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Introduccid general

1.1. La mitocondria

1.1.1. Estructurai funcié

La mitocondria és un organul cel-lular que es troba en el citoplasma de totes les
cél-lules eucariotes i també en el citoplasma d’alguns microorganismes (algues, fongs i
protozous). Es un organul dotat de dues membranes, 'externa i la interna, la qual es
plega en estructures anomenades crestes. La membrana mitocondrial externa (MME)
esta constituida per una bicapa de fosfolipids, essent el contingut de lipids d’un 50%.
Aquesta bicapa conté estructures proteiques com les porines que confereixen
permeabilitat a molécules més petites de 10 kDa. La membrana mitocondrial interna
(MMI) és molt més complexa, ja que conté proteines essencials per a les funcions
metaboliques de la mitocondria. El contingut lipidic de la MMI és aproximadament
d’un 20% i només és permeable a l'oxigen, CO, i aigua. L’existéncia de dues
membranes permet definir dos espais ben diferenciats: la matriu mitocondrial i I'espai

intermembrana (EIM) (Figura 1).

Membrana
mitocondrial externaj =
Membrana
mitocondrial interna 8 - Crestes
N o "8, mitocondrial

 Matr
mitocondrial

Figura 1. Imatge d’una mitocondria per microscopia electronica.
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Introduccid general

La funcid principal de la mitocondria és la produccié d'ATP. Aquests organuls estan
especialitzats en la conversié d’energia procedent de I'oxidacié de substrats en
energia en forma d’ATP. Aquest procés es duu a terme mitjancant un sistema
enzimatic complex format per la cadena respiratoria mitocondrial (CRM) i Ia
fosforilacié oxidativa (sistema OXPHOS). Aquest sistema proporciona al voltant del
90% dels requeriments energetics de la majoria de tipus cel-lulars i consta de cinc
complexes multienzimatics localitzats a la MMI. El producte final de la glucolisis en el
citoplasma cel-lular és el piruvat, que en condicions anaerdbiques es converteix en
lactat mitjangant I'enzim lactat deshidrogenasa. En condicions aerobiques, el piruvat
és transportat dins la mitocondria on es descarboxila gracies a la piruvat
deshidrogenasa i es converteix en acetil-CoA. Aquest acetil-CoA s’oxida a través del
cicle de Krebs, generant dues molecules de CO, i quatre parells d’atoms d’hidrogen
que es transfereixen a la nicotinamida adenina dinucledtid (NAD) i al dinucleotid de
flavina i adenina (FAD), els quals es redueixen a NADH i FADH,, respectivament.
Durant la respiracio, els electrons cedits a la CRM pel NADH i FADH, sén transferits
des d’'un complex al seglient, amb potencial redox inferior (Figura 2). El complex |
(NADH-deshidrogenasa) catalitza la transferéncia d’electrons des del NADH cap al
coenzim Q (o ubiquinona). Aquest flux d’electrons genera un bombeig de protons cap
a I'EIM de la mitocondria. El coenzim Q també accepta electrons provinents de
I’oxidacid del succinat en el cicle de Krebs, que li sén cedits pel complex Il. En aquest
cas no es genera cap flux de protons com succeia en el cas del complex I. El coenzim Q
reduit cedeix els electrons al complex Ill, i aquest els cedeix al citocrom C, generant
una altre vegada un flux de protons en direccid a I'EIM. La tercera bomba de protons
és el complex IV, que oxida el citocrom c i cedeix els electrons a 'O, per donar H,0.
Durant aquest procés la matriu mitocondrial es va basificant, mentre que I'EIM
s’acidifica. Degut a la impermeabilitat de la MMI es crea una diferéncia de potencial
electroquimic de protons, que sera utilitzada pel complex V (o ATP sintasa) en un

procés anomenat fosforilacié oxidativa. Aquest complex acobla la difusié facilitada de
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H* a la producci6 d’ATP. Aquest fenomen garanteix la coordinacié entre les

necessitats energétiques del sistema i el consum d’aquests™?

?“m'l.' I WWM

\ "J"'-* -2 M . 3 H1
‘NADH + H* 1 X o

I cicle de "1. mitoconcdrial
HAD* » Kr‘hﬁ L 4
A -
" £ acetil-CoA
. .‘.-l-"I

Figura 2. Flux d’electrons a través dels diferents complexos de la cadena respiratoria mitocondrial i

produccié d’ATP.

