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Introduccio: lisosoma

|. EL LISOSOMA
1 ESTRUCTURA | FUNCIO

Els lisosomes son els organuls cel-lulars responsables de la degradacid i el reciclatge de
diversos metabolits (proteines, lipids, oligosacarids i acids nucleics). Aquests estan rodejats d’una
bicapa lipidica que conté un gran nombre de proteines que participen en el transport de particules
entre la llum lisosdmica i el citosol, a més d’embolcallar un ventall d’enzims amb capacitats litiques
(Sandhoff & Kolter, 1996). La principal caracteristica bioquimica dels lisosomes rau en el pH acid que
hi ha al seu interior, el qual s’assoleix gracies a una bomba ATPasa protonica i permet el correcte

funcionament dels enzims lisosomics.

El lisosoma és un dels components de la via endocitica, que és un conjunt de cossos
multivesiculars que conté un complex sistema d’endomembranes (Gruenberg & Stenmark, 2004).
Aquesta via també inclou els endosomes primerencs i els endosomes tardans, que sén els passos

previs als lisosomes en aquesta cadena digestiva (Vellodi, 2005).

Actualment, es coneix que els lisosomes sén uns organuls molt més complexes del que es
pensava inicialment, i aixo ha fet modificar el concepte historic que els designava com els
escombriaires de la cel-lula. Els lisosomes juntament amb la maquinaria dels endosomes i
autofagosomes, i en coordinacié amb el sistema ubiquitina-proteasoma, representen un mecanisme
regulatori i de reciclatge altament complex i necessari per al correcte funcionament de les cél-lules
(Walkley, 2007). Pero, a més de representar el desti final per a aquelles molecules destinades a la
destruccid, els lisosomes estan involucrats en molts altres processos cel-lulars, com I’'homeostasi del
colesterol, la reparacié de les membranes, i la senyalitzacié i mort cel-lular (Saftig & Klumperman,

2009).

2 SINTESI | TRANSPORT DE LES PROTEINES LISOSOMIQUES

Els enzims lisosomics sdn glicoproteines que es sintetitzen a nivell del reticle endoplasmatic
(RE) rugds i es mantenen inactives durant aquest procés, ja que només sén actives al pH baix del
lisosoma. Una vegada sintetitzades son translocades a la llum del RE, on sén N-glicosilades. La N-
glicosilacié consisteix en la transferéncia d’oligosacarids a la cadena polipeptidica de la proteina,
donant lloc a la glicoproteina. Després sén desplacades a I'aparell de Golgi on adquireixen un lligand
de manosa-6-fosfat (M6P), el qual és reconegut pels receptors de manosa-6-fosfat (RM6P) a la xarxa

del trans-Golgi (TGN) (Fig. 1). La uni6 entre el receptor i I'enzim té lloc a la cara luminal de la
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membrana, alhora a la cara citosolica, el receptor s'uneix a vesicules de transport especifiques
revestides de clatrina. A l'interior d’aquestes vesicules el complex glicoproteina-receptor sera dirigit
als endosomes tardans, on el pH baix donara lloc a la seva dissociacié. L’enzim seguira el seu cami cap
als lisosomes i el receptor sera reciclat i retornat a la membrana de I'aparell de Golgi, o bé sera enviat
a la membrana plasmatica (Braulke & Bonifacino, 2009). La posterior eliminacié del fosfat de la
manosa dels enzims disminueix la probabilitat de qué aquests siguin retornats al Golgi units al
receptor. L'etapa final de maduracié dels enzims inclou processos proteolitics, de correcte plegament i

d’agregacié amb altres proteines.

lysosomal hydrolase pH6
precursor
mannose RECEPTOR-DEPENDENT ar .
from ER TRANSPORT e
<& BINDING TO
M6P RECEPTOR
\ UNCOVERING OF H*
M6P SIGNAL ¥ e
ADDITIONOF \{| ¢ o 7\ .
PCiclinc - transport retromer - REMOVAL OF
clathrin coat  VeSicle coat DISSOCIATION |~  PHOSPHATE
ATACIDICPH &
\\\ lysosomal
p— hydrolase
precursor
. e MG6P receptorin early endosome
RECEPTOR RECYCLING budding vesicle
cis trans
Golgi Golgi

network network
L

Golgi apparatus

Figura 1. Sintesi i transport dels enzims lisosomics. Extret d’Alberts et al., 2007.

Durant els ultims anys, diferents estudis han demostrat I’existencia de rutes de transport dels
enzims lisosomics independents dels RM6P. Es el cas de les proteines de la membrana del lisosoma
que no depenen dels RM6P sind que presenten péeptids senyals, generalment a I'extrem C-terminal,
que les dirigeixen cap als lisosomes. Per a aquestes proteines de membrana s’han proposat dues vies
de trafic intracel-lular (Hunziker & Geuze, 1996). La via directa en la que la proteina és transportada
del TGN als endosomes primerencs i tardans i després als lisosomes, i la via indirecta que es basa en el
transport de la proteina des del TGN fins a la membrana plasmatica seguida de la internalitzacié en els
endosomes primerencs i el transport fins als endosomes tardans i els lisosomes (Braulke & Bonifacino,

2009).
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3 VIES DE DEGRADACIO LISOSOMICA

La degradacié lisosomica és critica per a molts processos fisiologics incloent el recanvi de
proteines cel-lulars, la destruccié de proteines andmales, la regulacié de receptors de membrana,
I'alliberacié de nutrients endocitats, la inactivacié d’organismes patogens i el processament d’antigens

(Mullins & Bonifacino, 2001).

En quant a 'origen de les substancies que son degradades pels enzims del lisosoma, es pot
dividir basicament entre productes intracel-lulars i extracel-lulars. En el cas dels primers s’anomena
autofagia, mentre que en el cas dels segons es pot distingir entre endocitosi i fagocitosi en funcié de la

molecula degradada (Fig. 2):

=  Autofagia: 'organul envellit o les proteines enddgenes que es desitja degradar sén tancats en
membranes, creant un autofagosoma, que després es fusiona amb el lisosoma o I'endosoma
tarda. Es tracta d’un procés regulat i que requereix d’un marcatge previ dels components

cel-lulars que s’han de remodelar per a la seva posterior destruccid.

(a)

Plasma
/ membrane

Phagosome
Bacterium,/- | = -
Phagocytosis i .-_:’: Primary
[f *." lysosome
Primary lysosome — :‘..' —

Endocytosis

) = > (5 - \\ % j'. Secondary
d aial o s s ) % = =\ lysosome
Early Late S
endosome  endosome
AE.:'._ Primary
Mitochondrion =»s* lysosome
ER L
- — Autophagosome

Autophagy

Figura 2. Vies de degradaci6 lisosomica.

= Endocitosi: les macromolécules ingerides del medi extracel-lular sén embolcallades per
vesicules i alliberades als endosomes primerencs. Des d’aqui, algunes de les molecules sén
recuperades selectivament i reciclades cap a la membrana plasmatica, mentre que altres

passen als endosomes tardans. Quan aquests Ultims maduren, ja es parla de lisosomes.
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=  Fagocitosi: té lloc als fagocits, que sén cel-lules especialitzades en la degradacié de grans
particules i microorganismes, que sén englobats formant fagosomes. Després aquests es

fusionen amb el lisosoma de forma analoga als autofagosomes.

4 MALALTIES LISOSOMIQUES

Les malalties d’acumulacié lisosomica (LSDs) son un grup de més de 70 malalties
metaboliques hereditaries que sén degudes a I'abséncia o a la reduccié de I'activitat d’una hidrolasa
lisosomica especifica o d’altres proteines rellevants per al correcte funcionament del sistema
endosoma/lisosoma (E/L) (Platt & Walkley, 2004). Es coneix que algunes LSDs son degudes a defectes
en el processament post-traduccional d’enzims lisosomics, a errors en la localitzacié d’aquestes
hidrolases, a déficits de proteines activadores d’aquests enzims, i a defectes en el funcionament de

proteines lisosdmiques transmembrana o solubles no enzimatiques (Platt & Walkley, 2004).

La incidéncia de les LSDs a la poblacié general és baixa, fet que fa que siguin considerades
malalties rares o minoritaries. Tot i aixd, algunes d’aquestes malalties poden arribar a tenir una
freqliencia d’aparicié elevada en determinades poblacions, com és el cas de les comunitats d’étnia

gitana o de jueus asquenasites (Charrow, 2004).

Les LSDs sén malalties monogeniques. S’han descrit multiples mutacions en cadascun dels
gens i s’ha observat que a vegades aquestes poden donar lloc a diferents fenotips clinics. No obstant,
és complicat establir correlacions genotip-fenotip donada I'elevada heterogeneitat al-lélica en Ia
majoria d’aquestes malalties. Un cas d’alta heterogeneitat al-lélica és el de les malalties de Hurler i
Scheie que son causades per mutacions diferents en un mateix gen, pero també existeixen casos
d’heterogeneitat génica, com és déna a la malaltia de Niemann-Pick tipus C i a la gangliosidosi GM2,

qgue poden ser degudes a mutacions en dos gens diferents.

4.1 CLASSIFICACIO

Les LSDs es poden classificar segons la naturalesa bioquimica del producte acumulat o bé
segons el mecanisme causant de la malaltia. La primera classificacié pero pot originar problemes quan
s’acumula més d’un substrat en una mateixa malaltia. Encara que sovint es fa la classificacié d’acord
amb el compost majoritari acumulat, potser la classificacio més util és la que té en compte I'enzim o
proteina defectuosa (Futerman & van Meer, 2004). A la Taula 1 es pot veure el recull de les LSDs

ordenades segons una combinacié d’ambdues classificacions.
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Taula 1. Classificacié de les LSDs segons la via de degradacid, la proteina defectuosa i el producte acumulat.

MALALTIA

PROTEINA DEFECTUOSA

PRODUCTE ACUMULAT

Esfingolipidosis

Fabry

Lipogranulomatosi de Farber
Gaucher

Krabbe

Leucodistrofia metacromatica
Niemann-Pick tipus A/B

Def. de I'activador d’esfingolipids

Gangliosidosi GM1
Gangliosidosi GM2 (Tay-Sachs)
Gangliosidosi GM2 (Sandhoff)
Gangliosidosi GM2

a-galactosidasa A
Ceramidasa
B-glucosidasa/Saposina C
Galactocerebrosid-B-galactosidasa
Arilsufatasa A/Saposina B
Esfingomielinasa

Proteina activadora (SAP)
B-galactosidasa
B-hexosaminidasa A
B-hexosaminidasa A i B
Proteina activadora de GM2

Globotriasilceramida
Ceramida
Glucosilceramida
Galactosilceramida
Glicolipids sulfatats
Esfingomielina
Glicolipids
Gangliosid GM1
Gangliosid GM2
Gangliosid GM2
Gangliosid GM2

Mucopolisacaridosis (MPS)
MPS | (Hurler/Scheie)
MPS Il (Hunter)

MPS IIIA (Sanfilippo A)
MPS 1IIB (Sanfilippo B)
MPS IIIC (Sanfilippo C)

MPS lIID (Sanfilippo D)
MPS IVA (Morquio A)
MPS IVB (Morquio B)
MPS VI (Maroteaux-Lamy)
MPS VII (Sly)

MPS IX

a-iduronidasa
Iduronat-2-sulfatasa

Heparan A-sulfatasa (sulfamidasa)
N-acetil-a-glucosaminidasa
AcetilCoA:a-glucosamida M-
acetiltransferasa
N-acetilglucosamina-6-sulfatasa
N-acetilgalactosamina-6-sulfat-sulfatasa
B-galactosidasa

Arilsulfatasa B

B-glucuronidasa

Hialuronidasa

Dermatan i heparan sulfat
Dermatan i heparan sulfat
Heparan sulfat
Heparan sulfat
Heparan sulfat

Heparan sulfat

Queratan i condroitin-6-sulfat
Queratan sulfat

Dermatan sulfat

Heparan, dermatan i
condroitin-4 i -6-sulfat
Hialuronan

Glucoproteinosis
Aspartilglucosaminuria
Fucosidosi
a-manosidosi
B-manosidosi

Aspartilglucosaminidasa
a-fucosidasa
a-manosidasa
B-manosidasa

Aspartilglucosamina
Fucosids i glicolipids
Oligosacarids amb manosa
Man(B1->4)GIcNAc

Sialidosi Sialidasa Sialiloligosacarids
Schindler a-M-acetilgalactosaminidasa Glico-conjugats
Lipidosis

Wolman i acumulacid de colesterol | Lipasa acida Esters de colesterol
Defectes en proteines membrana

Cistinosi Cistinosina Cistina

Malaltia de Danon LAMP2 Restes citosoliques
Malaltia de Salla i infantil Sialina Acid sialic

d’acumulacié d’acid sialic

Mucolipidosi (ML) IV Mucolipina-1 Lipids i mucopolisacarids
Niemann-Pick tipus C NPC1/NPC2 Colesterol i esfingolipids
Altres

Galactosialidosi Catepsina A Sialiloligosacarids

| Cell (ML II) i polidistrofia pseudo-

Hurler (ML 1)

Def. multiple de sulfatases
Lipofuscinosi ceroide (NCL) 1
Lipofuscinosi ceroide (NCL) 2
Lipofuscinosi ceroide (NCL) 3
NCL-like

Picnodisostosi

Pompe

UDP-N-acetilglucosamina: A-
acetilglucosaminil-1-fosfotransferasa
Enzim generador de Ca-formilglicina
Palmitoiltioesterasa-1 (CLN1)
Tripeptidil amino peptidasa-1 (CLN2)
Transportador d’arginina

Catepsina D

Catepsina K

a-glucosidasa

Oligosacarids,
mucopolisacarids i lipids
Sulfatids

Tioésters lipidats
Subunitat C d’ATP sintasa
Subunitat C d’ATP sintasa
Lipofuscina ceroide
Proteines de I'0s
Glicogen
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4.2 PATOFISIOLOGIA

El concepte inicial sobre la patogénesi d’aquestes malalties postulava que aquestes eren
causades per la deficiencia d’un enzim lisosomic seguida per I'acumulacié d’un substrat majoritari que
en situacid normal seria degradat per aquest mateix enzim (Hers & Van Hoof, 1973). Com a
consequeéncia, el substrat ara no degradat s’acumularia al sistema E/L causant engrandiment de les
cél-lules, col-lapse de les funcions cel-lulars i eventualment mort cel-lular. Aquest efecte va rebre el
nom de la “hipotesi de la citotoxicitat” (Desnick et al., 1976). En els ultims anys s’ha vist que aquesta
és una concepcid simplista, ja que en aquestes malalties a vegades s’acumulen diferents productes, i
sovint aquest cumul és secundari i no esta directament relacionat amb el defecte enzimatic primari;
per exemple, en la malaltia de Niemann-Pick tipus C té lloc una acumulacié secundaria de gangliosids

GM2 i GM3 a les neurones.
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Figura 3. Mecanismes implicats en la neurodegeneracio a les LSDs. Extret de Bellettato & Scarpa, 2010.

Moltes LSDs originen alteracions a nivell del sistema nervids central (SNC), encara que la
concentracié del material acumulat és més baixa al cervell que en altres organs. Aixd possiblement és
degut a la vulnerabilitat de les neurones, deguda al limitat potencial de regeneracid i a la manca de

vies metaboliques compensatories (Futerman & van Meer, 2004). La neurodegeneracié no és un
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fenomen simple i aillat; hi ha altres esdeveniments implicats, com: canvis secundaris en les neurones,
transport axonal alterat (Coleman, 2005), disfunci6 de les vies de degradacid proteica i
macroautofagica (Settembre et al., 2008), disfuncié mitocondrial (Lin & Beal, 2006), alteracié del calci
intracel-lular i de les funcions del reticle endoplasmatic (RE) (Mattson, 2007). A més, també s’ha
considerat la possible associacid entre el mecanisme inflamatori i la neurodegeneracid, ja que les
respostes inflamatories en el cervell sén comuns en les LSDs (Ausseil et al.,, 2008). Tots aquests

mecanismes estan resumits a la Fig. 3.

4.3 CLINICA

Les LSDs originen diversos fenotips clinics, que van des de les formes classiques severes
infantils fins a les formes més atenuades que normalment sén de presentacid més tardana. Una
caracteristica comuna a les LSDs és l'afectacié del desenvolupament i la rapida progressié dels
simptomes. L'edat d’aparicié d’aquestes malalties pot ser des d’una presentacid neonatal fins a
adulta, encara que la majoria sdn malalties pediatriques. Més del 60% de les LSDs que afecten a la
poblacié infantil causen diferents graus de neurodegeneracié i acostumen a correspondre’s amb les

formes més severes (Bellettato & Scarpa, 2010).

Molts signes i simptomes sdn comuns per a algunes d’aquestes malalties, fet que dificulta el
diagnostic. Alguns dels simptomes caracteristics de les LSDs sén: visceromegalies (hepatomegalia i
esplenomegalia), hAydrops fetalis, dismorfismes, afectacid del sistema nervidés central (retard
psicomotor, ataxia, trastorns del comportament i psiquiatrics), i anomalies de tipus esquelétic,

cardiac, gastrointestinal, renal, oftalmologic i dermatologic (Wraith, 2002).
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Il. MALALTIES CAUSADES PER DEFECTES EN PROTEINES
LISOSOMIQUES DE MEMBRANA

Algunes LSDs no sén degudes a un defecte enzimatic sind que sén causades pel funcionament
incorrecte de proteines de membrana. Dins d’aquest grup es troben la cistinosi i la malaltia de
Niemann-Pick tipus C, que sén dues malalties de transport lisosomic i sén objecte d’estudi d’aquesta

tesi.

1 LA CISTINOSI

La cistinosi (MIM 219800) és un defecte metabolic que es caracteritza per I'acumulacio
intracel-lular de cistina, el disulfur de I'aminoacid cisteina, en els lisosomes de diferents teixits i
organs. Aquest cumul és conseqliéncia d’un error en el transport d’aquesta cistina a través de la

membrana del lisosoma en direccié cap al citosol (Fig. 4).

lisosoma

Figura 4. La cistinosi: un defecte de transport de la cistina a nivell lisosomic. Modificat de Kalatzis & Antignac,

2002.

Es una malaltia monogénica amb heréncia autosomica recessiva, la qual s’estima que té una

incidéncia d’un cas per cada 100.000-200.000 nascuts vius (Gahl et al., 2002).

1.1 ASPECTES HISTORICS

Encara que els primers casos de cistinosi van ser relatats per Abderhalden al 1903, no va ser

fins als anys trenta que es van assolir més coneixements sobre aquesta malaltia; quan Fanconi, deToni
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i Debré per separat van descriure nens amb glucosuria renal, proteindria, acidosi i raquitisme
hipofosfatéemic. Aquesta alteracid tubular renal, anomenada sindrome de Fanconi, és caracteristica
de la cistinosi nefropatica. A finals dels anys quaranta, Dent va observar una aminoaciduria
generalitzada en pacients amb aquesta malaltia, malgrat la concentracié d’aminoacids en el plasma
d’aquests era normal. Al 1952, Bickel i altres investigadors van descriure 'associacid entre la sindrome
de Fanconi i la progressid del dany glomerular en un gran nombre de pacients. Posteriorment, al 1967,
I"analisi d’aminoacids mitjancant cromatografia d’intercanvi idnic va ser prou sensible per mesurar
petites quantitats de cistina en mostres de teixits. Aquesta técnica va revelar elevades quantitats de

cistina intracel-lular lliure en pacients amb cistinosi (Gahl et al., 2001).

1.2 METABOLISME DE LA CISTINA | PATOGENESI

La cistina és el producte de I'oxidacié de dues moléecules de cisteina. Aquesta cistina es troba
de manera abundant en diverses proteines, com la queratina del cabell, la insulina i alguns enzims

digestius, on esta involucrada en I'estabilitzacié de I'estructura terciaria d’aquestes macromolécules.

La cistina pot entrar directament als lisosomes mitjangant proteines que continguin cistina o
bé entrar a la cel-lula a través dels transportadors b0’+AT/rBAT de la membrana. Després de la
degradacio proteica, la sortida de cistina dels lisosomes via cistinosina esta regulada per un gradient
de protons, perd defectes en aquesta originen I'elevacié dels nivells de cistina caracteristica de la
cistinosi. La cistina citosolica és reduida a cisteina, la qual és el substrat limitant del cicle responsable

de la produccié de glutatié (GSH), el major antioxidant de la cel-lula.

Encara avui la patogenesi de la cistinosi no és del tot compresa, ja que no s’ha trobat una
explicacio prou convincent que vinculi I'acumulacio lisosomica de cistina amb la disfuncié cel-lular i la
sindrome de Fanconi. Les tres hipotesis principals que han estat proposades al llarg dels anys han
estat: I'alteracié del metabolisme de I’ATP, I'increment de I'apoptosi o de I'oxidacié cel-lular (Wilmer

et al., 2010).

Observacions recents donen suport a la hipotesi que, a més del transport de cistina, hi ha
altres funcions lisosomiques que estan danyades. S’ha observat I'acumulacié d’autofagosomes en
cél-lules cistinotiques, fet que indicaria que existeix una alteracid en la fusié lisosoma-autofagosoma
que podria induir la mort cel-lular (Periyasamy-Thandavan et al., 2009). També s’ha detectat un
augment en l'activitat de la quitotriosidasa plasmatica, la qual esta associada amb I'activitat

macrofagica i induida per I'estrées lisosomic (Hollak et al., 1994).
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1.3 DESCRIPCIO CLINICA

Com en altres malalties d’acumulacio lisosomica, les manifestacions inicials de la cistinosi
generalment apareixen uns mesos després del naixement. Els primers simptomes de la cistinosi
s’inicien amb la insuficiéncia dels tubuls renals a I’hora de reabsorbir petites molécules, causant la
sindrome de Fanconi. Aquesta sindrome es caracteritza per una perdua excessiva per l'orina de
proteines de baix pes molecular, glucosa, aminoacids, fosfat, calci, magnesi, sodi, potassi, bicarbonat,
carnitina, aigua i altres molécules petites. Aixd es tradueix en |'aparicid de polildria, polidipsia,

desequilibri electrolitic, deshidratacid, raquitisme i retard del creixement (Broyer et al., 1981).

Posteriorment, si no s’administra el tractament, a més de la insuficiencia renal cronica, que
requereix dialisi i/o trasplantament renal, poden sorgir altres complicacions a nivell retinal (fotofobia),

endocri (hipotiroidisme), hepatic, gastrointestinal, muscular i neurologic.

Basant-se en I'edat d’aparicié i la severitat dels simptomes, s’han descrit diferents fenotips
clinics (Gahl et al., 2001). La classificacié general separa les formes nefropatiques de les que no ho
sén. La cistinosi nefropatica es divideix en la infantil (classica) i la intermédia (juvenil o adolescent). La
no nefropatica, inicialment anomenada benigna o de tipus adulta, actualment rep el nom de cistinosi

ocular, ja que l'ull és I'Unic afectat.

= La cistinosi nefropatica infantil (MIM 219800), la més comu i amb fenotip més sever, es
caracteritza per un retard en el creixement i per I'aparicié de la sindrome de Fanconi entre
els 6 i 18 mesos d’edat, i si no es tracta hi ha insuficiencia renal terminal abans dels 10 anys

de vida.

= La cistinosi intermédia o juvenil (MIM 219900), és d’aparicié més tardana en el temps ja que
es manifesta entre els 12 i 17 anys d’edat. No produeix una tubulopatia tan severa ni retard
del creixement com en el cas de la forma infantil. La progressié de I'afectacié glomerular és
més lenta, perd també evoluciona cap a la insuficiéncia renal terminal, entre la segona i

tercera década de vida.

= Lacistinosi ocular (MIM 219750) es presenta amb diposits de cristalls a la cornia, pero no esta

associada a I'afectacid renal ni a la resta de manifestacions sistemiques.

Fa un temps es va descriure un altre fenotip clinic, anomenat atipic, el qual es caracteritza per
la preséncia de simptomes amb un grau de severitat que es troba entre la forma infantil i la

intermédia (Attard et al., 1999; Kalatzis et al., 2002).
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1.4 DIAGNOSTIC BIOQUIMIC

El diagnostic dels pacients es realitza mesurant el contingut de cistina en els leucocits. El
protocol a seguir consta de dues parts, I'aillament de leucocits a partir de sang sencera (Smolin et al.,

1987) i la valoracié de cistina. Els nivells de cistina poden mesurar-se emprant:

» el métode de cystine-binding protein (Oshima et al., 1974). Es un assaig especific i sensible
que implica la utilitzacié de CBP (cystine-binding protein) comercial i cistina marcada
radioactivament. Aquest assaig es basa en la competicidé per unir-se a la CBP entre la cistina
no marcada present a la mostra i la cistina marcada amb €. Quant menor és la mesura de la
radioactivitat, major és la quantitat de cistina Iliure no marcada a la mostra

(radiocompeticid).
=  cromatografia liquida d’alta eficacia (HPLC) (de Graaf-Hess et al., 1999).

=  cromatografia liquida-espectrometria de masses (LC-MS/MS) (Chabli et al., 2007). Aquesta és

la técnica més sensible de totes les utilitzades.

Les persones sanes tenen menys de 0.2 nmols d’hemicistina per mil-ligram de proteina,
mentre que els pacients de cistinosi presenten valors superiors (els valors de cistina s’expressen en
unitats d’hemicistina, degut a que els metodes inicials de quantificacié es basaven en una reduccié de
cistina seguida d’un assaig per determinar cisteina). En el cas de la cistinosi infantil, la concentracié de
cistina intraleucocitaria és superior a la de les altres formes i oscil-la entre 5 i 15 nmols hemicistina/mg
de proteina. Pel que fa a la cistinosi juvenil la concentracié de cistina oscil-la entre 3 i 6 nmols, a
diferéncia de la forma adulta en qué es troba entre 1 i 3,5 nmols hemicistina/mg proteina (Pintos,

2003).

1.5 CARACTERISTIQUES MOLECULARS

1.5.1 EL GEN C7TNS

El gen responsable, CTNS (MIM 606272), codifica per una proteina integral de membrana
anomenada cistinosina la qual té la funcié de transportar la cistina fora del lisosoma. Quan aquesta
proteina és deficient o bé esta absent, la cistina lliure s"acumula als lisosomes i forma cristalls que
danyen els organs on el gen s’expressa de manera més important, com sén el ronyd, el pancrees, el
muscul esqueléetic, els ulls, i en menor intensitat a la placenta, al cor, al pulmd, al fetge, i encara més

debilment al cervell.
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El gen CTNSva ser mapat al cromosoma 17p13 a I'any 1995 i aillat al 1998. Aquest gen conté
12 exons, distribuits a través d’aproximadament 23 kb del DNA gendmic, dels quals els dos primers no
son codificants (Town et al., 1998). Al ser una malaltia monogénica, pel que sabem fins a 'actualitat,

tots els pacients amb cistinosi presenten mutacions en aquest gen.

Posteriorment s’ha descrit un altre transcrit del gen CTNS que codifica per una isoforma
anomenada CTNS-LKG (Taranta et al., 2008). Aquesta isoforma és deguda a un sp/icing alternatiu dins
de I'exé 12, fet que reemplaca el peptid senyal de localitzacié al lisosoma de I'extrem C-terminal per
una llarga seqiiéncia d’aminoacids. El paper a nivell cel-lular d’aguesta nova isoforma actualment esta

sent investigat.

Les mutacions descrites fins al moment inclouen delecions i insercions, a més de mutacions
de canvi de sentit, sense sentit i canvis que afecten al mecanisme de sp/icing. També s’han descrit tres
mutacions al promotor del gen C7NS, el qual s’estén 316 pb upstream del codd d’inici de la traduccio
(Phornphutkul et al., 2001), i s’ha demostrat que aquests canvis redueixen l'activitat d’aquest

promotor.

A diferencia de moltes altres malalties en qué les mutacions més freqlients acostumen a ser
les de canvi de sentit, a la cistinosi hi ha una alta incidéncia de delecions. Segons Shotelersuk i
col-laboradors, la gran preséncia de delecions al gen CTNS és deguda a la susceptibilitat del

cromosoma 17p a patir-les (Shotelersuk et al., 1998).

La mutacié més comuna associada a la cistinosi és una delecié de 57kb (Town et al., 1998),
gue elimina els 9 primers exons i una part de I'exé 10 del gen CTNS (Forestier et al., 1999; Touchman
et al.,, 2000), a més de la regidé 5 upstream que codifica pel gen CARKL i els dos primers exons no
codificants del gen 7RPVI. La funcié del gen CARKL ha estat identificada en la fosforilacié de la
sedoheptulosa, un metabolit intermediari de la via de les pentoses fosfat (Wamelink et al., 2008). El
gen TRPV1 codifica per un canal d’ions, I'activacié del qual s’ha suggerit que protegeix davant del dany
renal (Wang et al., 2008). La contribucié dels gens CARKL i TRPVI a la patogenesi dels pacients
homozigots per la delecié6 de 57kb encara no ha estat del tot estudiada, perd s’ha observat que
aquests pacients tenen un fenotip extra-renal més sever i una major mortalitat (Gahl et al., 2007).
Aquesta mutacié es troba en el 75% dels al-lels mutats d’origen europeu i s’ha demostrat que és
deguda a un efecte fundador que probablement es va donar a la meitat del primer mil-lenni (Forestier

et al., 1999; Shotelersuk et al., 1998).
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1.5.2 CORRELACIONS GENOTIP-FENOTIP
Pel que fa a la correlacio genotip-fenotip bioquimic, s’han detectat diverses mutacions al gen
CTNS (Town et al., 1998; Thoene et al., 1999; Anikster et al., 2000), la diferéncia entre les quals es

troba en la quantitat d’activitat residual de la cistinosina.

Respecte a la correlacid genotip-fenotip clinic, la majoria de les mutacions associades amb la
forma infantil son mutacions que provoquen peérdua de funcié de la proteina perque la trunquen, ja
sigui per una insercié/delecié que deriva en un codd stop prematur o bé perqué es crea una mutacio
sense sentit. Tot i aixi, algunes mutacions de canvi de sentit han estat detectades en el fenotip
nefropatic infantil, principalment en els Ultims tres segments transmembrana, i es pensa que aquestes
tenen un efecte sever en I'estructura de la cistinosina. No obstant, la majoria de les mutacions de
canvi de sentit estan més comunament associades a les formes cliniques intermedies i generalment
estan localitzades als segments que es troben entre els dominis transmembrana i a la regié N-terminal
(Attard et al., 1999). Per tot aix0, sembla que els individus amb cistinosi infantil son portadors de
mutacions severes en ambdés al-lels, mentre que els individus amb la forma juvenil de la malaltia

presenten una mutacié severa i una intermedia, o bé dues d’intermedies.

1.5.3 LA PROTEINA CISTINOSINA

La cistinosina és una proteina lisosomica de membrana de 55 kDa que consta de 367
aminoacids, 7 dominis transmembrana, una regid N-terminal de 128 aminoacids que inclou 7 llocs
potencials de N-glicosilacié i una cua C-terminal de 10 aminoacids (Town et al.,, 1998). La cua C-
terminal s’ha predit que esta orientada cap al citosol i en canvi la regié N-terminal cap a la llum del

lisosoma.

S’han identificat dues senyals que juguen un paper en la localitzacié de la cistinosina al
lisosoma: un motiu classic tirosina-GYDQL situat a la cua C-terminal i una nova senyal conformacional

situada al cinqué /oop (Cherqui et al., 2001).

Aguesta proteina és un cotransportador de cistina i protons (Kalatzis et al., 2001). El sistema
de transport de cistina es caracteritza per una cinética saturable i un elevat grau d’especificitat pel

lligand, la L-cistina, ja que no transporta altres aminoacids.
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1.6 TERAPIA

L’exit del tractament de la cistinosi requereix un diagnostic primerenc, ja que si no s’aplica el
tractament a la infancia pot donar-se una insuficiéncia renal, que derivara en la necessitat de fer dialisi

i/o trasplantament de ronyd.

Les necessitats terapéutiques dels individus afectes depenen de I'estadi de la malaltia en que
es troben. Existeix la terapia de suport que consisteix en el reemplacament d’electrolits, i per altra

banda hi ha la terapia especifica que es basa en el tractament amb cisteamina.

La cisteamina (B-mercaptoetilamina) és un aminotiol simple que depleciona la cistina dels
lisosomes (Fig. 5). Després de travessar la membrana plasmatica i lisosomica, la cisteamina reacciona
amb la cistina per produir cisteina, una part de la qual surt lliurement i una altra mitjancant la
formacio del complex cisteina-cisteamina, el qual pot sortir del lisosoma a través del transportador de
lisina (Gahl et al., 1985). Si es pren el tractament correctament (per via oral a una dosi de 50
mg/kg/dia dividida en 4 preses al llarg del dia) es pot estabilitzar la funcié glomerular, millorar la

velocitat de creixement i evitar la necessitat de reposicié d’hormona del creixement.

cystinotic lysosome
with cysteamine treatment

P
\9$ 2

i

lysosome

normal lysosome cystinotic lysosome

Figura 5. Mecanisme d’accid de la cisteamina. Extret de Wilmer et al., 2010.
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Encara que I'administracio de cisteamina (Cystagon ) alleuja molts dels simptomes associats
a la cistinosi, no té efecte sobre I'acumulacié de cristalls a la cornia. Per aguest motiu s’ha provat el
tractament amb cisteamina per via topica (col-liri), el qual ha estat eficient en la dissolucié dels

cristalls i a més mitiga la fotofobia i el dolor als ulls.
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2 LA MALALTIA DE NIEMANN-PICK TIPUS C

La malaltia de Niemann-Pick tipus C (NPC) (MIM 257220) és una malaltia d’acumulacid
lisosomica complexa, que es caracteritza a nivell cel-lular pel cimul de multiples lipids, per

I’'homeostasi incorrecte del calci lisosomic i del colesterol, i pels defectes en el trafic cel-lular.

El NPC és una malaltia monogeénica que presenta una heréncia autosomica recessiva i té una

incidéncia estimada d’un cas per cada 120.000 nascuts vius (Vanier, 2010).

2.1 ASPECTES HISTORICS

A finals dels anys 20, Albert Niemann i Ludwig Pick van descriure un grup heterogeni de
malalties d’acumulacio lisosomica que tenien en comu la presencia d’hepatoesplenomegalia i el cimul
d’esfingomielina, amb o sense implicacié neurologica. Al 1958 Crocker i Farber van mostrar que existia
una gran variabilitat clinica, igual que en els nivells d’esfingomielina acumulada en els teixits. Aquests
fets van portar a Crocker a proposar una classificacié en quatre subgrups: A, B, Ci D (Crocker, 1961).
Al 1966 Brady i col-laboradors van detectar una severa deficiéncia de I'activitat esfingomielinasa en
teixits de pacients del tipus A i B, pero no del Ci el D (Brady et al., 1966). Treballs posteriors van portar
a reclassificar el tipus C com un defecte cel-lular del trafic de lipids, especialment del colesterol
(Pentchev et al., 1984). El tipus D és una variant al-lélica del tipus C, representada per individus amb

origen a Nova Escocia, on es detecta de manera homogeénia la mutacié p.G992W (Greer et al., 1998).

2.2 METABOLISME DEL COLESTEROL | PATOGENESI

El colesterol és un lipid fonamental per a les cél-lules dels mamifers. Es un component
indispensable de les membranes cel-lulars i actua com a precursor de les hormones esteroidees, els
oxisterols i la vitamina D; a més, la seva desregulacié esta implicada en nombrosos processos
patologics. EI manteniment dels nivells apropiats de colesterol a les membranes intracel-lulars és
crucial per a la funcié cel-lular. Els nivells de colesterol lliure sén alts a la membrana plasmatica (60-
80% del colesterol cel-lular) i baixos al RE. Aquests nivells sén fortament controlats per mecanismes
gue estan presents al RE. Tal com es mostra a la Fig. 6, el colesterol pot ser subministrat de manera
exogena a les cel-lules mitjancant la via del receptor de lipoproteines de baixa densitat (LDL), o
alternativament pot ser sintetitzat de novo al RE per la HMG-CoA reductasa. Aquesta ultima via és

emprada pel SNC degut a la incapacitat de les LDL de travessar la barrera hematoencefalica.
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Figura 6. Regulacié del colesterol intracel-lular. Extret de Martin & Parton, 2006.

El colesterol és endocitat com a éster de colesterol mitjangant els receptors de membrana de les LDL (a) i després
circula cap als endosomes tardans/lisosomes on és hidrolitzat a colesterol lliure i acids grassos per la lipasa acida
(b). Aquest colesterol lliure entra a formar part del conjunt cel-lular, juntament amb el colesterol sintetitzat de
novo al reticle endoplasmatic (ER) (c). L’excés de colesterol és transformat a ésters de colesterol i emmagatzemat
en els /ipid droplets (LD) (d), o es dirigeix a través de la superficie cel-lular cap a receptors extracel-lulars (e). A la

figura, les linies continues indiquen transport vesicular, mentre que les linies puntejades senyalen les vies en les

que hi ha evidencies tant de trafic vesicular com no vesicular.

Les LDL endocitades son dirigides cap al sistema E/L, on sén hidrolitzades i el colesterol Iliure
(no esterificat) és alliberat. En les cel-lules normals, aquest colesterol és transportat rapidament fora
dels endosomes cap a la membrana plasmatica i el RE (Mesmin & Maxfield, 2009). En canvi en les
cél-lules NPC, el colesterol no pot sortir de la via endocitica i s’Tacumula als lisosomes. A causa d’aquest
segrest, la subseglient induccié de les respostes homeostatiques dependents de colesterol,
especialment la formacio d’ésters de colesterol, es retarda i també s’acumulen altres metabolits com
els esfingolipids (Patterson et al., 2001). Aquests esdeveniments sén els que explicarien la patologia
NPC a nivell visceral, ja que en el SNC els metabolits majoritariament acumulats sén els gangliosids
GM2 i GM3, i tot i que el cumul de colesterol és present, esta en menor grau que en els teixits
periferics (Zervas et al., 2001). Aixo seria la descripcid de la visié classica de la patogénesi d’aquesta

malaltia, representada esquematicament a la Fig. 7, esquerra.
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Figura 7. Visions classica (esquerra) i actual (dreta) de la patogenesi de la malaltia de Niemann-Pick tipus C.

Algunes linies d’investigacid han suggerit que el colesterol no seria el principal metabolit

causant d’aquesta patologia, ja que:

= |es terapies per reduir els nivells de colesterol no tenen cap benefici en els pacients

(Patterson et al., 1993).

= existeixen pacients amb fenotip bioquimic variant, els quals no tenen cimuls tan importants
de colesterol pero presenten els trets clinics de la malaltia, igual que les formes classiques

(Sun et al., 2001).

= s’ha demostrat a nivell experimental que a les cél-lules NPC, el colesterol pot ser transportat
fora del sistema E/L degut a: la sobreexpressié de Rab9 (Narita et al., 2005), I'activacié de la
proteina quinasa C (PKC) (Walter et al., 2009) o I’elevacié del calci citosolic (Lloyd-Evans et al.,

2008).

= s’ha documentat que en algunes malalties on la proteina NPC1 és funcional, el colesterol

també s’acumula als lisosomes (White et al., 2004; Trushina et al., 2006).

= el miglustat (NB-DNJ; OGT-918), I'lnic tractament aprovat per la malaltia de NPC, redueix la

biosintesi de glicoesfingolipids sense reduir els nivells de colesterol (te Vruchte et al., 2004).

La ruta proposada que actualment sona amb més forca, és la que té com a metabolit

destacat, I'esfingosina. Aquesta és un potent inhibidor de la PKC, dels canals de calci, del cicle cel-lular
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i un mediador de I'apoptosi (Kagedal et al., 2001). Els nivells d’esfingosina estan elevats en les cel-lules
NPC, alhora que aquest és I'Ginic dels metabolits que s’acumulen en aquesta patologia capag¢ d’induir

el fenotip NPC en cél-lules normals (Lloyd-Evans et al., 2008).

Segons aquest nova visié (Fig. 7, dreta), la disfuncid de la proteina NPC1 originaria la rapida
acumulacié d’esfingosina que afectaria a les reserves de calci lisosomic alhora modulades per la
inhibicid de la PKC. La inhibicié de la PKC i la falta de sortida de calci des del compartiment E/L
donarien lloc a defectes del trafic cel-lular, que al seu torn causarien acumulacions secundaries
d’altres lipids, com el colesterol i els glicoesfingolipids. Com a malaltia complexa, la neurodegeneracié

seria el resultat de la combinacié d’aquests esdeveniments (Lloyd-Evans & Platt, 2010).

2.3 DESCRIPCIO CLINICA

La presentacio clinica de la malaltia de NPC és molt heterogénia, amb diferents edats de
presentacié, compreses entre el periode neonatal i I'edat adulta. De la mateixa manera, |'esperanca

de vida dels pacients varia entre pocs dies fins als 60 anys d’edat (Vanier & Millat, 2003).

La malaltia de NPC té implicacions viscerals, principalment a nivell del fetge i de la melsa, a
més de manifestacions neuroldgiques que es presenten en diferents moments i tenen una evolucié

independent (Fig. 8).

Systemic involvement
(hepato) Splenomegaly

Neonatal Absent in ~15% of cases
Cholestasis Age of onset is variable
Foetal - always before neurological signs
ascites/ |Liven (Hepato) May regress with age
hydrops
yarops . ——_- Splenomegaly
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Delay in
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<+— \/ertical supranuclear gaze palsy——

Neurological involvement

Figura 8. Representacidé esquematica dels diferents fenotips clinics amb els simptomes caracteristics de cadascun,

tant a nivell sistémic com neurologic. Extret de Vanier, 2010.
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Deixant de banda un petit grup de pacients que moren al naixement o durant els 6 primers
mesos de vida a causa d’una fallada hepatica o respiratoria, tots els pacients acaben desenvolupant
una neurodegeneracié progressiva i fatal. Els pacients amb la forma tipica manifesten un trastorn
neurologic que consisteix principalment en: ataxia cerebel-lar, disartria, disfagia, demeéncia
progressiva i en la majoria dels casos paralisi supranuclear de la mirada vertical (VSPG) (Solomon et
al.,, 2005). La cataplexia, les convulsions i la distonia son altres trets forca comuns; els trastorns
psiquiatrics son freqlients en el fenotip adult. Excepte a la forma neonatal, la malaltia sistémica no

acostuma a ser molt severa, per exemple, I'esplenomegalia fluctua i acaba disminuint amb el temps.

