequencing to identify the associated alleles. Genetic issidf complex phenotypes are
designed typically on eithecommon disease—common variant(CD-CV) or rare
variant—-common diseas€RV-CD) hypotheses (Risch et Merikangas, 1996).

The former surmises that complex phenotypes resiltsumulative effects of a large
number of common variants, each exerting a mod#siteln contrast, the latter posits that
multiple rare variants with large effect sizes dne main determinants of heritability of the

complex phenotypes. Given that the anticipatecceffizes of the alleles in the genome are
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likely to be a continuum, one might expect a corabon of rare, uncommon, and common
alleles to contribute to heritability of the compldiseases. In a given population, however,
common alleles, despite having modest effects, nhgle a greater attributable fraction
because of their number, even though each rark algght have a larger effect size
(Pritchard and Cox, 2002).

1.3 NEXT-GENERATION SEQUENCING: ORIGIN, RESOURCES AND
PITFALLS

DNA sequencing techniques have revolutionized owtesstanding of human biology over
the last forty years. They originated in the e&®g due to the work of Walter Gilbert and
Frederick Sanger (Maxam and Gilbert, 1977; Sangel @oulson, 1975). Continuous
technological improvements in DNA sequencing insientation ever since has created an
environment in which théduman Genome Proje¢dHGP) (Watson JD, 1990) could be
finally realized in the year 2001 after a decad&ofk. The HGP provided the initial draft
of mankind's DNA sequence by 23 collaborating labmnies usingSanger sequencingf
mapped regions as well abotgun sequencingchniques in a process that had a cost ~$3
billion. The HGP was expected to provide mankindhwa dramatic advance in our
understanding of human health and generate a téwolun personalized healthcare
approaches.

Today, Next Generation Sequenci®GS techniques represent the next phase in the
evolution of DNA sequencing technology at dramdiyceeduced cost and time compared
to traditional Sanger sequencing (Zhou X et alL®0

Several NGS technologies have been developed dsiegse approaches since 2001, each
with its own distinctive strengths and weaknes3é® major commercial entities which
came into existence after the success of the HGE&ude 454 sequencing
(http://www.my454.conj), Solexa/lllumina  (http://www.illumina.comn, SOLID
(http://www.appliedbiosystems.cgnandPolonator (http://www.polonator.org/
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The mapping software then attempts to “map” théviddal sequence NGS “reads” onto a
reference genome sequence available from onlinengeratabases. This process is known
asreference mappingAlternatively, when the reference genome is unkmayriori, the
individual “read’ fragments are linked to each other by overlapgircommon sequences
at the ends of each read to form a longer, muchptzim version of the genome under
study. This is known adenovo mappingf DNA sequence. For the purposes of clinical
sequencing, reference mapping is performed mogheftime due to our pre-existing
knowledge of the human reference genome sequenael$VER, 2008).

The first step of NGS data processing is the aligmnof reads obtained followed by
assembly of the genome of the patient sample. @re@lignment process is completed,
downstream bioinformatics analysis is performedétect the clinically relevant structural
genomic alterations. Different software programs @esigned to detect different kinds of
genetic variants: SNPs are the most reliably detkeariants in the genome and the most
abundant; other genomic variants suchiradels are equally detected routinely. NGS
technology also can identify structural variatiohke CNVs, in the genome, although
routine alignment tools are not suited to performhsanalysis since they cannot identify
more than a few nucleotide mismatches. Thus, simmlasoftware for analyzing indels
from paired-end readsare being developed which enables identificatiénstouctural
variants by identifying the flanking end regionstteé NGS read data (Medved et al., 2010.
NGS technology supports botkhole genomend whole exome sequencirfgVGS and
WES, this last indicating a technique to selectivelpture and sequence the coding
regions of all annotated protein-coding genes. Beaeome comprises approximately
180,000 exons that reside in approximately 23,5)teg, therefore, collectively, the coding
regions encompass about 1% of the genome (Lan@dr, 001). WES requires generating
a genomic DNA library, capture and enrichment beabns, and sequencing using a NGS
platform.

Despite the high accuracy of base calling by NG&f@ims, because of the enormity of the
data output, the error rate could represent a fegnt challenge for an accurate
identification of the variants, particularly forteeozygous alleles or rare variants in a small
fraction of DNA templates (Ansorge WJ et al.,200®). important aspect is theoverage
rate of each allele.
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In DNA sequencing by the NGS platforms, multiplagments of DNA are sequenced
simultaneously, and the outputs are aligned toréfierence genome. Thus, it is essential
that both strands of a diploid genome are represeatiequately in the sequence read out.
In addition, multiple reads of an allele increafessignal to-noise ratio. Therefore, in low-
coverage sequencing, which is more practical becatisize of the sequence output, less
costly, and computationally less laborious, acaidgtermination of the genotype is less
certain. In contrast, a higher coverage at eacHeatide increases the confidence in
accurate allele calling. The coverage rate, howesgeoften non-homogenous and certain
genomic regions or exons might not be covered fficent depth to provide for accurate
allele calling (Nielsen et al., 2011).

Inadequateness of the sequence reads, in partt mafilact inadequate coverage by the
capture probes. Nevertheless, the gaps could teadhdlequate detection of the variants as
well as miscalling because of a poor signal-to-aaiatio. Different depth of coverage
might be necessary according to intended applicatidhe NGS data.

For instance, in NGS studies in families to detactausative allele in an autosomal
dominant Mendelian disorder, a higher depth of cage might prove essential to detect
robustly or exclude the presence of a heterozygousation. In addition, the relatively
small number of family members makes high-deptrecage feasible. In contrast, in allelic
association studies of complex phenotypes, whamemmally sequencing of many cases
and controls is required, low-coverage is practazad probably a more powerful approach

than covering a smaller number of individuals gteater depth.

1.3.1 Whole Exome Seguencing: an unbiased apprdato study complex
genetic diseases

Evidently, NGS technology high sequencing accutaay become of relevant importance
in the identification of genetic variants that n@ause complex inherited diseases.

The discovery of genetic traits that are at thesbascomplex diseases, indeed, has been
greatly simplified by NGS, apart from the signifitly reduced time frame from years to
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weeks, in the effective identification of rare \nis present in the whole genome that
could exert large effect sizes on the phenot{é-CD hypothesis).

WES it is probably the most commonly used directAD$&quencing approach today to
identify the genetic causes of rare Mendelian anothmon non-Mendelian disorders,
because of practical reasons including cost, datage, and bioinformatics analyses.

The rationale fowhole exome sequencimg based on the notion that variants located in
exons and affect protein sequence are more likelyet pathogenic than those located in
introns or intergene regions. Thus, the approadgitperimarily that infrequent and rare
nonsense, frame shift, and nonsynonymous DSVslkalg to play major etiologic roles in
susceptibility to complex phenotypes.

The whole-exome sequencing approach has been @pmplecessfully to identify of the
causal mutations for rare Mendelian disorders, sashFreeman-Sheldon syndrome,
congenital chloride-loosing enteropathy, Kabukidigmes, systemic hypertension caused
by hyperaldosteronism, and others (Ng SB et alQ2Choi M et al., 2011).

Exome sequencing, likewise, revealed the complexitgliscerning the pathogenic alleles
based on sequence data alone, as many apparetitbgenic variants might be found in
clinically unaffected individuals (Klassen T et,aP011).

Efforts are ongoing to apply the whole-exome sequmgnapproach to delineate the genetic
causes of common forms of Mendelian diseases,cptatly those with an autosomal
dominant pattern of inheritance, and complex traitsaddition to limitations imposed by
family size and structure, which could restrictcgisiing co-segregation of the variants
with the phenotype, several other limitations rendlee approach challenging. The
enormous genetic diversity of the humans and tlesgmce of many variants in each
genome in conjunction with incomplete penetrance tlod causative variants pose
significant difficulties in establishing a clearrgeype-phenotype co-segregation.

But, if on one side identification of a vast numbérare variants in coding and regulatory
regions constitutes a successful starting-poitigsect complex diseases, on the other side
the necessity to effectively analyze the huge amofiWWES data and to relate them to
complex phenotypes is still an open field.