La mitocondria també realitza altres funcions importants, com per exemple; (i) la
termogénesis (produccié de calor mitjangant el desacoblament de la respiracid
oxidativa i la sintesi d’ATP en teixit adipds marrd), (ii) la B-oxidacié mitocondrial, (iii) la
homeostasis del calci en la matriu mitocondrial, que esta implicada en els
mecanismes de mort cel-lular programada (apoptosi), (iv) en la biosintesi de clusters
de ferro i sofre per a la formaciod de les proteines Fe-S i (v) en la sintesi del grup hemo

en el fetge i en les cél-lules precursores d'eritrocits. A part, la mitocondria també
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participa en la sintesi d'aminoacids, nucleotids, fosfolipids, pirimidines i altres
metabolits.

Aixi doncs, la mitocondria necessita, per a mantenir la seva estructura i la seva funcio,
al voltant d’'unes 850 proteines codificades pel DNA nuclear. Aquestes proteines es
sintetitzen en el citoplasma i sén importades dins de I'organul, on es distribuiran en
un dels seus 4 espais, la MME, la MMI, I'EIM o la matriu mitocondrial.
Aproximadament 70 d’aquestes proteines sén components estructurals de la CRM, i
més de 20 sén necessaries per acoblar i mantenir els complexos en I'ordre adequat

per a un correcte funcionament.

1.1.2. Gens OXPHOS

La funcido mitocondrial en mamifers té la caracteristica Unica de la participacié d’un
sistema genétic diferent al nuclear que codifica per proteines mitocondrials. Aquest
sistema genetic s'anomena genoma o ADN mitocondrial (mtDNA). L'expressio
coordinada dels gens del mtDNA i del genoma nuclear (nDNA) és essencial per a la
correcta sintesi d’un sistema OXPHOS funcional. La majoria de les proteines del
sistema OXPHOS estan codificades per nDNA, mentre que només 13 estan codificades
pel mtDNA (Taula 1). Aquests dos genomes tenen una organitzacié genética molt
diferent i estan ubicats en diferent compartiments subcel-lulars, amb sistemes de

transcripcié i traduccié independents®.

Taula 1. Contribucié del genoma mitocondrial i nuclear als complexes de la cadena

respiratoria mitocondrial.

Complex | Complex Il  ComplexIll Complex IV  Complex V
mtDNA 7 0 1 3 2
nDNA >40 4 10 10 12
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1.1.3. Genética mitocondrial

El genoma mitocondrial huma és una molécula circular de doble cadena de DNA de
16,569 parells de bases (pb) (Figura 3). El mtDNA conté 37 gens; 2 gens codifiquen per
a RNA ribosomal (rRNA), 22 codifiquen per a RNA de transferéncia (tRNA) i 13
codifiquen per a polipéptids que formaran part de les subunitats dels complexos que
constitueixen la CRM (Figura 2). El mtDNA presenta una estructura molt compacte i la
majoria dels gens estan codificats per la cadena pesada. La cadena lleugera només
conté la informacioé de la subunitat 6 de la NADH deshidrogenasa i 8 tRNAs. La Unica
regid del mtDNA que no codifica cap gen és la regié del bucle D, on hi ha la regié de
control, que conté els elements que regularan la transcripcid i la replicacio del

genoma mitocondrial.

Hy L
H, Oy Cadena
e - pesada (H)
‘5 i L}

2 Cadena
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Figura 3. Estructura del DNA mitocondrial.
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El genoma mitocondrial posseeix algunes caracteristiques particulars que el

distingeixen del genoma nuclear:

El DNA mitocondrial té, en comparacié al nuclear, una gran densitat. La majoria dels
gens que codifiquen per proteines no tenen lloc de terminacid, després de I'dltim
codd amb sentit hi ha una T o TA i immediatament després s’inicia un altre gen. El
codd de terminacio es formara posteriorment mitjancant la poliadenilacié de I'extrem

3.