Els fenotips clinics descrits segons I'edat d’aparicié dels primers simptomes neurologics sén

(Wraith et al., 2009):

= Neonatal: una ictericia colestatica prolongada apareix durant els primers dies o setmanes de
vida, normalment associada a una hepatoesplenomegalia progressiva (Kelly et al., 1993). En
la majoria dels casos, la ictericia es resol espontaniament entre els 2-4 mesos i només
I’hepatoesplenomegalia es manté durant un periode variable de temps, precedint 'aparicié
dels simptomes neurologics. Per contra, en el 10% d’aquests pacients, la ictericia empitjora
rapidament i acaba desembocant en una fallada hepatica. Els nadons que presenten aquesta
forma clinica severa acostumen a morir abans dels 6 mesos de vida (Vanier et al., 1988). Els
pacients NPC no mostren manifestacions neurologiques durant el periode neonatal, encara
qgue hi ha exemples de pacients que han mort degut a aquesta forma neonatal severa, que
tenen germans que presenten les formes neurologiques infantil o juvenil (Vanier & Millat,

2003).

= Infantil preco¢ (2 mesos-2 anys): el retard del desenvolupament motriu des dels 8-9 mesos i
la hipotonia sén els primers simptomes neurologics presents, els quals sén plenament
evidents entre els 1-2 anys. Els seglients simptomes en apareixer son: la pérdua de les
habilitats motores i una notable regressié mental seguida per una espasticitat pronunciada.

La supervivéncia dels pacients rarament sobrepassa els 5 anys.

= Infantil tardana ( 2-6 anys): el retard en el llenguatge esta present, a més d’alteracions de la
marxa, freqlents caigudes i falta de destresa causades per 'ataxia, entre els 3-5 anys. La
cataplexia es desenvolupa sovint i ocasionalment pot ser el simptoma de presentacié
principal. Els problemes motors empitjoren i el deteriorament neurologic es fa més evident.
Una part important dels pacients presenten convulsions. Quan |’ataxia progressa, déna lloc a

la disfagia, la disartria i la demeéncia. En estadis tardans, els pacients desenvolupen
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espasticitat i trastorns de la deglucio, que en molts casos requereixen d’una gastrostomia. En

aquest fenotip clinic, la mort es produeix entre els 7-12 anys.

= Juvenil (6-15 anys): una moderada esplenomegalia (o hepatoesplenomegalia) és un simptoma
freqlient. Els problemes escolars que impliquen dificultats en I'escriptura i en I'atencid sén
molt comuns. La VSPG esta present quasi de manera invariable i sovint és el primer indici de
malaltia. Els nens es tornen més maldestres i mostren majors dificultats d’aprenentatge. La
cataplexia, tipicament gelastica, és un altre simptoma comu. L’ataxia aviat es fa obvia, amb
freqlients caigudes i dificultats per cérrer; també apareixen la disartria i la disfagia. En estadis
posteriors, la disartria empitjora i els pacients deixen de caminar. Finalment, els pacients
presenten espasticitat i trastorns de la degluci6 que requereixen d’una gastrostomia.
L'esperanca de vida és forga variable, ja que alguns individus continuen vius als 30 anys

(Wraith et al., 2009).

=  Adulta (>15 anys): els trets comuns d’aquest fenotip clinic sén: ataxia cerebel-lar, disartria,
problemes cognitius, alteracions del moviment, esplenomegalia, desordres psiquiatrics i
disfagia (Sévin et al., 2007). La simptomatologia més comuna de la forma neurologica adulta
és la mateixa que la de la forma juvenil perd atenuada. Una tercera part dels casos tenen una
presentacié psiquiatrica aillada durant anys, abans de I'aparicid dels simptomes motors i
cognitius. Els simptomes psiquiatrics consisteixen en quadres clinics molt diversos com:
psicosi, deliris paranoides, al-lucinacions visuals i sonores, depressid, agressivitat i aillament

social.

Per realitzar el seguiment de la progressio de la malaltia o bé de la resposta al tractament, és
important poder quantificar el grau de discapacitat causat pel deteriorament neurologic. Per aquest
motiu, Pineda i col-laboradors van dissenyar una escala de discapacitat especifica per aquesta malaltia

(lturriaga et al., 2006; Pineda et al., 2010), la qual es troba representada a la Taula 2.
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Taula 2. Escala de discapacitat per a la malaltia de Niemann-Pick tipus C. Extret de Pineda et al., 2010.

Deambulacié Puntuacié Llenguatge Puntuacié
Maldestre 1 Retard en I'aprenentatge 1
Marxa ataxica autonoma 2 Disartria moderada 2
Deambulaci6 assistida a I'exterior 3 Disartria severa 3
Deambulacié assistida a I'interior 4 Comunicacio no verbal 4
Cadira de rodes 5 Absencia de comunicacio 5
Manipulacié Puntuacié Deglucié Puntuacié
Tremolor 1 Masticacié anormal 1
Dismetria/distonia lleu 2 Disfagia ocasional 2
Dismetria/distonia moderada 3 Disfagia diaria 3
Dismetria/distonia severa 4 Tub nasogastric/botd gastric 4
Epilépsia Puntuacié Moviments oculars Puntuacié
Convulsions ocasionals 1 Seguiment ocular lent 1
Convulsions sensibles als antiepiléptics 2 Oftalmoplégia vertical 2
Convulsions resistents als antiepiléptics 3 Oftalmoplégia complerta 3

2.4 DIAGNOSTIC BlIoQUIMIC
Els tests realitzats de rutina al laboratori acostumen a donar resultats normals en els pacients
NPC. També existeixen algunes analisis que poden encaminar cap al diagnostic, perd que no sén

especifiques, com:
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= el perfil de lipids en plasma, que sembla correlacionar amb el grau de severitat de

I’acumulacié de colesterol (Garver et al., 2010).

= J'activitat quitotriosidasa es troba moderadament elevada (Ries et al., 2006) pero a vegades

pot ser normal.

= ['activitat esfingomielinasa és normal o elevada en leucocits (aixo0 permet realitzar el
diagnostic diferencial amb la malaltia de Niemann-Pick tipus A/B) pero sovint es troba

parcialment deficient en fibroblasts (Vanier & Millat, 2003).

Actualment el diagnostic bioquimic especific per la malaltia de NPC es basa en demostrar que
existeix un augment del colesterol a nivell E/L i una disminucio6 dels ésters de colesterol. Existeixen dos
metodes, el test de la filipina i la mesura de la velocitat de formacié d’ésters de colesterol, els quals
requereixen la utilitzaciéd de cel-lules vives i per aquest motiu s"empra com a mostra el cultiu de

fibroblasts de la pell.

= El test de la filipina és I'assaig més sensible i especific. Durant uns primers dies els fibroblasts
son cultivats en un medi suplementat amb un sérum sense lipoproteines (LPDS) i després en
un medi complert. A continuacid, les cél-lules sén fixades i tenyides amb filipina, un antibiotic
sintetic que forma de manera especifica complexes amb el colesterol lliure. L'examinacié de
les mostres mitjangcant microscopia de fluorescéncia revela la presencia de nombroses
vesicules perinuclears fluorescents en les cél-lules NPC positives (Fig. 9a). Aquest patré de
cumul abundant, el qual rep el nom de fenotip bioquimic classic, s’observa en un 80-85% dels
casos, aproximadament. A la resta dels casos, després de cultivar els fibroblasts en un medi
suplementat amb LDL pures enlloc del medi complert, s’observa un cimul moderat descrit

com a fenotip bioquimic variant (Fig. 9c i d) (Vanier et al., 1991).

= La cinética de la formacié d’ésters de colesterol mostra valors molt baixos en les linies
cel-lulars amb fenotip bioquimic classic perd només un defecte moderat en aquelles amb
fenotip variant (Vanier et al.,, 1991). Aquest test és complex, es realitza mitjangant una
técnica radioactiva, a més té un cost elevat i requereix molt temps, per aixdo nhomés s’utilitza

com a test secundari en alguns laboratoris.

La valoracié del cumul de colesterol en els fibroblasts cultivats dels pacients utilitzant la
técnica citoquimica proporciona un diagnostic clar en la majoria dels casos, pero pot ser dificil prendre

una decisié respecte algunes linies cel-lulars que no presenten un test de filipina clarament positiu. En
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aquest casos i en els que tot i mostrar una filipina negativa, la historia clinica sigui molt suggestiva de

NPC, I'analisi mutacional és indispensable per a establir un diagnostic definitiu.

Figura 9. Imatges de microscopia de fluorescencia de fibroblasts després de realitzar el test de la filipina
(realitzades pel nostre grup a la Seccié d’Errors Congenits del Metabolisme (IBC)).
A) Fibroblasts NPC amb fenotip bioquimic classic; B) Fibroblasts control; C) Fibroblasts NPC amb fenotip bioquimic

variant; D) Fibroblasts NPC amb fenotip bioquimic variant suplementats amb LDL pures durant 24h.

Recentment, s’ha demostrat que dos productes de I'oxidacid del colesterol, el cholestane-
3B,5a,6B-triol i el 7-ketocholesterol, es troben incrementats de manera considerable al plasma dels
pacients NPC1, suggerint I'Us d’aquests oxisterols de cara al diagnostic i I'avaluacié del tractament en
aquesta malaltia (Porter et al., 2010). Per aquest motiu, s’ha desenvolupat un metode sensible i
especific de LC-MS/MS per quantificar aquests oxisterols en el plasma, el qual podria representar una

millora diagnostica gracies a que és una técnica rapida i no invasiva (Jiang et al., 2011).

A la Fig. 10 es recull un algoritme diagnostic d’us al laboratori (Patterson et al., 2012) que

acaba de ser consensuat pel The NP-C Guidelines Working Group.
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Figura 10. Algoritme diagnostic de laboratori proposat pel 7he NP-C Guidelines Working Group. Extret de

Patterson et al., 2012.

2.5 CARACTERISTIQUES MOLECULARS
2.5.1 ELS GENS NPC1I NPC2

La preséncia de mutacions en algun dels dos gens, NPCI (MIM 607623) o NPC2 (MIM

601015), és la causa d’aquesta malaltia.

El gen NVPCI, situat al cromosoma 18q11-q12, ocupa 56 kb i conté 25 exons (Carstea et al.,
1997). Aproximadament el 95% dels pacients presenten mutacions en aquest gen, el qual codifica per
una gran glicoproteina de membrana que majoritariament es localitza als endosomes tardans (Higgins
et al., 1999). Fins al moment, el nimero de mutacions identificades en el gen NPCI esta proper a les
300. La mutacio p.l11061T és particularment prevalent (20-25% dels al-lels) a determinats paisos com
Franca i Regne Unit (Millat et al., 1999), pero és molt menys freqlent a Portugal, Espanya i Italia
(Ribeiro et al., 2001; Fernandez-Valero et al., 2005; Fancello et al.,, 2009). La segona mutacié més
freqlient a Europa, és la p.P1007A (Greer et al., 1999; Millat et al., 2001a). La mutacié p.G992W, tipica

dels pacients de Nova Escocia (tipus D de la malaltia) (Greer et al., 1998), es troba esporadicament en
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pacients d’un altre origen. A mida que es genotipen més pacients, un major nombre de mutacions sén
classificades com a recurrents, encara que algunes d’elles es troben principalment en pacients amb un

origen etnic comu.

El gen NPC2 (conegut inicialment com HEI), situat al cromosoma 14g24.3, ocupa 13.5 kb i
conté 5 exons (Naureckiene et al., 2000). Fins avui només s’han identificat a tot el mén 30 families
amb mutacions en aquest gen, hi ha al voltant de 20 mutacions descrites. La proteina lisosomica per la
qual codifica és soluble i s’uneix al colesterol no esterificat amb gran afinitat (Ko et al., 2003; Vanier &
Millat, 2004). La mutacid sense sentit p.E20X és relativament freqtient (Millat et al., 2001b; Verot et

al., 2007).

2.5.2 CORRELACIONS GENOTIP-FENOTIP

Els estudis publicats fins al moment que parlen sobre correlacions genotip-fenotip en els
pacients NPC, tant els que tenen mutat el gen NPCI com el NPC2, coincideixen en que les mutacions
correlacionen amb la presentacié neurologica de la malaltia perd6 no amb les manifestacions

sistemiques (Vanier & Millat, 2003).

Al gen NPCI, les mutacions sense sentit o les de canvi de pauta de lectura presenten una
bona correlacié amb la forma neuroldgica més severa. Les mutacions de canvi de sentit posen de
manifest la importancia funcional de dos dominis de la proteina NPC1, el sterol-sensing domain i el
cysteine-rich luminal loop. Pel que fa al primer, les mutacions que es presenten en homozigosi son
molt deleteries, ja que donen lloc a falta de proteina NPC1 madura i per tant a un fenotip tant
bioquimic com clinic molt sever (Millat et al., 2001a). El cysteine-rich luminal loop conté
aproximadament un ter¢ de totes les mutacions descrites, amb un impacte a nivell cel-lular i clinic
variable (Greer et al., 1999; Park et al., 2003); per exemple, les dues mutacions prevalents esmentades
anteriorment estan localitzades en aquest domini. La p.11061T en homozigosi ha estat classicament
associada a un fenotip bioquimic classic i a la forma clinica juvenil (Millat et al., 1999). En canvi, la
p.P1007A és una mutacié que tipicament déna lloc a un fenotip bioquimic variant (Greer et al., 1999;
Millat et al., 2001a), i en homozigosi ha estat descrita en dos germans amb la presentacié adulta de la

malaltia (Ribeiro et al., 2001).

De la mateixa manera, al gen NPC2, les mutacions que trunquen la proteina estan associades
amb els fenotips neurologics més severs. Per contra, les mutacions de canvi de sentit descrites es
corresponen amb formes cliniques més diverses, incloent la juvenil i I'adulta (Millat et al., 2001b;

Chikh et al., 2005; Verot et al., 2007).
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2.5.3 LES PROTEINES NPC1 I NPC2

La proteina NPC1 és una gran glicoproteina (1277 aminoacids) de 13 dominis transmembrana
(Fig. 11), la qual resideix principalment als endosomes tardans i interacciona de manera transitoria

amb els lisosomes i el trans-Golgi network (Higgins et al., 1999; Neufeld et al., 1999).

Full-length NPC1(1-1278)

Lysosomal
Signal SS Targeting Signal
Sequence Domain aa 1275-1278
aa1-24 aa 616-791 oY

Cytosol —1254

Lumenal
Loop-1 \
25-264

Figura 11. Model de I'estructura de la proteina NPC1. Extret de Infante et al., 2008.
El model esta basat en el treball de Davies & loannou 2000. El domini stero/-sensing domain (SSD) esta localitzat

entre el tercer i sete segment transmembrana.

Posseeix un sterol-sensing domain (aminoacids 615-797) que presenta homologies amb
HMG-CoA reductasa, SCAP, patched i NPC1L1; tot i que sembla necessari per a la funcié de la proteina,
encara que es desconeix el seu rol exacte. Dos dels dominis luminals semblen jugar un paper en les
interaccions proteina-proteina: el cysteine-rich loop amb un ring-finger motif (aminoacids 855-1098), i
un domini altament conservat amb un /eucine-zipper motiflocalitzat a la cua N-terminal (aminoacids
25-264) (Davies & loannou, 2000). Aquest ultim s’ha demostrat que posseeix un lloc d’unié a

colesterol.

La proteina NPC2 és petita (132 aminoacids) i soluble. Es transportada als lisosomes per la via

del receptor de manosa-6-fosfat i uneix colesterol amb gran afinitat (Storch & Xu, 2009).

Encara que la NPC1 i la NPC2 sdn proteines forca diferents a nivell molecular, el fenotip que
presenten els pacients NPC que tenen mutacions al gen NPCI o NPC2 no son diferenciables. Per
aquest motiu, s’assumeix que ambdues proteines cooperen en la sortida del colesterol de I'interior del

lisosoma, treballant seqliencialment en la mateixa via.

Basant-se en el que es coneix a l'actualitat, s’ha proposat un model “Aandoff’ on les dues
proteines treballarien coordinadament (Kwon et al., 2009). Segons aquest model, mostrat a la Fig. 12,

el colesterol de l'interior del lisosoma s’uniria a NPC2 amb el seu grup hidroxil exposat; a continuaci,
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tindria lloc una transferéncia d’aquest al domini N-terminal de NPC1, quedant la zona hidrofobica
orientada cap a la membrana i aix0 permetria la sortida del colesterol cap al citosol a través del
glicocalix. Recentment, s’ha publicat un treball (Deffieu & Pfeffer, 2011) que donaria suport a aquest
model, ja que es demostra la interaccié directa a pH acid entre les proteines NPC1 i NPC2,
concretament en el segon domini luminal de la proteina NPC1 i no a nivell de I'’extrem N-terminal com

s’havia especulat (Wang et al., 2010).
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Figura 12. Model proposat de transferéncia del colesterol des de les LDL via NPC2-NPC1 fins a la membrana

lisosomica. Extret de Kwon et al., 2009.

Com té lloc la sortida del colesterol cap al citosol es desconeix, encara que sembla ser que
aquest seria transferit des de la llum dels lisosomes per NPC1 a un acceptor citosolic. S’ha descrit que
aquest podria ser ORP5, una proteina de la familia de les ORPs (OSBP-related proteins), la qual
interactuaria amb NPC1 en zones de membranes d’unid transitoria entre la membrana del lisosoma i

la del RE (Du et al., 2011).

Alguns estudis indiquen que el paper de les proteines NPC2/NPC1 en el transport de
colesterol esta restringit als lisosomes. Hi ha dades que suggereixen que el moviment del colesterol
des de la membrana plasmatica al RE no requereix de NPC1 (Abi-Mosleh et al., 2009), a més la
implicacio d’aquestes dues proteines en el processament cel-lular del colesterol sintetitzat de forma

endogena és encara un tema de debat (Cruz & Chang, 2000).

Existeixen diverses incerteses sobre les funcions precises que realitzen NPC1 i NPC2. S’ha
suggerit també que podrien estar involucrades en els processos de fusio/fissié entre 'endosoma tarda

i el lisosoma. Una altra qliestié sense resoldre és si NPC1 regula directament o fa de mediador en el



Introduccié: Niemann-Pick tipus C

transport d’altres materials lisosomics. Uns bons candidats serien els glicolipids, els quals representen
la principal acumulacid lipidica al cervell, en contraposicié a la quantitat minoritaria de colesterol que
hi ha a les neurones. L’acumulacié dels gangliosids GM2 i GM3 al cervell no és especifica de la malaltia
de NPC, encara que l'increment de GM2 té lloc molt abans i és major en aquesta que en altres
malalties lisosomiques (Walkley & Vanier, 2009). Perd fins al moment no hi ha dades publicades que

donin suport a la idea de que els glicolipids siguin transportats per NPC1 o NPC2.

2.6 TERAPIA

Gran part de la terapia es basa en intentar pal-liar mitjancant tractament farmacologic els
diferents simptomes, com per exemple, I'epilépsia, la cataplexia, la distonia i I'espasticitat (Pérez-

Poyato & Pineda, 2011).

Pel que fa al tractament especific de la malaltia, s’"han provat sense éxit el transplantament
de moll d’os (Hsu et al., 1999) i el transplantament de fetge (Gartner et al., 1986), ja que en ambdds

casos la progressio del deteriorament neurologic no s’atura.

Per altra banda, basant-se en la hipotesi que el colesterol és el principal causant de la
patologia, es va provar I'administracio de farmacs hipocolesterolémics juntament amb una dieta baixa
en colesterol; i encara que semblava reduir la quantitat de colesterol al fetge, no es va observar cap

millora en la simptomatologia neurologica després de 2 anys de tractament (Schiffmann, 1996).

A arrel de que I'acumulacié de glicolipids semblava estar relacionada amb la neuropatologia
d’aquesta malaltia, es va decidir administrar el miglustat, un inhibidor de la glucosilceramida sintasa
que travessa la barrera hematoencefalica (Fig. 13), aprovat anteriorment com a terapia de reduccié de
substrat en la malaltia de Gaucher tipus 1. Es va iniciar un assaig clinic, primer en pacients adolescents
i adults, i posteriorment en nens, el resultat del qual va ser I'estabilitzacié del curs de la malaltia en el
72% dels pacients tractats durant un any o més (Patterson et al., 2007). Al gener de 2009, la Unié
Europea va aprovar la indicacié del miglustat com a tractament de les manifestacions neurologiques
en pacients NPC adults i pediatrics. Un estudi multicéntric internacional d’una cohort de 66 pacients
tractats amb miglustat durant una mitja de 1,46 anys (Pineda et al., 2009), va mostrar una reduccié
significativa de la velocitat de progressié de la malaltia en la majoria dels pacients. Les formes
cliniques d’inici tarda generalment sén les que responen millor. Recentment, 7he NP-C Guidelines
Working Group ha discutit sobre la indicacid, la utilitat clinica i la monitoritzacié del tractament amb
miglustat (Wraith et al., 2009; Patterson et al., 2012). Es recomana tractar els pacients tan aviat com

mostrin alguna manifestacié neurologica. Degut als efectes adversos ja coneguts del miglustat, com
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diarrea, gasos, pérdua de pes i tremolors, no és recomanable tractar pacients que de moment només
presentin simptomatologia sistémica. Cal senyalar que el miglustat no té cap efecte sobre les

manifestacions sistemiques de la malaltia de NPC.
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Figura 13. Mecanisme d’accié del miglustat en el metabolisme dels esfingolipids. Modificat de van der Spoel et al.,

2008.

Actualment s’esta duent a terme una intensa recerca per trobar altres vies terapéutiques
mitjancant I'ds de models cel-lulars o animals. S’"han publicat dades sobre el tractament de ratolins
models de NPC amb imatinib (Alvarez et al., 2008), curcumina (Lloyd-Evans et al., 2008), farmacs
antiinflamatoris (Smith et al., 2009), neuroesteroides com I'alopregnanolona (Mellon et al., 2008), i
2-HP-B-ciclodextrina (Davidson et al., 2009). En el cas de la curcumina, s’ha observat guany de pes,
increment de la mobilitat, disminucié de la tremolor i major supervivencia que els no tractats. Alhora
aquest tractament redueix els nivells de glicoesfingolipids i esfingosina-1-fosfat als cervells dels
ratolins NPC (Lloyd-Evans et al., 2008). Pel que fa a la 2-HP-B-ciclodextrina, la seva administracié déna
com a resultat una reduccié dels nivells de diversos lipids acumulats, tant al fetge com al cervell dels
ratolins NPC, a més d’un efecte significatiu en I'esperanca de vida d’aquests (Davidson et al., 2009). A
Estats Units s’esta tractant d’aconseguir una designacido de farmac orfe per aquest ultim compost,
perd el traspas de la majoria d’aquests assajos a pacients humans no és senzill, tant pel que fa a
efectes adversos (Ward et al., 2010) com a la limitacié que suposa administrar el tractament quan ja fa

temps que els simptomes han aparegut.
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I1l. MECANISMES MOLECULARS ANALITZATS EN AQUESTA TESI
1 SPLICING

El splicing és una etapa crucial de I'expressid génica, que consisteix en I'eliminacié dels
introns del pre-mRNA i la unié dels exons per donar lloc al mRNA madur. Les funcions de la
maquinaria de splicing, anomenada spl/iceosoma, sén: identificar de manera fiable els exons, ignorar
els segments de pre-mRNA que imiten exons (pseudoexons), unir els exons contigus i regular de
manera apropiada el splicing alternatiu per satisfer les necessitats fisiologiques de les cel-lules i els

teixits (Wang & Cooper, 2007).

1.1 LES SENYALS | LA MAQUINARIA DE SPLICING

Per generar correctament un mRNA madur, el mecanisme de splicing requereix de I'accid
coordinada de diversos elements que actuen en cis, els quals composen el que rep el nom del codi del
splicing. Entre aquests elements es troben les senyals canoniques (Fig. 14) que consisteixen en
seqliencies conservades que estan localitzades a les proximitats de les zones d’'unidé exo-intré: el 5’
splice site (5'SS), el 3’ splice site (3'SS), el branch site que esta situat upstream del 3’SS i el
polypyrimidine tract (PPT) que esta localitzat entre el 3'SS i el branch site (Cartegni et al., 2002).
Aquestes seqiiencies inicialment sén reconegudes per complementarietat de bases amb RNAs
nuclears petits (small nuclear RNAs, snRNAs), els quals s’associen a proteines per formar les
ribonucleoproteines nuclears petites (small nuclear ribonucleoprotein particles, snRNPs) que
conjuntament amb altres proteines (factors de splicing) donen lloc al spliceosoma (Wang & Cooper,

2007).
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Figura 14. Senyals canoniques del splicing. Extret de Cartegni et al., 2002.
Es mostren les seqliencies consens humanes, on la mida dels nucleotids és proporcional a la freqiiéncia de

cadascun en cada posicid.
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Les senyals candniques no soén suficients per si soles per a definir els exons, ja que hi ha
moltes seqlieéncies presents en els pre-mRNAs que segueixen els mateixos patrons i que no sén
considerades com a tals per la maquinaria de splicing. SGn necessaris altres motius menys conservats,
adjacents als llocs donadors i acceptors de splicing que també participen en el procés (Fig. 15). Es
tracta dels llocs exonics o intronics estimuladors del splicing (ESE i ISE, respectivament) i els llocs
exonics o intronics inhibidors del splicing (ESS i ISS, respectivament) (Smith & Valcarcel, 2000; Hastings
& Krainer, 2001), els quals dirigeixen la maquinaria als llocs apropiats i inhibeixen I'is de llocs criptics
de splicing. Aquestes seqliéncies interaccionen amb un grup de proteines, les proteines SR, que
actuen com a lloc d’ancoratge de les altres proteines que intervenen en el splicing i permeten

I'estructuracié del spliceosoma al seu voltant ( Reed, 1996; Graveley, 2000).
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Figura 15. La maquinaria de splicing. Extret de Wang & Cooper, 2007.

A més de les seqliencies en cis, també és important I'accié dels elements en transi és aqui on
de nou prenen importancia les proteines SR. Aquestes proteines juguen un paper essencial en el
reconeixement tant dels llocs de splicing constitutiu com dels de splicing alternatiu (veure apartat
[11.1.3 de la introduccid) (Graveley, 2000; Sanford et al., 2003). Es caracteritzen per la presencia d’un
domini RS i un o dos dominis d’unié al RNA del tipus RRM. El domini RS, que és el que els hi déna nom,
és un domini ric en arginines (R) i serines (S), i és el que acostuma a permetre la interaccié amb els
altres factors de splicing (Bourgeois et al., 2004). Les proteines SR intervenen en el splicing constitutiu
afavorint la captacié i I'estabilitzacié de la snRNP U1l i I'U2AF als llocs de splicing 5" i 3,

respectivament.

1.2 EL MECANISME DE SPL/CING ALS MAMIFERS

Tal com es representa a la Fig. 16, la formacid del sp/icecosoma és iniciada pel reconeixement
del 5’ splice site (lloc donador de splicing) per part de la snRNP U1l mitjancant interaccions RNA-RNA i
la col-laboracio de diferents factors. Alhora, el 3’ splice site (lloc acceptor de splicing) i el branch site

(lloc de ramificacid) sén reconeguts per 'U2AF. Aguestes proteines, junt amb les proteines de la
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familia SR, estableixen ponts entre els llocs 5 i 3" d’'un mateix exé o d’exons diferents a través de
I'intré que els separa. Posteriorment s’uneix la snRNP U2 al branch site per permetre la unié del
complex snRNP U4/U6 i U5. Amb la unid de totes les snRNPs, el complex esdevé cataliticament actiu i
es procedeix al tall i a 'empalmament dels dos exons mitjangcant un mecanisme consistent en dos

passos catalitics de transesterificacid.

a &' 55 Branch site PPT 3’55
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Figura 16. Passos clau del mecanisme de splicing. Extret de Keren et al., 2010.

1.3 SPLICING ALTERNATIU

La divisié dels gens en exons, deguda a I'existéncia del mecanisme de splicing, ha resultat ser
una font de diversitat protedmica, ja que d’'un mateix pre-mRNA es poden generar multiples RNAs
madurs gracies al splicing alternatiu. Existeixen diferents tipus de sp/icing alternatiu, els quals poden

ser classificats en 4 grups principals (Keren et al., 2010):

= Fxon skipping. un exoé és eliminat del pre-mRNA juntament amb els seus introns flanquejants
(Fig. 17a). Aquest representa al voltant del 40% dels splicings alternatius en els eucariotes

superiors.

= Seleccié d’un lloc de splicing 3’ 0 5’ alternatiu: dos o més llocs de splicing sén reconeguts com
I'extrem d’un exo (Fig. 17b i c). En el cas del 3’ representa un 18.4% i del 5" un 7.9% dels

splicings alternatius.
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= Retencié d’un intré: un intré és manté formant part del mRNA madur (Fig. 17d). Es el tipus

menys freqiient a invertebrats i vertebrats, ja que només representa el 5%.

=  Variants complexes: exons mutuament excloents (Fig. 17e), Us d’un promotor alternatiu (Fig.

17f) i is d’un lloc de poliadenilacid alternatiu (Fig. 17g).
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Figura 17. Diferents tipus de sp/icing alternatiu. Extret de Keren et al., 2010.
Els exons constitutius estan representats en blau i les regions alternatives en lila. Els introns estan representats

amb linies continues, en canvi les linies puntejades indiquen les opcions de splicing.

Els diferents splicings alternatius poden succeir alhora o ser incompatibles en un mateix tipus
cel-lular, en un mateix temps de desenvolupament o en certes condicions fisiologiques, fet que
dificulta encara més la definicié de que és un exd, ja que en unes ocasions una seqiiencia ho sera i en

altres no (Lopez, 1998).

1.4 SPLICING| MALALTIA

Alteracions en el mecanisme de splicing poden ser causa directa de malaltia, poden modificar

la severitat del fenotip o bé estar relacionades amb la susceptibilitat a patir una malaltia. Els
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mecanismes que modifiquen al splicing impliquen alteracions dels elements en c/isdins del gen afectat
o bé dels factors en trans que sén requerits per a la regulacié del splicing. Els efectes en cistenen un
impacte directe en I'expressiéo d’un Unic gen, mentre que els efectes en trans tenen el potencial
d’afectar I'expressié de multiples gens (Wang & Cooper, 2007). Els primers afecten al codi de splicing,
en canvi els segons afecten a la maquinaria de splicing (per exemple, mutacions en gens implicats en
I’ensamblatge i funcionament de les snRNPs) (Briese et al., 2005) o activen el mecanisme de guany de

funcid del RNA (per exemple, expansio de repeticions de microsatel:lits) (Ranum & Cooper, 2006).

Quin percentatge de canvis causants de malaltia correspon a mutacions de splicing?
Antigament s’estimava que representaven al voltant del 15%, perdo només reflexava les mutacions que
afectaven als llocs donadors i acceptors de splicing (Krawczak et al., 1992). Avui en dia sabem que
existeixen altres mutacions que afecten al sp/icing degut a I'alteracié d’altres components del codi de
splicing, a la creacid de llocs criptics de splicing o a I'alteracié de I'estructura secundaria (Pagani &
Baralle, 2004). Gracies a aquest coneixement, durant els ultims anys s’ha suggerit que el 60% de les
mutacions que sén causa de malaltia podrien alterar el mecanisme de splicing (Lopez-Bigas et al.,

2005).
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2 NONSENSE-MEDIATED mRNA DECAY

El mecanisme de nonsense-mediated mRNA decay (NMD) és un mecanisme post-
transcripcional que proveeix a les cel-lules eucariotes de mitjans per degradar els mRNAs erronis que
acaben la seva traduccié prematurament (Isken & Maquat, 2007). Aquest tipus de transcrits poden
sorgir a causa de mutacions de canvi de pauta de lectura o sense sentit, moltes de les quals causen
malalties al no sintetitzar-se proteines funcionals. Les dianes del NMD també poden crear-se com a
resultat d’un error dels processos cel-lulars, com el cas de pre-mRNAs en qué el splicing s’ha donat de
manera ineficient o transcrits provinents de gens propensos a patir errors en els reordenaments del
DNA. Els perills potencials que suposa la no degradaciéd dels mRNAs que codifiquen per proteines
truncades, sén exemplificats per les nombroses malalties hereditaries recessives que adquireixen un
fenotip dominant negatiu quan el NMD falla al seleccionar com a candidats, transcrits que acaben
prematurament la seva traduccié (Holbrook et al., 2004). Per tant, el NMD proporciona a les cél-lules

un important mitja per assegurar la qualitat del mRNA i amb aix0, la qualitat de I'expressié genica.

Actualment es coneix que el NMD i les proteines que juguen un paper clau en aquesta via,
tenen altres funcions importants a més del control de qualitat del mRNA. Aquestes funcions inclouen
la regulacié de I'expressid de certes classes de gens, un paper en vies especialitzades de degradacié
del mRNA, funcions en la sintesi de DNA i en el cicle cel-lular, i contribucié en el manteniment dels

telomers (Isken & Maquat, 2007).

2.1 CONDICIONS NECESSARIES PER A QUE ACTUT EL NMD

El NMD normalment té lloc quan la traduccié acaba prematurament en un dels tres codons
d’aturada, que és el que rep el nom de premature termination codon (PTC). Les condicions
necessaries a nivell de RNA i factors proteics per a qué un PTC desencadeni el NMD varien segons

I'organisme.

En els mamifers, la posicié d’un PTC determina si aquest provoca o no l'activacié del NMD,
per aguest motiu es va establir la norma segons la qual, els PTCs que estan seguits per una unid exo-
ex0 que esta localitzada a més de 50-55 nucleotids downstream generalment desencadenen el NMD
(Fig. 18). D’acord amb aquesta norma, els codons de terminacié normal, els quals no desencadenen el
NMD, normalment resideixen a I'Gltim exd (aquests no estan seguits per cap unié exd-exd), i aquells
gue no es troben a I'tltim exd acostumen a estar seguits per una o dos unions exd-exd que no estan
localitzades a més de 50-55 nucleotids downstream (Nagy & Maquat, 1998). Segons aix0, els mRNAs

gue deriven de gens sense introns i que per tant no tenen unions exd-exd, son immunes al NMD
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(Maquat & Li, 2001). Pero com a totes les normes, existeixen excepcions, ja que hi ha transcrits que
son susceptibles al NMD encara que la distancia entre un PTC localitzat al penultim exd i la unié exé-

exo situada downstream és menor de 50-55 nucleotids (Carter et al., 1996).
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Figura 18. Condicidé necessaria pel mecanisme de NMD. Extret de Maquat, 2004.

A més, el NMD requereix de la col-locacié d’'un complex proteic anomenat exon junction
complex (EJC) a més de 25-30 nucleotids downstream del codd de terminacio, el qual és dipositat en
posicié upstream de les unions exd-exd generades com a conseqiiéncia del splicing del pre-mRNA
(I'eliminacié dels introns). Durant la traduccié d’un transcrit que no conté cap PTC, tots els EJCs sén
eliminats del mRNA pel ribosoma traductor, aixo valida aguest mRNA com lliure d’errors i es manté
estable. En canvi, si el ribosoma troba un PTC a 5’ d’un EJC, es considera que el transcrit presenta

errors i té lloc el NMD.

2.2 EL MECANISME DE NMD ALS MAMIFERS

Tal com es representa a la Fig. 19, una vegada el mRNA ha estat generat a partir del splicing
del pre-mRNA i exportat des del nucli fins al citosol, els nous mRNAs sintetitzats que contenen un PTC

son dianes pel mecanisme de NMD.

Del splicing del pre-mRNA en resulta la unié al cap 5 de I’heterodimer CPB80-CPB20, la
col-locacié d’un EJC a la posicid upstream de cadascuna de les unions exé-exé del mRNA i la unid
també de la proteina PABP2 a la cua polyA 3’. Els components del nucli de I'EJC sén elF4Alll, RNA-
binding-motif protein Y14, mago nashi homologue (MAGOH) i Barentsz (BTZ). L'UPF3 o UPF3X NMD
factor, es pensa que és reclutat pels EJCs al nucli i és exportat amb el mRNA al citosol. Llavors, 'UPF3 o
UPF3X recluta I'UPF2, el qual és fonamentalment citosolic. En I'aturada de la traduccié en un PTC esta
implicat el complex SURF, el qual esta format per la quinasa SMG1 juntament amb UPF1, eRF1 i eRF3.
Generalment, si la traduccido acaba a més de 50-55 nucleotids upstream d’una unid exdé-exd (aixo

és, a més de 25-30 nucleotids wpstream d’un EJC), llavors el NMD tindra lloc. La unié d’UPF1 a I'EJC
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desencadena la fosforilacio de la mateixa UPF1 i el NMD, promovent la repressio de la traduccid i el

reclutament dels elements responsables de la degradacié del mRNA (Isken & Maquat, 2008).
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Figura 19. Model del mecanisme de NMD als mamifers. Extret de Isken & Maquat, 2008.

La degradacié del mRNA és possible tant des de I’extrem 5’ com del 3’, depenent del tipus de
transcrit, i en alguns casos sembla fins i tot iniciar-se abans de completar I'exportacié nuclear del
MRNA (Holbrook et al., 2004). El NMD s’inicia des de I'extrem 5’ del mRNA, on s’inclou el decapping
seguit per la degradacié mitjancada per exonucleases en sentit 5’-3’, i des de I'extrem 3’ del mRNA, on
s’inclou la deany/ation seguida de la degradacié mitjancada per exonucleases en sentit 3’-5’ (Lejeune

et al., 2003). Actualment no és possible determinar les eficiéncies relatives de la degradacid en sentit
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5’-3"i 3’-5’ durant el NMD, aixi que no esta clar quina de les dues vies és més representativa d’aquest

procés.

El mRNA gque contingui una mutacié que genera un PTC i que s’escapi d’aquest mecanisme de
degradacid, pot donar lloc a la sintesi d’'un polipéptid truncat. Normalment, una proteina d’aquestes
caracteristiques és detectada pels mecanismes de control de qualitat del RE (veure apartat 111.3.2 de la
introduccid), encara que les proteines truncades que siguin estables poden escapar d’aquesta

degradacid.
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3 DEGRADACIO PROTEICA PROTEASOMICA

Les vies de I'autofagia-lisosoma i la ubiquitina-proteasoma sén les dues rutes principals de
degradacié de proteines i organuls a les cél-lules eucariotes (Rubinsztein, 2006). El sistema ubiquitina-
proteasoma regula diversos processos cel-lulars, com la transduccié de senyals, el control del cicle
cel-lular, la regulacio transcripcional, la inflamacié i I'apoptosi, mitjancant la degradacié de proteines i

el manteniment de ’homeostasi proteica (Goldberg, 2007).

3.1 EL PROTEASOMA

Els proteasomes sén complexes multiproteics amb forma de barril que estan compostos per
diferents parts: la 26S que reconeix les proteines poliubiquitinitzades, la 19S que regula el pas de la
proteines desubiquitinitzades cap al nucli del proteasoma, i la 20S que esta formada per diferents
subunitats B catalitiques, de les quals 3 (Bl caspase-like, B2 trypsin-like i B5 chymotrypsin-like) sén

llocs proteolitics que funcionen conjuntament en la degradacié proteica (Fig. 20) (Moore et al., 2008).

a-ring
Proteolytic siles
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T «-subunits
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Figura 20. Estructura del nucli 20S del proteasoma.

3.2 MECANISMES DE CONTROL DE QUALITAT DEL RETICLE ENDOPLASMATIC

En preséncia de proteines mal plegades, la cél-lula desencadena al RE el mecanisme que rep
el nom de unfolded protein response (UPR). Aquesta resposta esta dirigida inicialment a incrementar
la transcripcid de gens que codifiquen xaperones del RE, per intentar recuperar el plegament correcte
de les proteines mal plegades. Només en el cas que després de diversos intents, la proteina no

recuperi el seu plegament, s’activa la transcripcié de gens que codifiquen proteines involucrades en la
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translocacio i la degradacid de les proteines al citosol, i la forma mal plegada és enviada a degradar

(Alberts et al., 2007).

La degradacié associada al reticle endoplasmatic (ERAD) té lloc quan la proteina mal plegada
ha estat durant un temps a la llum del RE, és reconeguda com immadura i es porta a terme la seva
translocacid al citosol amb la finalitat de ser degradada pel proteasoma mitjancant la via de les
ubiquitines (Fig. 21). Que es generin proteines mal plegades és un fet comu a la cél-lula, per aquest

motiu 'ERAD té un paper clau com a control de qualitat (Sitia & Braakman, 2003).

e
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Figura 21. Exportacié i degradacio de les proteines mal plegades. Extret d’Alberts et al., 2007.

Moltes proteines sén degradades pel proteasoma després d’haver estat modificades
covalentment amb ubiquitina, la qual és conjugada a través del seu extrem carboxi. En aquesta
conjugacié hi estan implicats tres tipus d’enzims: E1 (enzim activador d’ubiquitina) que hidrolitza ATP i
forma un conjugat entre ell mateix i la ubiquitina; E2 (enzim conjugador d’ubiquitina) que rep la
ubiquitina d’E1 i forma un conjugat similar amb la ubiquitina; E3 (lligasa d’ubiquitina) que s’uneix tant
a E2 com al substrat (la proteina que ha de ser degradada) i transfereix la ubiquitina al substrat.
Freqlientment, la ubiquitina per si mateixa a través de diferents rondes d’ubiquitinitzacié doéna lloc a
la formacié d’una cadena de poliubiquitina. Una vegada al proteasoma, les proteines son reduides a

péptids, els quals sén alliberats al citosol i on sén trencats per les peptidases (Ciechanover, 2006).






METODES






Els métodes emprats en les publicacions incloses en aquesta tesi estan resumits a la taula que
es troba a continuacio (Taula 3). S’indica en quins dels articles presentats ha estat utilitzat cadascun

dels métodes.

Taula 3. Metodes utilitzats al llarg d’aquesta tesi.

METODE PUBLICACIO
Aillament de lipoproteines Article 2i 4
Citoquimica amb filipina Article 2
Cromatografia de gasos Article 4
Extraccié de DNA Articles 1i2
Extraccio de RNA Articles 2i 3
Microscopia de fluorescencia Article 2
PCR Articles 1,213
PCR a temps real Articles 2,314
Retrotranscripcio Articles2,3i4
Seqlienciacié de DNA Articles1i2
Single Strand Conformation Polymorphism (SSCP) Article 1
Tecniques de cultiu cel-lular Articles 2,314

Western blot Articles 3 i 4







OBJECTIUS






Aquesta tesi ha tingut com a objectiu principal I'analisi de les bases moleculars de dues

malalties de transport lisosomic: la cistinosi i la malaltia de Niemann-Pick tipus C.