Interpretation of exome information derived from 8IGs still a prickly question. The

initial approach to establish causality conneci®mo focus on protein-changing variants,
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inferring biologic and functional significance BplyPhen-2(National Institutes of Health,
Bethesda, MdandSIFT (J. Craig Venter Institute, Md/Adzhubei IA et al., 2010; Kumar
P et al., 2009) especially those that are rare oA values). Usually 150-1500 private
variants in the patient are identified as potelytidisease causing. Subsequently, there are
Six strategies that could be applied to prioritthese variants (Oetting WS, 2012). The
choice of the strategy requires knowledge of thieeiitance of the disorder, genetic
heterogeneity, and availability of family membérae linkage strategyprioritizes variants
that segregate with the disease or lie within doreghat segregate with the disease.
Whereas, in thbomozygosity strateggnown consanguinity can help identifying mutations
associated with a recessive disease. dtwble-hit strategy is instead mainly used for
recessive diseases, by selecting the variants #mat homozygous or compound
heterozygous, and in some cases a single exoméeaufficient to identify the gene
associated with the disease. In twerlap strategy well-defined phenotype is the starting
point and by sequencing multiple unrelated patientlis the same phenotype. Tte novo
strategy in which a patient and his parents are sequeratkvs the identification ofle
novo mutations. Finally, thecandidate strategyby using biological information at the
variant and gene level, can help in finding disezamesing mutations.

Anyway, there are some potential problems that loait success: a lack of sequence
coverage, resulting in the mutation not being tedemisalignments of reads or miscalling
of variants; misinterpretation of the variants; dahe over cited clinical and/or genetic
heterogeneity.

Notwithstanding these limitations, there is anreated success rate of 60% and WES is
expected to offer and open a full spectrum of genggterminants of the phenotype in

Mendelian and complex diseases (Oetting WS, 2012).
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2. AIM OF THE STUDY

Few monogenic diseases associated with hypercalcitanal calcification, and calcium
nephrolithiasis have been identified so far, arelfédw genetics investigations by genome
wide or candidate gene association studies of I@Xehproduced contradictory results;
thus, the issue of the genetics of ICN is still éinwg a solution.

Discovering the genes involved in ICN hopefully lwiead to breakthroughs in
pharmacological targets for treating or preventingse conditions, perhaps to tools for
diagnosing the risk of developing them, and, fypnabhut no less importantly, to basic
science discoveries and a better understandingnafl/intestinal/bone physiology relevant
to ICN.

As emerged clearly in the last decade, the appré@aamolecular genetics has evolved
considerably, pointing out whole-genome scanninghrielogies as priority tools to
investigate genetic basis of complex genetic desgas

The choice of the best strategy in a successfubtgeanalysis requires knowledge of the
inheritance of the disorder, genetic heterogenaity, availability of family members.

Thus, we proposed to study a case-study family lmckv ICN seems to be mostly an
hereditary trait and clinical and familiar charaistttcs are so peculiar to make it a
candidate ideally suited to be analyzed with thoetof approaches.

The proband, indeed, suffers of a severe form df #d, strikingly, he belongs to a family
with consanguinity in which ICN is present in sealemembers, from both maternal and
paternal branch (see family tree), and is transahith an apparently dominant fashion, with
males being more severely affected than females.

MV, 50 years old, since 19 formed calcium oxalate aalcium phosphate renal stones,
expelling up to date about 300 calculi both spoatarsly and by lithotripsy (he underwent
33 treatments). The metabolic phenotype revealetermittent hypercalciuria,
hypocitraturia and phosphaturic tubulopathy. Rageeal renal cysts were also observed.
He was resistant to all pharmacological treatmsattar adopted.

MV belongs to a family with consanguinity (his pat® are second cousins and both are

affected by nephrolithiasis). In this family neplitfoasis is present in several members and
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is transmitted in an apparently dominant fashioith viales being more severely affected
than females.

Specific aim of this project was to exploit the gmtial of CGH array and SOLID™
technology, in combination with new developed bioimatic tools, in order to identify
some of the major susceptibility genes involvetON.

Although the ultimate goal of this project was itadf answers to medical genetic questions,
it gave us the fundamental opportunity to elaboeffieient NGS data analysis pipelines.
NGS technologies, indeed, are still on their infaas regards appropriate data analysis and
filtering. Thus, in this context, our role of cddlarating unit with specific bioinformatic
unit (CRIBI, Padova) was critical to evaluate thepmt of bioinformatic analysis of NGS
data in order to: identify problems related to th&erface bioinformatic tool/ medical-
biological questions; and establish valid criteagf inclusion or exclusion of genetic
variants for the subsequent biological analysess d¢buld definitively provide our medical
and genetic expertise to help in the developmeiat mbre user-friendly bioinformatic tool
(QueryOR) and NGS data analysis guidelines.
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3. MATERIALS AND METHODS

3.1 CASE-STUDY

MV, 50 years old, since 19 formed calcium oxalate aalcium phosphate renal stones,
expelling up to date about 300 calculi both spomtaisly and by lithotripsy (he underwent
34 treatments). He has been followed for thirtyrgelay prof. D’Angelo (Nephrology
Division, University of Padova).

The metabolic phenotype revealed:

= alternatively absolute (>300 mg/die) or marginalC@JCr >0,14) idiopathic
hypercalciuria;

= persistent hypocitraturia,95 mmol/die);

» phosphaturic tubulopathy: TRP<80% and TmPO4/GFR.X mg/dl, with salt
depletion;

= absence of thyroid and parathyroid metabolism atiitans;

= very recently, bilateral pre-calyceal renal cat@tions were also observed;

» resistance to all pharmacological treatments soaffwpted (thiazide diuretics,
assumption of crystallization inhibitors as citraea@d magnesium, abundant
hydrotherapy).

Interestingly, MV belongs to a family with consangty (his parents are second cousins,
both affected by nephrolithiasis). In this familyN is present in several members (Fig. 5)
and is transmitted in an apparently dominant fashigith males being more severely
affected than females.

The most striking clinical characteristics of faynthembers are reported below.

» Father: bilateral symptomatic recurrenephrolithiasis that led to monolateral
nephrectomy.

= Paternal grand-father: recurrent nephrolithiasmilarly to the father.

» Mother: nephrolithiasis diagnosis with constantn&#a” emissionhypocitraturia

and hypomagnesuria;
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= Maternal (2/2) and paternal (3/3) aunts affectgddzurrentnephrolithiasis, with
one of the maternal branch certainly presentinghyaturia.
* Nephew (maternal branch): presenting a diagnosishilafteral microlithiasis,

constant “ renella” emission, hypophosphoremiaspatadic hypocitraturia.

- . .. . (mid phenotype)
3 =i
O Mephrolithizsiz ?  Unknown phenotype

. Naphrolithizsis |
O T

S

No clouli

-

7

s

-
i
e

Figure 5. Genealogical tree of the case-study famil

From both clinical and metabolic points of viewe tHfCN encountered in this family does
not present any of the characteristics of the menimgforms. Nevertheless, the proband
and affected and not affected family members hasenbanalyzed for the presence of
mutations /variations in candidate genes knownaweeha role in nephrolithiasis such as
CLCNS5 (in the suspicion of Dent’s disease) and Ca@Res, but any relevant findings

have been found.
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3.2 GENOMIC STUDIES

3.2.1 DNA extraction and purification, PCR amplification

Peripheral blood leucocytes DNA was extracted bgguQlAamp® DNA Blood Mini Kit
(QIAGEN CA, USA), following the indicated protocol.

DNA was lately quantified witiNanoDrop ND-1000(Celbig Italy) and its purity was
checked basing on x8¢/Aqgo ratio (between 1,8 and 2). It was subsequentsd usr
needed applications or stored at -20°C.

PCR amplification was performed anyCyclerthermal cycler Bio-Rad Italy) using a
DNA working concentration of 25 ng in a reactionluae of 25 pl. Reaction mix
constituents were: 1mM or 1.5 mM MgCI3igma MO, USA), 0.4 mM forward and
reverse primers Hurofins MWG Operon Germany), 0.2 mM dNTPsBfehringer
Germany), 0.04 U/ml JumpStart Taq DNA Polimer&&igriha,MO, USA), 50mM KCI 1X
buffer SigmaMO, USA), and 10 mM Tris-HCI (pH 8.3).

PCR program used is detailed below:
Step 1.95°C, 5 min (Denaturation)
Step 2repeated per 40 cycles (Amplification)
94 °C, 45 sec
T °C, 45sec (annealing T variablsilg on primer sets)
72 °C, 1 min
Step 3.72 °C, 7 min (Final extension)

If following sequencing applications were needecpldfied DNA was further purified to

remove residuals of all PCR reaction componentsléotides, salts, polymerase,etc.) with
MinElute® PCR Purification KitQIAGEN CA, USA).
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3.2.2 Primer design and optimization

The DNA sequence for a gene or for a genomic regvas retrieved from th&CSC

genome browsdhttp://genome.ucsc.edu).