El mtDNA té un codi genétic propi i difereix en cinc codons al genoma nuclear: UGA
codifica triptofan en lloc de ser codd stop; AGA i AGG sén codons stop en lloc de
codificar arginina, AUA i AUU codifiquen per metionina en comptes de isoleucina, que

juntament amb AUG sén els tres codons Start.

L’heréncia del mtDNA és essencialment de via materna®. L'ovocit, amb més de
100,000 molécules de mtDNA, és el que aporta la immensa majoria de mitocondries

en la fecundacié.

L’elevada taxa de mutacié del mtDNA en comparacié al nNDNA® probablement deguda
a la falta d’histones que protegeixin a la doble héelix de mtDNA. La falta de proteccio
reforca I'efecte perjudicial que provoquen les especies reactives de I'oxigen (ROS)
generades per la fosforilacid oxidativa. El mtDNA esta fisicament molt proxim a la

CRM, principal font de formacié de ROS dins la mitocondria.
La homoplasia correspon a la situacid en que totes les molécules de mtDNA que

conté la mitocondria sén iguals. La heteroplasmia fa referencia a la coexistencia de

molécules salvatges i molecules amb mutacions dins la mateixa mitocondria. Durant
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la divisié el mtDNA es reparteix a I'atzar entre les cel-lules filles, rebent diferents
percentatges de mtDNA. Aquest fenomen s’anomena segregacié replicativa®, que
provoca que el percentatge de molécules portadores de mutacié varii entre teixits i al

llarg del temps.

El fenotip de la cellula, teixit o individu heteroplasmic depén del percentatge de
mtDNA mutat. D’aquesta manera el fenotip s’expressa d’acord amb |'efecte llindar.
La malaltia apareix quan la produccié d’ATP en el teixit heteroplasmic és insuficient
per assumir una activitat normal. S’ha de tenir en compte que les necessitats
energetiques de cada teixit son particulars i especifiques, aixi com el nombre de
mitocondries i molecules de mtDNA que contenen. Els organs i teixits que més es
veuen afectats per una falta de sintesi d’ATP sén: ulls, sistema nervids, muscul, cor,

pancrees, ronyo i fetge.

1.1.4. Mutacions del DNA mitocondrial

Reorganitzacions del mtDNA

Les reorganitzacions simples a gran escala del mtDNA poden ser; delecions parcials
(AmtDNA)’, duplicacions parcials®, o menys freqiients, triplicacions’. Totes aquestes
anomalies es troben en heteroplasmia. La majoria de AmtDNA sén esporadiques,
perque la delecid és de novo i es dona en un estadi tempra de la embriogenesi o en
I'oocit matern™. Les delecions a gran escala acostumen a ser fendmens greus, ja que
aquestes delecions tendeixen a la perdua d’'un o més gens que codifica per tRNAs, i
per tant, poden afectar a tot el sistema OXPHOS. Aquest fet s’ha demostrat
transformant cél-lules amb AmtDNA, les quals mostraven una respiracio cel-lular i una
sintesi deficient de proteines codificades pel mtDNA™. Els pacients portadors de
molécules de mtDNA parcialment duplicades sén també portadors de molecules amb
delecions parcials, i s’"ha demostrat que molecules parcialment duplicades es poden

recombinar intramolecularment, donant lloc a molécules de mtDNA wild-type i
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molécules parcialment delecionades, o viceversa' 2.

S’ha suggerit que les
duplicacions parcials del mtDNA sén benignes i que la patologia ve donada per la
coexisténcia d’aquestes amb molecules de AmtDNA. Tot i aixi, existeix una familia
afecte de malaltia mitocondrial que només presenta mtDNA duplicat i no es troba
AmtDNA®. Les duplicacions del mtDNA sén transmeses amb una freqiiencia molt
elevada, al contrari que les AmtDNA™,

Multiples delecions del mtDNA s’han associat a mutacions en gens nuclears que
codifiquen per proteines que contribueixen al manteniment, replicacié i metabolisme
dels nucleotids de la mitocondria'’. També s’han descrit acumulacions exponencials
de multiples delecions mitocondrials en teixits post-mitotics d’avancada edat i en

individus amb malalties neurodegeneratives'®%.