Els objectius concrets van ser:

=  Realitzar I'estudi mutacional del gen C7NS en mostres de pacients amb cistinosi d’origen

espanyol i marroqui.

= Realitzar 'estudi mutacional dels gens NPC1 i NPC2 en mostres de pacients amb Niemann-

Pick tipus C principalment d’origen espanyol.

=  Establir correlacions genotip-fenotip en ambdues malalties.

=  Caracteritzar I'efecte especific d’aquelles mutacions del gen NPCI que alteren el mecanisme

de splicing.

=  Analitzar I'efecte a nivell de mRNA del mecanisme de NMD en preséncia de mutacions del

gen NVPCI que originen PTCs.

=  Establir una possible relacié causal entre les mutacions de canvi de sentit identificades i els
nivells d’expressio de la proteina NPC1, mitjancant I'analisi de la seva estabilitat i de la via

implicada en la seva degradacié.

=  Valorar I'Gs d’inhibidors de la degradacié proteasomica com a aproximacid terapéutica pels

pacients NPC que presentin determinades mutacions de canvi de sentit.
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INFORME SOBRE LA CONTRIBUCIO DE LA DOCTORANDA A LES
PUBLICACIONS D’AQUESTA TESI DOCTORAL

Titol de la tesi: ASPECTES MOLECULARS DE DUES MALALTIES DE TRANSPORT LISOSOMIC: LA CISTINOSI
| LA MALALTIA DE NIEMANN-PICK TIPUS C
Autora: Judit Macias Vidal

Directors: Maria Josep Coll Rosell i Oriol Bachs Valldeneu

ARTICLE 1

Titol: Analysis of the C7TNS gene in 32 cystinosis patients from Spain

Autors: Macias-Vidal J, Rodés M, Hernandez-Pérez JM, Vilaseca MA, Coll MJ
Publicacié: Clin Genet. 2009; 76(5):486-9

fndex d’impacte (2010 JCR Science Edition): 2.942

Aportacié de la doctoranda: La feina experimental presentada va ser realitzada per la doctoranda a
partir d’'un grup de pacients diagnosticats bioquimicament de cistinosi a I'Institut de Bioquimica
Clinica i a I'Hospital Sant Joan de Déu previament. La doctoranda va elaborar el primer esborrany de
I'article i va participar a la redaccié del manuscrit final. Les dades cliniques presentades van ser

facilitades pels metges que s’indiquen als agraiments.

ARTICLE 2

Titol: Molecular analysis of 30 Niemann-Pick type C patients from Spain

Autors: Macias-Vidal J, Rodriguez-Pascau L, Sanchez-Ollé G, Lluch M, Vilageliu L, Grinberg D, Coll MJ;
Spanish NPC Working Group

Publicacié: Clin Genet. 2011; 80(1):39-49
fndex d’impacte (2010 JCR Science Edition): 2.942

Aportacié de la doctoranda: La major part de la feina presentada va ser realitzada per la doctoranda a
partir dels pacients diagnosticats bioquimicament de NPC a I'Institut de Bioquimica Clinica. Exceptuant
la determinaci6 de 5 dels al-lels mutats identificats, conjuntament amb I'estudi de 7 dels

polimorfismes analitzats en el pacient NPC57 i I'analisi dels diferents transcrits observats en els



Resultats

pacients NPC02 i NPC29, que van ser duts a terme pel grup del Dr. Grinberg i la Dra. Vilageliu del
Departament de Geneética de la Facultat de Biologia. La doctoranda va elaborar el primer esborrany de
I'article i va participar a la redaccié del manuscrit final. Les dades cliniques presentades van ser

facilitades pels metges que formen part del Spanish NPC Working Group.

ARTICLE 3

Titol: Nonsense-mediated mRNA decay process in nine alleles of Niemann-Pick type C patients from

Spain

Autors: Macias-Vidal J, Gort L, Lluch M, Pineda M, Coll MJ
Publicacié: Mol Genet Metab. 2009; 97(1):60-4

[ndex d’impacte (2010 JCR Science Edition): 3.539

Aportacié de la doctoranda: La totalitat de la feina experimental presentada va ser realitzada per la
doctoranda a partir de mostres de pacients NPC diagnosticats préviament a I'Institut de Bioquimica
Clinica. La doctoranda va elaborar el primer esborrany de I'article i va participar a la redaccié del

manuscrit final.

ARTICLE 4

Titol: Proteasomal degradation role in missense mutations causing Niemann-Pick type C disease
Autors: Macias-Vidal J, Girdés M, Bachs O, Coll MJ
Publicacié: Article en preparacio

Aportacié de la doctoranda: La totalitat de la feina experimental presentada en aquest treball va ser
realitzada per la doctoranda. Tanmateix la doctoranda va elaborar el primer esborrany de 'article i va

participar a la redaccié final del manuscrit.

En darrer lloc esmentar que de forma paral-lela al desenvolupament dels aspectes centrals
d’aquesta tesi, la doctoranda ha participat en quatre treballs de col-laboracié relacionats, que han

donat lloc a articles que es presenten en forma d’annex.



ARTICLE 5

Titol: Identification of 25 new mutations in 40 unrelated Spanish Niemann-Pick type C patients:

genotype-phenotype correlations
Autors: Fernandez-Valero EM, Ballart A, Iturriaga C, Lluch M, Macias J, Vanier MT, Pineda M, Coll MJ
Publicacié: Clin Genet. 2005; 68(3):245-254

fndex d’impacte (2010 JCR Science Edition): 2.942

Aportacio de la doctoranda: En el moment de la preparacié d’aquest treball, la doctoranda estava com
a estudiant en practiques a I'Institut de Bioquimica Clinica i va realitzar I'analisi mutacional de 3 dels
pacients diagnosticats bioquimicament de NPC. A més, 9 dels pacients recollits en aquesta publicacié
van quedar amb algun al-lel pendent de tipificar, motiu pel qual van ser recuperats per realitzar

I'estudi del cDNA que es descriu a I'article 2.

ARTICLE 6

Titol: Clinical experience with miglustat therapy in pediatric patients with Niemann-Pick disease type

C: a case series

Autors: Pineda M, Perez-Poyato MS, O’Callaghan M, Vilaseca MA, Pocovi M, Domingo R, Ruiz del
Portal L, Verdu-Pérez A, Temudo T, Gaspar A, Garcia-Pefas JJ, Roldan S, Martin-Fumero L, Blanco de la

Barca O, Garcia-Silva MT, Macias-Vidal J, Coll MJ
Publicacié: Mol Genet Metab. 2010; 99(4):358-66
fndex d’impacte (2010 JCR Science Edition): 3.539

Aportacié de la doctoranda: La doctoranda va realitzar I’analisi mutacional dels pacients, aixi com
I’estudi molecular de la pseudodeficiéncia del gen de la quitotriosidasa dels pacients en tractament. La

doctoranda també va participar en la redaccid final del manuscrit.

ARTICLE 7

Titol: Niemann-Pick type C disease: From neonatal cholestasis to neurological degeneration. Different

phenotypes

Autors: Quijada-Fraile P, Martin-Hernandez E, Martinez de Aragdn A, Macias-Vidal J, Coll MJ, Nogales-
Espert A, Garcia-Silva MT

Publicacié: An Pediatr (Barc). 2010; 73(5):257-63



fndex d’impacte (2010 JCR Science Edition): 0.570

Aportacié de la doctoranda: En aquest article, la doctoranda va portar a terme I’analisi mutacional dels

pacients que s’hi presenten.

ARTICLE 8

Titol: Characterisation of two deletions involving NPCI and flanking genes in Niemann-Pick type C

disease patients

Autors: Rodriguez-Pascau L, Toma C, Macias-Vidal J, Cozar M, Lykopoulou L, Coll MJ, Grinberg D,
Vilageliu L

Publicacio: Article sotmes a Molecular Genetics and Metabolism
Index d’impacte (2010 JCR Science Edition): 3.539

Aportacié de la doctoranda: En aquest treball, la doctoranda va realitzar la cerca de mutacions del

pacient NPC57 i el respectiu estudi de portadors als seus pares.

Conformitat dels directors de tesi:

Dra. Maria Josep Coll Rosell Dr. Oriol Bachs Valldeneu



PRESENTACIO DELS RESULTATS

La feina realitzada al llarg d’aquesta tesi s’ha centrat en I'analisi molecular de pacients amb
una malaltia de transport lisosomic, la cistinosi i la malaltia de NPC, ja que en ambdues patologies les
proteines afectades sén proteines transmembrana del lisosoma. El treball d’identificaciéd de les
mutacions causants de cistinosi (article 1) és el primer estudi mutacional d’aquesta malaltia realitzat a
la poblacié espanyola. Pel que fa als treballs realitzats amb NPC han permeés establir el genotip d’un
gran nombre de pacients (article 2) i demostrar la implicacié de diferents mecanismes cel-lulars en
aquesta patologia segons el tipus de mutacions causants: el splicing (article 2), el NMD (article 3) i la
degradacio proteica portada a terme pel proteasoma (article 4). A més, en el cas d’algunes mutacions
de canvi de sentit s’"ha pogut assajar una aproximacio terapeutica basada en I'Gs d’inhibidors de Ila

degradacio proteasomica (article 4).

Les publicacions d’aquest compendi s’han estructurat en dos capitols, tal i com es mostra a

continuacio.

CAPITOL I. LA CISTINOSI

Article 1: Estudi mutacional de pacients espanyols i marroquins amb cistinosi

CAPITOL Il. LA MALALTIA DE NIEMANN-PICK TIPUS C

Article 2: Estudi mutacional de pacients amb Niemann-Pick tipus C: rellevancia de les mutacions de

splicing

Article 3: Analisi del mecanisme de nonsense-mediated mRNA decay a la malaltia de Niemann-Pick

tipus C

Article 4: Analisi del mecanisme de degradacié proteasomica a la malaltia de Niemann-Pick tipus C
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CAPITOL I. LA CISTINOSI

Article 1: Estudi mutacional de pacients espanyols i marroquins afectes de

cistinosi

Referencia: Macias-Vidal J, Rodés M, Hernandez-Pérez JM, Vilaseca MA, Coll MJ. Analysis of the CTNS
gene in 32 cystinosis patients from Spain. Clin Genet. 2009; 76(5):486-9.

RESUM

Aquesta publicacid recull els resultats del primer estudi mutacional del gen C7NS realitzat a
pacients no relacionats amb cistinosi de la poblacié espanyola, 27 dels quals d’origen espanyol i 5

originaris de Marroc.

Es van caracteritzar 60 al-lels mutats i es van identificar 14 mutacions diferents, de les quals 6
no havien estat descrites préviament. Aquestes incloien 3 mutacions de canvi de sentit (p.M1T,
p.S270F i p.G309V), 2 mutacions que alteraven la pauta de lectura (p.V99IfsX14 i p.N107RfsX10) i una

mutacié que afectava al mecanisme de sp/icing (c.682-1G>T).

Entre les mutacions trobades, es va identificar la 57kbdel, la mutacié més freqlient a nivell
mundial, que també va resultar ser-ho a Espanya (34% dels al-lels). Aquesta delecié junt amb unes
altres 5 mutacions (p.M1T, p.T7FfsX7, c.61+5G>A, p.T216NfsX12 i p.G308R) representaven un 73%

dels al-lels.

De cara a proposits diagnostics el coneixement de I'espectre mutacional d’'una poblacié
facilita la realitzacié del diagnostic molecular i el consell genétic en les families afectes. A la cistinosi
en concret, el coneixement de les mutacions presents permet a aquestes families poder accedir al

diagnostic prenatal, ja que només és factible mitjancant aquesta eina diagnostica.
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Analysis of the CTNS gene in 32 cystinosis

patients from Spain

1o the Editor:

Cystinosis is an autosomal recessive disorder
characterized by intralysosomal accumulation of
cystine due to an impaired transport of free cystine
out of lysosomes (1).

Three phenotypical forms have been described
according to the age of onset and the sever-
ity of the clinical symptoms: infantile (OMIM
#219800), juvenile (OMIM #219900), and ocular
non-nephropathic cystinosis (OMIM #219750).

The cystinosis gene, CTNS, is composed of 12
exons and encodes for a 367-amino acid lysoso-
mal membrane protein called cystinosin (2). Up
to now, around 85 different mutations have been
described.

In this study, we present 32 unrelated cystinosis
patients, 27 Spanish and 5 Moroccan (CY1, CY34,
CY47, CY48 and CY55). Clinical data were pro-
vided by the patient’s physician and reported in
Table 1. Most of our patients present the infantile
nephropathic clinical form, like the rest of studied
populations.

Genomic DNA was extracted from whole blood
using standard methods. All DNA samples were
initially screened for the common 57-kb deletion
by multiplex polymerase chain reaction (PCR) sys-
tem as previously described (4). The remaining
alleles were analyzed using self-designed specific
intronic primers (available upon request) based on
the published sequence (RefSeq NT_010718.15).
CTNS coding exons (exons 3-12) and their
intron boundaries, as well as the promoter region,
were screened for mutations as described by our
group (35).

Table 2 shows the CTNS gene mutations of
the 32 unrelated patients. In four patients (CY24,
CY39, CY47 and CY54), after sequencing, only
one mutation was found. In this study, 14 dif-
ferent mutations were identified, 8 of which
were previously described and 6 of them are
novel. The 57-kb deletion is the most preva-
lent mutation in Spain (34% of the mutant alle-
les), but its frequency is less than in other
studied populations (The Netherlands 59% (10),
Switzerland—Germany 65% (11)). However, this
frequency is higher than in Italian population
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(12%) (12). Moreover, this deletion together with
other five mutations: p.MIT, p.T7FfsX7, c.61 +
5G = A, p.T216NfsX12 and p.G308R, accounted
for 73% of the studied alleles.

Regarding novel mutations, the missense chan-
ges (p.MIT, p.5270F, and p.G309V) are proba-
bly pathogenic mutations because they were not
observed in 100 normal control alleles; after
sequencing all genomic DNA, no other mutations
have been detected, and the affected amino acid
residues are conserved throughout species. The
p-MIT mutation abolishes the methionine start
codon of cystinosin and this could cause the use of
the next ATG codon to initiate translation (trans-
lational reinitiation process) (13) of a frameshift
protein. There are two previously reported muta-
tions in this codon, p.MIL and p.MI1I (14). The
last one, p.M1I mutation, was examined by expres-
sion assays and the results suggested that the pro-
tein is not translated (15). Respect to p.S270F and
p-G309V mutations, they are located in a putative
transmembrane domain (TMS5 and TM6, respec-
tively) and are likely to cause severe structural
disruption to the protein. Moreover, functional
effect prediction programs as PolyPhen (16) or
Panther (17) confirmed the possible pathogenesis
of these novel changes.

The novel frameshifting mutations, p.V99IfsX14
and p.N107RfsX 10, are undoubtedly disease-caus-
ing mutations, as they give rise to a premature
termination codon (PTC), and they follow the rules
suggested for the nonsense-mediated mRNA decay
(NMD) process (18).

Finally, the analysis of the novel splicing muta-
tion, ¢.682-1G=T, through splice site prediction
software (19, 20) indicates that it originates a dis-
rupted acceptor splice site, which would result in
an abnormal splicing.

Concerning genotype—phenotype correlations,
as it was previously described in patients pre-
senting the infantile phenotype (9), all infan-
tile patients of our series have on both alle-
les truncating mutations or mutations affecting
conserved amino acids associated with transmem-
brane regions of the protein.
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The only two juvenile cystinosis patients (CY35
and CY66) are both compound heterozygous for
a truncating mutation and the p.S139F mutation.
This last change occurs in the first transmembrane
domain because none of the missense mutations
associated with infantile nephropathic cystinosis
have been found there (9). This fact suggests a
less functionality of this region of cystinosin, so
the p.S139F mutation could determine the juvenile
phenotype.

For diagnostic purposes, the knowledge of the
spectrum of mutations in our population facilitates
molecular diagnosis and genetic counselling in
affected families.
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RESULTATS ANNEXOS
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Posteriorment a la data de publicacié de I'article, s’ha realitzat la cerca de mutacions a 9

pacients més d’origen espanyol afectes de cistinosi. Els resultats d’aquesta analisi mutacional es

mostren a la taula que es troba a continuacié.

Taula 4. Fenotip clinic i genotip dels ultims pacients espanyols diagnosticats de cistinosi.

Pacient Fenotip Canvi de nucleotid Canvi Canvi de Canvi
clinic (al-lel 1) d’aminoacid nucleotid d’aminoacid
(al-lel 1) (al-lel 2) (al-lel 2)

8974 Infantil c.646dupA p.T216NfsX12 c.646dupA p.T216NfsX12

CcY75 Infantil 57-kb deletion --- c.518 _519delAC  p.Y173X

CcY8o Infantil c.518 519del AC p.Y173X c.646dupA p.T216NfsX12

cY84 Infantil 57-kb deletion - €.682-1G>T -

CcY89 Infantil 57-kb deletion --- c.1354G>A p.G339R

cYez Infantil 57-kb deletion - 57-kb deletion ---

CcYo93 Infantil c.1-19_61del ? c.1-19_61del ?

cYs6 Infantil 57-kb deletion --- 57-kb deletion ---

cyio1 Infantil 57-kb deletion - 57-kb deletion -—-

?: efecte desconegut.
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CAPITOL Il. LA MALALTIA DE NIEMANN-PICK TIPUS C

Article 2: Estudi mutacional de pacients afectes de Niemann-Pick tipus C:

rellevancia de les mutacions de splicing

Referencia: Macias-Vidal J, Rodriguez-Pascau L, Sanchez-Ollé G, Lluch M, Vilageliu L, Grinberg D, Coll
MJ; Spanish NPC Working Group. Molecular analysis of 30 Niemann-Pick type C patients from Spain.
Clin Genet. 2011; 80(1):39-49.

RESUM

Aquesta publicacié engloba els resultats de I’analisi mutacional realitzat a 30 pacients NPC no
relacionats, que ha permés la identificacié de 43 mutacions diferents al gen NPCZ, de les quals 12 no
havien estat descrites anteriorment. Entre els nous canvis hi ha 4 mutacions de canvi de sentit
(p.F995L, p.F1079S, p.L1106P i p.G1209E), una mutacié sense sentit (p.E1089X), una insercié d'1 pb
(p.L1117PfsX4), una delecié en pauta (p.N916del), 4 canvis intronics (c.58-3280C>G, c.882-28A>T,
€.2604+5G>A i c.3591+5G>A) que afecten al procés de splicing, i la primera delecié que inclou tot el

gen NVPCI descrita fins ara a la malaltia de NPC.

En totes les mutacions de splicing, la formacié de transcrits amb un spl/icing aberrant va ser
confirmada a través de I'analisi del cDNA. A més, la degradacié del mRNA mitjancada pel mecanisme
de NMD també va ser analitzada. Cal destacar la rellevancia dels defectes de splicing, un 20% dels

al-lels mutats d’aquesta cohort.

Tal com s’havia descrit préviament en aquesta malaltia, les correlacions genotip-fenotip son
limitades degut al gran numero de mutacions privades. Per primera vegada, es descriu un pacient
homozigot per la mutacid p.I1061T que presenta el fenotip clinic infantil sever, i un altre pacient amb

fenotip bioquimic variant que té la presentacié clinica neonatal de la malaltia.
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type C (NPC) disease (OMIM #257220), an autosomal recessive
neurodegenerative lysosomal storage disorder caused by an incorrect
regulation of intracellular lipid trafficking. A molecular analysis carried
out in 30 unrelated patients identified 43 distinct mutations in the NPC/
gene, 12 of which had not been previously described. The novel NFCI
alleles were four amino acid substitutions (p.F995L, p.F1079S, p.L1106F
and p.G1209E), a nonsense mutation (p.E1089X), a 1-bp insertion
(p.L1117PfsX4), an in-frame deletion (p.N916del), four intronic changes
(c.58-3280C>G, ¢.882-28A>T, c.2604+5G=A and ¢.3591+5G=A) that
affect the splicing mechanism, and the first deletion including the whole
gene described in NPC disease. In all the splice site mutations, the
formation of abnormal spliced transcripts was confirmed by cDNA

process was also assessed. As it has been previously reported in this
disease, genotype—phenotype correlations are limited due to the large
number of private mutations. We describe for the first time one
homozygous patient for p.I1061T mutation, who presented the severe
infantile clinical onset, and another patient with the variant biochemical
phenotype, whose clinical presentation was the neonatal form of the
disease.
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Niemann—Pick type C (NPC) disease (OMIM
#257220) (http://www.ncbi.nlm.nih.gov/sites/entr
ez?db=0OMIM) is an autosomal recessive lipid
storage disorder. At the cellular level, the dis-
ease produces a late-endosomal/lysosomal accu-
mulation of endocytosed unesterified cholesterol
that leads to the accumulation of a complex pattern
of lipids in non-neural tissues and in the brain (1).
The clinical manifestations are characterized by the
presence of hepatosplenomegaly and severe pro-
gressive neurological dysfunction with varying age
at onset and later course (2).

Genetic and allelic heterogeneity was estab-
lished for this disease by the identification of two
different genes, NPCI (MIM 607623) and NPC2
(MIM 601015) (3-5). Over 294 and 19 differ-
ent disease-causing mutations have been reported
worldwide in NPC/ and NPC2? gene, respectively
(http:/fwww.hgmd.cf.ac.uk/ac/index.php).

A number of studies point towards a key role
for the NPC1 and NPC2 proteins in modulating
vesicular trafficking of cholesterol and glycolipids
(6—8), although whether they work in concert,
interacting at the functional and potentially at the
structural levels, is unclear. It is worth mentioning
that direct protein—protein interactions for NPC2
with NPC1 have not been reported so far (9).

In a previous survey by our group, we reported
the mutational analysis of the NPCI gene in a
cohort of 40 Spanish patients and we suggested
a unique origin for p.C177Y and p.G993EfsX4
mutations in contrast to p.JI1061T mutation that
showed different origins. Here, we present the
molecular analysis in 30 unrelated NPC patients,
which allowed the identification of 12 novel
mutations in the NPCI gene including a large
deletion and several splice site mutations that have
been characterized at RNA level.

Materials and methods
Patients

Samples were obtained from 31 patients belong-
ing to 30 unrelated families. Most of them were
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of Spanish origin, except for seven patients from
other ethnic backgrounds: Moroccan, Costa Rican,
Ecuadorian and Dutch. Nine patients (NPCO02, 03,
07, 13, 21, 29, 36, 38 and 40) had been previously
described by our group (10), but one of the mutant
alleles in each of them had remained unidentified.
Diagnosis of NPC disease was determined by cyto-
chemical demonstration of pathologically enriched
cholesterol via filipin staining in cultured skin
fibroblasts as described by Vanier et al. (11). Clas-
sification of patients with respect to their clinical
characteristics was as previously proposed (12).

Mutation screening: analysis of cDNA and genomic
DNA

To identify mutations in NPCI gene, sequence
analysis of its cDNA was performed. The changes
identified were confirmed by sequencing the cor-
responding genomic DNA region. When only one
mutation was found in the ¢cDNA sequence, all
exons and intron boundaries were sequenced.

To detect possible mutations whose mRNAs
are candidate to suffer nonsense-mediated mRNA
decay (NMD) process (13), cells were treated with
cycloheximide (CHX) (Sigma, St. Louis, MO)
according to the protocol previously described
(14). RNA extraction and reverse transcription-
polymerase chain reaction (RT-PCR) were per-
formed using standard methods. NPCI cDNA was
amplified in 10 overlapping PCR. fragments using
either specific primers previously described (15)
or self-designed primers, which are available upon
request. To analyse the occurrence of exon 11 skip-
ping in CHX-treated or untreated fibroblasts from
the NPC29 patient and from a healthy individual,
cDNA was amplified using the forward primer spe-
cific for the skipped transcript (overlapping exons
10 and 12) 5TTGGGAGGCTATGATGGTTTA3'
and the reverse primer in exon 14 5’GGTTTCCCC
TTGAAGACGTT3S'. The real-time PCR method
used to quantify the mRNA levels in this patient
was previously described (14). To determine the
intronic change that causes exonization of 374



bp in the NPC59 patient, primers based on
the sequence of intron 1 were used (primer
sequences available upon request). PCR products
were screened for mutations by DNA sequencing
using the Big Dye Terminator Cycle Sequencing
v3.1 kit (Applied Biosystems, Foster City, CA),
according to the manufacturer’s instructions. The
sequencing reactions were run on an ABI Prism®
3130x] Genetic Analyzer (Applied Biosystems,
Foster City, CA).

Genomic DNA was extracted from cultured skin
fibroblasts by standard methods. NPC! and NPC2
exons and their intron boundaries were ampli-
fied using primers and PCR conditions previously
described (10, 16). PCR products were purified
and sequenced as described in the preceding para-
graphs. Novel mutations were analysed in 50
healthy controls.

Characterization of the mutations of patient NPC57

To confirm the presence of p.T1066N mutation in
exon 21 of the NPCI gene in samples from the
NPC57 patient and from their parents, gDNA was
amplified.

To analyse the deletion, quantitative real-
time PCR experiments were performed using the
StepOnePlus Real-Time PCR System (Applied
Biosystems, Foster City, CA). All PCR reactions,
with a final volume of 10 pl, were run in tripli-
cate and contained 50 ng of DNA. Exons 1, 21
and 25 of the NPCI gene and exon 5 of the
PMM2 gene, which was used as endogenous con-
trol, were run in separate wells. The reagents
were SYTO®9 green fluorescent nucleic acid stain
(Invitrogen Molecular Probes, Eugene, Oregon)
and Ampli Taq® Gold DNA Polymerase with
Gene Amp® 10x PCR Gold buffer and MgCl;
solution (Applied Biosystems, Foster City, CA).
Primers used to amplify the PMM2 fragment were
forward 5 AGGCTGTTTATCTATGTTGCC3' and
reverse S'CACCAGGCCATATCTTATTT3'. PCR
conditions were 95°C for 10 min, then 40 cycles
of 95°C for 15 s and 60°C for 1 min. The runs
were monitored via the STEPONE Software v2.0
(Applied Biosystems, Foster City, CA). Levels of
gDNA were relatively quantified by evaluating C,
values according to the comparative C, (AAC))
method (Applied Biosystems, Foster City, CA).

A total of 13 polymorphisms located in the
NPC1] gene were analysed by PCR amplification
and sequencing. In particular, three of the poly-
morphisms were in the 5'UTR region, four were
in intron 1, and the remaining six were in exons
4,6, 12, 17, 18 and 25 (last exon of the gene),

Resultats: publicacions
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respectively. Parents” samples were also analysed
for these polymorphisms.

Mutation nomenclature

All mutations were described according to the rec-
ommended nomenclature (17) (the updates found
at the web page: http://'www HGVS. org/mutn
omen/). Gene nucleotide numbering was according
to the GenBank sequence NM_000271.3 (http://
www.ncbi.nlm.nih.gov/Genbank/index.html), with
+1 as A of the start codon. The ATG codon repre-
sents 41 for the amino acid numbering according
to NPC1 protein sequence NP_000262.1.

Results
Clinical and biochemical phenotype

The clinical and biochemical phenotype distribu-
tion of the unrelated NPC patients is summarized
in Table 1. Clinical phenotypes were classified
according to the age at onset of neurological
symptoms, except for the neonatal fatal systemic
form. The group of 30 patients included 3 (10%)
neonatal, 10 (33.3%) severe infantile (onset at
age <2 years), 6 (20%) late infantile (onset at
age 3—5 years), 6 (20%) juvenile (onset at age
5-16 years) and 2 (6.6%) adult (onset at age
=16 years) clinical forms. In three patients, the
clinical phenotype could not be established due to
the lack of data relating to disease progression.

Regarding the biochemical phenotype, 21 (70%)
of the patients presented the classical phenotype (a
massive unesterified cholesterol accumulation) and
8 (26.6%) of them showed the variant phenotype
(a moderate unesterified cholesterol accumulation).
No biochemical classification was possible in one
patient because the filipin staining could not be
performed.

Mutation analysis

Table 1 shows the NPC! genotypes of the patients
included in this study. Molecular analysis of
NPC] gene allowed the identification of 43 dif-
ferent mutations, 12 of which had not been
described before. The novel mutations were four
amino acid substitutions [p.F995L (c.2983T=C),
p.F1079S (c.3236T=C), p.L1106P (c.3317T=C)
and p.G1209E (c.3626G =A)], a nonsense muta-
tion [p.EI089X (c.3265G=T)], a 1-bp inser-
tion [p.L1117PfsX4 (c.3349dupC)], an in-frame
deletion [p.N916del (c.2746_2748delAAT)]. four
intronic changes that affect the splicing mechanism
(c.58-3280C=>G, c.B82-2BA>T, c.260445G=A
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and ¢.35914-5G=A), and a large deletion that
includes the whole NPC/ gene.

We also found a novel mutant allele carry-
ing two in cis mutations, p.JR978C;:N11565], as
shown by analysis on the NPC61 parents” DNA
(not shown).

Our analysis of NPCI gene allowed comple-
tion of 29 genotypes. In one patient (NPC29),
after sequencing both cDNA and genomic DNA,
one allele still remains unknown (see subsequent
sections).

Splicing mutations

The electrophoretic profile of RT-PCR products
obtained from total RNA isolated from sev-
eral patients’ fibroblasts, which bear novel splice
site mutations (c.58-3280C=GQG, c.882-28A=T,
c.26044-5G= A and ¢.35914-5G=A) or previously
described changes (c.1554-1009G = A, ¢.2292G=A
and ¢.3754G=C), showed multiple bands (Fig. 1).
Therefore, these mutations are worth to be
described in more detail.

The presence of the intronic mutation c¢.58-
3280C=G promotes a pseudoexon insertion that
corresponds to 374 bp of intron 1, which was
detected by direct sequencing (c.57_58ins374)
(Fig. 1a). This change presumably creates a novel
acceptor region and activates a cryptic donor splice
site (splicing score 0.92), whereas the naturally
used adjacent splice sites of the surrounding exons
remain functional, resulting in the generation of an
aberrant transcript. The inserted intronic sequence
led to a premature termination codon (PTC), but
the extra band was present in both CHX-treated
and untreated samples, suggesting no degradation
by the NMD mechanism (not shown).

The ¢.882-28A=T intronic change, which in-
volves the conserved adenosine residue of the lariat
branch point in intron 6, causes an abnormally
spliced cDNA with the complete skipping of exon
7 (c.882_954del73) (Fig. 1b). The loss of exon 7
disrupts the reading frame leading to a PTC, which
activates mRNA degradation by the NMD process
(not shown).

The ¢.26044-5G=A splice mutation, which is
located in a conserved position of the donor splice
site of intron 17, promotes skipping of exon 17
(c.2515_2604del90) (Fig. 1c).

The analysis of ¢.35914-5G=A products reveals
three abnormally spliced cDNAs: one with an
insertion of the first 45 bp of intron 23 (c.3591_
3592ins45), another with a deletion of the last
63 bp of exon 23 (c.3529_3591del63) and a
third one with the skipping of exon 23 (c.3478_
3591del114) (Fig. 1d).
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Among the previously described mutations, the
deep intronic change c¢.1554-1009G=A (24) is
located in intron 9 and creates a cryptic donor
splice site resulting in the incorporation of 194
bp of the intron 9 (c.1553_1554ins194) as a
pseudoexon (Fig. le).

The ¢.2292G=A mutation leads to the creation
of an acceptor splice site in exon 15, gener-
ating a transcript with an in-frame deletion of
the first 48 bp of exon 15 (c.2246_2293del48)
(Fig. 1f).

The ¢3754G>C mutation affects the last
nucleotide of exon 24, which plays a key role
in governing the splicing efficiency, and gener-
ates skipping of exon 24 (c.3592 3754dell63)
(Fig. 1g). In a previous report (10), the effect on
NPC1 protein of this change was indicated as
p-G1252R; nevertheless, skipping of exon 24 dis-
rupts the reading frame, and the predicted transla-
tion product of this mRNA, which is not degraded
by the NMD process (not shown), is a truncated
protein.

Different transcripts found in the sample from patient
NPCO02

In a previous study (10), one of the mutant alleles,
¢.32454 1dupG, of this patient was found. Here,
we report the identification of a mutation in the
second allele, p.E1089X. Thus, the two disease-
causing mutations of the patient were now iden-
tified. However, the analysis of the cDNA from
the patient showed the appearance of four different
transcripts (Fig. 2) as a result of the combination of
the presence/absence of the dupG and of an alter-
native pattern of splicing that skipped the first 25
nucleotides of exon 22 (from position ¢.3246 to
¢.3270). In wild-type individuals, this alternative
splicing was also observed but at very low lev-
els and was only detectable upon CHX treatment
(not shown). In the patient, one abundant tran-
script was that bearing the extra G and in which
the alternative acceptor site within exon 22 had
been used (Fig. 2, transcript D). This is consis-
tent with the fact that this transcript would not be
affected by NMD because the frameshift caused
by the addition of the G nucleotide would be cor-
rected by the elimination of the 25 nucleotides of
exon 22 due to the alternative splicing. The anal-
ysis of the genomic and cDNA samples from the
parents confirmed this hypothesis. The father car-
ries the duplication of the G and the mother the
nonsense p.E1089X mutation. At the cDNA level,
the p.E1089X mutation was not observed, suggest-
ing degradation by NMD.
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Fig. 1. Abnormal NPCI! mRNAs in cases with splice site mutations. Agarose gel electrophoresis of reverse transcription-polymerase
chain reaction products and schematic depictions of samples of NPC1 cDNA isolated from the patients” fibroblasts treated with
cycloheximide. The splice scores (calculated with BoGe software) are shown above the corresponding 5° and 3’ splice sites. The
mutant scores are in bold letters. Mutations are indicated by arrows. M, molecular weight of 50-bp DNA marker (expressed in
bp); WT, wild-type individual. (a) Patient 59 with ¢.58-3280C =G mutation. The intermediate band corresponds to heteroduplex.
(b) Patient 21 with c.882-28A=T mutation. (¢) Patient 13 with ¢.260445G>=A mutation in homozygosity. (d) Patient 55 with
c.359145G=A mutation in homozygosity. (e) Patients 36, 38 and 60 with c.1554-1009G=A mutation. (f) Patient 49 with
¢.2292G>A mutation. (g) Patient 38 with ¢.3754G=C mutation. The upper band corresponds to heteroduplex.

Large deletion allele carried by patient NPC57

The first analysis of samples from patient NPC57
revealed homozygosity for mutation p.T1066N.
However, while the father was heterozygous for
this change, the mother did not carry the muta-
tion. The analysis of 13 polymorphisms within
the NPCI gene (three in the 5'UTR region:
rs1620047, rs1788774 and rs1652354; four in
intron 1: rs1788781, rs1788783, rs1788826 and
rs7226548; and six in the coding region: p.Y129Y,
p.-H215R, p.M642L, p.I858V, p.N93IN and p.R12
66Q) in the patient and parents suggested a dele-
tion of the maternal allele, because the polymor-
phisms covered all the gene from the 5'UTR
to the last exon. Quantitative PCR analyses
revealed that the patient and the mother have
half of the amount of NPCI] gDNA. The rela-
tive quantification (RQ) of the NPC/! DNA was
normalized to PMM2 DNA levels (endogenous
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control) using the comparative C, (A AC,) method.
The control sample (wild-type individual) was set
as the reference value (RQ = 1). Sample from the
father showed RQ around 1, whereas the patient
and the mother showed RQ around 0.50 for the
exon 21 and also the first and the last exons of
the NPC! gene. To determine the limits of the
NPCS57 deletion, additional polymorphisms located
in other chromosome 18 flanking genes will be
analysed.

Unidentified allele

Regarding NPC29 patient, apart from the iden-
tification of p.C479Y mutation in one allele,
an extra band corresponding to the skipping of
exon 11 (lost of 103 bp) was detected. However,
no mutation that could explain this alterna-
tive splicing was found after cDNA and gDNA
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Fig. 1. Continued

sequencing. To analyse whether this transcript was
naturally produced, we performed the same PCR
amplification in cDNA from wild-type fibroblasts.
The extra band was also detected in the wild-type
sample, although the intensity was lower than
in that of the patient (Fig. 3a). CHX treatment
showed that this transcript was partly subjected
to NMD. To further confirm these results, an
additional PCR using a forward primer specifi-
cally designed for the amplification of the tran-
script lacking exon 11 was carried out. As shown
in Fig. 3b, in all cases, a band of the expected
size (416 bp) was obtained, suggesting that this
alternative product is not related with the disease in

the patient. The analysis of polymorphic markers
in the coding region of the NPCI gene and the
normal mRNA levels observed by real-time PCR
(RQ around 1) in this patient did not suggest the
presence of a whole NPC/ deletion or a mutation
targeted by the NMD process. NPC2 gene was
also analysed in this patient but no change was
detected.

Discussion
Mutation profile

As previously reported (27), molecular results in
NPC patient series of this study show a broad
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Fig. 2. NPC! transcripts observed in samples from patient
NPCO02. The maternal allele generates one transcript (a), which
uses normal splice sites but contains the nonsense mutation
¢.3265G=T (p.E1089X) in exon 22, and another transcript (b)
that uses an alternative acceptor site within exon 22 and skips
the first 25 nucleotides of exon 22. The paternal allele bears
an extra G nucleotide at the end of exon 21 and generates
two transcripts depending on the usage of the normal (¢) or
alternative (d) acceptor site.

spectrum of disease-causing mutations in the
NPCI gene.

The mutation profile of the studied cohort
mainly shows mutant alleles containing missense
alterations; however, it is worth mentioning the
relevance of splicing defects. The true prevalence
of this type of mutation is probably underesti-
mated because deep intronic sequences are not
conventionally sequenced, and in mRNA analysis,
the aberrant transcripts (usually with a frameshift
and a PTC) are usually prone to degradation by
NMD (28).

Mutation p.J1061T is the most common NPCI
mutation in patients of Western European descent
(23). In our cohort of 55 Spanish NPC patients,
including those of this study together with the ones
reported in our preceding survey (10), this muta-
tion accounts for 8% of the mutant alleles. The
frequency of p.I1061T mutation is lower than that
reported by other authors (23, 25, 29); however, it
is similar to that described in the Portuguese and
Italian populations (18, 30). Mutation p.P1007A
was the second most frequent allele, with a fre-
quency of 4.5%, in agreement with previous stud-
ies (20). The intronic change c¢.1554-1009G= A,
first described by our group in the Spanish
patient NPC36 (24), which causes a splicing error,
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Fig. 3. Reverse transcription-polymerase chain reaction (RT-
PCR) amplification of fragments of the NPCI cDNA in
samples from a wild-type (WT) individual and patient 29
({NPC29), in the absence or presence of cycloheximide (CHX).
M, molecular weight marker; C—, negative contrel (PCR
without DNA). (a) Amplification of fragment 5 of the NPCI
cDNA, including exons 9—13. The arrow indicates the band
corresponding to the skipping of exon 11. (b) Amplification
of the skipped transcript using a specific forward primer
overlapping exons 10 and 12.

appeared to be relatively common in our coun-
try, because three patients (NPC36, NPC38 and
NPC60) were compound heterozygous for this
mutation (2.7%). There is a great allelic hetero-
geneity, because few mutations are present in more
than one patient.

Referring to the novel mutations, the mis-
sense changes (p.F995L, p.F1079S, p.L1106P and
p.G1209E) are probably pathogenic mutations
due to the fact that they were not observed
in 100 healthy control alleles; after sequencing
all NPCI gene, no other mutations were found,
and the affected amino acid residues are con-
served throughout species. Moreover, functional
effect prediction programs such as POLYPHEN
(http://genetics.bwh.harvard.edu/pph/) or PANTHER
(http://www .pantherdb.org/) confirmed the possi-
ble pathogenesis of these novel changes (not
shown). Although to verify these predictions, it
should be necessary to perform expression studies
on these alleles.

Among the other novel changes, there is the
mutation p.N916del that causes an in-frame dele-
tion. Although the effect of this deletion was not



confirmed by expression studies, the previous pro-
grams suggest that residue 916 is relevant for the
NPC1 protein.

Mutations p.E1089X and p.L1117PfsX4 are
undoubtedly disease-causing mutations, as they
create a PTC that triggers mRNA degradation by
the NMD mechanism (not shown).

The analysis of the novel splicing mutations
(c.58-3280C=>G, c.882-2BA=T, c.20044-5G=A
and ¢.35914-5G=>A) using splicing prediction
software (http://www fruitfly.org/seq_tools/splice.
html) indicates that they disrupt natural splice
sites. The effect of each mutation on the splicing
score is shown in Fig. 1. In all cases, the for-
mation of abnormal spliced transcripts has been
confirmed by cDNA analysis. Nevertheless, to pro-
vide evidence that the observed intronic changes
are disease causing, it should be necessary to eval-
uate them using minigene transfection assays. In
the case of the novel deep intronic change, c.58-
3280C =G, the fact that after CHX treatment no
difference was observed in the cDNA from the
patient NPC59 may be due to the escape of the
NMD process. Termination codons are recognized
by the NMD apparatus as premature if they are
located more than 50-55 nucleotides upstream
of the 3'-most exon—exon junction, but a num-
ber of apparent exceptions have been previously
reported. The mechanisms involved in these indi-
vidual cases of NMD resistance include the prox-
imity of nonsense mutations to the natural initia-
tion codon, translation re-initiation downstream of
the nonsense codon and the presence of a sequence
cis-acting element that confers immunity to the
50-55 nucleotide boundary rule (31). The same as
the ¢.1554-1009G > A mutation (24), this intronic
point mutation resulting in pseudoexon insertion
can be effectively targeted with antisense therapy.
In the case of ¢.882-28A =T mutation, the appear-
ance of skipping of exon 7 coincides with what it
was described for the ¢.882-28 A>G mutation (32),
because both of them affect the same nucleotide.
Regarding the previously described ¢.2292G=A
mutation, the observed effect in cDNA PCR prod-
uct is the same as the one reported by other
authors (18, 25).

We also describe a large deletion in one NPC
patient, including the whole NPC/I gene. To our
knowledge, this is the first large deletion described
in a NPC patient.