Primer pairs for the region of interest were destyaccording to stringent parameters to
ensure successful assays and convenient experitegigh, by usingrimer3Plus software

(http://www.bioinformatics.nl/cgi-bin/primer3plugimer3plus.cgi. Subsequently, the

generated primers were subjectedinosilico validation to avoid single nucleotide
polymorphisms (SNPs) and copy number polymorphisighe annealing sites. These
were excluded at the annealing sites using theesponding tracks from the UCSC
browser (n silico PCRtool) to open the Genome Browser at the positiothe amplicon.
The BLASTprogram from the NCBI browser (http://www.ncbi.nirih.gov/BLAST/) was
used forin silico specificity analysis.

Anyway, after thoroughn silico quality control, an extensive empirical validatiohthe
primer pairs was performed. First, amplificatiofieéncies are calculated based upon the
generation of standard curves using genomic DNANAPDdilution series. Subsequently,
melting curve analysis, acrilamide gel electropbm®r microchip electrophoresis (2100

BioAnalyzer, Agilent) were used to check the spettif of the PCR reactions.

3.2.3 CGH array analysis, CNVs detection and charaerization

CGH arrays has been performed in the proband aedjim members of the family in order
to detect the presence of Copy Number Variants (§NN the genome, in collaboration
with Dott. Zavan (Laboratory of Tissue Engineeribgiversity of Padova).

Slide array 4x44K and 4x180K Agilent (Agilent Tecdhogies) were used, ensuring a
resolution of about 80-100 Kb and 13 kb, respebtivBlap position was in accord to

genomic assembly of March 2006. Analysis was caraet with Feature Extraction and
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CGH-Analytics software. Evaluation of results basedGenome Assembly 2006 (hgl8),
UCSC Genome BrowsandDGV (Database of Genomic Variants

DGV (https://decipher.sanger.ac.ukf)a database that provides a comprehensive summary
of structural variations (larger than 50bp) in theman genome of healthy control samples.

Genedatabase at NCBI (http://www.ncbi.nim.nih.gov/gemas lately used to clarify CNV

genetic content.

3.2.3.1 Real time CNV-profiling

For copy-number determination, a qPCR assay waslaojgd. In particular it has been
used to dose particular genomic fragments of Xq2&8ion, allowing a correct
quantification of the presence of one, two or moopies. This assay was set up on

available members of the case study family andylate

Dedicated design of the gPCR primers and extensiadico validation were the starting

points, as detailed above.

Experiment design was the subsequent but indidplendut often overlooked) step in the
workflow of accurate real-time PCR based genomangjtication. Reference assays were
included in the screening to accurately measure @mcect for variations in the total
amount of input DNA. These assays amplified a pefogenomic DNA that is known not
to be affected (i.e. not registered as a known capyber polymorphism). Most autosomal
inherited genes with an essential function, natesl to the studied phenotype, can be used
as a reference sequence. We have used an assafyiagn@bPR15 genomic DNA as
references for normalization of the gPCR data si®5 (RTprimerDB #1022,
http://lwww.rtprimerdb.org) (Lefever et al., 2009} keast two types of control samples
should be included in every gPCR-based copy nurahatysis. “No template controls”
were included to detect the presence of contamig&®NA. Specific for gPCR-based copy

number analysis, was the inclusion of referencepsesnwith a known copy number.
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During calculations and result interpretation, thesntrol samples were used as a reference
point (or calibrator) for the determination of tbepy numbers. The inclusion of multiple
reference samples result in more accurate reMksused two samples, one with a normal
and the other with a known CNV. The latter CNV séampith known Xq22.2 duplication

served as reference point and as positive cordrdhe detection of CNVs.

A list of primers sequences used in this studyh@ased below in Table 2.

Table 2. Primer sequences used in CNV-profiling assays.

Primer name Forward sequence Reverse sequence
gGPR1! GGTCCCTGGTGGCCTTAATT TTGCTGGTAATGGGCACACA
gNUP62ClL TTAGTGTAGTAGCAACTCCTG CTCAATCAATGTATGGTCCC
gRBMA41/] TCCTCAATTGCAGTGGTCTG TGATACATGTTACCAGGGGCA
gRBM41/II GAAGAGTGATGAGCATGTCCT | CATACATTCCTCAATGGAGACAG
gCXorfal TGGAATGTACCAGTGCCAAA TCTTTTTCATGCAGTTTCAGAAG

Real-time quantitative polymerase chain reactigRT-PCR was performed to quantify
genomic DNA levels, usingSYBR Greentechnology The principle consists in the
quantitative relationship that exists between tmowunt of starting material (target
sequence) and the amount of PCR product at any giyele. When amplifying the DNA,
an increasing amount of double-stranded DNA istetawhich binds th&ybr® Green
(fluorescent) probe resulting in an increase obrscence. By plotting the increase in
fluorescence versus cycle number it is possiblanalyze the PCR kinetics in real-time
(Pfaffl, 2001). For each fragment to analyze, &tiea mix was made (1pl final volume),
prepared as follows: 7,/ of iQ SYBR Green Masterm{BioRad Italy); 4,55ul of milliQ
water; 0,225ul of 20 uM Forward Primer (300 nM); 0,224 of 20 uM Forward Primer
(100 nM); 0,5ul of 5 uM Reverse Primer (300 nM). An overview of the primesed is

given below in Table 2The reaction mix was loaded, 12&well, in 96-well plates
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(BioRad Italy) and 2,5ul of the DNA of interest was added to each welle Hate was
subsequently loaded a8yclerthermal cyclerBioRad Italy).

To ensure quality control on the precision and eaxxyiof the obtained gPCR data, provide
better accuracy, we used 3 technical PCR replicatdsa 3-points standard curve) with a

dilution factor of 10 (starting from 10 ng/p.l comteation).
PCR reactions were performed on i@gcler (BioRad,ltaly).
The PCR program used is detailed below:

Step 1 50°C, 2 min (Incubation)

Step 2 95°C, 2 min

Step 3:95°C, 15 sec (Denaturation) (Step 3, repeated@erycles)
60°C, 45 sec (Extension)

Step 4:95°C, 15 sec (Dissociation)

Step 5:60°C, 20 sec (Melting curve)

Step 6:95°C, 15 sec

The level of each genomic fragment was always coethto GPR15% protein-coupled
receptor 19, the housekeeping gene used as reference assay,chlculating theACt
sample value as follows: Génomic fragmen Ct gpr1s The AACt was calculated subtracting
ACt calculated for the calibratoACt sampie— ACt caiibratod- Finally, the ultimate calculation

to obtain genomic DNA level of each fragment wa&2ACt).

3.2.3.2 CNVs burden in case and “control” cohorts

In collaboration with Dott. Sanna Cherchi (Divisioh Nephrology, Columbia University,

New York), CNVs burden in control cohorts was exaol.
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The “control” group consisted of 14,375 anonymizeldlits and children: these are not to
be considered as properly defined control in ol Kudy because they were collected for
allowing another kind of genetic studies, on redalelopmental abnormalities, and

therefore we cannot exclude that they were evdgtafiected by ICN.

Two cohorts consisted of white European affectedividuals recruited from pediatric
centers in ltaly, Poland, Macedonia, Croatia, amel €zech Republic. All cases were
unrelated. Inclusion criteria included the preseoica primary renal-parenchyma defect—
such as renal agenesis, a congenital solitary kidmerenal hypodysplasia (finding of a
small or cystic kidney for age). Another cohort sigted of 134 multiethnic North
American individuals (63% white, 23% African Amait and 10% admixed) diagnosed
with renal hypodysplasia. Additionally, six cotexdf European (80,4%), Asian (13,4%),
and African American ancestry (6,1%), were examirtbéy were genotyped on high-
density lllumina platforms as cases or controls for genetic studfesomplex traits not

related to any developmental phenotypes.

The CNV-profiling assay was applied to screen & cahort of 85 ICN patients (collected
by prof. Gambaro G., Catholic University of Rom&daDott. Fabris A., University of

Verona).