Mutacions puntuals del mtDNA

El 80% del mtDNA codifica per a subunitats de la CRM, tot i aixi, la majoria de les
mutacions puntuals del mtDNA es donen en regions que codifiquen tRNAs. Les
mutacions puntuals del mtDNA es transmeten de forma materna, tot i que les
mutacions de novo també sdn possibles. La Unica regié on no s’han descrit mutacions
puntuals és en la regié no codificant del mtDNA. Mutacions patogéniques en els gens
codificants per tRNAs provoca una fallida general alhora de sintetitzar proteines
mitocondrials, afectant a 4 dels 5 complexes del sistema OXPHOS, mentre que
mutacions en gens codificants per a proteines només afectarien especificament a un
sol complex de la CRM. La majoria de les mutacions del mtDNA es troben en
heteroplasmia i presenten un gran ventall de variabilitat fenotipica, en canvi, les
mutacions en homoplasmia son menys freqients i causen un fenotip clinic molt més

homogeni i restringit a un sol teixit**%.
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1.1.5. Aspectes clinics de les mutacions del mtDNA.

La distribucid ubiqua de les mitocondries i el gran nombre i varietat de mutacions del
mtDNA, aixi com la heteroplasmia, explicaria I'ampli espectre de manifestacions
cliniques de les malalties mitocondrials. Tot i aquesta varietat de simptomes, molts
sindromes multisistémics ben definits s’han associat a mutacions especifiques. Les
entitats cliniques més comunes son; (i) sindrome de Kearns-Sayre (KSS)*, (ii) el
sindrome de Pearson®, (iii) oftalmoplégia progressiva externa (PEO) esporadica amb
fibres vermelles esquingades (RRF)*, (iv) epilépsia mioclonica amb RRF (MERFF) ?°, (v)
encefalomiopatia mitocondrial amb acidosi lactica i episodis semblants a AVC
(MELAS)”, (vi) neuropatia, ataxia i retinitis pigmentosa (NARP)*, (vii) sindrome de

)29

Leigh d’herencia materna (MILS)” i (viii) la neuropatia éptica hereditaria de Leber

(LHON)®.

1.2. Deplecié de DNA mitocondrial

Les deplecions de mtDNA sdn alteracions causades per mutacions en gens nuclears i
es caracteritzen per una reduccié en el contingut de molécules de mtDNA. Els
mecanismes moleculars responsables d’aquest fenomen no es coneixen del tot, pero
se sap que la majoria de mutacions recauen sobre gens que estan directament, o
indirectament, involucrats en la replicaci6 del mtDNA propiament dit o en el
manteniment del pool mitocondrial de desoxiribonucleotids trifosfat necessaris per a
la sintesis del mtDNA. El fet que la deplecié de mtDNA pugui afectar tant a un teixit
especific (majoritariament muscul, fetge i cervell) com a una combinacié de diferents
organs i teixits, implica I'existéncia de diferents manifestacions fenotipiques®. $’han
descrit tres presentacions cliniques caracteristiques: (i) miopatica (OMIM#609560),
(ii) encefalomiopatica (OMIM#612073) i (iii) hepatocerebral (OMIM#251880).
Actualment es coneixen mutacions en 8 gens nuclears associats a deplecié del

contingut del genoma mitocondrial: TK2 i RRM2B responsables de la forma miopatica,
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SUCLA2 i SUCLG1 responsables de la forma encefalomiopatica i finalment POLG1,
DGUOK, MPV17 i C1l0orf2 responsables de la forma hepatocerebral (Taula 2).
Mutacions en el gen TYMP, que codifica per la timidina fosforilasa (TP), s’associen
amb del sindrome d’encefalomiopatia neurogastrointestinal mitocondrial (MNGIE),
els pacients presenten deplecid i delecions multiples del mtDNA.

Degut a que el mtDNA codifica per diferents subunitats dels complexes LI,V iV de la
CRM, la deplecié del mtDNA causa deficiencies combinades en aquests complexes,
perd no en el complex Il, que és de codificacié exclusivament nuclear. De totes
maneres, els analisis de les activitats dels diferents complexes de la CRM poden ser

normals en el cas que el teixit estudiat no sigui el principalment afectat™.

Taula 2. Gens responsables de la deplecié de mtDNA.