One allele remained unidentified, in the case of
patient NPC29, in spite of the comprehensive anal-
ysis at the genomic and cDNA levels. The facts
that a mutation on one NPC/I allele was identified
and that no mutation in NPC2 was found strongly
suggest that the missing mutation is in the NPC/
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gene. An aberrant splicing including the skipping
of exon 11 was observed:; however, it also occurred
in wild-type individuals, indicating that it is not
related to the disease. No other aberrant splicing
was detected, which rules out the presence of a
deep intronic mutation. The mutation (in exon 9)
and polymorphisms in exons 4 and 12 were found
in heterozygosity, both at the genomic and at the
cDNA levels. These data rule out a complete dele-
tion of the gene or a mutation in a regulatory region
that prevents the transcription of the gene from one
allele. Moreover, no differences at the RNA level
were detected by real-time PCR. A complex rear-
rangement, a small deletion, or another alteration
could exist, but it is difficult to understand how
it was detected neither by the genomic nor by the
cDNA analyses performed.

Genotype—phenotype correlation

As we previously reported, this NPC series shows
a great prevalence of the severe infantile form
(around 30%), whereas this clinical presenta-
tion represents 20% of cases in a European
survey (27).

Genotype—phenotype correlations are limited,
due to the large number of private mutations and
because most of the patients” samples were found
to be heteroallelic. Among these correlations, we
would like to introduce several considerations
relating to some mutations. The p.I1061T mutation
has been suggested to correlate with juvenile
clinical presentation (23). Conversely, we describe
for the first time one homozygous patient for
pI1061T mutation (NPC62), who presented the
severe infantile clinical onset. This last fact is
in disagreement with the previous conclusion that
one p.I1061T allele is sufficient to exclude the
most severe infantile neurological form (20). In
this patient, the NPCI gene was entirely sequenced

with respect to the six polymorphic markers
p.-Y129Y, p.H215R, p.M6421, p.I858V, p.N93IN
and p.R1266Q) as we previously reported for all
chromosomes bearing the pI1061T mutation (10).
This patient presented neonatal cholestasis but
absence of neurological signs until second year
of life. At that time, he presented with retarded
psychomotor development, followed rapidly by the
appearance of other symptoms as ataxia, dystonia
and cataplexy. The parents are consanguineous
and a brother died at 1 year by hepatopathy of
unknown origin.
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According to published data, the presence of
p-P1007A mutation led to a juvenile or adult clin-
ical onset (10, 18, 21). Patient NPC61, heterozy-
gous compound for this mutation and biochemical
variant, presented the neonatal systemic clinical
presentation of the disease. This patient presented
hepatosplenomegaly and cholestasis at birth. He
died from liver failure at 6 months of life before
onset of neurological disease.

In conclusion, we have established the muta-
tion profile in a large number of NPC patients,
which contributes to a greater knowledge of this
uncommon disorder. Moreover, we want to empha-
size the need to analyse the ¢cDNA in presence
of CHX in those patients with one unidentified
allele after performing the mutation screening in
the genomic DNA. It is essential to detect splicing
defects, which have relevance (20% of the mutated
alleles in this cohort) as disease-causing mutations.
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RESULTATS ANNEXOS

Després de la publicacié d’aquest article, s’han diagnosticat bioquimicament 8 pacients NPC
més de diferents origens, als quals també se’ls hi ha analitzat els gens NPC1 i NPC2. Els resultats

d’aquesta cerca mutacional es mostren a la segilient taula, conjuntament amb els fenotips clinic i

biogquimic.

Taula 5. Fenotip clinic, fenotip bioquimic i genotip dels ultims pacients NPC diagnosticats.

Pacient Origen Fenotip Fenotip Canvi de Canvi Canvi de Canvi
clinic bioqui- nucleotid d’aminoacid nucleotid d’aminoacid
mic (al-lel 1) (al-lel 1) (al-lel 2) (al-lel 2)
NPC66 Espanyol J C c.346C>T p.R116X ¢.3493G>A p.V1165M
NPC67 Espanyol El C C.2224G>A p.E742K c.2324A>C p.Q775P
NPC68 Espanyol A NG ¢.1300C>G p.P474A ¢.3019C>G p.P1007A
NPC69 Espanyol A C €.2324A>C p.Q775P c.3289G>A p.D1097N
NPC70 Espanyol LI C c.352_353delAG  p.Q119VfsX8 ¢.530G>A p.C177Y
NPC71 Espanyol El C c.3175C>T p.R1059X c.3175C>T p.R1059X
NPC72 Marroqui N C c.3746G>A p.S1249N c.3746G>A p.S1249N
NPC73 Espanyol ? Vv €.1552C>T p.R518W €.2974G>T p.G992W

N: neonatal; El: infantil precog; LI: infantil tarda; J: juvenil; A: adult; C: classic; V: variant; NG: filipina negativa; ?:

informacié no disponible.
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CAPITOL Il. LA MALALTIA DE NIEMANN-PICK TIPUS C

Article 3: Analisi del mecanisme de nonsense-mediated mRNA decay a la

malaltia de Niemann-Pick tipus C

Referencia: Macias-Vidal J, Gort L, Lluch M, Pineda M, Coll MJ. Nonsense-mediated mRNA decay
process in nine alleles of Niemann-Pick type C patients from Spain. Mol Genet Metab. 2009; 97(1):60-
4,

RESUM

El treball que ocupa aquest article es basa en I'analisi de 9 mutacions del gen NPCI que
generen un codd de terminacié prematur (p.R116X, p.Q119VfsX8, p.W260X, p.S425X, p.A558GfsX12,
p.Q775X, p.G993EfsX4, p.R1059X i p.I1061NfsX4), amb la finalitat de determinar si els seus mRNAs es
veuen afectats pel mecanisme de NMD. Per assolir aquest objectiu, s’Than comparat els fibroblasts
sense tractar i tractats amb cicloheximida de pacients portadors d’aquests al-lels emprant la PCR

convencional i la PCR a temps real.

Els resultats obtinguts amb la PCR convencional mostraven, en el cas dels fibroblasts no
tractats, una reduccié de la quantitat del mRNA de NAPCI en tots els pacients respecte el control.
Després del tractament amb cicloheximida, una recuperacié del mRNA va ser detectada perd no en
tots els al-lels. Tanmateix, quan es va emprar la PCR a temps real, la recuperacié va ser observada fins

i tot en aquells al-lels que qualitativament no mostraven un increment aparent del nivell de mRNA.

En conclusid, es confirma que el procés de NMD és el responsable de la degradacié del mRNA

en tots els al-lels de NPCI analitzats que codifiquen per mutacions que originen un PTC.
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Nonsense-mediated mRNA decay process in nine alleles of Niemann-Pick type
C patients from Spain

Judit Macias-Vidal ?, Laura Gort*<, Montse Lluch®<, Mercé Pineda®<, Maria Josep Coll*“

* Instirur de Bioguimica Clinica, Hospiral Clinic, Servei de Bioguimica § Genética Molecular, C/Mejia Lequerica sfn, Ed. Helios Il Planta baixa, 08028 Barcelona, Spain
® Departament de Neurologia, Hospital Sant Joan de Déu, Barcelona, Spain
©CIBER de Enfermedades Raras {C1BERER), Barcelona, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 27 November 2008

Received in revised form 14 January 2009
Accepted 14 January 2009

Available online 14 February 2009

Mutations in NPCT or NPC2 genes are responsible of Niemann-Pick type C disease (OMIM #257220), an
autosomal recessive neurod egenerative lysosomal storage disorder caused by a non-regulation of intra-
cellular lipid trafficking.

Alterations such as nonsense or frame shift mutations generate a premature termination-codon { PTC).
Nonsense-mediated mRNA decay (NMD) is a natural cellular process that degrades mRNAs that encode a
prematurely truncated protein.

In this study we have analyzed 9 NPC1 mutations which generate a PTC (p.R116X, pQ119VEXS,
p.W260X, p.S425X, p.AS58CGIsX12, p.Q775X, p.G993EfX4, p.R1059X and p.l1061NfsX4), in order to
determine if their mRNAs suffer NMD process. To achieve this objective we compared fibroblasts of
patients carrying these alleles with and without cycloheximide {CHX) treatment using conventional
PCR and real-time PCR.

The results of conventional PCR of untreated fibroblasts showed a reduction of the amount of NPCT
mRNA compared to control in all patients. After CHX-treatment, a recovery of mRNA was detected but
not in all the alleles. Howewver, when real-time PCR was used, the recovery was observed induding those
alleles that qualitatively showed no apparent increase in mRNA level. In condusion, we confirmed that

Keywaords:

MNiemann-Pick type C disease
Lysosomal storage disease

NECT gene

Nonsense-mediated mREMNA decay, NMD
Real-time PCR

NMD process is responsible for the mRNA decay for all the analyzed NPCT PTC-encoding mutations.

© 2009 Elsevier Inc. All rights reserved.

Introd uction

Mutations in the NPC1 (RefSeq NM_000271.3) [1] (95%) and
NPC2 (RefSeq NM_006432.3) [1] (5%) genes are responsible for
Niemann-Pick type C disease (OMIM #257220) [2], a neurode-
generative autosomal recessive lysosomal disorder. Owver 270
different mutations have been described worldwide in NPCI
gene [3], which is located in 18ql1-g12 chromosome [4]. It
spans 47 Kb, has 25 exons and encodes a NPC1 transmembrane
protein composed by 1278 amino acids. Although most of the
pathogenic described alterations are missense, other types of
mutations, which generate a premature termination-codon
(PTC) such as nonsense and frame shift, have also been re-
ported. It is known that these kinds of mutations may cause
mRMNA degradation by a post-transcriptional mechanism called
nonsense-mediated mRNA decay (NMD). NMD is used by
eukaryotic cells to control the quality of the mRNA in order

* Corresponding author, Address: Institut de Bioquimica Clinica, Hospil Clinic,
Servei de Bioquimica i Genética Molecular, C/Mejia Lequerica s{m, Ed. Helios Il
Planta baixa, 08028 Barcelona, Spain. Fax: +34 93 2275668,

E-muail address: mjcoll@clinic.ub.es (M.]. Coll).

1096-7192/5§ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/L.ymgme. 2009.01.007

to prevent the expansion of truncated polypeptides [5). It has
been described that NMD process takes place when PTC occurs
more than 50-55 nucleotides upstream of the 3'-most exon-
exon junction [6]. The protein synthesis inhibitor cycloheximide
(CHX) is known to suppress NMD [7] and therefore, is used as
proof of NMD pathway involvement.

In this study, we wanted to determine whether NMD
mechanism affected the stability of NPC1 mRNAs bearing a
PTC. For this purpose, we performed the analysis of 9 selected
nonsense or frame shift NPC! mutations. We analyzed and
compared the results obtained using conventional PCR and
real-ime PCR.

Materials and methods
Patients and controls

Samples were obtained from 11 unrelated patients. All of them
are of Spanish origin except two patients, one Moroccan (NPC41)
and one Portuguese (NPC42). Diagnosis of NPC disease was deter-
mined by cytochemical demonstration of pathologically enriched
cholesterol via filipin staining [8].
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The control group consisted of four samples from non-related
wild-type subjects. To perform the experiments, we prepared a
pool of control cDNAs.

Cell culture

Fibroblasts from skin biopsies of control individuals and pa-
tients were cultured in monolayer at 37 °C under 5% C0» condi-
tions in T75 flasks with MEM medium (Sigma, St. Louis, MO,
USA) containing 12% newborn calf serum (Invitrogen, Carlsbad,
CA, USA), penicillin and streptomycin.

Analysis of NMD

To determine whether any observed reduction of the mutant
transcript was due to NMD, cells were subdivided into two cul-
tures. One of these was reated with cycloheximide (CHX) (Sigma,
St. Louis, MO, USA) added to the medium at a concentration of
500 pg/ml and the other was untreated. After 6 h of incubation,
fibroblasts were harvested after trypsin treatment [9].

RNA extraction and reverse transcription-PCR

Total RNA was extracted from patient and control fibroblasts
using suitable kits (Qiagen, Hilden, Germany). Single-stranded
cDNA was obtained using oligo-dT primers and M-MLV Reverse
Transcriptase, RNase H Minus, Point Mutant (Promega, Madison,
WI, USA) according to the manufacturer's protocol.

Conventional PCR

NPCI and Cyclophilin A cDNA were amplified using 100 ng of
cDMA, 20 uM each of the self-designed specific primers and 1U
of Tag DNA Polymerase {Roche, Mannheim, Germany). Primer se-
guences for the NPCI fragment (514 bp) were: NPC1 forward 5'-
CTGCAGTCATCATGTGTGCCACCA-3' and NPCI  reverse 5'-
ACCGACCCTITAGACACAGTTCAGTCAG-3'. Primers used to amplify
the PPIA fragment (138 bp) were provided by Pre-Developed Tag-
Man Assay Reagent for PPIA (Applied Biosystems, Foster City, CA,
USA). The PCR conditions were 45s at 94 °C, 1 min at 64 °C,
1 min at 72 °C for 35 cycles. The amplified products were analyzed
by electrophoresis in 2% agarose gel.

Real-tdme PCR

Quantitative real-time PCR experiments were performed using
the StepOnePlus real-time PCR System (Applied Biosystems, Foster
City, CA, USA). All PCR reactions, with a final volume of 10 pl, were
run in triplicate and contained 100 ng of cDNA. NPC1 (target gene)
and the endogenous controls CGAPDH (Glyceraldehyde-3-Phosphate
Dehydrogenase), PPIA (Cyclophilin A) and f2M (p-2-Microglobulin)
(housekeeping genes) were run in separate wells. The reagents
were TagMan Gene Expression Master Mix, Human NPCT TagMan
Gene Expression Assay (Hs00975249_m1) and Pre-Developed Tag-
Man Assay Reagents for GAPDH, PPIA and f2M (Applied Biosystems,
Foster City, CA, USA). PCR conditions were 50 °C for 2 min, 95 °C for
10 min, then 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The
runs were monitored via the StepOne Software v2.0 (Applied Bio-
systems, Foster City, CA, USA). Levels of cDNA were relatively
quantified by evaluating C; values according to the Comparative
C: (AAC;) method (Applied Biosystems, Foster City, CA, USA).

Results

Table 1 reports NPCI gene mutations of the 11 unrelated pa-
tients of the present study. Among the identified changes, there

are 3 novel mutations (p.G535V (c.1604G>T), p.Q775X
(c2323C>T) and p.l1061NfsX4 (c3181dupA)) and 11 previously
described, 6 of which by our group [10].

The suspicion that NMD could degrade the mRNA encoded by
these mutations was given by NPC20 patient. In this case,
p11061T mutation was found in homozygosis in the cDNA, while
actually, this mutation was observed in heterozygosis together
with p.G993EfsX4 mutation in genomic DNA. The cDINA sequence
analysis of CHX-treated fibroblasts confirmed the loss of the
p-G993EfsX4-bearing mRNA by the NMD cellular process (data
not shown).

In all studied patients, at least one of the alleles carries a muta-
tion which creates a PIC (p.R116X (c.346CT), p.Q119VisX8
(c352_353delAG), p.W260X (c.780G=A), p.S425X (c1274C-A),
p-A558GHX12 (c1672dupG), p.Q775X (c2323C>T), p.GO93EfsX4
(c2978delG), p.R1059X (c3175C>T) and p.l1061NfsX4
(c.3181dupA)). All of them follow the NMD-rules suggested for this
process [17]

To determine whether the transcripts encoded by these muta-
tions were targeted by the NMD process, we analyzed the level
of the different PTC-bearing mRNAs by conventional PCR (qualita-
tive) and real-time PCR (quantitative) before and after cyclohexi-
mide (CHX) treatment.

Fig. 1A shows the NMD analysis of 11 patients and control indi-
viduals by conventional PCR. We observed that there were differ-
ences between untreated and CHX-treated control samples,
probably due to the rescue of other mRNAs encoded by alternative
spliced transcripts of NPCI gene [15]. When fibroblasts cultures of
homozygous patients (NPC14, NPC17, NPC35, NPC41 and NPC42)
were untreated (0 h) a clear decay of the NPCI cDNA was observed.
The same phenomenon was seen in the case of untreated fibro-
blasts culture of NPC20 heterozygous compound for p.G993EfsX4
mutation. The rest of heterozygous patients (NPC11, NPC22,
NPC26, NPC28 and NPC43) only showed a slight reduction in the
intensity of NPCI band After CHX-treatment (6 h), important
recoveries in the NPCI cDNA levels were observed for the homozy-
gous (NPC14, NPC17, NPC41 and NPC42) and NPC20 heterozygous
patients. Only slight recovery was showed for NPC22, while no
obvious changes were observed for the rest of the heterozygous
patients (NPC11, NPC26, NPC28 and NPC43) and the homozygous
NPC35.

In order to confirm the qualitative results, we quantified the dif-
ferences at the cDNA level of each NPC patient with respect to PPIA,
GAPDH and fi2M genes by real-time PCR. GAPDH and 2M genes
showed significant differences in C; values between the control
samples tested (data not shown) and they were discarded as
endogenous controls.

Fig. 1B shows relative quantification (RQ) of the NPCI cDNA
normalized to PPIA cDNA levels (endogenous control ) for the differ-
ent patients using the Comparative & (AAC) method. The control
samples (untreated and CHX-treated ) were set as the reference va-
lue (100%). When untreated, samples from homozygous patients
showed very low mRNA levels, ranging from 94% (RQ
NPC41 =5.97) to 74% (RQNPC35 = 26.00) reduction respect to con-
trol. With regard to heterozygous patients, in all cases decay of
mRNA was also observed, ranging from 61% (RQ NPC20 = 38.66)
to 20% (RQ NPC26 = 80.18). After CHX-treatment, the five homozy-
gous patients (NPC14, NPC17, NPC35, NPC41 and NPC42)increased
the cDNA levels between 2.4 (NPC14) and 8.2 (NPC41) times com-
pared to untreated samples, but still the cDNA levels were around
50% of those observed in treated control sample. Concerning het-
erozygous patients, all them presented recoveries between 1.3
(NPC22) and 2.2 (NPC11)times in comparison with untreated sam-
ples, reaching similar cDNA levels as treated control. Exceptions
were patients NPC20 and NPC26. In the case of NPC20, it showed
low percentage of recovery in relation to untreated sample, sur-
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Table 1

Clinical phenotype and genotype of the siudied NPC patients.

Patient® Clinical Mucleotide change® Amino acid change MNucleotide change® Amino acid change Reference?

phenotype® (allele 1) {allele 1) {allele 2) {allele 2)

NPC11 Late infantile c3175C>T pR105SX ©.2584C>T pS865L [10]; [10]

NPC14 Severe infantile ¢ 1672dupG PASSBGEEX12 . 1672dupC pAS58GEX12 [10]

NPC17 Severe infantile c.2978delC p.GO93EfK4 €.2978delC p.GO93ERXS [10]

NPC20 Late infantile c.2978delC p.GY93EfK4 c3182T>C pl1061T [10]; [11]

NPC22 Late infantile c.780G=A pW2E0X c.3182T=C pJ1061T [10]: [11]

NPC26 Juvenile C1274C>A pS425% c.1421C-T pP474L [10]; [12]

NPC28 Severe infantile . 346C=T pR116X ©.2324AC p.Q775P [13]: [14]

NPC35 Neonatal c3175C>T pR1052X c3175CT p.R1058X [10]

NPC41 Severe infantile c.3181dupA pl1061MEX4 c3181dupA pl1061NEXS Nowvel mutation

NPC42 Unknown ©.352_353del AG pO119VESXE €352_353delAC pO119VisX8 [15]

NPC43 Severe infantile . 2323C>T pOQ7T7SK .1 604G>T pG535V Novel
miutations

* Patients NPC11 to NPC35 were previously reporied in Fernandez-Valero et al. 2005 [10].

* Clinical phenotype attending to the first neurological symptoms,

© Momenclature according to den Dunnen and Antonarakis 2000 [16]. The A of the ATG of the initiator Met codon in cDNA is denoted nucleotide +1.
9 For described mutations only the first citations are given,

A Control NPC14 NPC17 NPC35 NPC41 NPC42 NPC11 NPC20 NPC22 NPC26 NPC28 NPC43
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Fig. 1. NMD analysis in fibroblasts from NPC disease patients. {A) Conventional PCR: Fibroblasis from the different patients unireated {0 h} or treated with CHX (6 h) were
processed, NPCT and PHA cDNA PCR products (514 bp and 138 bp, respectively), were separated on a 2% agarose gel and stained with ethidium bromide. NPC patients are
arranged first according to their genotypes (homozygous and heterozygous compounds ) and second according to their numeration. (B) Real-time PCR: Relative Quanrification
of the NPC1 cDNA using the comparative G method. Relative NPC1 cDNA levels were normalized to PPIA cDNA levels (endogenous control). Pool of control cDNAs (n=4)
showed an untreated control range = [0.524-1.504] and a CHX-treated control range = [0.428-1.853], Error bars represent standard deviations {patients n =3 and control

n=6).

prisingly in disagreement with the qualitative observation. Patient tients, but in this case, final cDNA level of treated fibroblasts was
MPC26 showed analogous recovery as the other heterozygous pa- higher than those of control (133%).
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Discussion

In mammals, the process of nonsense-mediated mRNA decay
(NMD) is a quality-control mechanism to degrade mRNA harboring
a premature termination-codon to prevent the synthesis of trun-
cated proteins [5]

Here, we have presented 11 unrelated NPC patients, all of them
bearing at least one FTC-encoding mugtion in their NPC1 gene.

From the series presented, we have described 3 novel muta-
tions, two generating PTC (p.Q775X and p.11061NfsX4) and one no-
vel missense change (p.G535V). This last mutation is probably a
pathogenic mutation due to the fact that it was not observed in
100 normal control alleles; after sequencing all genomic DNA no
other mutations have been detected; the affected amino acid resi-
due is conserved throughout species, and functional effect predic-
tion programs as PolyPhen [18] or Panther [19] confirmed the
possible pathogenesis of this novel change. Moreover, NPC43 pa-
tient's fibroblasts with p.G535V mutation associated with a non-
sense mutation (p.Q775X) was studied by western blot, using a
polyclonal NPC1 antibody raised against 19 amino acid residues
(1256-1274) peptide located in the C-terminus of the human
MNPC1 protein [ 14). No detectable protein was found in this patient
in contrast to control fibroblasts (data not shown).

In this study, we were able to detect NPC1 mRNA decay and its
recovery after CHX-treatment of most of the studied alleles by con-
ventional PCR (Fig. 1A). But it was essential to quantify mRNA by
real-time PCR to observe recovery in all the alleles, including those
that first qualitatively showed no apparent differences (p.R11EX,
p.5425X, p.Q775X and p.R1059X mutations) (Fig. 1B). We con-
firmed that NMD process is responsible for the mRNA decay for
all here analyzed NPC1 PTC-encoding mutations, in spite that only
partial recoveries after CHX-treatment were detected for
p.Q119VfsX8, pAS558GfsX12, p.GY93EfsX4, pR1059X and
pl1061NfsX4 alleles. CHX-treatment is presumed to stop the
MMD process, so it makes possible to detect those mRNAs that this
cellular mechanism degrades and otherwise would be
undetectable.

The fact that after CHX-treatment no notable increase of the
mRNA level was detected in patient NPC20 may be due to different
factors: It has been suggested mechanistic basis for alternative
MMD pathways |20]; the proximity of nonsense mutations to the
natural initiation codon may cause the reinidation phenomenon
that may evade the NMD process [21]; this mRNA surveillance sys-
tem has been reported to be an inherent character of cells and may
vary among cells and dssues [22]; Isken and Maguat [23] sug-
gested a delicate balance of metabolic events that can be influ-
enced by different factors; and same authors gave more
evidences that UPF and SMG proteins, which were originally dis-
covered to function in NMD, also have roles in other pathways,
including specialized pathways of mRNA decay, DNA synthesis
and cell-cycle progression, and the maintenance of telomeres. Fur-
thermore, several studies indicate that the post-transcriptional
control of gene expression is much more complicated than ex-
pected with mRNA metabolism being subject to diverse regulatory
mechanisms [24]. All these factors could explain the different
recovery rate after CHX-treatment in different FTC mutations that
fulfill the NMD-rules.

Our results give further evidence of the important role of the
MMD process in the regulation of the cell transcripts, especially
in the case of the disease-causing mutations.
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CAPITOL II. LA MALALTIA DE NIEMANN-PICK TIPUS C

Article 4: Analisi del mecanisme de degradacio proteasomica a la malaltia

de Niemann-Pick tipus C

Referéncia: Macias-Vidal J, Girés M, Bachs O, Coll MJ. Proteasomal degradation role in missense

mutations causing Niemann-Pick type C disease. [Article en preparacio].

RESUM

En aquest treball, es descriuen sis linies cel-lulars de NPC que presenten mutacions de canvi
de sentit al gen NPCI en homozigosi (p.C177Y, p.Q775P, p.A1035V, p.I11061T, p.L1106P i p.R1186H),
gue mostren nivells disminuits de la proteina NPC1. Hem demostrat que en la majoria dels casos, aixo

és conseqliencia d’'una important reduccid de la seva vida mitja.

També mostrem que el tractament de les cel-lules amb inhibidors del proteasoma (ALLN o
MG132) reverteix parcialment la pérdua de la proteina NPC1, indicant que la degradacié de NPC1 per
via proteasoOmica és la principal causa dels nivells reduits de proteina observats en alguns dels

fibroblasts NPC.

Un fet interessant que descrivim aqui, és que I’ elevat nivell de colesterol observat en moltes
linies cel-lulars de NPC, es redueix substancialment després de tractar les cel-lules amb inhibidors del
proteasoma. Aquests resultats suggereixen que incrementant l'estabilitat de la proteina NPC1,
mitjangant I'Gs d’inhibidors del proteasoma, es reestableix la seva funcionalitat, fet que podria
representar una aproximacié terapéutica per a futurs tractaments de la malaltia de NPC causada per

mutacions de canvi de sentit especifiques.
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Abstract

Niemann-Pick disease type C (NPC) is a complex lysosomal storage disorder caused in 95% of cases
by mutations in the NPCI gene. NPC is characterized, at the cellular level, by the storage of multiple
lipids, defective lysosomal calcium homeostasis and trafficking defects. Most of the pathogenic NPC1
mutations are missense changes. It is known that this type of mutations may cause reduced NPCl1
protein levels. However, not much information about the effect of these mutations on the function and
the stability of NPC1 protein has been reported. An exception is the evidence that NPC1 protein
harbouring the p.I1061T mutation is degraded via ubiquitin-proteasome due to protein misfolding. In
this study, we report that six NPC cell lines harbouring missense homozygous NPC1 mutations
(p.C177Y, p.Q775P, p.A1035V, p.I1061T, p.L1106P and p.R1186H) showed decreased levels of the
NPCI protein. We have demonstrated that in most of the cases this is a consequence of significant
reduction of its half life. We also report that treatment of the cells with proteasome inhibitors (ALLN or
MG132) partially reverses the NPC1 decrease, indicating that degradation of NPC1 via proteasome is
the main cause of the reduced NPC1 levels observed in NPC fibroblasts. Interestingly, we report here
that the high increase of cholesterol levels, observed in most of the NPC cells, is substantially reduced
after the treatment of cells with proteasome inhibitors. These results suggest that enhancing the NPCl1
protein stability by using proteasome inhibitors restores its functionality and might represent a

therapeutical approach for future treatments of NPC disease caused by specific missense mutations.
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Abbreviations

ALLN: N-acetyl-leucyl-leucyl-norleucinal

CHX: cycloheximide

ER: endoplasmic reticulum

ERAD: endoplasmic reticulum-associated degradation
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LPDS: lipoprotein deficient serum

MG132: carbobenzoxy-L-leucyl-L-leucyl-L-leucinal
NPC: Niemann-Pick disease type C

t12: half-life

WB: western blot
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1. Introduction

Niemann-Pick disease type C (NPC) (OMIM #257220) [1] is an autosomal recessive lipid storage
disorder. The clinical manifestations are characterized by the presence of hepatosplenomegaly and
severe progressive neurological dysfunction with varying age at onset and later course [2].

The NPCI gene (MIM 607623), mutated in 95% of NPC families, is located in 18q11-q12 chromosome
and encodes a transmembrane protein of the endocytic pathway that mainly localizes in the late
endosomal compartment [3]. The NPC1 protein is a key participant in intracellular sterol trafficking.
Cells harbouring inactivating mutations in NPC1 exhibit marked impairment of low-density lipoprotein
(LDL) cholesterol esterification and mobilization of newly hydrolyzed LDL cholesterol to the plasma
membrane [4].

Over 300 different disease-causing mutations have been reported worldwide in NPCI gene [5].
Previous studies have shown that some cells harbouring missense NPC1 mutations exhibit lower levels
of NPC1 protein as compared with wild type cells [6, 7]. Moreover, a recent observation shows that
NPCI p.I1061T mutant encodes a functional protein which is targeted for proteasomal degradation due
to protein misfolding [8].

In this report, we examine the stability of different NPC1 mutant proteins and provide evidence that
some of these mutants are degraded via proteasome. In some cases the proteasome inhibitors ALLN
and MG132 partially reverse NPC1 loss. We also observed that these restored mutant proteins are able

to significantly reduce soluble cholesterol levels, thus recovering part of their functionality.

2. Patients and methods

2.1. Patients

Samples were obtained from 18 unrelated patients. All of them are of Spanish origin except one Costa
Rican (NPC45), one Ecuadorian (NPC47) and two Moroccan patients (NPC64 and NPC65). Diagnosis
of NPC disease was determined by cytochemical demonstration of pathologically enriched cholesterol
via filipin staining as described [9]. The patients’ molecular analysis and clinical phenotype had been

previously reported by our group (Supplemental Table S1) [10, 11].
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2.2. Cell culture

Fibroblasts from skin biopsies of control individuals and patients were cultured in monolayer at 37°C
under 5% CO, conditions in MEM medium (Sigma, St. Louis, MO, USA) supplemented with 12%
LPDS for 5 days and after supplemented with 10% newborn calf serum for 16 h (Invitrogen, Carlsbad,

CA, USA).

2.3. Reagents

Cycloheximide (CHX) (Sigma-Aldrich, St. Louis, MO, USA) was used at 100 ug/ml final
concentration. The proteasome inhibitors were used at 100 uM for ALLN (Calbiochem, Merk
Chemicals LTD, Nottingham, UK) and 50 pM for MG132 (Calbiochem, Merk Chemicals LTD,

Nottingham, UK).

2.4. Quantification of human NPCI1 gene expression

Total RNA was extracted from patients and control fibroblasts using suitable kits (Qiagen, Hilden,
Germany). Single-stranded cDNA was obtained using oligo-dT primers and M-MLV Reverse
Transcriptase, RNase H Minus, Point Mutant (Promega, Madison, WI, USA) according to the
manufacturer’s protocol.

The control group consisted of four samples from non-related wild type subjects. To perform the
experiments, we prepared a pool of control cDNAs.

Quantitative real-time PCR experiments were performed as previously described [12]. Levels of cDNA
were relatively quantified by evaluating C, values according to the Comparative C, (AAC;) method

(Applied Biosystems, Foster City, CA, USA).

2.5. Western blotting
Western blot (WB) analysis was performed as previously described [7], using a NPC1 rabbit antibody
raised against a peptide corresponding to a 19 amino acid residues (1256-1274) peptide in the C-

terminus of human NPC1 [6] and a mouse anti-human actin antibody (MP Biomedicals, Solon, OH,
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USA) with the corresponding HRP conjugated secondary antibody (Bio-Rad Laboratories, Hercules,
CA, USA). Secondary antibodies were detected with chemiluminiscent reagent ECL (Biological
Industries, Beit Haemek, Israel). NPC1 signal was determined by densitometry using ImagelJ software
(McMaster Biophotonics Facility, Hamilton, ON, USA) and normalized to actin levels in CHX-treated

samples.

2.6. Cholesterol quantification

Cell fractions were obtained from sonicated cell homogenate after ultracentrifugation at 80000 g for 1
h, which assure separation of cholesterol associated with cellular membranes to the soluble cholesterol
(cholesterol arise from organelle inside). For cholesterol analysis, the two fractions were subjected to
alkaline extraction and analyzed by capillary gas-liquid chromatography in a 7890 Agilent gas
chromatograph provided with a FID detector. Sterols were detected as trimethyl-silyl derivatives
(BSTFA 1% / TMCS (Sigma-Aldrich, St. Louis, MO, USA) in pyridine for 30 min at 60°C) and
isolated in a semi polar capillary column, DB1701 column (S&W Scientific, CA, USA), using
epicoprostanol as internal standard. Identity and quantification of cholesterol signal was verified with
the appropriate standard (Sigma-Aldrich, St. Louis, MO, USA). Helium was used as carrier gas and the
temperature gradient was 250°C for 1 min, 250 to 280°C at 3°C/min and 280°C for 20 min. Temperature

detector 280°C and injector 250°C split mode.

2.7. Mutation nomenclature

All mutations were described according to the recommended nomenclature [13]. Gene nucleotide
numbering was according to the Genbank [14] sequence NM_000271.3, with +1 as A of the start
codon. The ATG codon represents +1 for the amino acid numbering according to NPCI protein

sequence NP_000262.1.
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3. Results

3.1. NPC1 expression in fibroblasts from NPC patients

The expression of NPC1 protein was determined by WB in fibroblasts from eighteen NPC patients
harbouring missense mutations in homozygosis or associated with a frame shifting mutation. As shown
in Fig. 1A and B, seven samples from NPC patients wearing: p.G535V (c.1604G>T), p.Q775P
(c.2324A>C), p.Y871C (c.2612A>G), p.D944N (c.2830G>A), p.T1066N (c.3197C>A), p.F1079S
(c.3236T>C) or p.L1106P (c.3317T>C) mutations did not show any detectable NPC1 signal.
Furthermore, eight mutant cell lines harbouring: p.C177Y (c.530G>A), p.K576R (c.1727A>G),
p-G992W (c.2974G>T), p.P1007A (c.3019C>G), p.A1035V (c.3104C>T), p.I11061T (c.3182C>T),
p-R1186H (c.3557G>A) or p.F1224L (c.3672C>G) mutations presented decreased amounts of the
protein, whereas three samples with: p.P474L (c.1421C>T), p.S7341 (c.2201G>T) or p.S865L
(¢.2594C>T) mutations showed NPC1 levels similar to those observed in control fibroblasts.

To determine whether the decreased levels of NPC1 protein correlated with a reduction in the levels of
their mRNAs, we analyzed, by quantitative PCR, the levels of NPCI mRNA in seven of the eighteen
samples of fibroblasts from the NPC patients mentioned above. As it can be observed in Fig. 2, in only
one case (p.T1066N) the sample showed levels of NPCI mRNA significantly lower than control. This
is because this patient harbours a whole NPC1 gene deletion in one allele. In contrast, in all the other
cases the mRNA levels were similar (fold-change 0.9 for p.C177Y) or higher (fold-change between 1.3
and 2.3, in the remaining samples) than control fibroblasts. These results suggested that in most of the
cases the decreased levels of NPC1 protein in these fibroblasts could be due to alterations in translation

or in protein stability.

3.2. The stability of the NPCI protein is impaired in NPC patients harbouring missense mutations
We aimed to analyze whether the observed decrease of NPC1 protein in the fibroblasts from different
NPC patients was due to an increased degradation of the protein. Thus, we measured the NPC1 protein

levels at different times after treatment with the protein synthesis inhibitor, CHX. Specifically, a time
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course analysis over 16 h was performed in control and six different fibroblast samples from NPC
patients.

Results revealed that wild type NPC1 protein is highly stable with a half-life (t;,) higher than 16 h. In
contrast, the t;, of NPC1 from four of the mutant cell lines was significantly decreased. Specifically,
the t;, values were: <2h for p.Q775P (Fig. 3C); <6h for p.A1035V (Fig. 3D); <8h for p.T1066N (Fig.
3F); and <16h for p.I1061T (Fig. 3E). All these cell lines display no NPCI signal or decreased amounts
of this protein (as observed by WB in Fig. 1). Fibroblasts harbouring the p.S7341 mutation that did not
show a decrease in the NPCI1 levels have a t;, similar to control cells (Fig. 3B). Finally, we observed
that p.C177Y cells showed reduced levels of NPC1 protein (Fig. 1A) whereas in contrast the NPC1 t;,,
was similar to that of the wild type protein (Fig. 3A). This result suggests that in this case, the
decreased levels of NPC1 protein could be due to alterations in translation, a possibility that still

remains to be explored.

3.3. The NPCI missense mutant proteins are degraded via proteasome

We next analyzed whether NPC1 degradation in fibroblasts from NPC patients was carried out via
proteasome. Thus, we studied this possibility by trying to block or to minimize NPC1 degradation by
treating cells with proteasome inhibitors. Specifically, fibroblasts from control and from different NPC
patients were treated for 16 h with ALLN (100uM) or MG132 (50uM). Then, samples were collected
and the amount of NPC1 was determined by WB in both, treated and untreated cells. Results revealed
that in most of the cases both drugs suppressed NPC1 degradation, although at different degrees. As
shown in Fig. 4A, in the presence of ALLN or MG132, control cells significantly increased the levels
of NPC1 protein. Results also indicate that five of the mutant cell lines significantly increased NPC1
levels after treatment with both proteasome inhibitors. These cells lines are: p.C177Y, p.Q775P,
p.A1035V, p.I1061T and p.L1106P (Fig. 4B). In contrast, we observed that the treatment with
proteasome inhibitors had almost no effect on the NPC1 protein levels in two NPC cell lines, p.T1066N
and p.R1186H, that display significant reductions of this protein (Fig. 4C). Finally, the mutant cell line

p.S7341 that shows NPCI1 protein levels similar to control cells also responds to proteasome inhibitors
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by increasing the amount of this protein similarly to control cells (Fig. 4C). All these results indicate
that in most of the cases, the decreased levels of NPC1 observed in fibroblasts from NPC patients are
produced by increased degradation via proteasome, although in other cases, alternative mechanisms are

probably involved.

3.4. Treatment of cells with proteasome inhibitors reduces the accumulation of cholesterol observed in
NPC fibroblasts

We next aimed to study whether the increase of NPC1 protein induced by the treatment of fibroblasts
with proteasome inhibitors could have as a consequence a reduction in the amount of cholesterol. Thus,
soluble cholesterol and cholesterol associated with cellular membranes were measured in control and
patients’ fibroblasts as described in the material and methods section. As it can be seen in Fig. 5A, the
soluble cholesterol levels are significantly increased in all mutant cell lines (p.Q775P, p.A1035V,
p.I1061T, p.T1066N, p.L1106P and p.R1186H) as compared with control cells. Specifically, the higher
amounts were found in p.Q775P fibroblasts (fold-change 5.5). The mutant cell lines p.A1035V,
p.11061T, p. T1066N and p.L1106P showed intermediate increases (fold-change between 1.9 and 3.3)
whereas the lower increase (fold-change 1.5) corresponded to the p.R1186H mutant cell line.

Fig. 5A also shows that after the treatment of cells with proteasome inhibitors, a reduction of soluble
cholesterol was observed in all the different NPC cell lines analyzed. We also observed that MG132
was more effective than ALLN in inducing this general reduction of soluble cholesterol (Fig. 5A).
Interestingly, in three mutant cell lines (p.A1035V, p.I1061T and p.T1066N), MGI132 treatment
induced soluble cholesterol reductions ranging from 85% to 65%. In these three cases the cholesterol
levels were returned to approximately control values. In other two mutant cell lines, p.Q775P and
p.L1106P, the cholesterol reduction promoted by MG132 was more moderated (42% and 50%,
respectively). Finally, in the cell line p.R1186H the inhibitor MG132 did not substantially modify the
levels of soluble cholesterol whereas ALLN induced a 50% reduction leaving the levels similar to
control cells (Fig. 5A). Interestingly, both proteasome inhibitors induced a 35% decrease of soluble

cholesterol in control cells.
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The measurements of the membrane-associated cholesterol in the NPC fibroblasts revealed that all the
mutant cell lines have elevated this type of cholesterol, being the fold-change between 4.6 (p.Q775P)
and 1.3 (p.I1061T) (Fig. 5B). The treatment of cells with proteasome inhibitors induced a moderated
reduction of the membrane-associated cholesterol (between 10% and 40%). Differently to that observed

with soluble cholesterol, in almost all the cases both proteasome inhibitors produced similar effects.

4. Discussion

Since NPCI identification in 1997, more than 300 mutations in this gene have been identified being
most of them (60%) missense changes [5]. Different studies have been shown that this type of
mutations when present in the cells, in homozygosis or in combination with a frame shifting mutation,
may cause the absence or reduction of NPC1 protein [6, 7].

Here, we have analyzed the NPC1 protein levels in fibroblasts from seven homozygous NPC patients
harbouring different missense mutations (p.C177Y, p.S7341, p.Q775P, p.A1035V, p.11061T, p.L1106P
and p.R1186H) (Fig. 1A) and also in fibroblasts from eleven compound heterozygous NPC patients
with a frame shifting mutation (p.P474L, p.G535V, p.K576R, p.S865L, p.Y871C, p.D944N, p.G992W,
p.P1007A, p.T1066N, p.F1079S and p.F1224L) (Fig. 1B). Results revealed that in most of the cases
(fifteen of eighteen) a total absence or a significant reduction of NPC1 protein was produced.

These results confirm previous data showing the same effect in p.C177Y, p.Q775P, p.A1035V and
p.11061T mutant cell lines [6, 7] and additionally expand this observation to other fibroblast lines from
patients harbouring other different mutations. It is worth mentioning, that similarly to the important
NPC1 reduction observed in the p.G992W cells, the mutation of the same codon, p.G992R, resulted
also in a strong decrease in the NPCI levels [7]. In agreement with other authors [6, 15], our results
show a correlation between the absence of NPCI protein and the severe clinical phenotypes. All
patients in those the absence of NPC1 protein was observed (mutations p.G535V, p.Q775P, p.Y871C,
p.D944N, p.T1066N, p.F1079S and p.L1106P), presented the neonatal or the severe infantile clinical

forms.
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The lack of correlation between the levels of NPC1 protein and their corresponding amounts of mRNA
(Fig. 2) suggested that the reduction of NPCI1 protein in the mutant fibroblasts could be produced by
alterations at the translational level or changes in the stability of the protein. We report here that in most
of the cases the reduction of NPC1 protein in mutant fibroblasts is produced by a significant reduction
of the half-life of the protein (Fig. 3).

A possible interpretation of these results comes from the evidence that some mutations make protein
folding or assembly impossible. Protein misfolding, caused by missense mutations, has been implicated
in the pathogenesis of different human diseases [16] such as for instance Gaucher disease [17]. In this
disease, mutant proteins resulted in a loss of function. Proteins recognized as misfolded by quality
control are degraded through the ubiquitin-proteasome pathway [18]. This process known as
endoplasmic reticulum (ER)-associated degradation (ERAD) ensures that only correctly folded proteins
will move out from ER [19]. Interestingly, it has been previously reported that in NPC fibroblasts
harbouring the p.11061T, the NPC1 mutant protein is recognized as misfolded by the ER quality control
machinery and degraded by proteasome [8].