3.2.4 Whole Exome Sequencing analysis, data filteg and validation

Whole Exome Sequencin§the proband was performed (in collaboratiorhvgatof. Valle

G., CRIBI, Padova) witlsOLiID 5500xkequencer, at an average 15X coverage.
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3.2.4.1 Exome sequencing data analysis: criteriaif identifying single-

nucleotide and copy-number variants

To analyze and filter single-nucleotide variantdfimgs, weused QueryORplatform, a
web-based query platform that aggregates severaitifunal annotation of variants and
genes (developed by Bioinformatic group, CRIBI, fprdalle G., Padova), for giving
valuable prioritization criteria and reduce thershapace of analysis of exome sequencing
data. The prioritization strategy consist in a ragksystem that sorts results based on the
satisfied criteria, in contrast with other develddeols that applies filters to reduce the
results.

We generally applied two criteria of search to iifgrthe most promisingariant call set a
gene-centeredsearch, starting from known notions about genes fanusing attention on
those that harbored promising variantsaaant-centered search, starting from characteristic
intrinsic to the variants per se like type (sensgssense, nonsense), homozygosis and
genomic position.

For missense variants, we generally applied a swlesg prioritization strategy by ranking
variants on the basis of query coverage, MAF (Minor Allele Frequencyvalues (< 0,001)
and apossibly-probably damaging/deleteriopiediction PolyPhen/SIFTprediction tools), as
could be inferred from QueryOR reports.

To investigate the possible pathogenic significanEesense variants, we us&SSEDA
software Automated Splice Site and Exon Definition Analybkifyp://splice.uwo.ca/) that
allowed to study the effect of a single nucleotideiant in modificating canonical splicing,

with the prediction of activation an strenght aptrc sites of splicing.
To investigate the presence of CNVs we filteredneesequencing data with bioinformatic

software developed by CRIBI Genomics that allow thetection of small structural

variations.
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3.2.4.2 Molecular validation and segregation study

Because NGS technique is not exempt from errodsaaitow percentage of false positive

calls always exist, variants that passedithsilico prioritization strategy were submitted to

molecular validation by Sanger sequencing. Thigdasibn step was performed on proband’s
DNA. Furthermore, once the variant was confirmed,extended the validation procedure to
the other members of the family to perform a segfieg analysis.

Primer were designed, as detailed above, to sequeeigenomic fragment that contained the
single-nucleotide variant to be confirmed; primeq@sences are listed below (Table 3). PCR
reaction and purification were performed as presiypdescribed.

Table 3.Primer sequences used for single-nucleotide vavididation

Primer name Forward sequence Reverse sequence
gNCX1/rs148215685 AGCACAAAGAGGCAGGATGT CATCGCTGCCATCTACCAC
gNUP62CL/rs1285590 | CTGTCACAGCAGCAGGAACT ACATCTCCACATGCTCCTCA
gNUP62CL/rs1298577 | CTGTCACAGCAGCAGGAACT ACATCTCCACATGCTCCTCA
gATP6V1B1/rs11681642| CCAGCTGGACCTGAAGTCTC GGCCTGCTGTCTATCTCCAT
gATP6V1B1/not known | CTAACACTCCCTCCCGCTCT CGGGAATAGAACTCGTCGAT
gFGF23/not known TAATTCACTTCAACACCCCCA TCGGGAGCTCCTGTGAACAG
gHNF1B/not known GCAATTACTCCATGATTATGCTACTT| ATGTGAATTATTTGATTAAAATCTGA
gXDH/ rs45624433 CTGAGCCTCACCTGTCCAAT TCTGCTTGGGAACGTACTCT
gXDH/ rs17011368 CTGCTTCGGAAAACCCCTTC CAGCTGAGGAAATGGAGGAA
gUSP29/s9973206 AGAACTTTTTCCCGAAATGGA CCGGGAATTTCTCTCTTGAA
gKCNS1/not known AAAGGCGAAGACGCACAGCTCGT | AGGGAGGAGCACTGAAACCT

Sequencing reaction of PCR products was set upsimg BigDye® Terminator v1.1 Cycle
Sequencing Ki(Applied Biosystem&€A-USA), with a purified amplified DNA concentrah
of 2 ng/ul. For each PCR product to be sequence, a reaotisnwas made (1Qud final
volume), prepared as follows: @ Terminator Ready Reaction Mix; O Forward or
Reverse primer 3.gM; 5,5 ul milliQ water.
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Sequencing program is detailed below:
Step 1.96°C, 1 min
Step 2repeated per 25 cycles
94 °C, 10 sec
50 °C, 5 sec
60 °C, 4 min

Sequence products were lately stored at -20°C oradiately processed to purification.
Tagged terminators not incorporated in the reacti@re subsequently removed through
CENTRISEPT Spin ColumiBrinceton Separations, Applied Biosystems, USA).

Elution product was later loaded on sequencingepéatd read or3130 Genetic Analyzer
(Applied Biosystems

Sequences were displayed wifltihromas 1.4%00l and compared to genomic sequence by
performingBLAST (bl2seqfhttp://www.ncbi.nIm.nih.gov/blast/bl2seqg/wblasigi), or using

UCSC Genome Browsé&s investigate the presence/absence of the ddteatent.

3.3 TRANSCRIPTIONAL STUDIES

3.3.1 RNA exctraction, quantification and cDNA syrtiesis

RNeasy Micro Kit(Qiagen, cat no. 74004 as used to isolate total RNA from leucocyte
cells, following the spin column protocol. RNA whsally eluted in RNAse free water and
stored at —80°C.

RNA concentration was measured with Nanodrop ND-dpectrophotometer (Celbio, Italy)
and purity was checked by thegfA2go ratio (between 1,8 and 2).

RNA integrity was valued by capillary electrophasesn chip with Agilent 2100 Bioanalyzer
(Agilent Technology), by observing and quantifyintegrity of 28S and 18S rRNAs.

We routinely performed two-step RT-PCR reactionsyhich the first step is cDNA
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synthesis. This protocol allowed us to make cDNAubing MuLV DNA polymerase starting
from a single-strand RNA template.
RNA was retro-transcribed from a starting quanityAi00 ng in a reaction volume of 2d.
Reaction mix was prepared as followsudMgCl2 25 mM (Sigma); gl dNTPs 10uM
(Roche); Ll random examers 50M (Applied Biosystem); gl RNAse inhibitor 20 U/ul
(Applied Biosystem); @l MuLV inverse transcriptase 50 Ud (Applied Biosystem), gl
Buffer 10X (Sigma) constituted by KCl 50 mM e THEEI 10 mM (pH8.3) and milliQ water
to reach the final volume.
Reaction was performed on iCycler thermal cycleapglying the following protocol:

Step 1.T amb, 10 min (Primer annealing)

Step 242 °C, 30 min (Primer extension)

Step 3. 65 °C, 5 min (Denaturation)

Step 4.4°C, 5 min (Cooling)

3.3.2 Quantification of gene expression: Real TiemPCR

Real-time quantitative polymerase chain reactidRTidPCR) was performed to analyze gene
expression levels, usin@ SYBR Green SuperMix (BioRdid|y) as detailed above.

For each fragment to analyze, a reaction mix wadem@5ul final volume), prepared as
follows: 12,5ul of iIQ SYBR Green Mastermix; 4,58 of milliQ water; 0,225ul of 20 uM
Forward Primer (300 nM) and 0,22b50f 20 uM Reverse Primer (300 nM) (MWG Operon,
Germany). An overview of the primers is given beiowable 4.

Table 4.Primer sequences used for expression study.

Primer name Forward sequence Reverse sequence
NCX1 TGAATTCAAGAGTACTGTGGAC | TGCATCACGTAATCGAAACAG
MORC(Z ACCTACCTTCACAAATAAGCAG | ATTACTCCTACACCTTCTCCA
NUP62CL ACTGTTAGTGTAGTAGCAACTCC| CATTCTCAATCAATGTATGGTCCC
CLDN2 TGTCTTCTAGATGCCTTCTTGAG | CAGACCTCTCAGTAGAAGCG
PRPS TAAGAAAGATAAGAGCCGGGC | CTCTGCATACAAATTGTCTACTGG
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The reaction mix was loaded, 1d/well, in 96-well plates (Biorjand 1ul of the DNA of
interest was added to each well.
PCR reactions were performed on ikgcler (BioRad Italy). The PCR program used is
detailed below:
Step 1 50°C, 2 min (Incubation)
Step 2 95°C, 2 min
Step 3:95°C, 15 sec (Denaturation) (Step 3, repeated@erycles)
60°C, 45 sec (Extension)
Step 4:95°C, 15 sec (Dissociation)
Step 5:60°C, 20 sec (Melting curve)
Step 6:95°C, 15 sec

The expression level of each gene was always cadpga GAPDH Glyceraldehyde 3-
phosphate  dehydrogenase (forward: GAAGGTGAAGGTCGGAG; reverse:
TGGCAACAATATCCACTTTACCA) housekeeping gene calculating th€t sample
value as follows: Cgene— Ctepris The AACt was calculated subtractiddgCt calculated for
the calibrator ACt sampie — ACt caibrato). Finally, the ultimate calculation to obtain the

relative gene expression was 24Ct).
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4. RESULTS AND DISCUSSION

4.1 CGH ARRAY ANALYSIS: DISCOVERY OF A NOVEL CNV

To investigate the presence of CNVs in the caseystamily, we performed CGH array
analysis on all available family members.