Gen Proteina Localitzacié OMIM
DGUOK Desoxiguanosina quinasa 2pl13.1 *601465
TK2 Timidina quinasa 2 16g22.1 *188250
SUCLA2 Subunitat B de la succinil-CoA sintasa 13q14.2 *603921
SUCLG1 Subunitat a de la succinil-CoA sintasa 2pll.2 *611224
RRM2B Ribonucleotid reductasa (p53R2) 8qg22.3 *604712
TYMP Thymidina fosforilasa 22913.33 *131222
POLG1 Subunitat catalitica de la polimerasa y 15g26.1 *174763
C10orf2 Helicasa Twinkle 10g24.31 *606075
MPV17 Mpv17 2p23.3 *137960

1.2.1. Metabolisme dels nucleotids.

El mtDNA es replica durant tot el cicle cel-lular, independentment de la replicacié del

nDNA, per tant es necessita una aport constant de desoxiribonucleotids trifosfat
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(dNTP). Com que la mitocondria no té capacitat de sintesis de novo de dNTP, el pool
mitocondrial es manté gracies al reciclatge i reaprofitament de nucleotids, a través de
la ruta de salvament, i a I'import de dNTP citosolics (utilitzant transportadors
especifics)®.

La ruta de salvament esta formada per varis enzims, mitocondrials i citosolics,
encarregats de la fosforilacié progressiva de nucleosids fins a I'obtencié dels dNTP. En
primer lloc, els desoxiribonucledsids son fosforilats per una desoxiribonucleosid
quinasa (dNK) per a obtenir desoxiribonucleotids monofosfat (dINMP). Seguidament hi
ha dues fosforilacions consecutives, en que la nucleotid monofosfat quinasa (NMPK) i
la nucleotid difosfat quinasa (NDPK) afegiran els fosfats necessaris per a la formacié
dels dNTP finals. Les dNK mitocondrials més importants sén la desoxiguanosina
quinasa (dGK) i la timidina quinasa 2 (TK2), codificades pels gens DGUOK i TK2,
respectivament. En el citoplasma també trobem dNK que formen part de la ruta de
salvament, la desoxicitidina quinasa (dCK) i la timidina quinasa 1 (TK1), encarregades
del primer pas en la cadena de fosforilacions per a obtenir dNTP.

En cel-lules quiescents, la subunitat R2 de I'enzim clau en la sintesi de novo dels
dNTPs, la ribonucleotid reductasa (RNR), esta regulada negativament. En aquesta
situacid la sintesi de mtDNA depeén principalment dels enzims de la ruta de salvament;
dins la mitocondria la TK2 fosforila nucleosids de pirimidina i la dGK fosforila
nucleosids de purina. En el citoplasma la TK1 fosforila la timina i la dCK fosforila la
guanosina, adenosina i citidina (Figura 4). S’ha demostrat que en situacié de
quiescéncia la ruta de sintesi de novo dels nucleotids només funciona a uns nivells
molt baixos, gracies a I'actuacio de la proteina p53R2 que supleix la funcié de R2 de la
RNR®. Quan la cél-lula es troba en fase de creixement, el DNA nuclear es replica
activament i necessita desoxinucleotids trifosfat, per tant, la sintesi de novo s’activa.
En aquesta situacié la mitocondria pot importar desoxiribonucleotids difosfat (ANDP) i

dNTP des del citoplasma (Figura 5).
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Figura 5. Esquema de la dinamica principal de la sintesi de dNTP per la ruta de novo.
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1.2.2. Sindromes de deplecio de mtDNA

Fins al moment s’han descrit pacients amb mutacions en enzims que formen part de
la ruta de salvament (TK2 i dGK) o en enzims relacionats directament o indirectament
amb la sintesi i manteniment del pool de nucleotids dins la mitocondria (p53R2, TP i
SCS). També s’han descrit pacients amb deplecié de mtDNA que presenten alteracions
en enzims relacionats directament amb Ila replicacié del mtDNA (POLG i Twinkle).
Mitjancant tecniques de mapatge per homozigositat s’han pogut associar defectes en
el gen MPV17 amb pacients amb depleci6 de mtDNA, tot i desconeixer la funcié
exacta de la proteina MPV17. Seguidament s’exposen breument els gens associats a

MDS.