Our work supports that misfolded or damaged NPC1 protein is degraded via the ubiquitin-proteasome
pathway. Specifically, we provide here evidence that the treatment of mutant cell lines with the
proteasome inhibitors ALLN or MG132 partially restored the levels of a number of mutant NPC1
proteins (Fig. 4). Although these data support a role for the proteasome pathway in mutant NPCI
degradation, they do not exclude the possibility that other proteases may also participate in this process,
either independent of or cooperatively with the proteasome. Because in several mutants, showing
reduced levels of NPC1 protein, the proteasome inhibitors are not able to restore the amount of this
protein, it has to be also considered the possibility that missense mutations could also cause alterations
in the mechanisms leading to the mRNA translation.

It is well establish that in NPC cells (harbouring NPC1 or NPC2 mutations) cholesterol accumulates
within late endosome-lysosome compartment. Due to this accumulation cholesteryl ester formation is
retarded and cholesterol homeostasis is disrupted [9]. Sharing this point of view, recent results [20]

showed that in the post nuclear fraction isolated from NPC cells, a fraction that contains virtually all
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cellular membranes, the level of free cholesterol was also much higher than in control cells. In
agreement with this observation, we report here that the levels of cell membrane-associated cholesterol
in a number of fibroblast lines from different NPC patients, are significantly increased (Fig. 5B).
Additionally, we also report here that soluble cholesterol is also increased in all the cell lines from NPC
patients that we have analyzed (Fig. 5A). Moreover, we observed that cholesterol accumulation is more
relevant in infantile clinical forms (homozygous patients for p.Q775P and p.A1035V) than in juvenile
phenotype (homozygous patient for p.11061T).

The partial reversion of NPCI1 protein levels by treatment with proteasome inhibitors opened the
question of whether these “recovered” NPCI1 proteins could perform properly their functions. More
specifically, the question was whether the restored levels of NPCI1 proteins after the treatment with
proteasome inhibitors could as a consequence decrease the levels of cholesterol in the cells. We
demonstrate here that this is the case and in most of the cell lines the restored amount of NPC1 protein
decreased the soluble cholesterol levels to values very close to the normal amount of cholesterol. In
conclusion our results provide evidence that proteasomal degradation is a mechanism implicated in
NPC pathogenesis and that preventing degradation, by treating the cells with proteasome inhibitors, it is
possible to restore the normal levels of soluble cholesterol in the cells. It is worth noting that
proteasome inhibitors are rapidly emerging as important new treatment options in cancer [21]. Our
findings provide support for a future use of proteasome inhibitors as approaches to treat NPC disease

caused by determined missense mutations.
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Fig. 1. Levels of NPC1 protein in fibroblasts from NPC patients. (A) Western blot analysis of NPC1 in
fibroblasts from patients harbouring different homozygous missense mutations. (B) Western blot analysis of NPC1
in fibroblasts from patients harbouring a heterozygous missense mutation and a frame shifting mutation. Western
blotting was performed using a NPC1 C-terminal affinity-purified polyclonal antibody that not recognizes the

truncated forms of the protein. WB with anti-actin was used as a loading control. Each lane contained 10 ug of total

protein extract.



Resultats: publicacions Ko}l

25

ﬂl
> &

Fig. 2. Expression of NPCI mRNA in fibroblasts from NPC patients homozygous for missense mutations.

Relative Quantification
=

Relative Quantification of the NPCI cDNA levels in control pool (black bar), patient with whole NPCI gene
deletion in one allele (white bar) and NPC1 homozygous patients (grey bars) using the comparative C; method.
Relative NPCI cDNA levels were normalized to PPIA cDNA levels (endogenous control). Error bars represent

standard deviations (n=3).
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Fig. 3. Time course analysis of NPC1 stability after CHX treatment. NPC1 mutant fibroblasts were treated with

CHX during 0, 2, 4, 8 and 16 h and NPC1 protein levels were analyzed by western blot. WB with anti-actin was

used as a loading control. Each lane contained 30 pg of total protein extract. The results have been represented by

graph plots densitometric values for NPC1 versus time from wild type (black line) and mutants (grey line): (A)

p.C177Y, (B) p.S734L (C) p.Q775P, (D) p.A1035V, (E) p.11061T and (F) p.T1066N.
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Fig. 4. Effect of proteasome inhibitors on NPCI1 stability. (A) Western blot analysis of NPC1 in untreated
control fibroblasts or treated with proteasome inhibitors (ALLN or MG132). (B) Western blot analysis of NPC1 in
treated and untreated fibroblasts from NPC patients showing a significant recovery of NPC1 protein after the
treatment with proteasome inhibitors (ALLN or MG132). (C) Western blot analysis of NPCI in treated and
untreated fibroblasts from NPC patients that did not show decreased levels of NPC1 (p.S734I) or that did not show
a significant recovery of NPCI1 protein after the treatment with proteasome inhibitors (ALLN or MG132)

(p-T1066N and p.R1186H). WB with anti-actin was used as a loading control. Each lane contained 10 pg of total

protein extract.
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Fig. 5. Reversion of cholesterol levels after the treatment of fibroblasts from NPC patients with proteasome
inhibitors. (A) Quantification of total cholesterol content in soluble fraction from patients’ fibroblasts untreated or
treated with ALLN or MG132 using capillary gas-liquid chromatography. (B) Quantification of membrane-
associated cholesterol in patients’ fibroblasts untreated or treated with ALLN or MG132 using capillary gas-liquid

chromatography. Error bars represent standard deviations (n=3).
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Patient Clinical Nucleotide Amino acid Nucleotide change® Amino acid
phenotype’ change® change (allele 2) change
(allele 1) (allele 1) (allele 2)

NPC6* Juvenile c.3182T>C p-I1061T c.3182T>C p.11061T
NPCY? Severe infantile c.2324A>C p-Q775P c.2324A>C p-Q775P
NPCI10? Severe infantile c.3104C>T p-A1035V c.3104C>T p-A1035V
NPC45° Late infantile c.2201G>T p-S7341 c.2201G>T p-S7341
NPC47° Severe infantile c.530G>A p.C177Y c.530G>A p.C177Y
NPC64° Severe infantile c.3317T>C p-L1106P c.3317T>C p-L1106P
NPC65° Severe infantile c.3557G>A p.R1186H c.3557G>A p-R1186H
NPCT7* Severe infantile c.2612A>G p.Y871C c.894dupT p.-V299C1tsX9
NPCII? Late infantile c.2594C>T p-S865L c.3175C>T p-R1059X
NPC23* Juvenile ¢.3019C>G p.P1007A c.3175C>T p-R1059X
NPC26* Juvenile c.1421C>T p.P474L c.1274C>A p-S425X
NPC37% Adult c.1727A>G p-K576R ¢.3662delT p-F1221SfsX21
NPC40* Severe infantile c.3236T>C p.F1079S c.1935T>A p-C645X
NPC43° Severe infantile c.1604G>T p.G535V €.2323C>T p-Q775X
NPC53° Severe infantile c.2830G>A p-D944N c.352 353delAG p-Ql19V{sX8
NPC54° Late infantile c.2974G>T p-G992W c.352 353delAG p-Q119V{sX8
NPC56° Adult c.3672C>G p-F1224L ¢.3349dupC p.L1117PfsX4
NPC57° Severe infantile c.3197C>A p.-T1066N Whole NPCI gene -

deletion

# Patient previously reported in [10].

® Patient previously reported in [11].

¢ Patient previously reported in [12].

¢ Classification of clinical phenotypes by age at onset of neurological symptoms, except for the neonatal fatal
systemic form which include those patients who died from liver failure in the first months of life.

¢ Nomenclature according to [13]. The A of the ATG of the initiator Met codon in ¢cDNA is denoted nucleotide +1.
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1 IDENTIFICACIO | CARACTERITZACIO DE MUTACIONS

Perqué cercar les mutacions? A tota patologia hereditaria, com sdén la cistinosi i la malaltia de
NPC, la identificacid de les mutacions del cas index d’una familia facilita el diagnostic molecular de
portadors i el diagnostic prenatal, que permeten realitzar consell genétic a les families afectades. Cal
tenir present que en ambdues malalties, I'analisi molecular és I'Unica técnica diagnostica fiable per
poder realitzar un diagnostic prenatal a aquelles families afectades que ho desitgin. També cal
destacar que a la malaltia de NPC, I'analisi mutacional és a més una eina de diagnostic imprescindible
en alguns casos, com aquells amb fenotip bioquimic variant en que la filipina no acaba de ser

concloent, o aquells altres en qué tot i presentar una filipina negativa, la clinica és molt suggestiva.

A part de la vessant diagnostica, el coneixement del conjunt de mutacions d’una poblacié
causants d’una malaltia ens pot aportar informacid valuosa. En algunes malalties, el grau de severitat i
la progressié poden ser predits per la mutacié. Es a dir, es poden establir correlacions genotip-fenotip
gue poden ser utils a nivell pronostic. No obstant aix0, cal destacar que hi ha moltes malalties, com
ara les dues que ens ocupen, en qué predominen les mutacions privades i els pacients heterozigots

compostos, i per tant, establir aquest tipus de correlacions és dificultds.

A més, la caracteritzacio de les mutacions mitjancant estudis funcionals permet profunditzar

en el coneixement dels mecanismes implicats en la patologia.

Per acabar, cada vegada sembla més evident que el tractament de les malalties genétiques
acabara sent mutacié-depenent, és a dir, segons la mutacié que presenti cada pacient, I'estratégia
terapeutica a seguir sera diferent. Per aquest motiu, en un futur sera de vital importancia conéixer el

genotip dels pacients abans de decidir sobre el millor tractament a aplicar en cada cas.

1.1 LA CISTINOSI

L'analisi molecular realitzat a 32 pacients no relacionats afectats de cistinosi (27 espanyols i 5
marroquins) va permetre la identificacié de 14 mutacions diferents, 6 de les quals no havien estat
descrites préviament. Les noves mutacions identificades comprenen: 3 mutacions de canvi de sentit
(p.M1T, p.S270F i p.G309V), 2 mutacions que alteren la pauta de lectura (p.V99IfsX14 i p.N107RfsX10)
i 1 mutacié que afecta al mecanisme de splicing (c.682-1G>T). En 4 dels pacients, després de
sequlenciar els exons codificants (exons del 3 al 12) i les seves zones introniques flanquejants, a més
del promotor, només es va identificar una mutacié en heterozigosi. Aquest ultim fet podria ser degut a
queé el canvi no detectat es trobés localitzat als dos primers exons, els quals no sén codificants, o bé,

que es tractés d’'una mutacié intronica profunda, la qual no seria detectada a través de I'estudi del
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DNA genomic. En aquests casos seria recomanable realitzar I'analisi del cDNA, pero no s’ha pogut

portar a terme per falta de disponibilitat d’aquest tipus de mostra dels pacients.

S’assumeix que les noves mutacions de canvi de sentit son les causants de la malaltia perque:
cap d’elles s’ha trobat en 100 al-lels control, la seqlienciacié del gen CTNS no ha revelat la preséncia
de cap altra mutacié i els residus aminoacidics afectats estan conservats al llarg de les espéecies. A més,
els programes informatics de prediccié de I'efecte de les mutacions sobre I'estructura proteica, com
Polyphen i Panther, confirmen la possible patogénesi d’aquests nous canvis. La mutacié p.M1T aboleix
la metionina del codd d’inici i aixd pot provocar que s’utilitzi el seglient codé AUG de la seqliéncia per
iniciar la traduccid, el que rep el nom de procés de reiniciacid (Peabody & Berg, 1986), que originaria
una proteina amb una pauta de lectura diferent. Existeixen dos mutacions ja descrites que afecten
aquest codd, p.M1L i p.M1l (Kalatzis et al., 2002). En el cas de la p.M1l es van realitzar estudis
d’expressio i els resultats varen indicar que la proteina no s’arribava a traduir (Kalatzis et al., 2004).
Respecte les mutacions p.S270F i p.G309V, ambdues estan localitzades en un domini transmembrana
de la cistinosina, TM5 i TM®6, respectivament, fet que possiblement afecti de forma severa a

I’estructura de la proteina (Fig. 22).
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Figura 22. Estructura de la cistinosina amb la localitzacié d’algunes de les mutacions identificades en pacients

espanyols. Modificat d’Attard et al., 1999.
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Les noves delecions que alteren la pauta de lectura, p.V99IfsX14 i p.N107RfsX10, soén
mutacions patogeniques ja que originen un PTC i compleixen les condicions necessaries per a que

actui el mecanisme de NMD (veure apartat 111.2.1 de la introduccid).

Finalment, I'analisi de la nova mutacié de splicing, c.682-1G>T, mitjangant la utilitzacié de
programes de prediccié de llocs de sp/icing, com BDGP i HSF, indica que aquesta altera el lloc acceptor
de splicing canonic, fet que podria donar lloc a un splicing aberrant (veure apartat 11l.1.4 de la

introduccio).

Si s’hagués disposat de fibroblasts dels pacients que presenten les delecions o el canvi de
splicing anteriorment nombrats, aquests s’haurien pogut cultivar amb CHX i a través de I'estudi del

cDNA, caracteritzar I'efecte d’aquestes mutacions.

També es van analitzar 6 polimorfismes (c.329+22C>G, c.461+49A>G, c.461+52G>A,
c.461+54G>A, c.504A>G i c.779C>T) del gen CTNS, tant a la poblacié control com als pacients, excepte
als homozigots per la delecié de 57kb. A continuacio, es va realitzar I'analisi d’haplotips, el qual no va
revelar un desequilibri de lligament entre els polimorfismes estudiats i les mutacions identificades en

els pacients espanyols.

Posteriorment a la publicacid de I'article 1, s’ha pogut realitzar I'analisi mutacional a 9
pacients més d’origen espanyol afectes de cistinosi. Els resultats es mostren a la Taula 4 (resultats
annexos a l'article 1). En el cas del pacient CY93, després de realitzar la seqlienciacié dels diferents
exons del gen CTNS amplificats a partir del DNA gendmic, no es va identificar cap canvi, amb
I'excepcid de la impossibilitat d’amplificar I'exé 3, fet que ens va fer sospitar la preséncia d’'una
delecié. En aquest pacient s’ha realitzat I'analisi del cDNA, ja que s’ha pogut disposar dels fibroblasts
gue han estat tractats amb CHX i aix0 ha permés identificar la delecié de la totalitat de I'exé 3 (c.1-
19 _61del) en homozigosi. Amb la pérdua de I'exd 3 també es perd el codd d’inici de la traduccid, que
es troba localitzat en aquest exd. Aquest fet fa que desconeixem l|'efecte que aquesta mutacio
provoca a nivell de la proteina, ja que ddna lloc a diferents possibilitats: es pot reiniciar la traduccié en
un codd AUG posterior de la seqliéncia o pot ser que la proteina ni tan sols s’arribi a traduir. Aquesta
delecié no ha estat publicada fins al moment, a diferéncia de la resta de mutacions esmentades en
aquesta taula que ja havien estat descrites i també identificades en altres pacients de la poblacid

espanyola.

Tenint en compte la totalitat dels al-lels analitzats (82 al-lels), els que corresponen als
pacients que es troben descrits a la publicacio i els Gltims esmentats a la Taula 4 (resultats annexos a

I'article 1), la mutaci6 més prevalent a Espanya és una deleciéd de 57kb (38% dels al-lels mutats),
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encara que aquesta té una prevalenga menor que en altres poblacions estudiades anteriorment, com
a Holanda on representa un 59% (Heil et al., 2001), Suissa i Alemanya on esta present en el 65% dels
al-lels (Kiehntopf et al., 2002). Contrariament, la freqliencia espanyola és major que la de la poblacid
italiana, on aquesta mutacié només s’ha detectat al 12% dels al-lels estudiats (Mason et al., 2003). A
més, aquesta delecid conjuntament amb unes altres 5 mutacions: p.M1T, p.T7FfsX7, c.61+5G>A,

p.T216NfsX12 i p.G308R, representen el 73% dels al-lels estudiats a Espanya.

El 95% dels pacients d’aquesta cohort presenta el fenotip nefropatic infantil, coincidint aixi
amb la resta de poblacions estudiades. Pel que fa a les correlacions genotip-fenotip, tal i com s’havia
descrit anteriorment (Attard et al., 1999), tots els pacients amb fenotip clinic infantil d’aquest estudi
tenen a ambdds al-lels mutacions que trunquen o bé que afecten aminoacids conservats de les regions
transmembrana de la proteina. Els dos Unics pacients amb fenotip clinic juvenil d’aquesta série sén
compostos heterozigots per una mutacidé que trunca la proteina i pel canvi p.S139F. Aquest Ultim esta
localitzat al primer domini transmembrana, on cap mutacié de canvi de sentit associada al fenotip
infantil s’"ha trobat mai (Attard et al., 1999). Aquest fet suggereix que aquesta regid de la cistinosina
podria ser menys rellevant a nivell funcional, i per aquest motiu, la mutacié p.S139F podria ser la que
determinés el fenotip juvenil, atenuant I'efecte sever de la mutacié present a I'altre al-lel (delecié de

57kb o p.T7FfsX7).

Aquest treball és el primer analisi molecular realitzat a pacients espanyols afectats de
cistinosi. La cohort estudiada recull un nombre considerable d’individus, 41 pacients, tot i que el
nombre de pacients diagnosticats bioquimicament de cistinosi a Espanya és major. Cal tenir en
compte que en aquesta malaltia I'analisi molecular és util per confirmar el diagnostic del cas index

pero no és imprescindible, fet que a vegades dificulta I'obtencié de mostra d’alguns pacients.

1.2 LA MALALTIA DE NIEMANN-PICK TIPUS C

La seqlienciacié dels gens NPC1i NPC2 en mostres procedents de 30 pacients no relacionats
amb la malaltia de NPC (23 espanyols, 4 marroquins, 1 costa-riqueny, 1 equatoria i 1 alemany) va
donar lloc a la identificacié de 43 mutacions diferents al gen NPCI, 12 de les quals no havien estat
descrites préviament. Aquestes engloben 4 mutacions de canvi de sentit (p.F995L, p.F1079S, p.L1106P
i p.G1209E), 1 mutacié sense sentit (p.E1089X), 1 insercid (p.L1117PfsX4), 1 delecié en pauta
(p.N916del), 4 canvis intronics (c.58-3280C>G, ¢.882-28A>T, ¢.2604+5G>A i ¢.3591+5G>A) que afecten
al mecanisme de splicing i la primera delecié que inclou el gen NPC1 complert. L’analisi molecular
realitzat va permetre completar el genotip de tots els pacients excepte un d’ells, ja que després

d’estudiar tant el cDNA com el DNA genomic, un dels al-lels va continuar sense ser identificat.
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Pel que fa a les mutacions de canvi de sentit noves (p.F995L, p.F1079S, p.L1106P i p.G1209E),
es considera que aquestes sOn patogeniques pels mateixos motius que en el cas de la cistinosi. Per
acabar de confirmar-ho seria necessari la realitzacié d’estudis d’expressid, els quals no s’han pogut
portar a terme degut a la dificultat que suposa que la proteina NPC1, a diferéncia dels enzims

lisosomics, no tingui una activitat quantificable.

Entre els canvis nous hi ha la mutacié p.N916del, que encara que es tracta d’una delecié en
pauta, afecta a un residu rellevant per a la proteina NPC1 ja que es tracta d’un lloc de N-glicosilacid.
També s’han identificat les mutacions p.E1089X i p.L1117PfsX4, que sén indubtablement causants de
malaltia, ja que mitjangant I'analisi del cDNA en preséncia de CHX, s’ha comprovat que desencadenen

la degradacié del mRNA pel mecanisme de NMD.

Cal destacar que s’ha descrit la primera gran delecié causant de la malaltia de NPC, que inclou
el gen NPCI sencer i part d’altres gens flanquejants. La caracteritzacié detallada d’aquesta delecid
juntament amb una altra d’origen grec es recull en un treball de col-laboracié (article 8 de I'annex).
Aquest tipus de mutacio s’hauria de considerar en els casos de pacients que presenten mutacions en

homozigosi i en els quals no es pot confirmar I'estat de portadors dels pares.

Aquest treball emfatitza la necessitat d’analitzar el cDNA en preséncia de CHX en aquells
pacients que tenen un al-lel pendent de tipificar després d’haver realitzat I'analisi mutacional al DNA
genomic. Aquest és el cas de 8 dels pacients presentats a 'article 5 de I'annex, en els quals ara s’ha
pogut completar el genotip. Els estudis a nivell de RNA, alhora que permeten la caracteritzacié de
I'efecte de les mutacions de splicing que afecten als llocs canonics, son utils per identificar mutacions
introniques profundes (per exemple, ¢.58-3280C>G i ¢.1554-1009G>A) i detectar canvis que podrien
ser classificats erroniament com a mutacions de canvi de sentit (per exemple, c.3754G>C) o com a
canvis sindonims (per exemple, c.2292G>A) (veure apartat 2.1 de la discussid). A més, permeten
detectar els transcrits erronis que contenen un PTC i que serien degradats pel mecanisme de NMD,

gracies a la inhibicié d’aquest procés que realitza la CHX (veure apartat 2.2 de la discussio).

Després de la publicacid de I'article 2, s’"han diagnosticat bioquimicament 8 pacients NPC més
de diferents origens, als que també se’ls hi ha analitzat els gens NPC1i NPC2. Els resultats d’aquesta
cerca mutacional es mostren a la Taula 5 (resultats annexos a l'article 2), conjuntament amb els
fenotips clinic i bioquimic. Les mutacions identificades en aquests pacients han estat publicades amb
anterioritat per altres grups i algunes d’elles ja detectades a la cohort espanyola (p.R116X,
p.Q119VfsX8, p.C177Y, p.Q775P, p.G992W, p.P1007A i p.R1059X), exceptuant els canvis p.P474A i

p.S1249N que son nous. En ambdds casos, hi ha descrita una mutacié que afecta al mateix residu pero
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dona lloc a un canvi d’aminoacid diferent, p.P474L (c.1301C>T) (Tarugi et al.,, 2002) i p.S1249G
(c.3745A>G) (Park et al., 2003). Cal tenir en consideracié el cas NPC68, que es tracta d’un pacient adult
en el que el test de la filipina va donar negatiu, pero degut a unes dades cliniqgues molt suggestives es

va decidir portar a terme I'estudi molecular, aconseguint d’aquesta manera el diagnostic definitiu.

La malaltia de NPC és una de les malalties lisosomiques més freqlientment diagnosticada a
Espanya, amb 2-6 casos nous cada any. Aquest fet fa que en aquests moments la nostra cohort de NPC
ascendeixi a 73 casos index, els quals han estan recollits al llarg de 3 publicacions (article 2, article 3 i

article 5 de I'annex) i els més recents encara no publicats (Taula 5, resultats annexos a l'article 2).

Els resultats conjunts mostren un ampli espectre mutacional al gen NPC1, amb 74 mutacions
diferents identificades, degut a qué existeix una elevada heterogeneitat al-lélica. A més, en la majoria
dels casos es tracta de mutacions privades, és a dir, propies de cada familia. Esmentar que a diferéncia
d’altres poblacions (Millat et al., 2001b; Park et al., 2003; Fancello et al., 2009), no s’ha trobat cap

pacient amb mutacions al gen NPC2.

La mutacié p.11061T és la més prevalent a la poblacié mundial (Millat et al., 1999) i també a
I'espanyola, on representa un 8% dels al-lels mutats. Aquesta freqiiencia és menor a la descrita al
Regne Unit (Imrie et al., 2007), pero similar a la de Portugal (Ribeiro et al., 2001) i Italia (Fancello et al.,
2009). La mutacié p.P1007A, amb una freqiiencia del 4’5%, és el segon canvi més freqlient a la nostra

poblacié, coincidint amb el publicat en estudis previs (Millat et al., 2005).

Com es pot observar a la Fig. 23, principalment s’han detectat al-lels amb mutacions de canvi
de sentit (64%), no obstant, cal destacar la rellevancia dels defectes de splicing (12%). La distribucié
dels diferents tipus de mutacions a la cohort espanyola (Fig. 23a) es correspon amb la de la poblacié
general afectada per la malaltia de NPC (Fig. 23b), exceptuant una petita proporcid major de
mutacions de splicing en detriment d’un percentatge menor de delecions. Existeix la possibilitat que
aquesta diferéncia en el percentatge de les mutacions de splicing, sigui conseqiiéncia de la nostra
major taxa de deteccié d’aquest tipus de canvis, assolida gracies a I’analisi del cDNA. De la totalitat de
mutacions de splicing publicades a la base de dades HGMD, el 32% han estat identificades en pacients
espanyols. L’Unica poblaciéd on s’han trobat mutacions activadores de llocs criptics de splicing a les
zones introniques profundes (c.58-3280C>G i ¢.1554-1009G>A) és la nostra, ja que a la resta de
cohorts només s’han identificat canvis que afecten a les seqliencies canoniques.

En general les mutacions es distribueixen al llarg de tota la seqiiéncia proteica, havent una
concentracio considerable de canvis a la zona del cysteine-rich luminal loop, coherent amb el que s’ha

observat en altres estudis anteriors (Greer et al., 1999; Millat et al., 2001a; Park et al., 2003).
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Figura 23. Tipus de mutacions identificades al gen NVPC1. A) Als pacients de la cohort espanyola; B) A la poblacié

general de pacients NPC (segons les dades de Human Gene Mutation Database).

La nostra série de pacients NPC presenta una gran prevalenca de la forma clinica infantil
precog, al voltant del 30%, mentre que aquest fenotip representa el 20% de casos d’un estudi europeu

(Vanier & Millat, 2003).

Com s’ha esmentat anteriorment, les correlacions genotip-fenotip sén limitades a causa de
queé es disposa de pocs pacients homozigots per a la mateixa mutacid, com a conseqliéncia del gran
nombre de mutacions privades i que la majoria de pacients sén heterozigots compostos. Tot i aixo,
existeixen algunes associacions. A la nostra cohort, la preséncia de les mutacions p.C177Y, p.Q775P i
p.A1035V ddna lloc a un fenotip bioquimic classic i totes tres en homozigosi originen un fenotip clinic
infantil, perd en heterozigosi composta amb una altra mutacié, és aquesta ultima segons la seva
severitat la que determina la forma clinica. Els nostres estudis han permés introduir algunes
consideracions controvertides pel que fa a algunes correlacions establertes a la bibliografia. Per
primera vegada es presenta un pacient homozigot per a la mutacié p.11061T amb fenotip bioquimic
classic, el qual mostra la forma clinica infantil precog, contrariament al descrit fins al moment, ja que
aquesta mutacido sempre s’havia associat a la presentacid juvenil (Millat et al., 1999; Millat et al.,
2005). De la mateixa manera, es descriu un pacient amb fenotip bioquimic variant i heterozigot
compost per a la mutacié p.P1007A, el qual presenta el fenotip neonatal, a diferencia de Ia
presentacié juvenil o adulta que caldria esperar segons el publicat per altres autors (Millat et al.,

20013; Ribeiro et al., 2001).
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2 MECANISMES MOLECULARS IMPLICATS EN LA PATOLOGIA DE
NIEMANN-PICK TIPUS C

Es coneix que una mutacidé a nivell de DNA acostuma a tenir un efecte a nivell de proteina,
veient aquesta afectada la seva expressid o bé la seva conformacio, perd en ambdds casos el desenllag

sera el mateix, I'alteracid de la funcionalitat de la proteina en qliestio (Fig. 24).

MUTACIO
Tipus de mutacio: Tipus de mutacio:
-sense sentit -canvide sentit
-alterala pauta
-splicing
Proteina no smtetltzada Comportament alterat
Proteina truncada de la proteina

|

{ Pérdua de funcio de la proteina ]«—[ Degradacio de la proteina ]

Figura 24. Efecte dels diferents tipus de mutacions sobre la proteina.

Segons el tipus de mutacié present, I'efecte sobre la proteina variara. En el cas de les
mutacions que introdueixen un PTC, com les sense sentit i les que alteren la pauta de lectura, la
proteina pot estar truncada i per tant ser més curta que la nadiua, o fins i tot no arribar a ser
sintetitzada a causa de la degradacio dels transcrits de mRNA erronis pel procés de NMD. Pel que fa a
les mutacions que afecten al splicing, les conseqliéncies poden ser les mateixes, ja sigui per perdua de
material exonic (per exemple, exon skipping) o bé per incorporacié de material intronic (per exemple,
pseudoexd). Si la pérdua o la incorporacié del material genétic manté la pauta de lectura, el resultat
pot ser una proteina de seqiéncia diferent a I'original que segurament no sera funcional. Respecte les
mutacions de canvi de sentit, poden modificar el comportament de la proteina, ja sigui alterant el seu
plegament, alguna modificacié post-traduccional o les interaccions amb altres proteines. Aixo pot
provocar que aquesta perdi funcionalitat o bé que sigui reconeguda per la cél-lula com una proteina

andomala i enviada a degradar.
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El fet d’identificar diferents tipus de mutacions en els pacients NPC, totes elles causants de la
patologia perd relacionades amb processos cel-lulars diferents, ens va portar a analitzar la possible

implicacié d’aquests mecanismes en la malaltia.

2.1 SPLICING - MUTACIONS DE SPLICING

La majoria dels al-lels identificats a la poblacié NPC espanyola presenten mutacions de canvi
de sentit, perod cal destacar la preséncia dels defectes de splicing, ja que aquests representen més d’un
10% dels al-lels mutats de la nostra cohort. Fins al moment s’havien identificat poques mutacions
introniques en pacients NPC (Millat et al., 2001a; Ribeiro et al., 2001; Sun et al., 2001; Park et al.,
2003; Di Leo et al., 2004; Fernandez-Valero et al., 2005) i en molts casos no s’havia confirmat I'efecte a
nivell del mRNA. La prevalenca real de les mutacions de splicing probablement esta subestimada,
degut a que les zones introniques profundes no acostumen a ser seqlienciades i a que els transcrits
erronis (amb un canvi de pauta i un PTC) normalment sén degradats pel mecanisme de NMD (Vega et

al., 2009).

L'efecte d’aquests canvis en el procés de splicing és diferent segons la localitzacié de les
sequencies mutades (veure apartat Ill.1.4 de la introduccid). La majoria d’aquestes mutacions afecten
a les seqliéncies canoniques de splicing (veure apartat Ill.1.1 de la introduccid) i provoquen: I’ exon
skipping (c.882-28A>T, c.2604+5G>A i c.3754G>C), la pérdua de material exonic (c.2292G>A) o bé
ambdues coses (c.3591+5G>A). Per altra banda hi ha els canvis que activen llocs criptics de splicing
(donadors o acceptors) que estan situats a regions introniques profundes (c.58-3280G>A i c.1554-
1009G>A) i donen lloc a la insercié de pseudoexons. D’aquest ultim tipus de mutacions recentment se
n’han descrit a altres malalties metaboliques, com les acidémies organiques (Rincén et al., 2007) i els
trastorns congeénits de la glicosilacié (Vega et al., 2009). S’ha estimat que la freqliéncia d’aquests
canvis en algunes malalties és del 2 al 7% del total dels al-lels (Gurvich et al., 2008; Pros et al., 2009),
encara que probablement la freqliencia real és major a I'estimada degut a la seva deteccié més

complexa.

La mutacié intronica ¢.1554-1009G>A, el primer d’aquest tipus identificat al gen NPCI, és
relativament freqlient a la poblacié espanyola, representa un 2,7% dels al-lels mutats. Aquest canvi
provoca la insercié de 194 pb de I'intré 9 com un nou exd, donant com a resultat I'aparicié d’'un PTC i
la degradacié del mRNA pel mecanisme de NMD. La caracteritzacié d’aquesta mutacio i I'ds
d’oligonucleotids antisentit tipus morfolino com a estrategia terapéutica van ser analitzats amb detall

amb anterioritat (Rodriguez-Pascau et al., 2009).
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El nou canvi intronic profund c.58-3280C>G promou la insercid d’'un pseudoexd, que es
correspon amb 374 pb de I'intrd 1, el qual origina un transcrit erroni que conté un PTC, perd aquest no
és degradat pel procés de NMD. L’explicacié a perqué aquest mRNA escapa de I'accié del NMD, tot i
complir les condicions necessaries per a qué aquest actui (veure apartat I1.2.1 de la introduccid), pot
recolzar-se en que préviament s’havien descrit altres excepcions (Indcio et al., 2004). El fet que
transcrits on el PTC esta proxim al codd d’inici de la traduccié siguin resistents al NMD, pot ser degut a
I'accié de la proteina d’unié a la cua poliA (PABPC1), que és supressora del NMD. Esta descrit que
durant la traduccié es forma una estructura circular on la PABPC1 estaria propera a la regié 5’ del
MRNA on esta situat el PTC, i d’aquesta manera podria bloguejar el NMD, tot i la preséncia dels EJCs
(Silva et al., 2008). A més, el ribosoma podria reiniciar la traduccié en el seglient codé AUG posterior
al PTC i aixi retirar els EJCs del mRNA, fet que eliminaria uns potents promotors del mecanisme de

NMD (Nicholson et al., 2010).

Aguestes mutacions que creen nous llocs criptics de splicing i, com a conseqliencia, donen
lloc a la incorporacioé d’un pseudoexé al mRNA madur, sén candidates a la correccié mitjangant I'as
d’oligonucleotids antisentit (Wood et al., 2007). En aquest cas els llocs de splicing canonics no estan
alterats i, per tant, es pot potenciar el seu Us en detriment dels llocs criptics. El bloqueig d’aquests
llocs criptics evita que siguin reconeguts per la maquinaria de splicing, restaurant d’aquesta manera el
splicing correcte i la funcionalitat de la proteina. Tal com s’ha esmentat anteriorment, aquesta
aproximacio terapeutica ha estat assajada a la malaltia de NPC (Rodriguez-Pascau et al., 2009) i també
a altres malalties (Vetrini et al., 2006; Du et al., 2007; Davis et al., 2009; Pérez et al., 2009; David et al.,

2010) obtenint resultats positius.

2.2 NMD - MUTACIONS SENSE SENTIT | MUTACIONS QUE ALTEREN LA PAUTA DE
LECTURA

L’existéncia, a la nostra cohort de pacients NPC, de forces mutacions sense sentit o que
alteren la pauta de lectura al gen NPCI (p.R116X, p.Q119VfsX8, p.W260X, p.S425X, p.A558GfsX12,
p.Q775X, p.G993EfsX4, p.R1059X i p.l11061NfsX4), va despertar el nostre interés pel mecanisme de
NMD.

Per realitzar I'abordatge d’aquest estudi es van analitzar, per PCR convencional i PCR a temps
real, els fibroblasts de pacients portadors de les mutacions esmentades no tractats i tractats amb CHX.
Es conegut que la CHX és un inhibidor de la traduccid, que en ser inhibida, de retruc inhibeix el procés

de degradacié del mRNA pel mecanisme del NMD.
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Es va poder comprovar que el NMD és el responsable de la degradacié del mRNA en tots els
al-lels que s’han analitzat en aquest treball i que codifiquen per un PTC al gen NPCI. En aquest sentit,
el fet que apareguin bandes o la intensitat d’aquestes augmenti al tractar les cel-lules amb CHX, és
senyal de qué els mRNAs corresponents a aquestes bandes normalment sén presents a la cel-lula,

pero sén degradats rapidament pel procés de NMD a causa de la preséencia de PTCs.

Tanmateix, en alguns dels al-lels estudiats (p.Q119VfsX8, p.A558GfsX12, p.G993EfsX4,
p.R1059X i p.I11061NfsX4) la recuperacié detectada després del tractament amb CHX va ser parcial, tot
i complir les condicions necessaries per a qué actui el NMD (veure apartat I1.2.1 de la introduccid). El
fet que la quantitat de mRNA en aquests casos no arribi a ser igual que la del control, pot ser degut a
diferents factors: s’ha suggerit I'existéncia de mecanismes de degradacié alternatius al NMD (lvanov
et al., 2008), alhora que s’ha descrit que el sistema de vigilancia del mRNA pot variar entre cel-lules i
teixits diferents (Linde et al., 2007). A més, la regulacié post-transcripcional de I'expressid génica és

molt complexa, ja que aquesta esta subjecta a diversos mecanismes reguladors (Moore, 2005).

Podem concloure que el NMD és un procés que té un paper important en la regulacio dels
transcrits de la cél-lula, especialment en el cas dels que sén erronis, ja que aquest procés els elimina
per evitar la preséncia de multiples proteines truncades que podrien tenir efectes nocius per a la
cel-lula. Alhora el NMD serveix per regular processos com el splicing alternatiu o I'existéncia de
splicings incorrectes que també alteren la pauta de lectura. Es evident que existeix un lligam entre el
NMD i el splicing, I'un depen de I'altre, ja que les unions exd-exd que es formen després del splicing

son les que serveixen d’ancoratge als EJCs, on s’acabaran unint les proteines que indueixen el NMD.

Existeixen farmacs, com la gentamicina (Yoshizawa et al., 1998) i el PTC124 (Welch et al.,
2007), que promouen el PTC readthrough, és a dir, que soén capacos d’introduir un aminoacid al lloc
del PTC i aixi permeten que la traduccié pugui continuar (Kaufman, 1999). Tot i que s’introdueix una
mutacié de canvi de sentit, hi ha la possibilitat que aquest canvi mantingui certa funcionalitat de la
proteina (Sanchez-Alcudia et al., 2012). Es tracta d’una terapia potencial pels pacients que presenten
mutacions sense sentit, pero els assajos clinics iniciats indiquen que aquests farmacs encara s’han de

millorar abans de ser emprats en clinica.

2.3 DEGRADACIO PROTEICA PROTEASOMICA - MUTACIONS DE CANVI DE SENTIT
En el cas de les mutacions de canvi de sentit, treballs anteriors van mostrar que en alguns
casos aquest tipus de mutacions poden causar una disminucié de la proteina NPC1 (Yamamoto et al.,

2000; Millat et al., 2001a; Ribeiro et al., 2001). Per aquest motiu es va decidir analitzar, mitjancant
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western blot, els nivells de proteina NPC1 en els fibroblasts de 7 pacients homozigots per diferents
mutacions de canvi de sentit (p.C177Y, p.S734l, p.Q775P, p.A1035V, p.11061T, p.L1106P i p.R1186H) i
també en els fibroblasts d’11 pacients heterozigots compostos per una mutacié de canvi de sentit
(p.P474L, p.G535V, p.K576R, p.S865L, p.Y871C, p.D944N, p.G992W, p.P1007A, p.T1066N, p.F1079S i
p.F1224L) i una mutacié que trunca la proteina. En el cas d’aquests Ultims 11 pacients, assumim que la
senyal detectada per western blot correspon Unicament a I'al-lel que presenta la mutacié de canvi de
sentit, ja que I'anticos utilitzat reconeix I'extrem carboxi terminal de la proteina, el qual no estara

present a la proteina truncada que generi I’al-lel portador de la mutacié que provoca un PTC.

En 15 de les 18 mostres analitzades hi ha abséncia o reduccié significativa de la proteina
NPC1. A la Fig. 25 hi ha una representacié de l'estructura de la proteina NPC1 on s’han situat les
mutacions estudiades i es diferencia entre les que donen lloc a una perdua total de la proteina i les
gue no. Es pot observar que les mutacions que provoquen I'abséncia de la proteina estan localitzades
a un domini transmembrana (p.Q775P i p.L1106P) o bé al cysteine-rich luminal loop (p.Y871C,
p.D944N, p.T1066N i p.F1079S).
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Figura 25. Mutacions analitzades a nivell de I'expressié de la proteina NPC1. Estructura de la proteina NPC1

segons el model de Davies & loannou, 2000.

Aguests resultats confirmen les dades prévies que mostraven el mateix efecte de les

mutacions p.C177Y, p.Q775P, p.A1035V i p.11061T (Millat et al., 2001a; Ribeiro et al., 2001; Gelsthorpe
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et al.,, 2008) i a més amplien el nombre de mutacions de canvi de sentit que afecten als nivells
d’expressid proteica de NPC1. En concordancga amb altres autors (Yamamoto et al., 2000; Millat et al.,
2001a), es mostra una correlacid entre I'abséncia de la proteina NPC1 i els fenotips clinics més severs
de la malaltia. Tots els pacients en els que s’ha observat la pérdua total de la proteina (mutacions
p.G535V, p.Q775P, p.Y871C, p.D944N, p.T1066N, p.F1079S i p.L1106P) presenten la forma clinica

neonatal o infantil precog.

Pel que fa a les mutacions de canvi de sentit que no alteren els nivells de la proteina NPC1,
com és el cas dels canvis p.P474L, p.S734l i p.S865L, existeix la possibilitat que la causa de la patologia
a nivell cel-lular sigui la deslocalitzacié de la proteina NPC1 mutada, és a dir, que aquesta no arribi al
lisosoma perqué queda retinguda en algun dels organuls de la via endocitica. Aixo és el que succeeix
amb la mutacié p.C113R, ja que la major part de la proteina mutada es localitza al RE, als endosomes

primerencs i a la membrana plasmatica enlloc dels endosomes tardans i lisosomes (Blom et al., 2003).

Per esbrinar si la pérdua de les proteines NPC1 mutades era deguda a alteracions en la
transcripcid, es va quantificar el mRNA de les diferents linies cel-lulars mutants mitjangant una PCR a
temps real. Hi ha una manca de correlacid entre els nivells de proteina i la quantitat de mRNA, ja que
a les mostres dels 6 pacients homozigots analitzats el mRNA no es troba disminuit respecte una
mostra control. Aquest fet suggereix que la reduccié de la proteina NPC1 podria ser produida per
alteracions en la traduccid o canvis en |'estabilitat proteica. Experiments de time course després del
tractament amb CHX van permetre descobrir que en la majoria dels casos, aquesta reduccio és

deguda a una disminucio significativa de la vida mitja de les proteines mutades.