We found the presence of a duplication of 308,3880Kchromosome X q22.2 region in
the proband and in other three family member (6)g.This duplication having START at
106,126,808 and STOP at 106,435,205 chrX positiresing on hgl8 Assembly),
respectively.
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Figure 6. Feature extraction software visualization of CGHults: the Xq22.2 duplication of 308,397 Kb is
evidenced by the probes (circled red dots) thatlievin the +1 axis; results are shown for threerofour
family members that harboured the Xq22.2 duplicatio

As can be inferred by the genealogic tree in Fighiiee over four family members that
present Xq22.2 duplication are certainly affectBdus, this seemed a first hint indicating
the striking importance of this finding. Furtherrapiby consulting the available public
database we found that this was a novel CNV, bec#usesulted absent in the DGV

(Database of Genomic Variants).
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Strikingly, this last finding seemed to indicateatttwe encountered certainly a very rare
copy-number variant.

The CNV has been inherited from the affected mo#imel was also present in the maternal
affected aunt. However this variant cannot be shdre the paternal branch since the
progenitors of maternal and paternal branch arebnathers (see family tree, Fig. 7). Thus,
we hypothesized that additional genetic determsbaave been inherited from the paternal
branch. Alternatively, the Xg22.2 duplication mighe the result of an X/autosome

balanced translocation occurred in one of the comrmpeoogenitors and segregating

differently in the descendents of maternal andrpatéranches.

¢ COGH analysis

I 2 q22 2 Duplication

00 00 *%t@&b 0]

Figure 7. CGH array analysis pin the case-study faity. It was performed in nine family members (as
indicated by the asterisk) and the Xq22.2 duplicatvas detected in the four members tagged withrétie
bar.
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Considering the intriguing finding, we started teegly investigate the duplicated Xq22.2
region by analyzing its genetic content. By exiragtinformation from the Feature
Extraction Software, we could infer which genesrevédentified by the probes that
resulted with a double signal (Fig. 8) and by conmgpit with Genedatabase we could
clarify that three genes were included in the digtéd region: RBM41, NUP62CL and
CXorf41. This was subsequently confirmed by UCS@dsre browser analysis (Fig. 9).
RBM41 gene encodes for tiNA binding motif protein 4INUP62CL (ucleoporin 62
C-terminal like)is an homolog gene of nucleoporin 62, NUP62; CXbrér PIHD3(PIH1

domain containing Bis a gene implicated in a positive regulation wfan rRNAs.
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Figure 8. Feature extraction software frame showing in calsnthe probes used to perform the CGH
analysis in the Xqg22.2 region, indicating for eawte its name, start and stop positions. The nantbeof
corresponding gene is also shown. Data shown &tveeto Human Mar. 2006 (NCBI36/hg18) Assembly.
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genomic coordinates (chrX: 106,240,152-106,548,548dated to Human Feb. 2009(GRCh37/hgl19)
Assembly.

4.2 Xg22.2 CNV IN-DEPTH ANALYSIS: TRANSCRIPTIONAL STUD Y

Most copy number variants exist in healthy indiathy however, these variants are

hypothesized to cause diseases through severalamsois. First, copy number variants

can directly influence gene dosage through ingestior deletions, which can result in

altered gene expression and potentially cause igafiseases.

Gene dosage describes the number of copies ofaigencell, and gene expression can be
influenced by higher and lower gene dosages (Féwl.,e2006). For example, deletions

can result in a lower gene dosage or copy numlar thhat is normally expressed by

removing a gene entirely (Fig. 10a). Deletions edso result in the unmasking of a

recessive allele that would normally not be exprds@-ig. 10b). Structural variants that

overlap a gene can reduce or prevent the expresdiche gene through inversions,

deletions, or translocations (Fig. 10b). Variantn calso affect a gene's expression
indirectly by interacting with regulatory elemenEor instance, if a regulatory element is
deleted, a dosage-sensitive gene might have lowenigher expression than normal

(Fig.10c). Sometimes, the combination of two or encopy number variants can produce a

complex disease, whereas individually the changedyze no effect (Fig. 10d).
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Figure 10. Influence of structural variants on phenotype( Imageby Feuk et al., 2006

Some variants are flanked by homologous repeathwian make genes within the copy
number variant susceptible to nonallelic homologeesombination and can predispose
individuals or their descendants to a disease (fFaeeet al., 2006). Additionally, complex
diseases might occur when copy number variantscangbined with other genetic and
environmental factors (Feuk et,&006).

We firstly decided to examine Xq22.2 duplicatioffieet at gene expression level and, by
taking all the over cited basics in considerationg planned a well comprehensive
expression study.

In brief, we considered both genes strictly inelddn the duplicated region, both genes
situated slightly upstream or downstream, and gématscould be influenced by a long-
range position effect (Kleinjan and van Heyning2005).

Thus, we set up our expression study taking in idensation five candidate genes. The
nucleoporin NUP62CL, that is the only gene strigtigluded in the Xg22.2 duplication
region. MORC4, that encodes for a protein contg@n ATPase domain and a Zinc-finger
domain crucial for protein-.protein and protein-DNAeractions. CLDN2, that encodes for
a claudin of epithelial and endothelial tight junos responsible of small ions and solutes

transport. PRPSI1pkosphoribosylpyrophosphate synthetagewhose overexpression has
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been found linked to a genetic disorder charaadrizy hyperuricemia and hyperuricosuria
(De Brouwer et al., 2008). Finally, we also coes&tl a gene not contained in the X
chromosome, NCX1 (sodium/calcium exchanger membgr because it could be

influenced by a long-range positional effect. Upain the duplicated region, indeed, it is
located FXYD6P3 gene, belonging to a family of imansport regulators that in some
tissues regulate the NCX1 exchanger (Cheung eR@L3). This gene, in the kidney, is
responsible of calcium extrusion from the basodtenembrane, and for this reason it
represents a good candidate for ICN, even if it hager been analyzed in human
nephrolithiasis.

Examining gene expression in leucocytes of conémodl mutated members (harboring
Xg22.2 duplication), we found a significant increas the expression of NCX1 in the
mutated family members (Fig. 11). Thus, consideiisgrole in the kidney, our results

point it out as possible susceptibility gene foNIC

We either detected a decrease in expression of GLBN NUP62CL, even though it

could not be assumed as significant (Fig. 11).
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2n(-0act)

Figure 11. Expression levels of the five candidate genes amvs in the graph. Results are referred to
leucocytes samples.
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Subsequently, we could analyze expression levelth@fcandidate genes on fibroblast
samples taken from a bladder biopsy of our probamdl we compared them to control
fibroblasts.

Interestingly, NUP62CL gene showed a significard hnge decrease in the expression in

the proband sample, compared to controls (Fig.12).
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Figure 12.Expression level of NUP62CL gene in fibroblast skeap

This last finding appeared particularly appealimgour ICN susceptibility genes search,
NUP62CL being the homolog of NUP62, also knownnaslear pore complex oxalate
binding protein 62This protein, indeed, mediates oxalate transporhfthe cytoplasm into
the nucleus and its expression has been foundasedein experimental hyperoxaluria
(Sivakamasundari et al., 2004), a common metalmoliition in ICN patients (Asplin et
al., 2002). In recent years, our proband did nobwshthe intermediate phenotype
hyperoxaluria but, at his nephropathy exordium, foemed calcium oxalate stones.
Furthermore, the over cited studies, dealing witimavitro mimicked hyperoxaluria, prove

a clear modulation of NUP62 by oxalaféerefore, the down-regulation that we observed
well fits in this scenario.
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4.3 GENOMIC STUDIES

4.3.1 Characterization of Xg22.2 duplication and “case-ontrol” study

Real-time PCR represents, indeed, the golden gstwnélar a quick and reliable
confirmation of CGH findings (D'haene et al., 2011)

Thus, we firstly served of our case study familysed up a CNV-profiling assay, to detect
and confirm the presence of one, two or three sopfethe Xg22.2 region in object (see
materials and methods). We initially chose a gewofragment encompassing a region
contained in NUP62CL gene (chrX: 106,397,338-106,880, hgl9), that was the gene
lying in the center of the duplicated region.