Timidina quinasa 2 (TK2)

La timidina quinasa 2 és una quinasa intramitocondrial de nucleotids de pirimidina,
encarregada de fosforilar desoxitimidina, desoxicitidina i desoxiuridina, formant part
de la ruta de salvament de sintesi de dNTP de la mitocondria®. Tal com s’ha comentat
en apartats anteriors, la TK2 és essencial per a I'obtencié i manteniment del pool de
dNTP en teixits no replicatius®*.

Mutacions en el gen TK2 afecten principalment al teixit muscular, amb poc o gens

I*>. La manifestacions cliniques tipiques dels

efectes sobre fetge, cervell, cor o pel
defectes de TK2 sdn una miopatia progressiva severa de presentacio infantil o juvenil
de progressié rapida. L'electromiografia és miopatica, la creatina quinasa esta elevada
fins a varis mil-lers d’unitats (>1000 U/L) i I'acid lactic es troba moderadament elevat
(< 2x valors normals). Morfologicament, la biopsia muscular dels pacients TK2
presenten caracteristiques dismorfiques amb fibres citocrom c oxidasa negatives i
RRF.

El primer pacient descrit amb mutacions al gen TK2 va presentar una miopatia infantil

severa amb regressié motora i mort per insuficiencia respiratbria34. Mutacions en el
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gen TK2 solen estar associades especificament a la forma miopatica de deplecié de
mtDNA, tot i que un fenotip semblant a I'atrofia muscular espinal s’ha descrit
ocasionalment®. L’evolucié de la malaltia és rapida, portant al pacient a patir fallida
respiratoria i mort en mesos o anys, pero s’han descrit fenotips menys severs amb
una evolucié més lenta i una supervivéncia perllongada®.

Fins al moment s’han descrit 25 mutacions patogeniques diferents que afecten a TK2.
La prevalenga de mutacions en TK2 entre les formes miopatiques és d’un 20%. Cap
dels pacients descrits han presentat variants amb pérdua total de funcid, donant a
entendre que una activitat residual és necessaria per evitar la mort embrionaria. En
concordanca amb aquest fet, ratolins knock-out per TK2 presenten una alta letalitat

embrionaria®’.

Desoxiguanosina quinasa (dGK)

La desoxiguanosina quinasa és I'enzim encarregat de catalitzar el primer pas de
fosforilacié dels desoxiribonucleosids en la via de salvament mitocondrial,
especificament fosforila els desoxiribonuclelosids de purina als corresponents
dNMPY 3 El gen que codifica la dGK (DGUOK) esta localitzat en el cromosoma 2p13.
El fenotip més freqlient dels pacients amb mutacions al gen DGUOK es caracteritza
per presentar una fallida hepatica progressiva d’aparicid neonatal, dificultat en
I'alimentacio i afectacié neurologica (hipotonia, nistagmes i retras psicomotor). Les
manifestacions cliniques com neuropatia periferica i tubulopatia renal s’han descrit
ocasionalment en algun pacient®. Tots els pacients acostumen a presentar nivells alts
de tirosina i fenilalanina en plasma, marcadors del dany hepatic i la hiperlactacidemia,
sempre present. La ressonancia magneética pot mostrar un pic de lactic en cervell®. La
deplecio apareix en fetge i va acompanyada de deficiencies multiples de CRM, mentre
que la quantitat de mtDNA en muscul i fibroblasts acostuma a ser normal. Analisis

histologics del fetge mostren varies alteracions; esteatosis microvascular, colestasis,
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fibrosis i cirrosis. En la majoria dels casos hi ha una rapida evolucié de I'afectacio
hepatica i neuroldgica, provocant la mort del pacient a 'edat de 12 mesos™.