Es coneix que algunes mutacions impossibiliten el plegament o I'ensamblatge correcte de les
proteines i que aquest plegament incorrecte esta implicat en la patogénesi de diverses malalties
(Aridor & Hannan, 2002). Les proteines mal plegades son reconegudes pel mecanisme de control de
gualitat ERAD, que s’assegura que només surtin del RE les proteines plegades correctament (Kostova
& Wolf, 2003), i aquest plegament anomal fa que siguin degradades per la via de la ubiquitina-
proteasoma (Sitia & Braakman, 2003). Aquestes evidéncies ofereixen una possible interpretacié a la
reduccid observada dels nivells de la proteina NPC1 en els fibroblasts dels nostres pacients. A més, va
reforcar les nostres sospites que es publiqués que el mutant p.I11061T de NPC1 és reconegut al RE com
una proteina mal plegada i degradat pel proteasoma (Gelsthorpe et al., 2008). Per tot aixo, vam
decidir tractar els fibroblasts dels pacients homozigots per les mutacions p.C177Y, p.S734l, p.Q775P,
p.A1035V, p.11061T, p.L1106P i p.R1186H, i 'hemizigot per la mutacié p.T1066N amb inhibidors del

proteasoma, com sén I'ALLN i el MG132. Ambdds inhibidors actuen als llocs actius chymotrypsin-like
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del 20S del proteasoma, on inhibeixen les cisteina i serina proteases. Els resultats donen suport a quée
la proteina NPC1 mutada és degradada per la via de la ubiquitina-proteasoma, ja que el tractament
amb I'ALLN o el MG132 restableix considerablement els nivells de proteina NPC1 dels fibroblasts de
pacients que presenten les mutacions p.C177Y, p.Q775P, p.A1035V, p.11061T i p.L1106P. Recentment,
s’ha publicat que el tractament amb MG132 de les linies cel-lulars NPC portadores de les mutacions
p.Y1019C, p.V1023G, p.I1061T, p.N1156S, p.V1165M, p.L1191F i p.T1205K, deriva en un increment

significatiu dels nivells de la proteina NPC1 mutada (Zampieri et al., 2011).

Els nostres resultats indiquen que I'eficiéncia dels inhibidors proteasomics no és del 100%, ja
gue la quantitat de proteina NPC1 recuperada no arriba als nivells del control. Una possible explicacio
podria ser, tal i com s’ha descrit, que es requeris la inhibiciéd de multiples llocs actius del proteasoma
per tal de reduir la degradacié proteica de forma considerable (Kisselev et al., 2006). Aixo planteja que
alhora que s’utilitzen I'ALLN i el MG132, que actuen als llocs actius chymotrypsin-like, potser es
podrien emprar inhibidors que actuin als llocs caspase-like i trypsin-like. De tota manera, encara que
les nostres dades reforcen el paper de la via proteasomica en la degradacié de NPC1, no exclou la
possibilitat que altres proteases puguin també participar en aquest procés, ja sigui de manera
independent o cooperant amb el proteasoma. En alguns dels mutants, p.T1066N i p.R1186H, que
mostraven reduccié de la proteina NPC1, els inhibidors del proteasoma no sén capacos de recuperar
la proteina de manera significativa, per aquest motiu cal considerar I'opcidé que algunes mutacions de
canvi de sentit puguin causar alteracions en altres vies de degradacié proteica, com sén la lisosomica o

la de les caspases (Sirois et al., 2012).

Esta ben documentat que les cél-lules NPC, tant les que presenten mutacions al gen NVPCI
com al NPC2, acumulen colesterol lliure a I'interior dels endosomes tardans i els lisosomes, i com a
conseqliencia, la formacié d’ésters de colesterol i 'homeostasi d’aquest metabolit es veuen afectades
(Vanier et al., 1991). En la mateixa direccid, resultats recents han mostrat que a la fraccid post-nuclear
aillada de cel-lules NPC, una fraccié que conté practicament totes les membranes cel-lulars, el nivell de
colesterol lliure és molt més elevat que en les cél-lules control (Sztolsztener et al., 2010). D’acord amb
aquesta observacid, després de separar la fraccié del colesterol associat a les membranes cel-lulars de
la soluble per ultracentrifugacié i de quantificar el colesterol mitjangant cromatografia de gasos, es va
observar que el colesterol estava incrementat en ambdues fraccions aillades dels fibroblasts de tots
els pacients NPC analitzats. Per altra banda, es va apreciar que I'acumulacié de colesterol és més
rellevant a les formes cliniques infantils (pacients homozigots per les mutacions p.Q775P i p.A1035V)

que a la juvenil (pacient homozigot per la mutacié p.11061T).
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3 VALORACIO DE L'US D'INHIBIDORS DEL PROTEASOMA COM A
APROXIMACIO TERAPEUTICA PER A LA MALALTIA DE NIEMANN-PICK
TIPUS C

La recuperacié parcial dels nivells de la proteina NPC1 mitjancant el tractament amb
inhibidors del proteasoma, obliga a plantejar una pregunta: aquestes proteines NPC1 mutades, que
ara no son degradades, sén funcionals? Per respondre aquest interrogant, es va decidir quantificar el
colesterol dels fibroblasts dels pacients NPC després del tractament amb els inhibidors proteasomics
ALLN o MG132. Els resultats van mostrar que la quantitat recuperada de la proteina NPC1 mutada és
capa¢ de disminuir els nivells de colesterol a totes les linies cel-lulars NPC estudiades (p.Q775P,
p.A1035V, p.11061T, p.T1066N, p.L1106P i p.R1186H). Aix0 obre pas a noves preguntes: les proteines
NPC1 recuperades com poden realitzar la seva funcid, si tot i no ser degradades continuen estant
mutades? La resposta rau en qué una proteina estigui mutada no implica que sigui 0% funcional, és
possible que aquesta sigui degradada al no passar el control de qualitat del RE, pero si s’evita la seva
degradacio, aquesta pugui ser parcialment funcional; i aquestes proteines NPC1 mutades com poden
arribar fins al compartiment E/L on han de portar a terme la seva funcié? Encara que tota la proteina
NPC1 sintetitzada en un pacient NPC homozigot estigui mutada, només un percentatge d’aquesta sera
degradada, ja que la resta es podra plegar correctament gracies a I'accié del mecanisme UPR i podra
sortir del RE. Aquesta resposta cel-lular es desencadena per I'acumulacié de proteines mal plegades
(Alberts et al., 2007). Per aquest motiu, quan es bloqueja la degradacié proteica, la proteina mal
plegada s’acumula i a continuacié la UPR s’activa addicionalment, augmentant aixi el percentatge de

proteina ben plegada, que ara si pot ser transportada als compartiments post-RE (Mu et al., 2008).

Les nostres dades estan en consonancia amb els resultats obtinguts per Gelsthorpe i
col-laboradors, els quals sobreexpressant el mutant per la mutacié p.I11061T en cél-lules deficients per
NPC1 van aconseguir que la proteina mutada es localitzés als endosomes tardans i es revertis el
fenotip NPC mutant. Fet que implica, que probablement una petita proporcié de la proteina mutada
és capac de plegar-se correctament i escapar dels punts de control del RE (Gelsthorpe et al., 2008). En
la mateixa linia, Zampieri i col-laboradors van observar, mitjangant el test de la filipina, una reduccio
del colesterol lliure als fibroblasts NPC que presentaven també la mutacié p.11061T o bé els canvis
p.N1156S, p.V1165M i p.L1191F, després de tractar amb MG132. Alhora que van corroborar per
immunofluorescéncia, que aquesta disminucié en I'acumulacié de colesterol anava associada a la

localitzacié correcta de la proteina NPC1 mutada al compartiment E/L (Zampieri et al., 2011).
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Es proporcionen evidéencies que la degradacié proteasomica és un mecanisme que esta
implicat en la patogenesi de la malaltia de NPC, i que prevenint aquesta degradacié mitjancant I'ds
d’inhibidors del proteasoma, és possible restablir els nivells normals de colesterol soluble en algunes
linies cel-lulars de NPC. Destacar que esta demostrat que I’ALLN i el MG132, a més d’inhibir I’accié del
proteasoma, també augmenten els nivells de mRNA de les xaperones del RE, com BiP, Grp94 i ERp72
(Bush et al., 1997). Per tant, desconeixem si I'efecte observat als fibroblasts NPC és conseqgiiéncia
d’una inhibicié directa de la degradacié proteasomica de la proteina NPC1 o bé d’una induccio de les

xaperones endogenes que estabilitzarien a la proteina protegint-la de la degradacié.

Aqguests resultats podrien obrir la porta a I'Gs dels inhibidors del proteasoma com a futur
tractament per la malaltia de NPC causada per determinades mutacions de canvi de sentit.
Evidentment, no totes les mutacions de canvi de sentit respondran al tractament, per aquest motiu es
tractaria d’una terapia mutacid-depenent. També s’ha de tenir en compte que el fet de disminuir el
colesterol possiblement no implicara la curacié de la malaltia, pero potser podria rebaixar la severitat
dels simptomes i amb aixd millorar la qualitat de vida dels pacients. A més, igual que en el cas dels
inhibidors de les deacetilases d’histones (HDAC) (Pipalia et al., 2011), I’Gs terapéutic dels inhibidors del
proteasoma planteja controvérsia: que succeira amb aquelles proteines, que no sén la NPC1, que eren
eliminades per la cél-lula i ara no seran degradades? Esta clar que a I'arribar a aquest punt, és dificil
fer una valoracido de la relacid risc-benefici. Tot i aix0, els inhibidors del proteasoma, com el
bortezomib (Velcade®), estan emergent com una nova opcié de tractament pel cancer (Moore et al.,

2008).
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LA CISTINOSI:

= S’han identificat 15 mutacions diferents, 7 de les quals no havien estat descrites: tres

mutacions de canvi de sentit, tres delecions i una mutacid de sp/icing.

= La delecidé de 57 kb és la mutacié més freqiient a Espanya (38% dels al-lels) i conjuntament

amb altres 5 mutacions representen el 73% dels al-lels estudiats.

=  S’ha establert que els pacients amb fenotip clinic infantil tenen a ambdés al-lels mutacions
que trunquen o que afecten aminoacids conservats de les regions transmembrana de la

proteina. En canvi, la mutacid p.S139F s’ha associat a la forma juvenil.

LA MALALTIA DE NIEMANN-PICK TIPUS C:

= S’han identificat 74 mutacions diferents, 17 de les quals no havien estat descrites: set
mutacions de canvi de sentit, dos mutacions sense sentit, dues insercions, una delecid en
pauta, quatre mutacions de splicing i la primera gran delecié que afecta al gen NPC1 i gens

flanquejants.

= S’han establert correlacions genotip-fenotip per a un conjunt de mutacions.

= S’han identificat mutacions introniques profundes i s’ha caracteritzat el seu efecte en el

MRNA, conjuntament amb el de les mutacions de sp/icing que afecten als llocs canonics.

= El mecanisme de NMD és el responsable de la degradacié del mRNA en tots els al-lels

analitzats que codifiquen per un PTC al gen NVPCL.

= La majoria de mutacions de canvi de sentit analitzades condueixen a una reduccié
significativa o a I’'abséncia de la proteina NPC1, degut a qué la proteina NPC1 mutada és

degradada per la via de la ubiquitina-proteasoma.
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Conclusions

La proteina NPC1 mutada recuperada, després del tractament amb els inhibidors del
proteasoma (ALLN i MG132), és capac de disminuir els nivells de colesterol a totes les linies
cel-lulars NPC estudiades. Aquesta observacid podria obrir la porta a I'is d’aquests farmacs

com a futur tractament per a la malaltia de NPC causada per determinades mutacions de

canvi de sentit.
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RESUM

Per caracteritzar el perfil mutacional de la malaltia de NPC a Espanya i alhora facilitar el
consell genetic, es va portar a terme I'analisi molecular a 40 pacients espanyols no relacionats. La
cerca va permetre la identificacié dels 88% dels al-lels amb 38 mutacions del gen NVPCI diferents, de
les quals 26 es descrivien per primera vegada. No es va identificar cap pacient amb mutacions al gen
NPC2. Les mutacions noves inclouen 14 mutacions de canvi de sentit (p.R372W, p.P434L, p.C479Y,
p.K576R, p.V727F, p.M754K, p.S865L, p.A926T, p.D948H, p.VO59E, p.T1036K, p.T1066N, p.N1156l i
p.F1224L), 4 mutacions sense sentit (p.W260X, p.S425X, p.C645X i p.R1059X), 2 mutacions de splicing
(IVS7+1G>A i IVS21+1dup@G), una delecié en pauta (p.1962_F966del) i 5 mutacions que alteren la
pauta: 3 insercions (c.894dupT, c.1672dupG i c.2336dupT) i 2 delecions (c.2978delG i c.3662delT).

Es van identificar 3 canvis sinonims nous (p.V562V, p.A580A i p.A1187A) en 3 pacients
independents i també 5 SNPs que ja havien estat descrits préviament. La combinacié d’aquests
polimorfismes origina I'establiment de diferents haplotips. Es va detectar desequilibri de Illigament
entre les mutacions p.C177Y i ¢.2978delG i haplotips especifics, suggerint un Unic origen per a

ambdues mutacions. Pel contrari, la mutacié p.11061T mostra almenys dos origens diferents.

Les mutacions més prevalents a la poblacié espanyola foren p.I11061T, p.Q775P, p.C177Y i
p.P1007A (10%, 7%, 7% i 5% dels al-lels, respectivament). Les dades obtingudes dels pacients
homozigots indiquen que la mutacié p.Q775P correlaciona amb la forma clinica infantil precog i la

mutacié p.C177Y amb la infantil tardana.
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Identification of 25 new mutations in 40
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patients: genotype-phenotype correlations
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Vanier MT, Pineda M, Coll MJ. Identification of 25 new mutations in
40 unrelated Spanish Niemann-Pick type C patients: genotype-phenotype
correlations
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To better characterize Niemann-Pick type C (NPC) in Spain and
improve genetic counselling, molecular analyses were carried out in 40
unrelated Spanish patients. The search identified 70/80 alleles (88%)
involving 38 different NPC1 mutations, 26 of which are described for
the first ime. No patient with NPC2 mutations was identified. The
novel NPC1 mutations include 14 amino acid substitutions [R372W
(c.1114C = T), P434L (c.1301C = T), C479Y (c.1436G = A), K5T6R
(c.1727G = A), VI2TF (c2179G > T), M754K (c.2261T = A), S865L
(.2594C = T), A926T (c.2776G = A), D948H (c.2842G = C), V959E
(c.2876T = A), T1036K (c.3107C = A), TI066N (¢.3197C > A),
MN11561 (c.3467A = T) and F1224L (c.3672C = G)], four stop codon
[W260X (c. 780G = A), S425X (c.1274C = A), C645X (c.1935T = A)
and R1059X (c.3175C = T)], two donor splice-site mutations
[IVST4+1G = A (g31432G = A) and IVS214-2insG (g.51871insG)], one
in-frame mutation [N961_F966delinsS (c.2882dell 6bpins1bp)] and five
frameshift mutations [V299fsX8 (c.895insT), A558fsX11 (c. 1673insG),
CTT8fX10 (.233dinsT), G993£5X3 (¢.2973_78delG) and F1221fsX20
(c.3662delT)]. We also identified three novel changes [V 562V

(c.1686G = A), AS80A (c.1740C > G) and AT18TA (¢.35601G = T)] in
three independent NPC patients and five polymorphisms that have been
described previously. The combination of these polymorphisms gave
rise to the establishment of different haplotypes. Linkage disequilibrium
was detected between mutations C177Y and G993fsX3 and specific
haplotypes, suggesting a unique origin for these mutations. In contrast,
11061T mutation showed at least two different origins. The most pre-
valent mutations in Spanish patients were 110617, Q775P, C177Y and
PIOOTA (10, 7, 7 and 5% of alleles, respectively). Our data in homo-
zygous patients indicate that the Q775P mutation correlates with a
severe infantile neurological form and the C177Y mutation with a late
mnfantile chinical phenotype.
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Niemann-Pick type C (NPC) is an autosomal
recessive lipid-storage disorder characterized by
lysosomal/endosomal accumulation of unesteri-
fied cholesterol and glycolipids in many tissues
as a consequence of defective intracellular sterol
trafficking (reviewed in 1-3).

The clinical manifestations of the disorder are
heterogeneous. Despite most patients exhibiting

progressive neurological disease, both age of
onset and subsequent clinical course may vary
(4).

Biochemically, variations in the severity of the
cellular cholesterol lesion have been described,
including both severe and mild alterations
known as classic and variant biochemical pheno-

types, respectively (35).
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More than 95% of the cases of NPC are known
to be due to a defect in the NPCI1 gene, which is
located at 18q11-ql2 (6), and the complete geno-
mic sequence has recently been identified (7).
Nearly 200 different mutations and more than
60 different polymorphisms have been described
in this gene [for review, see (8, 9)]. Defects in the
NPC2 gene, located at 14q24.3, are responsible
for the remaining 5% of NPC patients (10). Only
14 different mutations have been described for
this gene [for review, see (11)].

Although the exact defect in intracellular traf-
ficking of cholesterol and glycolipids remains to
be elucidated, recent data suggest that the pro-
ducts of both genes (the NPCI and the NPC2
proteins) play important roles. The NPCI1 pro-
tein has been ascribed to a permease located in
the membrane of late endosomes/lysosomes that
acts as a transmembrane efflux pump (12) and
probably interacts with NPC2, a soluble lysoso-
mal protein (13).

Here, we present a molecular analysis of the
NPC1 and NPC2 genes in 40 unrelated Spanish
patients diagnosed with NPC according to stan-
dard biochemical protocols.

Materials and methods
Patients

Samples were obtained from 41 patients belong-
ing to 40 families with different forms of the
disease. Diagnosis of NPC was determined by
cytochemical demonstration of pathologically
enriched cholesterol via filipin staining and low-
density lipoprotein-induced cholesterol ester
formation (5, 14). Patients were referred to our
centre from various hospitals in Spain and can be
considered as representative of the Spanish
population.

DMA preparation

DNA was prepared from cultured skin fibro-
blasts according to standard protocols (15).

Polymerase chain reaction ( PCR) amplification
Primers for amplification of each exon and the
boundaries of the NPC1 gene were the same as
those described previously (16), with the excep-
tion of the forward primer for exon 15 F-aca tge
aca lga aca laa ga.

Primers for amplification of each exon and the
boundaries of HE1/NPC2 were the same as those
described by Millat et al. (17).
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PCR conditions were as described by
Yamamoto et al. (16) except for amplification
of exon 15, in which thermocycling conditions
were as follows: initial denaturing step of 94 °C
for 5 min, followed by 35 cycles of 94 *C (40 s),
55 °C (30 s) and final extension of 72 *C (3 min).

Single-strand conformation polymorphism (SSCP)
analysis and sequencing

Approximately 7 pl of the PCR product was
mixed with formamide dye (96% formamide,
0.01% xylene cyanol and 0.01% bromophenol
blue), heated to 96 °C for 3 min and rapidly
cooled on ice. Electrophoresis conditions and
detection of DNA fragments were as described
elsewhere (18). Samples with abnormal band
shifts were amplified by PCR, and products
were purified (QIAquick PCR purification kit;
Qiagen, Germany) and sequenced (dye termina-
tor cycle sequencing ready reaction; Perkin Elmer
Aplied Biosystems Division, Foster city, CA).

Restriction analysis

The prevalent mutations W942C, PI00TA,
A1035V and 11061T were detected using the
restriction enzymes BsiNI(—), Nhel (+), NlafV{—) and
Rsal(+), respectively.

Statistical analysis

The X* test was used for analysis of the
haplotypes.

Resulis
Clinical and biochemical phenotypes

The phenotype distribution of 40 unrelated
Spanish NPC patients, according to the criteria
of Vanier et al. (4, 5, 19), is summarized in
Table 1. The group included 4/40 (10%) perina-
tal forms (PN). Other patients were classified
according to their neurological presentation: 12/
40 (30%) showed a severe infantile (SI) form
(neurological onset at age>2 years); 8/40 (20%)
a late infantile (LI) form (neurological onset at
age 335 years); 12/40 (30%) a juvenile (J) form
(neurological onset at age 5-16 years) and 3/40
(7.5%) an adult (A) form (neurological onset at
age >16 years). In one patient (patient 2), the
clinical phenotype could not be established due
to the lack of data relating to disease progression.
The only available clinical data were hepatosple-
nomegaly (HSM) and neonatal jaundice, after
which biochemical diagnosis was made.
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Table 1. Summary of clinical and biochemical characteristics of the 40 NPT Spanish patients

Biochemical  Clinical Age at Clinical signs at

Patient phenctype phenotype®  biochemical diagnosis  Age at onset  age at onset

1 Classical Sl 10 months 19 months HSM

2 Classical ? 3 months 1 month HSM, jaundice

3 Classical L 3 months 1 month HSM, hypotonia, failure to thrive

4 Classical sl & manths 1 month HSM, hypotonia, failure to thrive

5 Classical J 12 years 8 years Ataxia, progressive leaming disability

6 Classical J 11 years 2 months HSM (seizures at 10 years)

i Classical | 5 months 1 month HSM, jaundice

B Classical Ll 2 years 5 months HSM

9 Classical Sl Mewbaorn HSM

10 Classical Sl 2 years 1 years HSM, hypotonia, psychomotor retardation

1 Classical L 5 years 2 years HSM, psychomotor retardation

12 Classical J 23 years 12 years Cerebellum syndrome, supranuclear paralysis,
learning disabilty

13 Classical PN Newborn 1 month HSM, hepatic failure

14 Classical sl 7 months MNewbaorn HSM, jaundice, failure to thrive

15 Classical L 5 years Newborn HSM, hypotonia

16 Intermediate A 36 years ? Gait inestability, dysarthria

17 Classical sl 16 months 3 months HSM

18 Classical Sl 8 years Mewbaorn HSM, hypotonia

19 Classical ] 5 years Mewbaorn HSM

20 Classical L 18 months 3 months HSM

21 Classical LI 4 years VS0, clumsiness, dysarthria

22 Classical L 5 years 1 month ?

23 Variant J 16 years B years Bradypsichia, ophthalmoplegia, clumsiness

24 Classical J 17 months 17 months HSM, irritability

25 Classical Sl 3 years 1 years Motor impairment, spastic tetraparesis

26 Classical J 13 years 6 years Leamning disability, behaviour problems

27 Variant J 8 years ?

28 Classical sl 2 years Newbaorn HSM, jaundice

29 Variant J 11 years 9 years Generalized seizures

30 Variant J 13 years 5 years HSM, progressive leamning disability

31 Classical PH Mewborn Mewborn HSM, jaundice, hypotonia, psychomotor
retardation

32 Variant J 10 years 7 years HSM, ophthalmoplegia, ataxia, dystonia,
psychomotor retardation

33 Classical A 28 years ? ?

33 Classical A 32 years ? ?

34 Classical ? 14 years ? ?

35 Classical PM 1 year Newbaorn HSM, jaundice, hypotonia, psychomatar
retardation

36 Classical J 10 years 6 years HSM, ophthalmoplegia, ataxia, mental
retardation

a7 Variant A 32 years 20 years Clumsiness

3a Variant L 6 years 2 years HSM

39 Classical PN Mewborn Mewborn HSM, he patic failure

40 Classical Sl 15 months 8 months HSM, nistagmus

A, adult; HSM, hepatosplenomegaly; J, juvenile; LI, late infantile; PN, perinatal; S, savere infantile; VSO, vertical supranuclear

ophthalmoplegia.

Patients 33 and 33 are siblings.

7, data not available.

8Clinical phenotype attending to the first neurological symptoms.

In terms of biochemical phenotype, cultured
fibroblasts from a majority of patients (80%)
showed by filipin staining a typical massive accu-
mulation of unesterified cholesterol in late endo-
somal/lysosomal vesicles (classical biochemical
phenotype). The remaining 20% (8/40 patients)
showed a moderate cholesterol accumulation
(variant biochemical phenotype) (5). These

patients all presented a J/A phenotype, except
for case 38 who presented a LI phenotype.
HSM appears to be important as a first symp-
tom in many NPC patients, this disturbance
functioning as a unique sign for a long period
of time until neurological symptoms appear. QOur
series comprised three patients with an SI pheno-
type, in whom HSM was detected between the
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newborn period and 3 months, and diagnosis was
established between 1.5 and 2 years (patients 9,
17 and 28). We also had three patients with a LI
phenotype (patients 8, 19 and 38), in whom HSM
was detected between newborn period and 2
years, and the diagnosis was established between
2 and 6 years. Finally in one patient with a J
phenotype (patient 6), HSM was detected at 2
months while the first neurological symptoms
appeared at around 10 years of age.

Mutation analysis

We performed molecular analysis of the 25 exons
and intron boundaries of the NPC1 gene. By
screening for the four frequent mutations
Wo42C, P100TA, A1035V and 11061T by restric-
tion enzyme analysis, we covered 17/80 alleles
(21%). In order to identify the remaining 63
alleles, we performed SSCP analysis and sequen-
cing. This approach allowed identification of 70/
80 alleles (88%) involving 38 different mutations,
25 of which are described here for the first time.
All of the identified mutations and their locations
are summarized in Table 2.

None of the 14 new missense mutations were
found when 100 normal chromosomes were ana-
lysed. Mutation 11061T was the most frequently
identified in the studied population, accounting
for 8/80 (10%) of the mutant alleles. This muta-
tion, together with another five mutations
(C177Y, G993fsX3, Q775P, PIOO7TA  and
A1035V) account for 31/80 (39%) alleles and &/
40 (20%) of the complete genotypes (Table 1);
seven of which are in homozygosity: patients 6
(11061T), 8 (I1061T), 9 (Q775P), 10 (A1035V), 15
(C177Y), 17 (G993£5X3) and 39 (G993fsX3).

Our analysis of the NPC1 gene based on study
of genomic DNA allowed completion of only 31/
40 genotypes. In eight patients (2, 3, 7, 21, 29, 36,
38 and 40), only one mutation was found. In all
these cases, all the exons and intron boundaries
have been sequenced, and further analysis of
cDNA is currently underway. In patient 13,
who displayed a classic biochemical phenotype
without any identified mutation in the NPCI
gene, no alteration of the NPC2 gene was identi-
fied by the molecular study according to the
manuscript of Millat et al. (17).

Polymorphism analysis

SSCP analysis of the PCR products of all the
exons and intron boundaries of the NPC1 gene
in patients and in control population led to the
identification of five different previously

248

described polymorphisms (Y129Y, H215R,
I858V and R1266Q described by Millat et al.
1999; Y642M described by Morris et al. 1999).
Allele frequencies did not differ significantly
between the patient group and a group of 50
Spanish control subjects (Table 3).

We also found three novel changes: V562V
(c.1686G = A), AS80A (c.1740C > G) and
A1187A (c.3561G = T) found in three indepen-
dent NPC patients (patients 29, 30 and 2, respect-
ively). None of these rare variants change any
amino acid in the NPCI protein, and all were
absent in 100 control chromosomes (Table 3).

Haplotype analysis

All 40 unrelated NPC patients were screened for
the following five polymorphisms: Y129Y (c.387
T = C), H2I5R (c.644A > G), [642M (c.1926
C > G), 1858V (c2572A > G) and R1266Q
(c.3797G > A). The results obtained are sum-
marized in Table 4.

The C177Y mutation was always associated
with haplotype [—,—.,+.—.—] with respect to
those five polymorphisms. In patients in whom
this mutation was in heterozygosity with another
mutation, phases could be established and/or
confirmed by analysis of parental DNA. In the
general population, the frequency of this haplo-
type was calculated to be 6.66% which is signifi-
cantly different from its frequency when only
C177Y alleles are considered (p > 0.001).

In the case of the [1061T mutation, all chromo-

when the same five polymorphisms were taken in
account, and phases could also be established. The
X test for the [1061T mutation and the [—————]
haplotype was also significantly different (p <
0.001) when the frequency of this haplotype asso-
ciated with alleles bearing this mutation was com-
pared with the frequency estimated in the control
population (10%).

Finally, in relation to the G993fsX3
(c.2973_78delG) mutation, the two homozygous
patients (patients 17 and 39) shared the same

patient, with a G993fX3/11061T genotype,
phases could not be established.

Discussion
Mutation and haplotype analysis

NPC is one of the most frequent lysosomal
diseases found in Spain, with the identification
of 2-6 new cases each year. This implies the
search for heterozygous detection and prenatal
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Table 3. Polymorphism frequencies in NPC patients and in Spanish control population

MNumber alleles in controls

MNumber alleles in patients

Polymarphism Exon (frequency) (frequency) Reference
¥129Y (¢.387T >C ) 4 £/100 (6%) 2/80 (2.5%) 2
H215R (c.644A > G) 6 29/100 (29%) 11/80 (13.75%) 26
V562V (c.1686G > A) 11 0/100 1/80 (1.25%) This article
A5BDA (c.1740C = G) 11 0/100 1/80 (1.25%) This article
1642M (c.1926C > G) 12 25100 (25%) 18/80 (22.5%) 27
1858V (c.2572A > G) 17 0/100 4(BD (5%) 26
AT1B7A (c.3561G > T) 23 0/100 1/80 (1.25%) This article
R1266Q (c.3797G > A) 25 7/100 (7%) 1/80 (1.25%) 26

diagnosis in an increasing number of families
with an NPC-affected member. It would also be
desirable to better characterize the patients, in
terms of prognosis and in view of future thera-
peutic trials. We therefore performed a search for

molecular defects in 40 unrelated patients, diag-
nosed between years 1988 and 2003, and thus
representative of Niemann-Pick disease in
Spain. This makes our study rather unique, as
most other reports comprised a mixed population

Table 4. Genotypes and polymorphism analysis of Spanish NPC patients

Patient Genotype Y129Y H215R 16420 IB58Y R12660
1 (p-Q775F) + (p.M11561) — - - —- e
2 (IVS21 + 2insG) + 7 — +/- +- +- -
3 (pC177Y) + 7 —+ -~ ++ - —+
4 (p-W342C) + (p.N961_F966delinss) - — +- - -
5 (p.11061T) + (p.N1156S) — -+ - - -
6 (p.1MOB1T) + (p.110B1T) - - e Vi -
7 (p.V29gfsX8) + 7 — -+ - - -
8 (p.11061T) + (p.11061T) - - -~ —— e
9 (p.Q775P) + (p.Q775P) — -+ - —— -
10 (p.A1035V) + (p.A1035V) — - -~ —H— -
n (p.5865L) + (p.R1059X) —+ —+ —+ - —+
12 (p.Q775P) + TpF1224L) +- - -~ - e
13 747 -+ -+ - - -+
14 (p.AS58fsX11) + (p.AS58fsX11) - e - - -
15 (p-C177Y) + (p.C177Y) + -+ ++ 4 +
16 (p.R372W) + (p.T1036K) — -~ -~ —— -
17 (p.G293fsX3) + (p.GO93MeX3) -+ -+ -~ - —-
18 (p.C177Y) + (p.\VI59E) — -+ ++ - -
19 (pV727F) + (p.A1035V) -~ -~ +- - -
20 (p-G9931sX3) + (p.N0OBIT) —+ -+ +- - e
21 (p-5425X) + 7 — +- — - —-
22 (p.110B1T) + (p.W260X) - - -~ - —-
23 (p-P1007A) + (p.R1059X) + +- +- 4- +
24 (p-P434L) + (pM754K) -+ e ++ 4- -+
25 (IVS7T+1G = A) + (pWo42C) — - +/- - e
26 (p.5425X) + (p.P474L) — -+ - - e
27 (p.D344N) + (p.P1007A) — -+ +- - -
28 (p-R116X) + (p.Q775P) -+ ++ i 4~ -+
29 (p.Ca79Y) + 7 +- - +- - -~
30 (p.P1007A) + (p. T1066M) — ++ -+ +- -
a (p-ADS26T) + (p.DO48H) -+ +- +~ - -+
az (p.C779fsX3) + (p.P1007TA) — +- - - e
33 (p.C177Y) + (p.VE64M) -+ e +- 4 -+
3y (p.CIT7Y) + (p.VBB4M) + -+ +- 4 —+
34 (p.11061T) + (p.T137M) — - -+ —— -
35 (p-R1058X) + (p.R1059X) -~ - +- - -~
36 (p.N261_Fg66delinsS) + 7 — +- - - -
v (p.K576R) + (p.F1221fsX20) —~ — - — -
38 (p-G1252R) + 7 —+ —+ +- - e
39 (p.G2931sX3) + (p.GOI3MsX3) — — - —H -
40 (p.CB45X) + 7 - +- -~ - e

=J

, Unknown Mutation
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(24) or a small number of patients (7, 20, 23) or
did not provide clinical data (8). Using a strategy
of SSCP plus sequencing of the abnormal pat-
terns, and if necessary, sequencing all the exons
and intron boundaries, we covered 70/80 mutant
NPCI alleles (86%), including 38 different muta-
tions, 25 of which are novel and 12 previously
described. The Spanish population, similarly to
what has been reported for other countries, has
significant allelic heterogeneity, in which only 10
mutations (C177Y, S425X, Q775P, W942C,
N961_F966delinsS, G993fsX3, P100TA, A1035V,
R1059X and 11061T) have been found more than
in one specific family. Moreover, the type and
percentages of mutations in the study population
do not differ significantly from those described
for all mutations worldwide (16, 22, 24, 25). The
majority of the molecular alterations in the
patient series were missense 25/37 (68%), as
occurs in the majority of genetic diseases (28).
Additionally, we identified 5/37 (13.5%) frame-
shift mutations as a consequence of insertions
and/or deletions, 4/37 nonsense mutations
(11%), 2/37 (5%) splice site alterations and 1/37
(2.5%) in-frame deletion/insertions. Among the
novel mutations, 56% (14/25) were amino acid
substitutions, distributed throughout the gene. In
this respect, four (R372W, P434L, C479Y and
K576R) were located at the N-terminus of the
protein, two (V727F and M754K) in the sterol-
sensing domain and eight (S865L, A926T,
D948H, V959E, T1036K, T1066N, N11561 and
F1224L) at the C-Terminus of the protein, with a
notable hot-spot in the cysteine-rich luminal loop
(amino acids 855-1098), as described in other
populations (8, 24, 25). Interestingly, the mis-
sense mutation, F1224L, and one frameshift
mutation, F1221fsX20, represent the first mutant
alleles described in the seventh luminal loop of
the protein, which is largely a conserved domain.
All these novel missense mutations seem to be
functionally important, and although it should
be confirmed by expression studies, several lines
of evidence suggest that they could be patho-
genic: (a) after exhaustive examination of the
coding region of the NPC1 gene in the NPCI
patients, no other mutation was found in any of
the cases; (b) none of the novel mutations were
detected when 100 normal chromosomes were
analysed; (c) all the amino acid residues were
conserved in the NPCI1 protein of different spe-
cies, with the exception of K376R. The other
11/26 novel mutations are undoubtedly disease-
causing mutations, as they produce a loss of five
aminoacids and a gain of one aminoacid in
the protein (N961_F966delinsS), create a prema-
ture stop codon (W260X, S425X, C645X and
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R1059X) or frameshifts (V299fsX8, A558fsX11,
C778fsX10, G993fsX3 and F1221fsX20). For
mutations IVS7 + 1G > A and IVS21 + 2insG,
which affect the splice donor site in intron 7 and
21, respectively, it would be necessary to perform
analysis at the mRNA level, to assure that these
changes give rise to an abnormal splicing process.

In addition to the mutations found in the study
population, the majority of patients showed one
or more polymorphisms (Table 3). As occurs in
Portuguese populations (22), there were no sig-
nificant differences between the frequencies
found in patients and in the control population.
The existence of several polymorphisms and fixed
haplotypes for specific mutations permitted us to
infer their possible origins.

Mutation [1061T is the most prevalent mutation
in the study population, accounting for 10% of the
mutant alleles. While it appears to be the most
frequent NPC1 mutant allele in all countries except
Japan (16), its prevalence varies. In a study includ-
ing patients originating from different countries
with a majority from France, United Kingdom,
Germany and North Africa an overall value of
18% was found (Millat et al. 1999). A lower pre-
valence has been reported in Portuguese (8%) (22),
Italian (5%) (23) and German (7, 20) patients.
Interestingly, while it is highly prevalent in
Hispanic  Americans from  Colorado/New
Mexico, due to a probable founder effect, its pre-
valence is much lower in other Hispanic Americans
(26). Haplotype studies for this mutation in our
Spanish patients population show that it is always
. with
respect to the five polymorphic markers Y129Y
(c387T = C), H2I5R (c.6dMA = G), 1642M
(c.1926C = G), 1858V (c2572A > (G) and
R1266Q) (¢.3797G > A). Haplotype studies in the
Portuguese population (22) show that the [1061T
mutation is associated with haplotype [+,—.—,—]
with respect to the polymorphisms Y129Y
(c387T = C), H2I5R (c.6ddA = G), 1642M
(c.1926C > G) and I858V (c.2572A > (G). Taken
together, these data suggest at least two different
origins for this mutation.

In contrast, we have found the same haplotype
association for the C177Y mutation, as observed
in the Portuguese population: [—,—,+.—]
with respect to the four polymorphic markers
Y129Y (c.387T > C), H2I5R (c.644A > G),
1642M  (c.1926C > G) and I858V (c.2572A
= G). Moreover, we extended the series including
one more polymorphic marker, RI1266Q
(c.3797G > A), obtaining the haplotype [—,—.,+,
—,—]. We suggest a unique origin for this muta-
tion, which on a worldwide scale has only been
found in Portugal and Spain.
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This situation is not unique for the CI77Y
mutation, because complete linkage disequili-
brium was also observed for the novel mutation
G992fsX4 and haplotype [—,—.,—.—.,—]. sugges-
ting a single Spanish origin for this mutation.
Interestingly, although G992 is not a conserved
domain, it seems to be a hot-spot, because two
missense mutations have been found: G992W,
which is known to be particularly prevalent in
Nova Scotia (29) and is also reported in Portugal
(22), and G992R, found in France (24). None of
these mutations were found in Spain.

Genotype-phenotype correlation

As seen in all the NPC patient series described
worldwide, the Spanish population exhibits con-
siderable clinical and allelic heterogeneity. In our
series, SI forms and J forms are the most frequent
clinical presentations, both in equal percentages
(30%). Interestingly, these values are similar to
those obtained earlier in a compilation of 125
patients from mostly European and North
African origin (4, 19). The Spanish population
of NPC patients shows a high prevalence of SI
forms. A similar percentage of this clinical form
has also been found in Italy, in a small group of
patients (23). This presentation with early neuro-
logical onset and rapid progression has been well
documented in early European studies (30) but
not in parallel studies from the USA (1). The
frequency of the J form in Spain appears much
lower than the 69% reported in Portuguese
patients in a recent but possibly not comprehen-
sive study (22).

Due to the high allelic heterogeneity of this dis-
ease, only a few genotype-biochemical /clinical phe-
notype correlations have been established. Among
these correlations, we would like to introduce some
considerations relating to mutations clearly corre-
lated with the classical biochemical phenotype
(I1061T, A1035V and Q775P). When the [1061T
mutation presents in homozygosity, it has been
suggested that it correlates with classical biochem-
ical phenotype and juvenile clinical presentation
(26). Our data confirms this observation (patient
6, Table 1) and extends the presentation of the first
neurological symptom to before 5 years of age
(patient 8, who began to display clumsiness at 3
years of age; Table 1). The A1035V mutation,
identified for the first time in Portugal (22) and
observed in patient 10, exhibits a correlation with
the infantile presentation of the disease, from the
phenotype observed in two homozygous patients.
The Q775P mutation, affecting the sterol-sensing
domain of the NPCl protein, was previously
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shown by studies in one homozygous patient to
result in the complete absence of the protein, well
in line with the severe neurological phenotype of
the patient (24). Patient 9, homozygous for this
mutation, displayed a similar clinical presentation
of the disease, confirming the genotype/phenotype
correlation. Q775P in combination with R116X or
with N11561 (TM XI domain) also determined a
severe disease. In combination with F1224L (7th
luminal loop) (patient 12), however, it led to a
juvenile onset neurological form.

Finally, P1007A and C177Y mutations were
both claimed to induce a variant biochemical
phenotype (22, 24), a finding challenged by Sun
et al. (21) for P1007A. Our data (patients 23, 27,
30 and 32) support the conclusions of the French
group regarding the Pl1007TA mutation.
Conversely, the C177Y mutation, found by us
in homozygosity in one patient (case 15) and in
heterozygosity in four patients (cases 1, 18, 33
and the sister of patient 33), presented in all our
cases with the classical biochemical phenotype.
These results clearly contradict those reported
by Ribeiro et al. (22). What underlies the differ-
ent results observed by Sun et al. or by Ribeiro
et al. remains unclear. From our data (patient 15)
as well as those in the Portuguese patient (22),
C177Y indeed appears correlated with a LI neu-
rological form of the disease. However, when in
combination with the V664M mutation located
in the sterol sensing domain, and somewhat
unexpectedly as mutations in this domain are
generally very deleterious, it led to an adult
form (patients 33 and 33"). Valine-methionine
substitutions generally induce less severe changes
in the protein, and for example, homozygous
NPC1 V950M was found to lead to a clear
adult phenotype (24). This further demonstrates
the limitations of predictions in compound het-
erozygotes, although genotype — phenotype cor-
relations observed in NPC disease can be
considered as relatively good compared with the
situation in a number of other genetic metabolic
disease.
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RESUM

Aquesta publicacié avalua I'eficacia i la tolerancia al miglustat de 16 pacients NPC
simptomatics, fent servir de referéncia un pacient neuroldogicament asimptomatic no tractat. Tots els
casos van ser classificats d’acord amb |'edat d’aparicié dels simptomes neurologics, i van ser valorats
utilitzant un protocol clinic d’avaluacié estandarditzat: escales de discapacitat i funcidé cognitiva,

tomografia per emissié de positrons (PET), i marcadors bioquimics.

El PET i I'escala de discapacitat indiquen que I'hipometabolisme cerebral i els simptomes
neurologics s’estabilitzen durant el tractament en els pacients NPC que presenten el fenotip clinic
juvenil. Les formes cliniques infantils precog i tardana, les quals tenen un grau de severitat major en
el moment d’iniciar el tractament, mostren un increment a la puntuacié de I'escala de discapacitat i
un progressiu hipometabolisme cerebral durant el seguiment. De manera similar, mentre la puntuacié
de I'escala de la funcié cognitiva es manté relativament estable en els pacients juvenils, s’observa
deteriorament cognitiu en els pacients amb els fenotips infantils preco¢ i tarda. L’activitat
quitotriosidasa en plasma és menor al subgrup juvenil que als infantils, i generalment es veu
incrementada en aquells pacients en qué es suspén el tractament. Les activitats CCL18/PARC i
quitotriosidasa plasmatiques indiquen una major activitat macrofagica en els pacients infantils

precogos i tardans respecte els juvenils.