The chosen genomic fragment resulted effectivelyabke to discriminate the different
genomic profiles in the case-study family: dealvith a chrX region, indeed, we detected
a single dose for normal males, a double dose taated males and normal females and a
triple dose for mutated females (Fig. 13).

chrX:106,397,338-106,397,480 (NUP62CL)

250,00

200,00

150,00
Wsample 1
100,00
Wsample 2
- _:.
0,00 -

normal  Xg22.2 normal Xg22.2
M CNV M F CNV F

2M(-DAACt) %

Figure 13. CNV-profiling assay set upThe NUP62CL genomic fragment resulted quantitagiveliable in
the discrimination of the different genomic prodil&Samples 1 and 2 stand for two family memberk eae
for each category (normal males, Xg22.2 CNV matesmal females and Xq22.2 CNV females).
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Lately, we tested three more genomic fragmentsottfien and better characterize the
Xg22.2 duplication. We chose two fragments in thexpnity of START and STOP
regions, RBMA41/l (chrX:106,312,496-106,312,608) ar@Xorf4l (chrX:486,428-
106,486,544), respectively; and another fragmeimglynore centrally in the duplicated
region, but upstream the first one tested (NUP62RBM41/1l (chrX:106,359,873-
106,359,981). By observing the underlying graphg.(Fi4a), it appears clear that the
fragment proximal to START region, RBM41/l, actyallid not seem internal to the
duplication because both normal and mutated (Xq2XN¥) males presented a single dose
(near to 100%).
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300,00 c)
55000 Figure 14. CNV-profiing for
' breakpoint  characterization. a)
200,00 - RBMA41/| (chrX:106,312,496-
§ 106,312,608) fragment is present in
2 150,00 - single dose in both normal and Xq22.2
< B CXorfdl
z CNV males. b) RBM41/11
~
100,00 - (chrX:106,359,873-106,359,981) is
present in single dose in normal males,
30,00 - but in double dose in Xg22.2 CNV
000 males. ¢) CXorf4l (chrX:486,428-
' normal M Xq22.2 CNV 106,486,544) fragment is duplicated in
M Xg22.2 CNV males, as well.
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Whereas, both the more internal fragment RBM41Ad ahe fragment proximal to the
END region, CXorf4l, resulted effectively duplicatén mutated males, presenting a
double dose compared to the single one of normidai{&ig. 14b and c).

These results confirmed that the males of the sasby family in which CGH array
analysis detected the Xg22.2 duplication effecyivelesented a double dose of genomic
fragments lying in the central and END regions, tamily to the normal condition of
hemizigosis. However, they even indicated thatSAART breakpoint of the duplication,
as detected by CGH array analysis, needed to edefnore precisely because in this case
the presence of the duplication was not confirnkeditthermore, taken all in consideration,
these results proved once more the reliability aedessity of a quantitative assay to
validate CGH findings.

To deeply investigate the frequency and pathogsigaificance of the novel Xq22.2
duplication we performed a collaboration study, hwiDott. Sanna Cherchi (Columbia
University), in which we screened a cohort of 143@8lividuals (more than 10000
caucasians), previously characterized for thegores of any CNVs.

Eminently, we found 16 individuals harboring CNMgdapping our Xg22.2 CNV region,
of which only 5 were duplications (Fig. 15).

Notably, the genetic content common to all the filtglication overlapping our Xq22.2
duplication is represented by NUP62CL gene.

This result, due to the size of the control coloortsidered, confirmed the extreme rarity of
Xq22.2 duplication that we found in the case-stdidwily and highlighted a possible
significance of NUP62CL gene.

Nonetheless, dealing with a cohort of individuadsning from a different pursued study,
these individuals were not selected for having aphmolithiasis condition, thereby could
not be considered as pure controls. We cannot égcindeed, that, ICN being a common
disease, some of those 16 individuals were evdytatiected by ICN. This would have, in
case, strengthened more and more the hypotheXig2#.2 duplication association to ICN.
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Chr Start {hgl8| End(hgl3) M_SNPs Size  CN_State 10 Start_SNP End_SNF Conf_Sc

4415825362 RO1C

ChrX 106108146 106348183 40 240.038 3 01 rs12012022 rs6523935 38,568
4415825620_R02C
ChrX 106125974 106248183 36 222.210 3 01 1517326228 rs6523935 37,516
ChrX 106125974 106430726 124 304.753 3 HYPINMA_C001776 1517326228 1s6523944 55,355
4331122363_RO1C
ChrX 106150815 106623476 58 472.662 3 01 rs1285740 rs6622233 40,954
Ch-x 106253758 106254408 5L 100,651 1 IYPVIP CODCL31 rs1285582 51936015 33,909
Ch-x 106253758 106254408 5L 100,651 1 HYFSSA GCOs44 rs1285582 51936015 26,621
Ch-X 106256522 106213061 50 92540 1 ~NPLCRE 3001719 rsb 22156 rs19513466 27,11
Ch-X 106264934 106254208 49 39.475 1 HYPMIP COD1407 rs1285566 rs1936015 25,729
Chx 106264934 106254208 44 39.475 1 HYPWIP CODL703 rsl285500 rs1936015 38,604
Ch-x 106264934 106354208 19 39.473 1 IHYPMIP COD1T7OC rs1285566 rs1936015 50,784
Ch-x 106282845 106254408 4z 71564 1 IYPVIP COD1642 152275789 51936015 43,723
Ch-x 106282845 106254408 4z 71564 1 IYPVIP COD1691 152275789 51936015 33,751
Ch-X 106302307 106254208 3z 52,102 1 HYPMWIP CODCRDE rs1285574 rs1936015 47,527
Ch-X 106302307 106256085 3L 33970 1 HYPMIP COD1627 rs1285574 rs6G22185 25,317
ChrX 106320296 106516549 66 196.254 3 HYP~CS_C0000562 rs7884600 rs6523953 229,51
£435702879 CCOO
Ch-x 106416698 106516542 15 99,852 & Ca2 r$2107C66 56523953 32,309

Figure 15. List of the 16 CNVs overlapping Xq22.2 8V detected region.CN_State describes the type of
CNV: 0= homozygous deletion, 1= heterozygous datetand 3= heterozygous duplication (highlighted in

gray).

To better clarify the possible association of tle¢edted duplication with the pathogenesis
of ICN, we applied the CNV-profiling assay to screeasily a case cohort of 85 ICN
patients for the presence of Xq22.2 duplicatian.this case, CNV profiling did not
evidenced any duplication in sample individuals.

Thus, this result did not actually prove the effextassociation of the Xq22.2 duplication,
per se with ICN. Even though, it is still possible thidite case cohort screened was too
small to be realistically representative of an I@dpulation, also considering that we deal
with a very heterogeneous disease both for cauderamifestations (Taylor et al., 2005;
Worchester and Coe, 2008).
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4.3.2 Whole exome sequencing: chrX CNV detection and vaation

As mentioned before, although the primary necessityachieved goal of WES is to obtain
the sequence of an entire exome, subsequently @rgad clearly as it can serve as
valuable instrument to afford CNV detection, aslves its breakpoints characterization
(Kidd et al., 2008).

In collaboration with prof. Valle (CRIBI, Padovaye performed WES of the proband and
subsequently we applied some public and home-maalefdrmatic tools to detect the
presence of CNVs in the chrX of the proband.

Normally, analyzing WES data, we consider a dupibcathat unique region in the exome
that shows a coverage unusually over the mean ageewhereas for putative deletions we
should observe a signal depletion, that standedaroverage at all.

In this chrX circle map (Fig. 16) four differentatres are plotted to indentify CNVs and
discriminate them from false positives. All thessces were obtained measuring the mean
coverage signal of a 100,000 base pairs windowh wibgressive steps of 10,000 bases
(overlap region of 90,000 and resolution of 10 Kb).