S’han descrit més de 80 pacients de 50 families i s’han identificat al voltant d’unes 40
mutacions diferents®’. La forma hepatocerebral infantil és majoritariament la
manifestacid clinica dels pacients. Tot i que s’han practicat transplants hepatics en
varis pacients a fi d’evitar la fallida hepatica, la presencia de simptomes neurologics
indica una afectacié multisistémica i, per tant, el transplant esta contraindicat en
pacients afectes de DGUOK™. Els casos de DGUOK sén aproximadament entre un 10 i

un 15% dels casos de deplecié de mtDNA®" 3%,

Succinil-CoA sintasa (SCS)

La succinil-CoA sintasa és un enzim de matriu mitocondrial que catalitza la sintesi
reversible d’acid succinic i adenosina/guanosina trifosfat (ATP/GTP) a partir de
succinil-CoA i adenosina/guanosina difosfat (ADP/GDP) en el cicle dels acids
tricarboxilics o cicle de Krebs (Figura 6). Aquest enzim esta format per dues
subunitats, a i B, codificades respectivament pel gen SUCLGI i el gen SUCLAZ2.
Mutacions en SUCLA2 i SUCLG1 causen la forma encefalomiopatica del sindrome de
deplecié de mtDNA, perod defectes en SUCLGI pot causar, a més, una malaltia molt
severa que presenta dimorfisme antenatal, crisis metabolica neonatal i mort

4243 Un marcador molt Gtil en els defectes de SCS és I'elevacié moderada

prematura
d’acid metilmalonic en orina (Figura 6), a més de la presencia de metabolits del cicle
de Krebs (metilcitric, lactic, esters de carnitina i 3-hidroxi-isovaléric) en molts casos.
Alguns dels pacients moren durant la fase neonatal, mentre que d’altres tenen una
major supervivencia.

Les caracteristiques cliniques que presenten els pacients amb mutacions en SUCLA2
son; hipotonia, retras del desenvolupament, i quasi sempre, distonia progressiva i

sordera neurosensorial. La depleci6 de mtDNA pot ser detectada en muscul, i els

analisis enzimatics mostres deficiencies combinades de les activitats d’enzims del
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metabolisme oxidatiu. S’han associat més de 30 pacients amb mutacions al gen
SUCLA2, la majoria d’ells del nord d’ltalia i de les illes Faroe, on hi ha un efecte
fundador, amb una freqténcia de portadors de 1/25%. En canvi, mutacions en el gen
SUCLG1 s’han descrit en unes poques families.

Mutacions en el gen SUCLA2 o SUCLG1 afecten a I'associacié entre la succinil-CoA
sintasa i la nucleotid difosfat quinasa mitocondrial (figures 4 i 5) , alterant I'equilibri
del pool de nucleotids mitocondrials i causant deplecié de mtDNA. En el muscul, el

grau de deplecié acostuma a no ser molt elevat™.
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Figura 6. Cicle de Krebs i metabolisme de I'acid metilmalonic.
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Timidina fosforilasa (TP)

L’enzim timidina fosforilasa, essencial per a la ruta de salvament, esta involucrada en
el metabolisme citosolic dels desoxiribonucleotids i catalitza la fosforilacié de timidina
(dThd) o deoxiduridina a timina o uracil (Figura 4)*. Un defecte de TP provoca un
desequilibri important entre els dNTP, sobretot dels nucleotids de timina, que no
poden ser metabolitzats correctament i s’acumulen en fluids corporals. Una massiva
acumulacié de desoxitimidina trifosfat (dTTP) en la mitocondria interfereix amb el bon
funcionament de la DNA polimerasa mitocondrial, provocant mutacions, delecions
multiples i deplecions en el mtDNA®.

Mutacions al gen TYMP son la causa més freqlent del sindrome MNGIE, els trets
clinics més caracteristics sén; ptosis, oftalmoparesis, dismotilitat gastrointestinal,
caquexia, neuropatia periférica i leucoencefalopatia’’. Mentre que la majoria dels
pacients de MDS inicien els simptomes durant el periode neonatal o durant la
infancia, els simptomes del defectes de TP s’inicien en durant I'adolescéncia i els

pacients sobreviuen fins a I'edat adulta.

p53R2

El gen RRM2B codifica per una petita subunitat (la subunitat p53R2 induible per p53)
de la ribonucleotid reductasa (RNR). La RNR és un enzim heterotetrameric
responsable de la conversié dels ribonucleotids difosfat a desoxiribonucleotids
difosfat, crucials per a la sintesi de DNA®’. Aquest enzim és el principal regulador dels
nivells de nucleotids en el citoplasma, i les seves subunitats s’expressen en cél-lules
postmitotiques, on probablement té un paper clau regulador del pool de
desoxiribonucleotids per a la sintesi de DNA (figura 5).