El miglustat és generalment ben tolerat; existeixen efectes adversos freqients com la diarrea
i els gasos, perd aquests poden ser controlats eficagment mitjancant la modificacié de la dieta i
I’'administracidé de loperamida. En general, el miglustat estabilitza I’estat neurologic dels pacients NPC
juvenils, encara que els beneficis terapeutics semblen ser menors en els pacients més joves que es

troben en un estadi més avancat de la malaltia.
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Introduction

ABSTRACT

Niemann-Pick disease type C (NP-C)is an inherited neurovisceral lysosomal lipid storage disease character-
ized by progressive neurological deteroration. Different clinical forms have been defined based on patient
age at onset: perinatal, early-infantile { El), late-infantile (Li), juvenile and adult. We evaluated the efficacy
andtolerability of miglustat in 16 symptomatic NP-C patients, with comparative reference to one neurnlog-
ically asymptomatic, untreated patient. All patients were categonzed according to age at neurological dis-
ease onset, and were assessed using a standardized clinical assessment protocol: disability and cognitive
function scales, positron emission tomography (PET), and biochemical markers. PET and disability scale
evaluations indicated that cerebral hy pometabolism and neurological symptoms were stabilized during
treatment in juvenile-onset NP-C patients, Eland Li NP-C patients, who had higher disease seventy at base-
line (treatment start), showed increased disability scores and progressive cerebral hypometabolism during
follow up. Similarly, while cognitive scale scores remained relatively stable in patients with juvenile NP-C,
cognition deteriorated in El and Li patients. Plasma chitotriosidase (ChT) activity was lower in the juvenile
NP-C subgroup than in El and Li patients, and generally increased in patients who discontinued treatment,
Plasma CCL18/PARC and ChT activities indicated greater macrophagic activity in El and Li patients versus
Juveniles. Miglustat was generally well tolerated; frequent adverse events included diarrhea and flatulence,
which were managed effectively by dietary modification and loperamide. Overall, miglustat appeared to
stabilize neurological status in juvenile-onset NP-C patients, but therapeutic benefits appeared smaller
among younger patients who were at a more advanced stage of disease at baseline.

@ 2009 Elsevier Inc. All rights reserved.

tial activities within a common pathway [1-4]. Expression of the
mutant genes leads to severely impaired intracellular lipid trans-

Miemann-Pick disease type C (NP-C) is a neurovisceral lyso-
somal lipid storage disease characterized by progressive neurolog-
ical deterioration. NP-C is caused by mutations in either one of the
two genes, NPC1 or NPC2, which encode proteins involved in the
regulation of normal intracellular lipid trafficking through sequen-

* Corresponding author. Fax: +34 93 203 3959,
E-mail address: pineda@hsjdbenorg (M. Pineda )

1096-7 192§ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi: 10 1016j.ym gme 2009.1 1,007

port and marked accumulation of both unesterified cholesterol
and several glycosphingolipids in a variety of dssues and organs,
in particular the brain [2,3,5,6].

NP-C has a highly variable clinical presentation. The symptom-
atology and rate of disease progression are strongly influenced by
age atdisease onset [7 8], and different clinical forms have been de-
scribed on this basis. In the perinatal form, patients die from liver
failure within the first months of life. Other forms are defined based
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on the following ages at onset: early-infantile (EI) form, <2 years;
late-infantile (Li) form, 3-5 years; juvenile form, 5-16 years; adult
form, >16 years. Clinical symptomsinclude progressive neurological
deteriorationand visceral organomegaly. Neurodegeneration begins
withclumsiness and progressive ataxia followed by arange of symp-
toms that can generally include dysmetria, vertical supranuclear
ophthalmoplegia, cataplexy, seizures, dystonia, pyramidal signs,
dysphagia and dementia [8,9].

The biochemical diagnosis of NP-C is currently based on the
demonstration of impaired low-density lipoprotein (LDL) choles-
terol rafficking in cultured fibroblasts from patients, by cytochem-
ical visualization of accumulated free cholesterol after filipin
staining [9]. Recently, CCL18 pulmonary and activation-regulated
chemokine (PARC), termed hereinafter as ‘CCL18', has been re-
ported as a potential new surrogate marker for monitoring symp-
tomatic patients with Gaucher disease (GD) [10]. On average, this
protein is elevated 29-fold in GD patients, without overlap be-
tween patient and control values. Chitotriosidase (ChT) is a human
chitinase that shows markedly elevated activity in a variety of
lysosomal storage disorders [11]. Itis secreted by activated macro-
phages and is thought to play a role in defense against chitin-con-
taining pathogens, in tissue remodeling and cell migration, as well
as during atherogenesis. Plasma ChT is considered a useful surro-
gate marker in the lysosomal work-up of GD and NP-C patients
with organomegaly, as it is relatively inexpensive and is easily as-
sayed [12]. However, the use of plasma ChT as a marker of disease
progression can be problematic in some patients who have no ChT
activity due to possession of a 24-base pair (bp) duplication in the
ChT gene; this mutation is inherited as an autosomal recessive trait
[11]. Nevertheless, plasma ChT is considered also to be of possible
use as a screening marker in pediatric patients [12].

Currently, there is no cure for NP-C, although palliative therapy
can alleviate some symptoms of the disease [13]. Miglustat (N-
butyldeoxynojirimycin; NB-DNJ; OGT-918) is a small iminosugar
molecule that reversibly inhibits glucosylceramide synthase, the
enzyme that catalyses the first committed step in glycosphingo-
lipid synthesis [14]. The ability of miglustat w cross the blood-
brain barrier indicated its potential use as a therapy for lysosomal
storage diseases affecting the central nervous system. In animal
NP-C models, miglustat delayed the onset of neurological symp-
toms and increased life span [15]. Evidence suggests that miglustat
might also have beneficial effects on pathogenetic NP-C cellular
pathways associated with calcium homeostasis [16]. Based on
findings from a randomized, controlled clinical trial and a retro-
spective observational cohort study [17,18], miglustat was ap-
proved in the European Union for the treatment of progressive
neurological manifestations in adult padents and pediatric pa-
dents with NP-C in January 2009.

We report an evaluation of 17 patients with NP-C (16 symptom-
aticand one neurologically asymptomatic) from Spain and Portugal
who were treated with miglustat for up to 4 years. We applied a
standardized clinical, biochemical and neuroimaging protocol in or-
der to establish the effect of miglustat on several markers of NP-C
severity.

Methods
Patients and dosing

During the last 4 years, we evaluated 17 children from Spain
and Portugal who had clinical and biochemical diagnoses of NP-
C. In all patients, biochemical diagnoses were confirmed by fibro-
blast assays for cholesterol esterification as well as filipin staining.
Four of these patients have also been described in a retrospective
observational cohort study of miglustat in patients with NP-C [18].

Clinical records for all patients were collected by a single inves-
tigator, and clinical NPC1 phenotypes were categorized according
to age at onset of neurological symproms. All 16 symptomatic pa-
tents received miglustar at doses based on body surface area
(BSA ):(BSA patient (m?)/1.8) « adult dose (200 mg t.i.d.). The neu-
rologically asymptomatic patient, who was diagnosed at 8 months
of age due to splenomegaly, was not receiving miglustat and was
included as a control at 8 years old, following all the protocol.

Clinical assessiments

A standard assessment protocol was applied o all patients,
including: clinical assessment ( neurological examination, modified
functional disability scale and cognitive development evaluation),
biochemical analyses (plasma ChT and CCL18 activities), and imag-
ing studies (abdominal ultrasound and cerebral positron emission
tomography [PET] with radiolabelled ['®F]-2-fluoro-deoxy-p-glu-
cose). The full assessment battery was applied at baseline (eat-
ment start), 6 months, 12 months and every year thereafter.
Meurological examinations and biochemical analyses were also
performed at screening and Months 4 and 8. Disability scale
assessments were performed every 4 months. In addition, all reat-
ment-emergent adverse events were recorded at each post-screen-
ing visit

The modified disability scale, assessing four key functional do-
mains (ambulation, manipulation, language and swallowing) relat-
ing to disease severity, was calculated as reported previously [8].
We modified our disability scale with the following scores: ambu-
lation score ranged from 1 (clumsiness) to 5 (wheelchair-bound);
manipulation ranged from 1 (mild tremor) to 4 (severe dysmet-
ria/dystonia); language ranged from 1 (delayed acquisitions) to 5
(absence of communication); swallowing ranged from 1 (abnormal
chewing) to 4 (nasogastric/gastric button feeding); epilepsy ranged
from 1 (occasional seizures) to 3 (seizures resistant to antiepileptic
drugs); ocular movements ranged from 1 {slow ocular pursuit) to 3
(complete ophthalmoplegia) (Table 1). Scores on each of these do-
mains were used to calculate an overall (composite) disability
score, which are referred to simply as ‘disability scale scores
throughout the remainder of this report

The Denver developmental screening test { DDST) and Wechsler
intelligence scale for children (WISC-R) were used to assess cogni-
tive development and function. Cranial PET was used to assess
brain metabolism in affected cerebral areas including the frontal
and temporo-parietal regions, as well as in the thalamus, basal
ganglia and cerebellum. Impaired brain function was rated accord-
ing to scores ranging from 1 (mild) to 5 (severe).

Written informed consent for participation in this study was
obtained from all parents or their legal representatives.

ChT studies

Plasma ChT activity was measured using the fluorogenic sub-
strate, 4-methylumbelliferyl-fi-o-N N N"-triacetylchitotrioside {4-
MU-chitotrioside; Sigma Chemical Co, St Louis, MO, USA), as de-
scribed previously by Hollak et al. [19]. Samples with high ChT
activities were diluted to bring them into the linear range of the as-
say. Measured enzyme activities were doubled in patents carrying
the mutated ChT gene.

A 24-bp duplication polymorphism in the ChT gene in some pa-
tients leads to a null allele, producing a defective protein product
and a subsequent inherited deficiency in ChT activity. DNA analysis
of ChT gene polymorphisms was undertaken in all but one patient
using PCR followed by agarose gel electrophoresis of the amplified
fragment as described previously [20].
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Table 1

Modified disability scale for patients NP-C.
Ambulation Score Language Score
Clumsiness 1 Delayed acquisitions 1
Autonomous ataxia gait 2 Mild dysarthria (understandable language) 2
Outdoor assisted ambulation 3 Severe dysarthria (only understood by some members of the 3

family)
Indoor assisted ambulation 4 Non-verbal communication 4
Wheel chair-bound 5 Absence of communication 5
Manipulation Scane Swallowing Score
Tremor 1 Abnormal chewing 1
Slight dysmetriajdystonia (allows autonomous mani pul ation) & Occasional dysphagia 2
Mild dysmetria fdystonia (requires help for several task bur is able to feed 3 Daily dysphagia 3
himself}

Severe dysmetria fdystonia (requires assistance in all activities) 4 Masogastric(gastric button feeding 4
Selzures Score Ocular movements Score

Occasional seizures
Seizures with antiepileptic drugs
Seizures resistant to antiepileptic drugs

Slow ocular pursuit
Vertical ophthalmoplegia
Complete ophthalmoplegia

CCL18 protein assay

CCL18 protein assays were conducted using a CCL18-specific,
enzyme-linked immunosorbent assay (ELISA) system according
o the manufacturer’s instructions (CytoSet, Biosource Interna-
tonal, Camarillo, CA). Dilution series of recombinant human
CCL18 protein {Biosource International, Camarillo, CA) were used
as controls o produce standard curves.

Results
Patients and disposition

A total of 17 NP-C patients (9 male and 8 female) were included.
No patients had a family history of NP-C, but all had a confirmed
diagnosis. Among all 17 padents, 16 showed mutations in the
NPC1 gene (data not shown and partially published [21,22]). Table
2 summarizes patient baseline characteristics. Categorization of
patients on clinical grounds according to age at onset of neurolog-
ical symptoms identified five patients with the El form of the dis-
ease, four patients with the Li form, and seven patients with the
juvenile form. The duration of miglustat treatment ranged between
6 months and 4 years; therapy was initiated at different patient
ages, depending on the clinical form.

Discontinuations due to death were reported in the following
patients: patient 2 (at 6 months of treatment), patient 5 (at
14 months of treatment due to respiratory infection as a complica-
ton of immunosuppressive therapy following liver transplanta-
tion) and patient 6 (at 2 years and 7 months of reatment, due to
disease progression). Discontinuations due to family decisions
were reported in two patents: patient 7 after 2 years of treatment
and patient 10 after 3 years of treatment.

Splenomegaly

Splenomegaly showed a high degree of variability in patients
with El NP-C and in the neurologically asymptomatic patient
The median spleen volume ranged from 140 to 200 mm ( normal
spleen size, 100 mm). Padents with Li and juvenile NP-C showed
relatively stable spleen size throughout treatment.

Disability scale scores
In the El patient subgroup (Fig. 1a), patients 1 and 4, who started

reatment at the youngest ages, showed lower baseline disability
scores than patients 2, 3 and 5. Patient 4 had the lowest disability

score throughout treatment, possibly due to early diagnosis of the
disease due to splenomegaly investigations. The disability score of
patient 1 increased over a period of approximately 2 years, but re-
mained stable thereafter. Patient 5 had the highest disability score
at the onset of treatment, and died at 14 months of age.

In the Li patient subgroup (Fig. 1b), patient 7, who started treat-
ment at 2 years and 7 months of age, showed a low initial degree of
disability and slow disease progression during 2 years of follow up.
Patient 6, who started treatment later than other patients (at
8 years and 7 months of age), died after 2 years and 7 months on
treatment.

In the juvenile patient subgroup (Fig 1c), an initial decrease in
disability score was observed in patients 10 and 11. The disability
score for patient 10 started to increase at 32 weeks, which coin-
cided with the onset of epilepsy that continued between Months
33 and 36; the patient discontinued treatment after this, and his
disability score increased further, up to Month 44. In contrast,
while patient 11 commenced treatment with the highest disability
score, he showed stable disease throughout 3 years of treatment.

PET studies

In the EI patient subgroup, cranial PET studies in patient 1
showed normal metabolism in the cerebellum, thalamus and basal
ganglia throughout 2 years of meatment, but there were notable
changes in frontal and temporo-parietal cerebral metabolism
(Fig. 2a). Substantial and generalized effects on cerebral metabo-
lism were also seen in Patient 2 at baseline, but no follow-up cra-
nial PET assessments could be performed because the patient died
6 months after the baseline assessment Patent 4 showed mild dis-
ruption of thalamic metabolism at baseline, which progressed to
‘moderate’ at 1-year follow up: this condition appeared stabilized
at 2-year follow up, with slight cerebellar hypometabolism. Patient
5 showed frontal-region impairment at baseline, which appeared
stabilized at 1-year follow up.

In the Li patient subgroup, cranial PET showed an increased de-
gree of hypometabolism in the frontal and temporo-parietal regions
as well as in the thalamus and basal ganglia at 1 year of treatment in
patient 6, but cerebellar function remained stable(Fig. 2b). This con-
dition was unchanged at 2-year follow up. Patient 8 showed progres-
sive increases in thalamic hypometabolism during the first and
second years of treatment, and cerebellar changes also became
apparent at 2-year follow up. Patient 9, who had the highest disabil-
ity score at baseline and throughout treatment in the Li subgroup,
showed improved frontal and temporo-parietal metabolism at 1-
year follow up.
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Table 2
Fatient characteristics.
Gender ChT genotype* NPC1 genoty pe Age at treatment start Treatment duration® Dos age
Early-infantle
Patient 1 Male {dupjwt) NPC40* 2 Years 6 months 4 Years 100 mg bii.d.
Patient 2 Femnale (wifwt) NPC17* 4 Years 6 months & Months 200 mg bi.d.
Patient 3 Female nd. 3 Years 1 month 1 Year 50 mg tid.
Patient 4 Fermale {wtfwt) NPC43? 1 Year 4 months 2 Years 50 mg t.id.
Patient 5 Male {witfwt) - 4 Years 1 Year 2 months 30 mg t.id.
lLate-infantile
Patient & Female (wijwi) NPC22° 8 Years 7 months 2 Years 7 months 200 mg bui.d.
Fatient 7 Male (wifwi) NPC31° 2 Years 7 months 2 Years 50 mg b.id.
Patient 8 Female (dupfwit) NPC36° 5 Years 7 months 4 Years 100 mg tid.
Patient 9 Male {wtfwt) - 6 Years 2 months 2 Years 100 mg bi.d.
Juvenile
Patient 10 Male (wifwt) NPC34° 15 Years 7 months 3 Years 200 mg tid.
Patient 11 Male (dupfwi) NPC32° 14 Years 1 month 4 Years 200 mg buid.
Patient 12 Female dup/19E10 + 43 11 Years 4 Years 100 g tid.
Patient 13 Male (dupfwi) - 14 Years 3 Years 200 mg bui.d.
Fatient 14 Male (dupfwi) -* 13 Years 10 months 21 Months 200 mg tid.
Patient 15 Female (wijwt) - B Years 1 Year 100 mg tid.
Patient 16 Male {wtfwt) - 10 Years 1 Year 100 mg bi.d.
Asympromatc
Patient 17 Femnale (dupwt) NPC24° _ Mo treatment _

wit, wild-type allele; (dup/wt), 24-bp duplication in one allele; wtiwt, no duplication.
Treatment duration at observation cut-off; ChT, chitotriosidase; nad., not determined.

Ref, [22].

a
b
© Ref. [21].
d
# Publication in draft.

a) Early infantile

Patient no. and age
at treatment initiation:

22
EDT’-‘\' -1 (2 years and 6 months)
- 18 - -&- 2 (4 years and 6 months)
'9 :E —— 3 (3 years and 1 month)
@ 144 " -=-4 (1 years and 4 months)
= 12+ i
= 4o T -5 (4 years)
o 10 =
@ B
£ e
o 2]
24 .,r"._'"'---— u
i] T T T T T T T T T T 1
0 4 8 12 16 20 24 28 32 35 40 44
Maonths
b) Late infantile Patient no. and age
77 _ at treatment initiation:
0] = - - - -6 (8 years and 7 months)
o 184 S -+-7 (2 years and 7 months)
& :2 7 /./ 8 (5 years and 7 months)
o T -+ 9 (6 years and 2 months)
= 12- —
% 10_"-)- ———‘—"‘"_Fd
a 8 L A—a—
4 64 =
44
2 |
D T T T T T T T T T T T T 1
] 4 8 12 168 20 24 28 32 36 40 44 48 52
Months
c) Juvenile
22 - Patient no. and age
204 e at treatment initiation:
P :g]._____ __‘.—-—-\‘/"_—A—_"__ A - 10 (15 years and 7 months)
8 14 = - 11 (14 years and 1 month)
= 12 12 (11 years)
= 104 i ~ o 13 (14 years)
E ] e — /‘_‘ & 14 (13 years and 10 months)
LY 4 A 15 (6 years)
;’ e 16 (10 years)
D T T T T T T T T T T 1
0 4 8 12 16 20 24 28 32 35 40 44
Maonths

Fig 1. Composite disability score in (a) El patients, (b} Li patients, and (¢} juvenile patients with NP-C.
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Fig. 2. PET in{a) El patients, (b} Li patients, and (c) juvenile patients with NP-C. Findings at last PET evaluation are shown. Treatment periods may have extended past the last
evaluation point. Scores range from 0 {normal cerebral metabolism) to 5 (severe impairment |

In the juvenile patient subgroup, cranial PET indicated stabiliza-
tion throughout 3 years of treatment in patent 10 (Fig. 2¢). Patient
11, who had the highest disability score in this subgroup, showed a
generalized hypometabolism in all cerebral and cerebellar regions
at baseline, which remained stable during 3 years of treatment. Pa-
tent 14 showed no changes on PET during 2 years of follow up,
which appears in agreement with a lack of change in this patient's
disability score throughout observation. Brain metabolism was af-

fected in the thalamic and cerebellar regions and in the basal gan-
alia in Patient 13 at baseline and follow up at 2 years. There was
slight hypometabolism in the temporo-parietal cerebrum at
2 years, whereas there had been none at baseline or 1-year follow
up.

Findings from cranial PET assessments in the asymprtomatic pa-
tient showed stable cerebral, thalamic and cerebellar function
throughout 4 years of follow up (data not shown).
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Cognitive development and function

In the El patient subgroup, patient 1 experienced substantial
worsening of developmental cognitive function during follow up,
which paralleled increases in his disability scores; his 1Q score
was 71 at baseline, which fell to 20 at both 1 and 2 years of treat-
ment. Patient 4 showed stable developmental cognitive function at
2years of treatment, with very slight retardation. No follow-up
information on cognitive function was available for patients 2
and 5, as both patients died. It was not possible to evaluate cogni-
tive development and function in patient 3 due to progressive neu-
rological manifestations of the disease. Cognitive development and
function data were not available from patients 9, 15 and 16.

In the Li patient subgroup, patients 6, 7 and 8 experienced pro-
gressive reductions in cognitive function during 2 years of eat-
ment. It was not possible o evaluate cognition beyond 2 years
due to progressive cognitive impairment (IQ: <20) and the evolu-
tion of physical conditions of the disease.

In the juvenile patient subgroup, patient 13 showed worsening
of cognitive function between baseline (1Q score 78) and 1-year fol-
low up (1Q score 55), but cognition has since remained stable
throughout years 2 and 3. Cognitive function decreased during
the first year of treatment in patent 11 (IQ score 35 at baseline
and 20 at 1-year follow up), which reflected a parallel increase in
disability scale score. Patients 10, 12 and 14 showed stable cogni-
tive function (1Q score 40-50) during the first year of treatment. 1Q

363

scores for patient 10 ranged from 50 at 2 years of treatment to 40
at 3 years. Patient 14 had an 1Q score < 40 at 2 years of treatment

Cognitive function has remained stable in the asymptomatic pa-
tient throughout 4 years of follow up. 1Q scores ranged between 70
and 80 throughout the observaton period.

Plasma ChT and CCL18 activities

Genotyping analyses for the 24-bp duplication polymorphism in
the ChT gene was conducted in 16/17 patients. Plasma ChT ‘pseudo-
deficiency’ was confirmed for seven patients (ie. those with the 24-
bpduplicadonin one ChT gene allele): patients1,8,11,12,13, 14 and
17. Overall, plasma ChT activity was lower in the juvenile patient
subgroup (value range; 52-474 nmol/ml h) than in the EI (value
range; 316-3245 nmol/ml h) and Li subgroups (value range; 323-
2744 nmol/ml h){Fig.3),and was increased in patients who discon-
tinued treatment {e.g. patents 3 and 10, who both discontnued
based on family decisions). The asymptomatic patient showed the
lowest plasma ChT activity during 4 years of followup (valuesrange;
60-47 nmoljml h).

Similar to findings with plasma ChT (overall value range; 52-
3245 nmol/ml h), patients in the EI (value range; 851-1691 ng/
ml) and Li subgroups (value range; 176-950 ng/ml) had higher
plasma CCL18 actvities compared with both the juvenile patient
subgroup (value range; 112-874 ngfml) and the asymptomatic
patent (value range; 213-423 ng/ml) (Fig 4).

a) Early infantile Patient No:
3500 -1
— 3000 3
Z 2500 -
E -5
2 2000
< 4500
=
= 1000
4 500T“‘--—-
G LI T T T T T T T T T T
Baseline 6 12 16 20 24 28 32 36 40 44
Months
b) Late infantile Patient No:
3500 ~-8
-7
= 3000+ o
E 2500 -8
%2000-
> 1500
§1000-
500_#——"—"—0——_. - -
0
Bassline 6 12 16 20 24 28 32 36 40 44 ds 82
Months
c) Juvenile Patient No:
1000 =10 11" 12*
13 14 16
=
Z 750
=
[=]
£ sm0
2
£ 250
< - .
— L3
0 LI T T T T T T T T T T 1
Baseline 6 12 16 20 24 28 32 36 40 44 48
Months

Fig. 3 Plasma ChT activity in (a) El patients, (b) Li patients, and {c} juvenile patients with NP-C. “Bseudo-deficiency patients, possessing 24-bp duplication in one ChT gene
allele; ChT, chitotriosidase. Note: plasma ChT activity in normal, healthy subjects is < 50 nmoljml h. Data not available for patient 2 and patient 15.
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Fig. 4 Plasma CCL18 activity in (a) El patients, (b} Li patients, and (¢} juvenile patients with NP-C. Note: plasma CCL18 activity in normal, healthy subjects is zero, Data not

available for patients 2, 3, 12 and 15.

Tolerability and safety

Miglustar was well tolerated, and no serious adverse events
were recorded. The most frequently occurring adverse events
were diarrhea and flatulence, which were managed satisfactorily
using proper dietary and nutritional care such as the ‘bland diet’,
an oral re-hydration solution, and loperamide. Mo patients
showed clinically significant weight loss during the observation
period.

Discussion

There are limited published case reports regarding the use of
miglustat to treat pediatric patients with NP-C. Our case series as-
sessed the effects of miglustat on disease progression in pediatric
patients with different clinical forms of the disease. Our patients
were classified on clinical grounds according to the age at onset
of neurological symptoms. Splenomegaly did not appear  be a
good marker of response to treatment, as there was no apparent ef-
fect of miglustat on spleen size; splenomegaly may be best consid-
ered as a disease hallmark for diagnosis. The disease-specific
functional disability scale was a practical ol that provided valu-
able information from clinical assessments conducted according
to a standard protocol. We modified our previous disability scale
by adding epilepsy, which is a severe symptom that worsens the

disease, and ocular movements, as it is a hallmark of the disease.
PET is expensive and is unlikely to be of practical use for routine
clinical monitoring, but it has the potential to be used as a quant-
tative and objective marker of treatment efficacy in the early
stages of disease. Further PET data on untreated patients would
be valuable. Plasma ChT and CCL18 activities may serve as bio-
chemical markers of therapeutic response in NP-C, although possi-
ble genetic deficiency should be taken into account in the case of
ChT. However, ChT and CCL18 do not necessarily reflect the evolu-
tion of neurological disease.

Our findings regarding changes in neurological symptom pro-
gression, brain metabolism, cognidve status and plasma disease
markers add to existing published data on the efficacy of miglustat
from previous clinical trials and case reports. Pivotal efficacy data
were reported from a 12-month randomized, controlled, clinical
trial involving 29 juvenile and adult patients, and a parallel, non-
controlled sub-study, involving 12 patients aged 4-12 years [17].
The primary study end point - horizontal saccadic eye movement
velocity (HSEM-a) - was improved with miglustat versus standard
care in adult and juvenile patients; similar improvements were
seen in children included in the pediatric sub-study [17]. Improved
swallowing capacity, stable auditory acuity, and slower deteriora-
tion of ambulation were also seen in miglustat-treated patients
aged over 12years. Further data, indicating stabilization of key
parameters of neurological disease progression in NP-C, were re-
ported in a retrospective observational cohort study in 66 patients




180

Annex

M. Fineda et al f Molecular Genetics and Metaboltsm 99 (2010) 358-306 365

with a mean (standard deviation) age of 9.7 (7.6) years [ 18]. A pub-
lished case series reported the efficacy of 24 months' miglustat
therapy in three adult patients with NP-C, based on clinical evalu-
ations and brain magnetic resonance spectroscopy (MRS) [23]. This
study reported mild clinical improvement or stabilization in all pa-
tients. However, the findings were limited by the small number of
patients and the choice of cerebral white matter to follow disease
progression.

To date, cerebral PET scan data have not been reported from
longitudinal follow up of patients with NP-C. Our PET imaging
studies indicated that cerebral hypometabolism was stabilized in
patents with juvenile-onset NP-C; miglustat appeared w slow
progression of neurological symprtoms. Padents with El and Li
forms of NP-C who started treatment in the advanced stages of
the disease showed increased disability scores and progressive
cerebral hypometabolism. Patient 9, who also had a high baseline
disability score, showed an improvement on PET evaluation after
1 year of treatment. Control cranial PET and disability scale data
indicated stable function over 4 years of follow up in the asymp-
toratic patient.

A published case series of two male Taiwanese patients with
NP-C, who started miglustat therapy aged 14 and 9years, re-
ported substantial improvements in swallowing and ambulation
by Month 6 of treatment, followed by stabilization of neurolog-
ical symptoms between Months 6 and 12 [24]. Spleen size re-
mained approximately stable throughout treatment in both
patients and, predictably, there were no overt changes in plasma
ChT activities. In our series, splenomegaly varied greatly be-
tween patients and over time, and did not appear related to
treatment response or to neurological status. However, plasma
CCL18 and ChT levels were higher in both the El and Li patients
compared with the juvenile group and the asymptomatic patient
Further, in patients with the EI and juvenile forms of NP-C, plas-
ma ChT activities increased when patients discontinued therapy,
suggesting that this marker is reflective of therapeutic response.
The levels of plasma ChT and CCL18 indicated the presence of
quantifiable, active disease in the asymptomatic patient.

Previous studies have demonstrated that both plasma ChT and
CCL18 can serve as markers for the extent of pathological forma-
tion of lipid-laden macrophages in GD [10]. Further, reductions
in plasma CCL18 levels have been shown able to reflect therapeutic
corrections of the total-body burden of activated macrophages. It
should also be noted that plasma CCL18 levels are affected by im-
mune system activity, and it is possible that CCL18 levels mightre-
flect specific immune processes during NP-C. Zimran et al. [25]
characterized the inflammatory profile of patients with GD, and
it might be that similar factors and processes are involved in the
modulation of plasma CCL18 concentration in patients with NP-C.

Santos et al. [26] studied the effects of miglustat reatment in a
9-year old Brazilian patient, reporting a rapid and positive impact
of therapy on cognitive function, ataxia, dysarthria and ophthalmo-
plegia. In addition, functional disability (assessed on the disability
scale published by Iturriaga et al. [8]) was reduced from a pre-
treatment score of 15 down to a score of 8, after treatment. These
findings are comparable with data from our series. Although dis-
ability scale scores increased in patients with El disease (e.g in pa-
tient 1 at 2-year follow up), progression was slow compared with
the natural evolution of this clinical form. In addition, patient 4 re-
mained stable throughout 2 years of treatment, and a decrease in
disability scores was observed in patients with the juvenile form
of the disease (although this trend reversed at the onset of
epilepsy).

With regard to cognitive function and developmental level, the
severity of cognitive impairment appears strongly related to the
age at which treatment is commenced; in general, cognitive out-
comes were worse in younger patients. There was a clear worsen-

ing of cognitive scores in patients with El and Li disease during
follow up, but scores appeared to remain stable in patients with
juvenile-onset disease,

Miglustat was generally well tolerated in our patent series.
Some patients experienced episodes of diarrhea and flatulence at
the onset of treatment, but there was no weight loss during the
observation period. There were no reports of insomnia, paresthesia
or fine tremors, which have been described in previous studies
with miglustat [17,24,26].

In summary, the patients in our series who showed deteriora-
tion during miglustat therapy were those who were at a more ad-
vanced stage of the disease. This seems in agreement with a
previous case of a male patient aged 3 years, where little therapeu-
tic response was reported after 12 months’ treatment with miglu-
stat [27]. In general, patients with infantile NP-C generally exhibit
greater symptom severity and more rapid disease progression than
those with juvenile-onset disease [28], and therefore seem less
likely to show appreciable therapeutic responses to miglustat ther-
apy [9). We consider that miglustat therapy should be commenced
at or just before neurological signs start to appear. However, more
data are necessary to define further the stages at which treatment
is best initiated within the different clinical forms of NP-C.
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RESUM

La malaltia de NPC freqlientment es manifesta a I’edat pediatrica, presentant gran variabilitat
en les manifestacions cliniques. La malaltia condueix a un deteriorament neurologic amb diferents
simptomes que estan relacionats amb [I'edat. Una coléstasi neonatal transitoria, I'aparicio

d’esplenomegalia i/o hepatomegalia poden precedir en anys als simptomes neurologics.

Es presenten els 6 casos de NPC diagnosticats a la Unidad Pediatrica de Enfermedades Raras,
Mitocondriales y Metabdlicas Hereditarias de I’'Hospital Universitario 12 de Octubre. Es revisen les

manifestacions cliniques, les ressonancies magnétiques i I'analisi molecular d’aquests pacients.

Tots van arribar a la consulta abans dels 6 anys, 5 dels pacients van presentar afectacié
hepatica i/o coléstasi durant el periode neonatal. En 2 dels casos es va detectar ascites en el periode
prenatal. La preséncia d’esplenomegalia es va observar en 5 d’ells. | en tots els casos es van detectar

mutacions al gen NPCI.

Aquest treball posa de rellevancia la importancia d’identificar els primers simptomes clinics
per poder diagnosticar aquesta malaltia precogcment, ja que aix0 dirigiria cap a un tractament
adequat. D’altra banda també és important assessorar a les families i proporciona’ls-hi un correcte

consell genetic.
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PALABRAS CLAVE Resumen

Enfermedad de Introduccion: La enfermedad de Niemann-Pick tipo C esta causada por un defecto en el
Niemman-Pick tipo C; transporte intracelular de colesterol que produce un acimulo de lipidos en los lisosomas de
Colestasis neonatal; diferentes tejidos. Es una enfermedad rara, debida generalmente a mutaciones en el gen
Esplenomegalia; NPC1 y solo unos pocos casos se asocian a mutaciones en el gen NPC2. Frecuentemente se
Paralisis de la mirada manifiesta en la edad pediatrica, presentando gran variabilidad en las manifestaciones
vertical clinicas. La enfermedad conduce a un deterioro neurologico con diferentes sintomas que

estan relacionados con la edad. Una colestasis neonatal transitoria, la aparicion de
esplenomegalia y/o hepatomegalia pueden preceder en afnos a los sintomas neurologicos.
Pacientes y métodos: Presentamos los 6 casos diagnosticades en nuestra unidad en los
altimos 20 anos. Se han revisado las manifestaciones clinicas, los hallazgos neurorradio-
logicos (RM) y el analisis molecular de todos ellos.

Resultados: Todos se presentaron antes de los 6 afios y 5 casos tuvieron afectacion
hepdtica y/o colestasis en el periodo neonatal. En 2 casos se detectd ascitis en el periodo
prenatal. La presencia de esplenomegalia se objetivo en 5 casos. En todos los casos se
detectaron mutaciones en el gen NPCT.

Conclusion: Esimportante el conocimiento de esta enfermedad vy la identificacion de los
sintomas clinicos precoces para poder diagnosticarla precozmente, lo que conllevaria a un
tratamiento adecuadoe, pudiendo evitar procedimientos innecesarios. Por otra parte es
importante asesorar adecuadamente a las familias y proporcionar un consejo genético.

@ 2010 Asociacion Espafnola de Pediatria. Publicado por Elsevier Espana, 5.L. Todos los
derechos reservados.
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Niemann-Pick type C disease: From neonatal cholestasis to neurological degeneration.
Different phenotypes

Abstract

Introduction: MNiemann-Pick type C is a lysosomal storage disorder caused by a defect in
intracellular trafficking of cholesterol. It is a rare disease, usually caused by mutations in
NPC1 gene, but in some cases by mutations in NPCZ gene. Usually it is present in the
paediatric age with a great variability of clinical manifestations. This disease leads to
neurological degeneration with various age-related symptoms. Transient neonatal
cholestasis, the appearance of splenomegaly and/or hepatomegaly may occur years
before the neurological symptoms.

Patients and methods: We report 6 cases diagnosed in our unit in the last 20 years. We
reviewed the clinical manifestations, neuroradiological findings (MRI) and molecular
analysis of all of them.

Results: The disease began before 6 years of age and 5 cases had liver dysfunction and
cholestasis in the neonatal period. Ascites was detected in 2 cases in prenatal period. Five
cases have or had splenomegaly. Mutations in NPC1 gene were detected in all of them.
Conclusions: It is important to understand this disease and the identification of early
clinical symptoms to make an early diagnosis, leading to appropriate treatment and
avoiding unnecessary tests. Moreover, it is important to suitably advise families and
provide them with genetic counselling.

© 2010 Asociacion Espanola de Pediatria. Published by Elsevier Espafa, 5.L. All rights

reserved.

Introduccion

La enfermedad de Niemann-Pick tipo C (NPC) es debida a un
defecto en el trasporte intracelular de colesterol, esfingo-
lipidos y glicoesfingolipidos, que se acumulan junto al
colesterol no esterificado en los endosomas tardios y
lisosomas'. La incidencia estimada de la enfermedad es
de 1/150.000 recién nacidos vivos en Europa. Se hereda de
forma autosomica recesiva y es producida en la mayoria
de los casos (95%) por mutaciones en el gen NPCT y en una
pequeia proporcion (5%) en el NPC2. Afecta al sistema
nervioso central, produciendo un deterioro neuroldgico y a
otros drganos como el higado y el bazo®>,

Existe una gran variabilidad de manifestaciones clinicas®.
La forma mas frecuente de presentacion asocia una
colestasis neonatal transitoria, la aparicion de esplenome-
galia y/o hepatomegalia progresiva y posteriormente sintomas
neurologicos. Entre las manifestaciones neurologicas
destacan las alteraciones en la motilidad ocular siendo
caracteristica la paralisis de la mirada vertical, también
pueden tener disfagia, disartria, ataxia, distonia, crisis
epilépticas, dafo cognitivo progresivo, sintomas psiquiatricos
y crisis de cataplejia gelastica. La hepatoesplenomegalia
es un signo frecuente, pero su ausencia no excluye el
diagnostico.

Se han establecido 5 formas clinicas® dependiendo de la
edad de presentacion de los sintomas neurologicos. Forma
infantil precoz (<2 anos), forma infantil tardia (2-6 anos),
forma juvenil (6-16 anos), forma adulta (=16 anos).
Ademas existe una forma perinatal de aparicion precoz
y con mala evoludion clinica. En la tabla 1 se muestran
los sintornas neurologicos y sistémicos mas frecuentes en las
distintas formas clinicas. A continuacion presentamos los

casos con enfermedad de WPC de nuestro centro con el
objetivo de dar a conocer esta patologia y alertar a los
pediatras para realizar un diagndstico precoz de la
enfermedad.

Pacientes y métodos

Desde el ano 1990 se han diagnosticado 6 pacientes
(de entre 0 y 12 anos de edad) con enfermedad de NPC en
nuestra unidad. Hemos realizado un estudio descriptivo
mediante la revision de las historias clinicas. En todos los
casos se ha confirmado el diagnostico en fibroblastos
cultivados demostrando un acimulo de colesterol no
esterificado en los lisosomas después de realizar el analisis
ciotoguimico con filipina®. Mediante la utilizacion del
microscopio optico con luz ultravioleta se puede observar
un acumulo de vesiculas perinucleares fluorescente gue
indican la localizacion y el aumento cualitativo de colesterol
no esterificado. Se define «fenotipo clasico» a los casos que
presenta la tincion con filipina claramente positiva y
«fenotipo variante» a los casos en los que el aumento de
vesiculas fluorescente es muy escaso o practicamente nulo.
El diagndstico bioguimico se confirmd mediante el analisis
molecular. El diagnostico molecular se realizo a través de la
amplificacion del DNA a través de la reaccion en cadena de
la polimerasa (PCR) de los distintos exones y zonas intronicas
flangueantes del gen NPC1 y posterior secuendacion
de dichos fragmentos siguiendo protocolos previamente
establecidos’. Se han revisado las manifestaciones clinicas,
los hallazgos neurorradiologicos (RM) y el analisis molecular
de todos ellos. Se ha solicitado consentimiento informado
a los familiares de acuerdo con el comité de ética del
centro.
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Tabla 1
Group®

Formas clinicas Manifestaciones sistémicas

Sintomas y signos clinicos de la enfermedad de NPC segun las formas clinicas modificado de NP-C Guidelines Working

Manifestaciones neuroldgicas

Pre/ perinatal
(=3 meses)

respiratoria, fallo hepatico

Infantil precoz
(3 meses a 2 anos) esplenomegalia aislada
Infantil tardio Visceromegalia (frecuente)

(2 afos a 6 afos)

Juvenil (& a 15 afios) Visceromegalia (no siempre)

Adolescente y adultos Visceromegalia (no siempre presente) o
(=15 anos) esplenomegalia aislada (en algunos casos)
Resultados

Caso 1: nifo de 3 afos de edad que presentd ascitis masiva y
hepatoesplenomegalia sin otros signos de hidrops fetal en la
semana 20 de gestacion. El parto fue en la semana 31
mediante cesarea. Durante el periodo neonatal presentd
ascitis de dificil control, colestasis neonatal y disfuncion
hepatica. Se le realizo biopsia hepatica que mostro intensa
colestasis hepatocitaria y canalicular y leve ductopenia,
sugestiva de pobreza de ductos biliares. Ademas presento una
hemorragia intraventricular grado 1/ (debido a la prematu-
ridad y a una coagulopatia secundaria a la afectacion
hepatica). Durante el primer afo de vida continud con
hepatoesplenomegalia, desarrollando una enfermedad croni-
ca hepatica y cirrosis con hipertension portal ademas de
retraso psicomotor severo. A los 2 ahos y medio sufrio un
deterioro neurologico. En la exploracion actual presenta
hepatomegalia y esplenomegalia, espasticidad en miembros
inferiores, temblor, distonia leve, sedestacion inestable,
estrabismo alternante, paresia de la mirada vertical y
lesiones de dermatitis palpebral. Recientemente refiere crisis
de cataplejia. Se realizo una RM cerebral a los 2,2 anos donde
se objetivo una alteracion en la mielinizacion periventricular.

Caso 2: nifa en la que se detectd ascitis masiva a las 30
semanas de gestacion. Desde el nacimiento presentd gran
hepatoesplenomegalia con hipertension portal, instauran-
dose un fallo hepatico que motivo 2 trasplantes hepaticos.
Tras fallo del injerto fallecid al 1,5 meses de vida. Los
hallazgos anatomopatologicos en la biopsia hepatica mos-
traron abundantes mielinosomas en el citoplasma de las
células de Kupffer y en los hepatocitos correspondientes a
lipidos parcialmente metabolizados en los lisosomas. Tras la

Hidrops, hepatoesplenomegalia, ascitis
fetal persistente o no al nacimiento,
colestasis prolongada, insuficiencia

Hepatoesplenomegalia o hepatomegalia o

Mo reconocidas

Retraso psicomotor, hipotonia central,
hipoacusia, paralisis de la mirada vertical
(rara)

Caidas frecuentes, torpeza motora, ataxia,
distonia, disfagia y disartria progresivas,
hipotonia central, hipoacusia, crisis
convulsivas, cataplejia, paralisis de la mirada
vertical

Fracaso escolar, problemas de aprendizaje,
problemas de conducta, caidas frecuentes,
torpeza motora, ataxia, disartria, distonia,
disfagia, mioclonias, cataplejia, crisis
convulsivas, paralisis de la mirada vertical
Torpeza, cataplejia, sintomas psiquiatricos,
deterioro cognitivo, demencia, paralisis de la
mirada vertical, ataxia, distonia, disartria,
disfagia, mioclonias, crisis (parciales o
generalizadas)

autopsia se objetivd mediante microscopio electronico
abundante material de deposito en el citoplasma de las
neuronas constituido por pequenos cuerpos pleomorficos (la
mayor parte formados por membranas que se disponen
concéntricamente).