Considering the CNV trace (Fig. 16), we could ofseed blue-colored regions from
positions 105 to 120 (corresponding to chrX coaxths) that seem to be duplications.
Nonetheless, only the duplications lying nearbyitpwss 106 and 110 are to be considered
realistic (Fig. 16). This is true because thosethesonly two that present a significant
signal in both BEST-HIT and UNIQ traces, represemtnultiple and unique alignments in
the exome respectively.

Taken all these results in consideration, we cdusdly confirm the Xq22.2 duplication,
beforehand identified by CGH array, and gain thevigusly unknown information about
its occurrence in tandem on chrX. This first resaéintified this duplication with START
and STOP at chrX:106,305,001-106,625,001, with bOréSolution (Fig. 17), therefore it

seemed shifted of 55,849 base pairs in respebetprecedent identification

Unexpectedly, we discovered another duplicationdyrO Kb downstream the first one,
spanning from positions chrX:110,695,001-110,845,06r a overall size of 150 Kb (Fig.
17).
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Figure 16. Circle chrX map. WES bioinformatic traces relative to chrX plottedd circle shape. Starting
from the middle of the circle we encounter, in ordetraces and for each one the red line indicitesnean
signal. The MASK trace plots signal given from finection of N bases present in the 100,000 windsw i
measured; peaks that exceed 0,8 value are evidétimesd windows with at least 80% of bases equal)to
The BEST-HIT trace plots the signal given by theatenpairs”best-hit(multiple alignments in the genome);
the violet band indicate those value in which tignal exceed the mean signal more than a selected
significant threshold, and for the yellow one thiee versais true. The UNIQ trace plots coverage signal
given by the “mate pairdliniq (reads that align with a unique position in theaenr); the violet and yellow
band have the same meaningbekt-hittrace. The CNV trace normalizes signal arisingnflwest-hit+ uniq
trace; regions evidenced in blue should be dujdinatvhereas orange regions represents deletions.

This result seemed to recall the theory of secdtedvariants that could exert a synergistic
effect (Girirajan et al., 2012). This second dugien spans a region where it is present

only one gene whose function it still unknown.
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Figure 17. WES coverage in Xg22.2 regionThe two yellow highlighted regions present a deuliverage
in respect to the mean coverage of the whole extims,indicating that those fragment sequenceprasent
in double quantity.

Next, we deeply investigated this new finding thlglbuCNV-profiling assay and we could
confirm the second detected duplication (Fig. 18).

chrX:110,760,184-110,760,289

300,00
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200,00
150,00
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msample 2

normal Xqg22.2 normal Xq22.2
M CNV M F CNV

F

Figure 18. CNV profiling assay applied to the secahduplication. Samples 1 and 2 stand for two family

members each one for each category (normal maga2.X CNV males, normal females and Xq22.2 CNV
females).
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4.3.3 Whole exome sequencing: single nucleotidernamt detection and

validation

We previously formulated hypothesis about the qmes of additional genetic
determinants, beyond the chrX duplication inherifieain the maternal branch, that could
have been inherited from the paternal branch. Tawan this question proband’s exome
was sequenced and investigated for the presersiaglé nucleotide variants that could act
as major susceptibility variants and contributéh pathogenesis of ICN in this family.
Data analysis took advantage@iieryORbioinformatic platform, developed by prof. Valle
(CRIBI, Padova), that allowed a good filteringatifthe variants identified (Fig. 19).

PRl 1D thee seletiod forms to gt the transaript 105 that sStisfy the gueny ariterta

Menu Fowm s
= Genome Variation
= small_variation x ceiages Substitution_type

e Substitution_type swsmsc = [r—

find transoripts with a speoific kind of varation (ex. MISSENSE)

® Ontologies
= Annotation

= General info

= Trarmoript mandatony
u ol
 E=E =3 x zsmge Transoript_region

Transcript_region teezcc sz fr—

Find tramaripts with a variation in & specifio transeript regton:

Figure 19. QueryOR example window.
QueryOr allows the search starting from a
known gene (General info — gene name)
or from the type of variant. In particular,
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Initially we applied a gene-centered search, tisatlly starts from the knowledge of genes
and their function, by selecting 82 genes from litezature for their known relationship
with nephrolithiasis or other different renal pdtwes. In this way we could find out 22
sense and 42 missense variants.

As regards sense variants and conservative missemgsnts, they have been normally
believed less impacting on human phenotype, betyldheir role in disease pathogenesis
has been more and more acknowledged for the presehcESE Exonic Splicing
Enhancery and ESS Exonic Splicing Silenceyghat, if modified by the presence of a
sequence variant, can act altering the correctisgliand producing an aberrant mRNA
(Sterne-Weiler et al., 2011). For these reasonsfogased our attention on two sense
variants lying in NCX1 and NUP62CL genes, becalmsy teapt out from our previous
investigations, and passed them to the next pHasaidation through Sanger sequencing.
The NCX1 sense variant (rs148215685) was confirineldeterozygosis in the proband
and, studying its segregation in the family we dadkentify the presence in heterozygosis
in an affected paternal aunt (Fig. 20). FurthermdlgP62CL sense variant (rs1285590),
that was also confirmed in homozygosis in the pndband in the other male of the family
(proband’s cousin) that presented Xq22.2 duplicat{&ig. 20). This explain why,
contrarily to its presence on chromosome X, thisiavéa results effectively in an
homozygous conditionWe found that NUP62CL harbored also a missenseamari
(rs1298577) that, even though it presentdabaign/toleratedorediction on protein level,
because of its presence in the neighborhood dirftesense variant investigated (they both
presented a MAF value of 0,44), was analyzed fpossible effect on splicing. We used
ASSEDA software Automated Splice Site and Exon Definition Analysee, materials and
methods) and it predicted the activation of twiptar acceptor splicing sites of notable
strenght. Thus, the potential effect on mMRNA spimeed to be clarified.

For missense variants, basing on our prioritizastrategies (see materials and methods),
we restricted theariant call setto six variants lying in four genes: ATP6V1B1, FG8,
HNF1B, XDH. Thus, all these variants presentegaasibly or probably damaging/
deleteriousprediction PolyPhen/SIFTtools) at the protein level, but not always a low

MAF because, even though it represented a critarfqurioritization, it has been observed
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that sometimes it can be not actually discrimirgati€assa et al., 2013). Next, the five
variants were analyzed in the subsequent phaseletmar validation.

The ATP6V1B1 gene encodes for an ATPase with a knoole in the pathogenesis of
distal renal tubular acidosisiRTA, that frequently leads to calcium nephrolithiagikis
gene presented two missense variants: one, notrknmwvealed to be a false positive;
whereas the other one (rs11681642), that preseatdéolw coverage and quite high
MAF(=0,39), was confirmed in homozygosis. Next, atedied the segregation in the
family and we found it in homozygosis in anothemnber of the family (nephew) with US
diagnosis of microlithiasis (Fig. 20). In the proldadRTA diagnosis has not been ever
postulated, but hypocitraturia, the intermediatenmtype that normally accompanies
tubular acidosis (Escobar et al.,2013), was alvaysuntered;the nephew that shared
this variant also presented hypocitraturia. In ptiespect, the variant the we identified and
confirmed, even with the worst prediction on profeippears quite frequent in the normal
population indicating that in some way its potentdamaging effect is naturally
encompassed by other biological mechanisms. Thes dot change the fact that it could
have marginal effects on phenotypes like, for eXaptpypocitraturia.

The FGF-23 variant, presenting a low coverage,aledeto be a false positive.

Mutations of HNF1B gene are responsible in hetegogis in the adult of cystic
nephropathy sometimes associated with hyperuricemia hypomagnesemia and
hypokalemia (Heidet et al., 2010; Faguer et al1130The variant that we identified
(rs144425230) was known, but so rare that it ev@rpresented a quantifiable MAF, thus
appearing quite intriguing. This, in spite of hiswl coverage, was confirmed in
heterozygosis in the proband. Lately, by studyisgsegregation in the family, we could
find it present in heterozygosis in an affectecepadl aunt (Fig. 20). However, the proband
did not present hyperuricemia and hypomagnesemiayécently, pre-calyceal renal cysts
were observed.

Mutations in XDH gene are normally responsible ahthinuria, an autosomic recessive
disease that leads to xanthine stone formation (€blal., 2003). We identified two
variants, rs45624433 and rs17011368 with MAF=0,084%b MAF=0,017 respectively, that
were confirmed. The missense variant rs456244338f tad a very bad prediction

(probably damaging/deleteriops/as confirmed in heterozygosis in the proband.(ED).
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Figure 20. Genealogic tree where copy-number and single-ptidie variants identified in the proband are
illustrated. Their segregation in the case-studyilfais also shown.