Caso 3: nifa de 4 anos. Durante el embarazo se objetivd
un retraso del crecimiento intrauterino en el Gltimo
trimestre. En el periodo neonatal presento ictericia prolon-
gada gue no requirio ingreso. Desde los primeros meses de
vida se objetivd escasa ganancia ponderal. Hacia los 3 meses
se evidencio una gran hepatoesplenomegalia. A los 2 anos se
le realizo una esplenectomia, lo que precipitd una regresion
neurologica importante. Ha tenido varios episodios de
neumonia con insuficiencia respiratoria. En la actualidad
presenta una encefalopatia con tetraparesia espastica,
paresia de la mirada vertical y ausencia de lenguaje. Tiene
crisis de cataplejia gelastica y crisis convulsivas. Se ha
realizado RM cerebral a los 4 anos en la que se ha objetivado
atrofia corticosubcortical, fundamentalmente supratento-
rial, alteracion en la mielinizacion que afecta predominan-
temente a la sustancia blanca posterior y subcortical. En la
espectroscopia, hay descenso del pico de N-acetil-aspartato
(Maa) tanto en ganglios basales como en centro semioval.

Caso 4: nifio de 8 anos. Desde el nacimiento presentd
alteraciones en la pigmentacion cutanea de forma lineal en
el tronco (hemitorax izquierdo) y en la cara interna de la
pierna sugerentes de hipomelanosis de ito. Durante el
primer ano de vida no le notaron nada anormal salvo
estridor laringeo ocasional. Desde el segundo afo de vida se
aprecio un retraso del lenguaje y progresivamente torpeza
motora. A partir de los 3 anos de edad sufrio una regresion
neurologica y ataxia. A los 5 aflos comenzo con alteracion en
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la deglucion y posteriormente con epilepsia mioclonica
resistente a multiples farmacos antiepilépticos. A la edad de
5 anos acude por primera vez a nuestra consulta con el
diagnostico de hipomelanosis de ito y en la exploracidn
presentaba esplenomegalia, défict intelectual, ataxia,
coordinacion deficiente y ptosis palpebral leve del ojo
derecho. A los 6 anos desarrollo paralisis de la mirada
vertical. En la RM cerebral realizada a los 5 afos se objetivo
atrofia mesial con dilatacion del asta temporal.

Caso 5: nina de 5 anos, de origen ecuatoriano, hija de
padres consanguineos. Desde el primer mes de vida presento
colestasis que remitio al afio de vida, hepatoesplenomegalia
y posteriormente retraso psicomotor severo con marcada
hipotonia y ataxia. Le realizaron una biopsia hepatica donde
se objetivo moderada fibrosis portal y una intensa colestasis
intrahepatica con células espumosas sugestivas de enferme-
dad de depasito lipidico. A los 4 anos comenzo con crisis de
cataplejia gelastica, crisis epilépticas y paralisis de la
mirada vertical. En la actualidad presenta hipotonia,
ataxia y persiste la esplenomegalia. En la RM cerebral
realizada a los 5 afos se objetivo alteracion severa de la
mielinizacion.

Caso 6: nino de 12 anos de edad. En el pericdo neonatal
presento colestasis neonatal y posteriormente hepatopatia
cronica con hepatoesplenomegalia. Se le realizo una biopsia
hepatica donde se objetivo una hepatopatia colestatica con
ductopenia. A los 5 afios y medio comenzo con paralisis de la
mirada vertical. A los 8 afos inicio una regresion neurologica
con mal rendimiento escolar y déficit de atencion seguido de
deterioro cognitivo siendo remitido a nuestra consulta a los
9 afos. A los 11 afos presento crisis convulsivas. En la
exploracion presenta ataxia, paralisis de la mirada vertical
sin hepatoesplenomegalia. Se le ha realizado RM cerebral a
los 9 anos donde no se objetivaron alteraciones, salvo un
quiste aracnoideo.

En todos los casos se observaron depdsitos de colesterol
no esterificado en fibroblastos mediante la tincion histogui-
mica con filipina, presentando todos un «fenotipo clasicos
excepto el caso 4 que resultd ser un «fenotipo variantes. EL
diagnostico se confirmo con el estudio genético, hallandose
mutaciones en el gen NPC1 en los 6 pacientes.

Todos los casos reciben actualmente tratamiento con
miglustat (un ihibidor de la glucosilceramida sintasa
responsable del primer paso de la sintesis de los glucolipi-
dos). En la tabla 2 se muestra la edad de inicio de los
sintomas extraneuroldgicos y neurologicos, edad de confir-
macion bioguimica, fenotipo bioguimico, analisis molecular
e inicio de tratamiento de todos los casos.

Discusion

La enfermedad de WNPC presenta una gran variedad de
manifestaciones clinicas. Los sintomas extraneurologicos
comenzarcn en el periodo perinatal en 5 de los casos
presentados. Todos menos el caso 4 presentaron colestasis
neonatal y hepatopatia. Estos sintomas ayudan a un
diagnostico precoz de la enfermedad. En ocasiones es dificil
discriminar cuales son los primeros sintomas neurologicos
debidos a la enfermedad de WPC en ninos con retraso
psicomotor previo, como en el caso 1. En el caso 2, con una
forma perinatal y cuadro clinico muy grave, no se

detectaron sintomas neurologicos, pero hay que destacar
que aun en ausencia de los mismos en el examen
neuropatologico se evidenciaron alteraciones propias de
enfermedad de depdsito en las neuronas.

Es importante remarcar que nuestra casuistica apoya la
experiencia de otros centros, en estos aconsejan que se
debe pensar en esta enfermedad en cuadros de colestasis
neonatal de etiologia incierta® y en las hepatitis idiopaticas
neonatales’. En un estudio realizado en el Reino Unido
objetivaron que la enfermedad de NPC es la segunda causa
genética de enfermedad hepatica en la infancia después del
déficit de alfa-1 antitripsina'. Yerushalmi B refiere que la
enfermedad de NPC es la causa mas comun de enfermedad
metabolica/genética que se presenta como colestasis
neonatal. Por otro lado el grado de afectacion hepatica no
es un indicador de la gravedad de la progresion neurologica
de la enfermedad®"" (puesto que algunos evolucionan como
formas adultas).

La esplenomegalia es un signo mas consistente que la
hepatomegalia en los ninos, debemos tenerlo en cuenta para
llegar a un diagnostico precoz de la enfermedad'?. Todos los
casos vistos en nuestra unidad han tenido o tienen
esplenomegalia. De hecho el caso 3 sufrid una regresion
neurologica rapida precipitada tras la esplenectomia por el
acimulo de lipidos en el sistema nervioso.

Entre los sintomas neurologicos la paralisis de la mirada
vertical es un signo caracteristico que suele aparecer de 2 a
4 afos después de los signos de afectacion cerebelosa y muy
proximo al inicio de otros sintomas secundarios a afectacion
de tronco cerebral. Se ha objetivado en todos nuestros
casos excepto en el caso 2. Las crisis de cataplejia gelastica
aparecieron en el caso 3 a la edad de 3 anos yenelcaso 5 a
la edad de 4 anos, similar a lo referido en otros articulos'.

La progresion de la enfermedad es mas rapida cuando los
sintomas se inician precozmente ™. EL (nico tratamiento que
existe actualmente es la terapia de reduccion de sustrato
con miglustat'®'®, Este farmaco estd aprobado como
medicamento de uso compasivo.

En un estudio rediente se ha demostrado enlentecimiento
en la manifestacion de los sintomas neurclogicos de la
enfermedad'’. Existen dudas razonables sobre el momento
adecuado para inidiar el tratamiento en los diagnosticos
precoces que adn no han empezado con el deterioro
neurologico. Se recomienda administrarlo justo en el
momento en el que aparecen los sintomas neurolégicos'.
Esta decision es dificil en los casos con retraso psicomotor
previo como en el caso 1.

La RM cerebral en la enfermedad de NPC no suele mostrar
imagenes especificas. Es frecuente ver atrofia cerebral a
lo largo de la evolucién y en particular atrofia del vermis
cerebeloso™. También se puede observar adelgazamiento
del cuerpo calloso vy aumento de la senal en la sustancia
blanca que puede reflejar una desmielinizacion secundaria’®.
En la enfermedad de NPC se pueden poner de manifiesto
alteraciones en la espectroscopia cerebral®® (descenso de la
MN-acetil-aspartato/creatina (Maa/Cr) en corteza frontal
y parietal, centro semioval y nucleo caudado y aumento de
colina/creatina en corteza frontal v centro semioval)®’. En
nuestra serie, algunos casos presentaron descenso de Maa. La
RM con espectroscopia puede ser (til en el seguimiento de
la enfermedad. En las figuras 1y 2 se muestran las imagenes
de las RM de los pacientes.
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Figura 1

A) Caso 1: BM craneal, corte axial, T2: muestra escasa mielinizacion a la edad de 2 aros. B) Caso 4: RM craneal, corte

coronal, T2: se visualiza una atrofia cortico-subcortical supratentorial.

Figura 2 A) Caso 5: RM craneal, corte axial, T2: existe anomalia severa de la mielinizacion y atrofia cortico-subcortical. B) Caso 6:

RM craneal, corte axial, T2: discreta atrofia cortico-subcortical.

El analisis bioquimico mostro que todos los pacientes
presentan el fenotipo biogquimico clasico que es el mas
frecuente, a excepcion del paciente 4 que presentd un
fenotipe bioguimico variante®®. EL fenotipo variante suele
dar formas juveniles o adultas, sin embargo nuestro caso es
una forma infantil precoz. Mo se han encontrado hasta el
momento marcadores bioquimicos de actividad de la
enfermedad'® y gue ademas sirvan como control del
tratamiento. La quitotriosidasa no ha demostrado ser un
buen marcador de progresion de la enfermedad®.

El analisis molecular detectd mutaciones en el gen NPC1
en todos los casos como en la mayor parte de los casos
publicados’ %, Esto permite el consejo genético a través del
diagnostico de heterocigotos y del diagnostico prenatal. La
heterogeneidad alélica de esta enfermedad es muy grande
y dificulta la correlacion genotipo/fenotipo clinico salvo
algunas excepciones. En el caso de la mutacion p.C177Y,
hasta la fecha, siempre que se presentaba en homocigosis
se correlacionaba con la presentacion infantil tardia®!. En
este trabajo, presentamos el primer pacdiente (caso 5) con
este genotipo, pero con una presentacion infantil precoz
(tabla 2). Por otro lado, son de destacar ciertas correlacio-
nes entre el genotipo y el fenotipo bioquimico. Este es el

caso de la mutacion p.G992W, que tanto si se presenta en
homo como en heterocigosis, presenta una forma bioguimica
variante después de realizar la tincion citoquimica con
filipina tal y como se ha descrito para todas las mutaciones
que afectan al coddn 9922525,

Conclusiones

La enfermedad de NPC debe incluirse en el diagndstico
diferencial de la ascitis de origen prenatal, la colestasis
neonatal y la esplenomegalia, para poder realizar un
diagnostico y un tratamiento precoces. Debemos pensar en
la enfermedad de MPC en cuadros neurodegenerativos sobre
todo si hay alteracion de la mirada vertical. La presencia de
esplenomegalia orienta el diagndstico pero su ausenciano lo
descarta. Hay que resaltar que los primeros sintomas suelen
ser precoces y extraneurologicos y preceden en un tiempo
variable (meses o anos) al deterioro neurologico. Es
imprescindible la confirmacion diagnostica mediante el
estudio citoquimico utilizando filipina sobre un cultivo de
fibroblastos procedentes de una biopsia de piel y/o a través
del anadlisis molecular en los genes NPC1 y NPCZ si fuese
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necesario. Esto permitira ademas realizar un consejo
genético adecuado.
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RESUM

S’han descrit més de 300 mutacions als gens NPCIi NPC2 causants de malaltia, que inclouen
petites delecions i insercions, mutacions de canvi de sentit, mutacions sense sentit i mutacions de
splicing. En aquest treball es mostra que variants estructurals que afecten al gen NPCI poden estar

també involucrades a la malaltia de NPC.

Per confirmar i caracteritzar la presencia de dues grans delecions en hemizigosi a dos
pacients, es va emprar la técnica de QMPSF i I'analisi de segregacié de diferents SNPs a ambdues
families. Un dels pacients (NPC57) presenta en un al-lel una mutacié de canvi de sentit préviament
descrita (p.T1066N) i a I'altre al-lel, una delecié heretada que inclou el gen NPCI sencer i part dels
gens flanquejants C18o0rf8 i ANKRDZ29. El segon pacient (NPC-G1) té una nova delecié d’un nucleotid
(c.852delT; p.F284LfsX26) i una delecidé que afecta a part del gen NPC1i dels gens adjacents ANKRD29
i LAMAS.

Aquests resultats representen la primera caracteritzacié de dues microdelecions a la regié
cromosomica 18911-q12 responsables de causar la malaltia de NPC i proporcionen una estratégia de

cerca per aquells al-lels del gen NPC1 pendents d’identificar.
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Abstract

Niemann-Pick type C (NPC) disease is an autosomal recessive lysosomal disorder characterised by the
accumulation of a complex pattern of lipids in the lysosomal-late endosomal system. More than 300
disease-causing mutations have been identified so far in the NPCI and NPC2 genes, including indel,
missense, nonsense and splicing mutations. We present the first report showing that structural variants
encompassing NPC] are also involved in this disease. QMPSF and SNP inheritance analyses were used
to confirm and further characterise the presence of hemizygous deletions in two patients. One of the
patients (NPC57) bore a previously described missense mutation (p.T1066N) in one allele and an
inherited deletion that included the whole NPCI gene and at least part of the flanking C/8orf8 and
ANKRD?29 genes, in the other allele. The second patient (NPC-G1) had a novel 1-bp deletion
(c.852delT; p.F284Lfs*26) and a deletion encompassing part of NPC/I and the adjacent ANKRD29 and
LAMA3. These findings represent the first characterisation of two chromosomal microdeletions at

18q11-q12 that cause NPC disease and provide insight into missing NPC/ mutant alleles.

Keywords:

Niemann-Pick type C; NPCI gene; Gene deletions; QMPSF; SNP analysis.

Abbreviations:

NPC, Niemann-Pick type C; NPCI1, NPC1 gene; NPC2, NPC2 gene; QMPSF, quantitative multiplex
PCR of short fluorescent fragments; NMD, nonsense-mediated mRNA decay; MAF, minor allele
frequency; CNVs, copy number variants; JEB, junctional epidermolysis bullosa; LOCS, laryngo-

onycho-cutaneous syndrome; DGV, Database of Genomic Variants.
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1. Introduction

Niemann-Pick type C (NPC) disease (OMIM ID: 257220, 607625) is a rare autosomal recessive
disorder characterised by the defective lysosomal storage of multiple lipids, such as cholesterol and
glycosphingolipids [1]. The clinical phenotype of NPC is extremely heterogeneous, with an age of
onset ranging from the perinatal period until well into adulthood [2]. Affected individuals present
hepatosplenomegaly and progressive neurodegeneration.

NPC is caused by mutations in two genes, NPCI (MIM ID: 607623) or NPC2 (MIM ID: 601015)
[3, 4]. Approximately 95% of patients have mutations in the former, which encodes a transmembrane
protein residing in late endosomes/lysosomes [5], whereas the remaining 5% of the cases result from
defects in the latter, a small soluble lysosomal protein [6].

To date over 300 disease-causing mutations have been reported [2], most being missense mutations
[7] while the remaining ones are splicing mutations, indels and nonsense mutations.

Here we characterised two heterozygous deletions at 18ql1-ql2 involving NPCI. In a previous
survey we briefly described one of these deletions [8]. Here we characterised both deletions using two
methods: the segregation analysis of several SNPs within the patients’ families, in which Mendelian
errors were consistent with the presence of a deletion, and the quantitative multiplex PCR of short
fluorescent fragments (QMPSF) [9].

The deletions described in this study were in compound heterozygosity. In patient NPC57 we found
a previously described missense mutation (p.T1066N) in the other allele, whereas in patient NPC-G1
we detected a novel single-nucleotide deletion (c.852delT), this causing a frame shift and a premature
stop codon (p.F284Lfs*26). To our knowledge, this is the first report of structural variants involved in

NPC disease.

2. Materials & Methods
2.1. Patients
General information and clinical details of the patients NPC57 and NPC-G1 are shown in

Supplementary Table 1.




198 Annex

2.2. Genomic DNA amplification and sequencing

Primers were designed to amplify each NPCI exon and corresponding intronic flanking regions
(primers available upon request). The PCR products were sequenced in forward and reverse directions
using ABI PRISM Big Dye Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, CA,

USA).

2.3. Reverse transcription of NPC1 mRNA and cDNA sequencing

Total cellular RNA was isolated and cDNA was synthesised as previously described [10]. The
NPCI cDNA was then amplified using primers 5 TGTCCAGATGTCCATCCTGTT3’ and
5S’ATTGCTATCGATGGGAGTGTS3’ to confirm the ¢.852delT mutation. The resulting amplification
product was sequenced as described above. To assay nonsense-mediated mRNA decay (NMD),
fibroblasts from the patient and from a control individual were cultured in the presence of 500 pg/ml of
cycloheximide for 6 hours.

In order to identify the breakpoints in patient NPC-G1, several attempts were made to amplify the
region just outside the deletion using a combination of three forward and three reverse primers (primers
available upon request). The maximum size expected for the nine PCR products ranged from 766 bp to

1331 bp. The PCR amplifications were performed using a range of polymerases and conditions.

2.4. Polymorphism analysis

To define the boundaries of the two deletions, several polymorphisms located in NPC/ and flanking
genes (CABLESI, Cl8orf45, RIOK3, Cl8orf8, ANKRD29, LAMA3, TTC39C, OSBPLIA, IMPACT,
ZNF521) were analysed by PCR amplification and sequencing. Polymorphisms were selected from the
CEU panel of the HapMap database (www.hapmap.org, release 28), choosing only those with a minor
allele frequency (MAF) >0.2 in order to increase the chance of heterozygosity in our sample. The list of
polymorphisms is shown in Supplementary Table 2. Samples from parents were also analysed for most

of the polymorphisms.
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2.5. QMPSF assay

QMPSF assay was used to detect the deletions and to narrow down their extension. Short genomic
fragments (between 100 and 250 bp) located in NPCI and flanking genes were simultaneously PCR-
amplified in a single tube using dye-labelled primers. An additional fragment corresponding to exon 7
of the RNF20 gene, located on chromosome 9q, was co-amplified as a reference [11]. Three distinct
multiplex PCR reactions were designed to delimit the breakpoints of the deletions in the two patients
(Set 1, 2 and 3). Primers, location and length of the fragments are shown in Supplementary Table 3.
One pL of the PCR product was resuspended in a mix containing 10.9 pL of deionised formamide and
0.1 pL of GeneScan 600 LIZ size standard (Applied Biosystems). PCR products were run on an ABI
PRISM sequencer and data were analysed using Peak Scanner v.1.0 software (Applied Biosystems).
The analysis was based on the comparison of peak heights between each patient and an average of
healthy controls. The copy number of each tested fragment was expressed as the following ratio:
(height of the peak corresponding to the tested fragment for the patient / height of the peak
corresponding to RNF2( for the patient) / (height of the peak corresponding to the tested fragment for
the average of controls / height of the peak corresponding to RNF20 for the average of controls). Ratios
< 0.65 were indicative of deletion. Positive results were confirmed in a second independent QMPSF

assay.

3. Results

Sequencing the 25 NPCI exons and intronic flanking regions allowed the identification of a novel
mutation, ¢.852delT, in patient NPC-G1. This defect was inherited from the mother. cDNA analysis
revealed that the c.852delT allele was partially subjected to NMD (data not shown). The affected
patient was apparently homozygous for this mutation and no additional mutation was found, either at
the gDNA or cDNA level. Surprisingly, the father did not carry the ¢.852delT mutation (Fig. 1).
Moreover, Mendelian inconsistencies were observed at this first stage for two NPCI polymorphisms,
rs12970899 and rs1805081 (Supplementary Table 2). This evidence suggested the potential presence of

a paternal deletion encompassing the NPC1 gene.
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In a previous study we briefly described another patient (NPC57) consistent with the presence of a
heterozygous deletion including the whole NPC1 gene [8].

QMPSF and SNP inheritance analyses were used to confirm the deletions in patients NPC57 and
NPC-GI and to further characterise the extension.

Regarding the QMPSF assay, three sets of probes were designed (Fig. 2A). Initially, set 1 (probes
A, C, E, 1, J) was used for both patients. Based on the results of set 1, two additional sets of probes, set
2 (probes B, C, D, E) and set 3 (probes E, F, G, H, I), were designed for patients NPC57 and NPC-G1
respectively. In sets 2 and 3 we also included probes from set 1 as a control for the presence (set 2: C;
set 3: E) or absence (set 2: E; set 3: I) of the deletion. Both patients, their parents, and a sample of 80
healthy controls were analysed with the three sets of probes. The results of the QMPSF analysis are
shown in Fig. 2A and in Supplementary Table 3.

In addition, the segregation analysis of 149 polymorphisms was used to map the deletions across
NPC1 and flanking genes. The results for both patients and their respective parents are summarised in
Supplementary Table 2.

The combination of these two assays confirmed the presence of the deletions in the two patients and
their carrier parents and allowed us to narrow down their boundaries (Fig. 2A and Supplementary Table
2). The NPC57 deletion encompassed a minimum of 89.7 kb (chr18: 19.351.458-19.441.165) and
included the whole NPC! gene and at least part of C/80rf8 and ANDRD?29. Unfortunately, both parents
of patient NCP57 shared the same haplotypic block in the distal and the proximal breakpoint regions
(Supplementary Table 2), thus precluding further delimitation of the deletion boundaries using allelic
information. Thus, the deletion in this patient spanned from a minimum of approximately 90 kb to a
maximum of 376 kb.

In the case of patient NPC-G1, the combination of the two approaches allowed us to refine the
proximal and distal boundaries. In this patient, the deletion spanned approximately 432 kb (chrl8:
19.383.872-19.815.788). The proximal breakpoint was found to be between the markers rs1652344 and
rs34491171 (intron 10 of NPCI). The heterozygosity for the first marker and the apparent Mendelian

error in the second were consistent with the deletion status. The distal breakpoint occurred between the
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markers rs1258143 and rs17187360, located in the intergenic region between LAMA3 and TTC39C,
which are at 5’ of NPCI. The loss of heterozygosity for rs1652344 and rs17187360 in several PCR
amplifications across the proximal and distal region (Fig. 2B) allowed us to narrow down the candidate
region to 272 bp (proximal breakpoint) and 453 bp (distal breakpoint).

On the basis of these results, we performed two prenatal diagnoses in the NPC-G1 family (not
shown). The first foetus carried both NPCI mutations (pregnancy was interrupted), whereas the second

inherited the wild type allele from the parents.

4. Discussion

In this study we report two deletions encompassing NPCI, thereby showing that rare structural
variants are also involved in NPC disease. Repetitive sequence elements and short repeats are known to
be involved in genomic rearrangements [12]. In this regard, non-homologous recombinations mediated
by Alu elements have been described in other lysosomal disorders [13-16].

In patient NPC57, several repeated elements mapped in the uncertain regions flanking the deletion.
This observation indicates that a number of combinations of these elements may be at the origin of the
rearrangement observed. Regarding the patient NPC-Gl1, the candidate regions for the proximal and
distal breakpoints were finely mapped, resulting in small regions of 272 bp and 453 bp, where two
repetitive elements, an AluSx3 (intron 10 of NPCI) and an L2a element (intergenic region between
LAMA3 and TTC39C) may be involved in the recombination event (Fig. 2B). However, although the
small region between the two repetitive elements was expected to be no longer than 725 bp, no PCR
product was amplified after several attempts. One possible explanation for this is that a complex
chromosomal rearrangement associated with the deletion prevents this amplification. Complex
chromosomal rearrangements have been described in other diseases [17, 18]. The finding that the
patient’s cytogenetic study showed a normal karyotype led us to rule out the presence of a large
chromosomal recombination. The possibility of a duplication event, flanking the proximal and distal
breakpoint, was also discarded as the QMPSF probes resulted in a normal dosage status. Thus, a

plausible explanation is the occurrence of the deletion concomitantly with another type of
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rearrangement, such as an inversion that cannot be detected with the resolution power of conventional
cytogenetic analysis.

The Database of Genomic Variants was used to search for copy number variants (CNVs) at the
NPCI locus (DGV, http://projects.tcag.ca/variation/). The only variation including NPCI was a
deletion present in an isolated healthy population from Micronesia (variation 47911, [19] in Fig. 2A).
This deletion is different from those presented in this study, thus pointing to an independent
recombination event in our patients.

Noteworthy, the deletion of patient NPC-G1, and probably that of patient NPC57, also encompassed
LAMA3, a gene implicated in two autosomal recessive disorders, namely junctional epidermolysis
bullosa (JEB) (OMIM ID: 226650) and laryngo-onycho-cutaneous syndrome (LOCS) (OMIM ID:
245660). Thus, the rearrangements described in these two families, if present in the general population,
might be involved not only in NPC but also in JEB and LOCS. The remaining genes included in these
deletions are not reported to be responsible for any other human disease.

The two patients included in this study had severe phenotypes (see Supplementary Table 1).
Although the structural variants described here are severe, the second allele should also be considered.
In patient NPC-G1, the other allele bore a 1-bp deletion and did not produce functional protein. In the
other patient, the second allele bore a missense mutation, p.T1066N. This mutation was found only
once before, in another Spanish patient, in compound heterozygosity with p.P1007A [20] but no
genotype-phenotype correlation was established for the p.T1066N mutation. The case presented here
suggests that p. T1066N is a severe mutation.

To summarize, we report the first cases of the participation of deletions involving NPCI and
flanking genes in NPC disease. Our results highlight the need to search for structural variants in NPC
patients lacking characterised NPCI or NPC2 mutations by conventional genomic and cDNA screening

methods.
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c.852delT(p.F284Lfs*26) NPC1: FLLVFLEHFLQCGATENGILSPSTLPSIAIStop

Fig. 1. Pedigree of NPC-G1 family showing the chromatograms for mutation c.852delT. The exon where this

mutation was found and the premature stop codon produced as a consequence of the frame shift are shown.
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Fig. 2. A: Schematic representation of the deletions identified in the NPC57 and NPC-G1 patients in their genomic
context. At the top, the QMPSF probes designed for sets 1, 2 and 3 are shown as black bars. Genes in the region
and CNVs from the Database of Genomic Variants (DGV) are depicted below. At the bottom: black and dashed

boxes indicate the minimum and the maximum length of the deletions, respectively. The minimum length is



208 Annex

delimited by the SNP pair rs1788817 and rs11661969 in patient NPC57 and rs34491171 and rs1258143 in patient
NPC-GI. B: Characterization of the candidate regions for proximal and distal breakpoints in patient NPC-GI.
Alternative primers (1 to 10) used for the analysis of the loss of heterozygosity for SNP rs1652344 and rs17187360
are shown. The length of the amplified products and the patients’ genotypes are indicated. Repetitive sequence

elements possibly involved in the recombination event are shown as grey boxes.
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Patient  Origin Clinical Biochemical Age at Diagnosis

method

Age of

phenotype  phenotype  diagnosis death

Clinical features

NPC57  Spain Severe Classical 3 years Filipin test 6 years

Infantile

Ascitis, neonatal jaundice,
hepatosplenomegaly,
hypotonia, delay in motor
and mental development,
vertical ophthalmoplegia,
dystonia, dysarthria,
cataplexy, dysphagia,
respiratory failure and

epilepsy

NPC-
Gl Infantile

Greece Severe Classical 7 months  Liver 26

biopsy months

Filipin test

Foetal ascites resolved
until birth, neonatal
jaundice,
hepatosplenomegaly,
ascites, severe dystrophy
and malnutrition,
hypotonia, dystonia,
developmental delay, able
to sit at 18 months, unable
to walk and sit up at 2
years, vertical gaze palsy,
pulmonary alveolar
proteinosis and respiratory

failure
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Supplementary Table 2. Allele segregation of 149 SNPs and QMPSF analyses for the NPCS57 and NPC-G1

patients and their parents.

FAMILY NPC57 FAMILY NPC-G1
FATHER | MOTHER FATHER | MOTHER
LOCUS SNP ID POSITION*  ALLELES NPC57 NPC57 NPC57 NPC-G1 NPC-G1 NPC-G1
CABLES] rs11082304 18,974,971 G/T (G G) - - - - - - - - - -
156275796 19,025,268 T/C (T T) - - - - - - - - - -
156507528 19,025,578 A/G (G G) - - - - - - - - - -
152337030 19,025,642 AT A A - - - - - - - - - -
1rs1968470 19,082,970 A/G (A G) - - - - - - - - - -
1512606304 19,083,173 T/C (T T) - - - - - - - - - -
1748717 19,083,582 C/A (® A) - - - - - - - - - -
152164029 19,085,007 A/G (A G) - - - - - - - - - -
Cl18orf45 rs12326518 19,139,126 C/T (C T) - - - - - - - - - -
17238397 19,139,181 C/G (Cc G) - - - - - - - - - -
1s6507580 19,139,219 C/T (C T) - - - - - - - - - -
PROBE A QMPSF chr18:19,143,529 WT WT WT WT WT WT
rs11082402 19,144,716 G/T T G T T G T - - - - - -
14800465 19,144,952 C/G C G C G G G - - - - - -
154800466 19,145,025 C/T C T C T T T - - - - - -
117259223 19,239,630 A/C A A A A A A - - - - - -
14800158 19,239,786 A/G G G G G G G - - - - - -
PROBE B QMPSF chr18:19,255,342 WT WT WT WT WT WT
RIOK3 1s1995330 19,291,468 T/C C C C C C - - - - - -
1s1995329 19,291,516 G/C G G G C G C - - - - - -
112455007 19,291,806 C/T T T T C T* C* - - - - - -
1s9957219 19,299,555 A/G G ? G G ? G - - - - - -
1s9967555 19,310,243 A/T T ? T T ? T - - - - - -
rs11663375 19,312,080 C/T T ? T T ? T - - - - - -
Cl8orf8 rs1788817 19,351,458 A/G G peEL| G G |pEL A - - - - - -
1s891387 19,357,907 T/C C pEL| C C | DEL - - - - - -
rs891386 19,357,969 T/G G peEL| G G | DEL T - - - - - -
NPCI 152510344 19,367,283 T/C - - - - - - T C T T C T
11621962 19,367,339 G/A - - - - - - G G G G G G
1534624018 19,367,354 G/A - - - - - - G G G G G G
1535248744 19,367,473 T/C - - - - - - T T T T T T
1s56003892 19,373,245 G/A - - - - - - G G G G G G
156507720 19,373,289 A/G - - - - - - A G A A G A
1rs34084984 19,373,346 T/C - - - - - - T T T T T T
rs1140458 19,373,775 G/A - - - - - - G A G G A G
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1528940897 19,373,785 T/G - - - - - - T T T T T T
rs34302553 19,373,837 C/T - - - - - - C C C C C C
159949660 19,373,907 C/IT - - - - - - C C C C C C
rs1805082 19,374,442 T/C - - - - - - T C T T C T
151788799 19,378,943 C/G - - - - - - C G C G G G
152435307 19,381,908 C/T - - - - - - C T C C T C
151652344 19,382,855 T/C - - - - - - ™ C*| T T C T
1s34491171 19,383,872 T/A - - - - - - |pEL T |DEL A T A
152435305 19,384,211 G/A - - - - - - |peL G |pEL G G G
154800491 19,384,475 A/G - - - - - - |pEL G |DEL A G A
151788763 19,384,632 /T - - - - - - |pe. T |pEL T T T
1510445476 19,384,761 T/C - - - - - - |pe. T |pEL T T T
157242568 19,384,838 C/T - - - - - - |Iper C |pEL C c C
rs72884600 19,385,190 C/T - - - - - - |Iper C |pEL C c C
157236499 19,385,339 G/A - - - - - - |Iper G |pEL G G G
1s9963518 19,385,531 A/G - - - - - - |pEL A |DEL A A A
151652343 19,385,927 T/C - - - - - - |per C |pEL T C T
1s35920065 19,386,145 G/A - - - - - - |Iper G |pEL A G A
1528721396 19,386,159 G/A - - - - - - |IpeL G |pEL A G A
151788762 19,386,569 G/C - - - - - - |peL C |pEL C c C
1511663558 19,387,935 G/A - - - - - - |opeL A |pEL G A G
151631685 19,388,237 C/T - - - - - - |Ipe. T |pEL C T C
151805081 19,394,430 T/C - - - - - - |oe. C |pEL T c T
PROBE C QMPSF chr18:19,395,345 DEL WT DEL DEL DEL WT
1556266324 19,402,685 A/G - - - - - - |pEL A |DEL A A A
1s17855819 19,402,797 T/C - - - - - - |per T |peL T T T
1512970899 19,402,861 A/G - - - - - - |pEL A |DEL G A G
157226548 19,407,940 G/T G DEL G G DEL G - - - - - -
rs1788826 19,408,022 G/A A DEL A A DEL A - - - - - -
rs1788783 19,415,132 C/IT T peL| T T |peL C - - - - - -
151367084 19,418,992 G/C C pEL| C C |peL G - - - - - -
151788781 19,419,078 C/A A DEL| A A |peL C - - - - - -
151623003 19,419,161 C/T T peL| T T |pe T - - - - - -
152981422 19,421,192 G/A G DEL G A DEL G DEL A DEL G A G
1s1652354 19,421,331 A/C/IG A DEL A C DEL A DEL C DEL A C A
rs1788774 19,421,491 G/A A DEL A G DEL A DEL G DEL A G A
rs1620047 19,422,287 T/C T DEL T C DEL T DEL C DEL T C T
ANKRD29 151788804 19,440,896 G/T T DEL T G | DEL T - - - - - -
rs11661969 19,441,165 G/A A DpEL| A G |peL G - - - - - -
151629847 19,441,772 C/T ? C ? pEL  C - - - -
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1534612679 19,446,012 A/T A ? A A ? A - - - - - -
151652366 19,446,259 G/T G ? G T ? G - - - - - -
1512454237 19,446,307 T/A T ? T T ? T - - - - - -
151711463 19,459,564 G/A A ? A G ? A |peL A - - - -
151788758 19,459,945 T/C C ? C T ? C |peL C - - - -
151629335 19,475,137 C/G G ? G C ? G |pEL G - - - -
1s55965189 19,475,253 /T C ? C C ? C |pe C - - - -
LAMA3 152960586 19,524,169 C/A C 2 C A ? C |peL C - - - -
rs1711451 19,524,432 A/C A ? A C ? A |pEL A - - - -
1511662720 19,556,089 A/G G ? G A ? G - - - - - -
1511659490 19,556,305 /T T ? T C ? T - - - - - -
151941518 19,662,746 A/G A ? A A ? A
1s8099617 19,662,777 /T C ? C T ? C - - - - - -
158099763 19,663,062 A/G G ? G A ? G - - - - - -
PROBE D QMPSF chr18:19,668,054 WT * WT WT * DEL DEL WT
154334381 19,686,447 A/C C C C A C C - - - - - -
154488534 19,686,448 C/G C C C G C C - - - - - -
rs12955083 19,686,964 A/T A A A T A A DEL T DEL T T T
1517797660 19,687,036 G/T T T T G T T |[pe G |pEL G G G
1512955347 19,687,194 A/T A A A T A A |lpe T |pEL T T T
1556371680 19,687,240 A/T - - - - - - |peL T |DEL A T A
1512605892 19,687,322 G/A - - - - - - |pe G |pEL G G A
1557041936 19,687,467 T/C - - - - - - |pe C |pEL T c T
rs11873358 19,785,904 C/T T T T C T T |[pe C |pEL C C C
1572875945 19,786,431 C/T C C C C C C |pe C |pEL C C T
154800171 19,786,457 /T T T T C T T |pe T |[pEL C T T
PROBE E QMPSF chr18:19,815,256 WT WT WT DEL DEL WT
LAMA3-
TTC39C 151258143 19,815,788 G/A - - - pE. G |pEL A G G
1s17187360 19,817,426 A/G - - - A*  G*| A A G A
1512605741 19,817,824 C/G - - - C G C G C
1528510619 19,818,110 C/G - - - C C C C C C
151154246 19,818,204 G/C - - - G G G C G G
51154247 19,818,414 A/C - - - € A | (€ A | (€ A
PROBE F QMPSF chr18:19,819,231 WT WT WT WT WT WT
PROBE G QMPSF chr18:19,828,521 WT WT WT WT WT WT
PROBE H QMPSF chr18:19,835,297 WT WT WT WT WT WT
TTC39C 151154248 19,844,104 G/T G G G G G G | G 0 - - - -
1573967651 19,844,131 G/A G G G G G G | G 0 - - - -
151785958 19,844,193 G/C G G G G G G | G 0 - - - -
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rs1843839 19,844,234 G/A A Al A Al A A]lG A - - - -
rs1843840 19,844,324 G/A G G|G6 6|6 Gl an| - - - -
rs1843841 19,844,344 CIT T T|T T|T T|@® T - - - -
rs1843842 19,844,368 CIT T T|T T|T T - - - - - -
154800547 19,962,131 T/C c c¢cl|lc c|c ¢ - - - - - -
111082962 19,968,789 A/C A Al A AlA A]l@Aa A - - - -
1534452859 19,968,932 CIT T Tt|T1T T|T T | T - - - -
112607257 19,969,082 A/C c c¢cl|lc c¢c|lc cla o - - - -
rs1133162 19,969,160 CIT T 1t |T1T T|T1T T]@C T - - - -
OSBPLIA 157242469 20,027,095 CIT T Tt|T1T T|T T|a@ T - - - -
112456219 20,027,215 A/G A Al A Al A Al@Aa A - - - -
rs1822649 20,027,216 G/IT T t|T1T T|T T|a@ T - - - -
rs12458495 20,027,247 G/A G G| 6|6 G6lw o - - - -
PROBE I QMPSF chr18:20,073,091 WT WT WT WT WT WT
152588566 20,150,648  C/T/- c c¢cl|lc c¢c|lc 1Tl D - - - -
152848605 20,166,863 A/G A A|l A A|A G - - - - - -
1534842395 20,166,975 T/C T T|T T|T T - - - - - -
1534907319 20,167,034 AT A Al A Al A A . - ; - ) .
1$55937820 20,167,167 CIT c c¢cl|lc c|c ¢ - - - - - -
PROBE J QMPSF chr18:20,211,469 WT WT WT WT WT WT
11612939 20,220,241 G/C G c|lG6 ¢G6|c cle o - - - -
158086269 20,220,330 CIT c cl|lc c|lc 1Tl o - - - -
158086289 20,220,366 CrT c cl|lc c|lc 1Tl o - - - -
rs8085403 20,220,413 G/A G G| 6|6 G6lw 6| - - - -
160178669 20,220,465 T/C T T|T T|T T|a@ 71 - - - -
IMPACT 157240651 20,271,021 A/G A A | - - - -l6 A | - - - -
151941812 20,271,543 C/G G G | - - - -l6 o | - - - -
151941813 20,271,560 A/G A A | - - - S VNN T - - -
151941815 20,271,573 G/A G G | - - - -l6 o | - - - -
1545492905 20,271,734 CIT c o | - - - -lec ol - - - -
151941814 20,271,750 A/C A A | - - - S VNN T - - -
154800185 20,282,411 AG A G | - - ; - - . ; . ) .
151053474 20,287,259 A/G A G | - - - - - - - - - -
ZNF521 158096570 20,921,753 C/G c o | - - - - - - - - - -
1560833277 20,921,742 T/C T 1| - . - ; - - ; . ) .
110401094 20,921,765 G/A G G | - - y ; - - - - ) .
135171964 20,941,040 AG “a o | - - - -la o | - - - -
1512961566 20,941,095 AT A 1| - . - - la 1| - . ) .
112965512 20,941,126 CIT c 1| - - - -lec 1| - - - -
1512965520 20,941,148 CIT c n| - - - -lec 1| - - - -
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1s9952584
rs9304475
rs4371236
rs4402647

154594329

20,941,315
21,039,352
21,175,528
21,175,600

21,175,713

C/T

C/T

C/T

G/T

C/T

(
(T
(
G

(©

T)
T)
T)
T)

T

(C

T

# The USCS build 36 was used for SNP position.

* Closest position unambiguously determined as not deleted.
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Supplementary Table 3. QMPSF probes, features and results.

AMPLICON| QMPSF RESULT
PROBES PRIMERS (5'> 3") LOCUS' SIZE NPC57 | NPC-G1
A F GAGATACACAGCCAACGCAC Cl18orf45 222 WT WT
R AGCCCTGCTGGTATGATGAC
B F TGATCTCTACCCAGCCCAGT Cl8orf45 127 WT WT
R GCTGGATGGTGTTGGAGACT
C F AAAGGTGCCTGTCCATTGTC NPCI 245 DEL DEL
R TGGAGTTCGTGTTTCCCTTC
D F GGCAGCTCTTGAAAACAAGC LAMA3 155 WT DEL
R GCCATGTGAATCTGAACCAA
E F CTGTGGCAGATATGGTGGTG LAMA3-TTC39C 173 WT DEL
R GTGGCTTCAAACAGCCTTTC
F F AACATTTGGCTTCCCACAAC LAMA3-TTC39C 229 WT WT
R | GCCTCGATATTCTTATCTACTTTGA
G F CCAGGGCTTACACAAACACA LAMA3-TTC39C 148 WT WT
R CAACAGCCGTCCAAGATACA
H F CTAAGCCAAGGTCCGTGAAA LAMA3-TTC39C 243 WT WT
R GGCTGGGGAAAAGGTAAGAA
I F GCTCTAAGGTGGTGGACTCA OSBPLIA 208 WT WT
R TGTCAGAAGCACTGGAGACG
J F AAGCTGTTGCTCCGCTTCT OSBPLIA 122 WT WT
R TGAGGATTCTTTCCCCTTTCT
CONTROL | F GAGACAGCCGAATCACGAGT RNF20 193 WT WT
R CCCAAGGTGAGTCTTCCTGA

" The probes are amplified from sequences within (or between) the indicated genes.