A segregation study showed that it probably caroenfmaternal branch, because it was
also present in the mother, the sister and in @mal uncle (Fig. 20).

Whereas, missense variant rs17011368, that haddemprediction lpening/deleterious
was confirmed in homozygosis, although it was reggbrby QueryOR software in the
heterozygous state (Fig. 20). By analyzing itsegagtion in the family, we found that it
was also inherited from the maternal branch becag®eared present in heterozygosis in
the mother, the maternal aunt, the sister and dms(proband’s nephew) (Fig. 20). The
inheritance from the paternal branch was presuneeduse of the homozygous mutation

state in the proband. However, in the proband aeidanthine in stone composition nor
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hypouricemia, intermediate phenotype typical oftharria, were present, but metabolic
analysis to assess xanthinuria phenotype shoute:tfermed.

Next, we moved to a variant centered search, thabrmally more dispersive because it
does not take origin from a previous knowledge @mes, thus appearing more like
“looking for a needle in a haystack”.

Our starting points were: the identification of sense variants, because they were
normally believed as the most damaging; and notvknbomozygous missense variants,
for both of their novelty and their presumed majmpacting effect because of their
homozygosis.

As regards nonsense variants, we could identifg@®es harboring, of these, only seven
presented not known or very rare (low MAF valuea)iants: USP12 and USP29, two
ubiquitine peptidase; ALK, a tyrosine kinase asatga with cancer; SLC5A9, a sodium-
glucose transporter; and FAM108B, ANKR36, ANKR36fhose function is not well
known. As primary focus we pointed the attentiontlie two ubiquitine peptidase, but
USP29 variant revealed to be a false positive whi#12 is still in phase of validation.

In the analysis of missense variant we could ewideB85 genes but, after the usual
prioritization strategy (see materials and methods)ly 4 genes deserved further
investigations: KCNS1, RP1L1,NADK, SHKBP1. We ialty passed KCNS1 to the next
phase of validation because of its possibly sigaift role: this gene encodes, indeed, for a
potassium channel that belongs to the known failkCN; to this family belongs the
most known KCNJ1, with a recognized role in nednatalate onset Bartter syndrome,
characterized by hypercalciuria, nephrocalcinost ladney stones (Brochard et al., 2009;
Sharma and Linshaw, 2011). In spite of its appegadignificance, we could not confirm by

Sanger sequencing the two variants identified (lbething low coverage).
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5. CONCLUSIONS

ICN is a complex disease in which environmentaltaielic and genetic factors play
important and sometimes indiscernible roles, froffent perspectives.

The importance of hereditary factors in ICN has mymé from a number of studies on
families and twins affected by ICN. Computer progsapredicted the best inheritance fit
with a model of single gene co-dominant model/pehig model.

Most candidate gene or association studies haveupeal, up to date, negative or only
marginal results, leaving the genetic basis of I&MNl an open question. But, genetic
analysis techniques are rapidly evolving and prents improve our knowledge of the
genetic basis of nephrolithiasis and allied discsde

Molecular genetics techniques have evolved conaldeiin the last decade allowing great
strides forward in the study of complex diseasks:discovery of new genetic variants as
previously not possible, such &opy-Number Variant4CNV) thanks toComparative
Genomic Hybridizatio{CGH) technology; and the possibility to sequeentre genomes
or exomes with a very reduced timeframe and cbat,ftom the start of a new sequencing
era with the completion of Human Genome projec@®91 led to the advent of the
revolutionaryNext Generation Sequenci{igGS) technologies.

In this study we could take advantage of a casgystemarkably peculiar that permitted us
to approach ICN genetic basis with these two intigeaechnologies. This case study was
extremely peculiar both for its heterogeneous céihiand metabolic manifestations,
ranging from the exceptionally severe phenotypeentered in the proband to very mild
phenotypes presented by other family members, fastlits clear hereditary component,
even being a consanguineous family.

Nevertheless, although dealing with a family in evhihereditary factors should play a
pivotal role, mimicking a mendelian disorder, weallcbnot find any causative mutation of
the ICN phenotype recurring in the family. Nonetbé detected variants — either the
private X-linked CNV, either the damaging misseassense mutations in ICN significant
genes - segregated in the family with ICN phenatyy#e should remark, indeed, that,
despite of their consanguineous origin, family mersbof this family show very

heterogeneous ICN phenotypes. Thus, this heterdgeman most likely be the
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manifestation of an oligogenic or polygenic inhemite. This is clearly manifested in the
proband who harbored, in addition to the CNV wiith long range effect on the up-
regulation of NCX1 gene and the NUP62CL rs12985&7ant in homozygosity, also the
ATP6V1B1 rs11681642 and XDH rs17011368 in the hoygoms state and rs45624433 in
the heterozygous state, as well as HNF1B rs144325Pthe heterozygous state. All these
predicted damaging variants in significant genestifie pathogenesis of ICN can act in
synergy determining the worst ICN phenotype ofgh@band and conditioning each other
regarding their influence on intermediate phenetgppression.

None of the variants we identified have been pnesiyp found associated with the
mendelian nephropathies that usually lead to ndipiiesis, nor they have been previously
considered as risk factors for nephrolithiasigjstthey might be considered in future case-
control association studies as candidate susdéptiariants for idiopathic calcium
nephrolithiasis.

However, these technologies need to be criticallgleated in their ability to answer
specific medical and/or biological questions suslpased by our study.

From this point of view, we could definitively pr@, that molecular validation of variants
identified by WES is always necessary for two reasahe first, of more immediate
comprehension, is that it helps in the identificatof false positives due to low coverage
regions; the second, less evident but not lessri@pp is that it avoids also false negative
results because it can prove the reality of som@&nis that would have normally been
considered not believable on the basis of theiecaye.

Discovering the genes involved in ICN hopefully lwiead to breakthroughs in
pharmacological targets for treating or preventingse conditions, perhaps to tools for
diagnosing the risk of developing them, and, fypnabbut no less importantly, to basic
science discoveries and a better understandingnafl/intestinal/bone physiology relevant
to ICN.
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6. LIST OF ABBREVIATIONS

ALK: anaplastic lymphoma kinase

ANKRD: ankyrin repeat domain

ANKRD36C : ankyrin repeat domain 36 C

ATP6V1B1: ATPase, H+ transporting, lysosomal 56/58kV1 subunit B1
CaR: calcium sensing receptor

CD-CV: common disease-common variant

CGH: comparative genomic hybridization

CLC-5: chloride channel, voltage-sensitive 5

CLDNz2: claudin-2

CNV: copy-number variants

CXorf41: chromosome X open readin frame 41

DGV: database of genomic variants

DSV: DNA sequence variants

ESE: exonic spkicing enhancer

ESS: exonic splicing silencer

ESWL.: extracorporeal shock-wave lithotripsy

FAM108B: family with sequence similarity 104, member B
FGF-23: fibroblast grow factor-23

GPR15: G-protein coupled receptor 15

GWAS: genome wide association study

HGP: human genome project

HNF1B: hepatocyte nuclear grow factor

ICN: idiopathic calcium nephrolithiasis

IH: idiopathic hypercalciuria

KCNJ1: potassium inwardly-rectifying channel, subily J, member 1
KCNSL1: potassium voltage-gated channel, delayetifiszcsubfamily S, member 1

LCV: large copy-number variants
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LMW: low molecular weight

MAF: minor allele frequency

MORC4: MORC family CW-type zinc finger 4
NADK: NAD kinase

NCX1: Na'/Ca" exchanger 1 (SLC8A1)

NGS: next-generation sequencing
NUP62CL: nucleoporin 62 C-terminal-like
PHPT: primary hyperparathyroidism

PRPS1: phosphoribosyl pyrophosphate synthetase 1
PTH: parathyroid hormone

gPCR: quantitative PCR (real-time PCR)
RBM41: RNA binding motif 41

RP1L1: retinis pigmentosa 1- like 1

RV-CD: rare variant-common disease
SHKB1: SH3KBP1 binding protein 1
SLC5A9: solute carrier family 5 (sodium/glucoseraasporter), member 9
SNP: single-nucleotide polymorphisms

SV: structural variation

USP12: ubiquitine specific peptidase 12
USP29: ubiquitine specific peptidase 29
VDR: vitamin D receptor

WES: whole exome sequencing

WGS: whole genome sequencing

XDH: xanthine dehydrogenase
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