Els pacients amb mutacions en el gen RRM2B acostumen a presentar hipotonia,
acidosi lactica, retras en el creixement i tubulopatia en els primers mesos de vida. La

malaltia evoluciona rapidament i provoca la mort del pacient durant els primers
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mesos de vida. S’han descrit, fins al moment, 15 pacients que presenten aquest
fenotip. Les mutacions en RRM2B que provoquen una deficiéncia total de I'enzim soén
causants de formes infantils i neonatals de depleci6 de mtDNA, amb una reduccié
drastica del nimero de copies de mtDNA en muscul®.

Polimerasa gamma (POLG)

Mutacions en el gen POLG1, que codifica la subunitat catalitica de la polimerasa v,
representen el defecte nuclear més freqilient causant de malalties mitocondrials. Fins

al moment s’han descrit més de 150 mutacions (http://tools.niehs.nih.gov/polg).

L’enzim pol y és la Unica polimerasa mitocondrial existent i esta format per un domini
exonucleasa amb funcié proofreading localitzat en I'extrem N-terminal, i un domini
polimerasa localitzat en I'extrem C-terminal i que s’encarrega principalment de la
replicacié del mtDNA. Com que juga un paper principal en la replicacié del mtDNA, no
és sorprenent que el seu defecte estigui associat a delecions i deplecions de mtDNA®.
Les malalties resultants de mutacions en el gen POLG1 estan associades a un espectre
de presentacions cliniques molt heterogenies; (i) formes dominants o recessives de
PEO, (ii) ataxies juvenils espinocerebelars, amb o sense disartria, i al (iii) sindrome
d’Alpers-Huttenlocher™ *°.

Aproximadament unes 45 mutacions en el gen POLG1 sén causants del sindrome
d’Alpers-Huttenlocher, una depleci6 de mtDNA de caracter autosomic recessiu
caracteritzada per l'aparicid de simptomes en edat pediatrica; retard psicomotor,

051 13 ressonancia

epilepsia partialis continua i fallida hepatica en infants i nens
magnética mostra anormalitats a nivell de ganglis basals i el talem, eixamplament
irregular dels ventricles i paquigira parcial. Normalment els pacients, no tots,
presenten una deficiencia multiple dels complexos de la CRM i deplecié del mtDNA en
fetge, pero ambdds poden ser normals en muscul esquelétic. El quadre clinic es

solapa amb el sindrome hepatocerebral, probablement un dels diagnostics més

severs de I'infancia®.
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Mutacions en heterozigosi classificades com a severes, habitualment afectant a
dominis d’unié al DNA o al centre catalitic de la polimerasa, causen deplecié de
mtDNA i es manifesta en la infancia amb afectacié servera del fetge i cervell®’. Les
dues mutacions més comunes del gen POLG1 detectades en pacients amb sindrome
d’Alpers-Huttenlocher sén la A467T i la W748S, i es poden presentar en homozigosi o

en heterozigosi amb altres variants.

C10orf2 (Twinkle)

La proteina mitocondrial Twinkle, codificada pel gen C100rf2/PEO1, és una helicasa
replicativa del mtDNA, activa en forma de homohexamer i unida al mtDNA en els
nucledids mitocondrials®>. Mutacions en el gen c100rf2 poden ser causants de
malalties dominants, com PEO de presentacié adulta associada a delecions multiples
del mtDNA, i de malalties recessives, com la hepatoencefalopatia severa de
presentacié neonatal/infantil o I'ataxia espinocerebelar associada amb deplecié del
mtDNA en cervell i fetge, perd no en muscul*’.

L'ataxia espinocerebelar infantil és una malaltia neurodegenerativa severa de caracter
autosomic recessiu que es manifesta entre els 9-18 mesos de vida amb una atrofia
progressiva del cerebel, del tron cerebral i del cordd espinal, ataxia durant els primers
2 anys, hipotonia i neuropatia sensorial axonal, atrofia optica, pérdua d’audicio i
oftalmoplegia®. Els pacients acostumes a sobreviure fins a edat adulta. El greu fenotip
neurologic observat en aquests pacients, amb abséencia d’afectacidé muscular,
suggereix que la proteina Twinkle pot jugar un paper important en el manteniment i
funcié de subpoblacions neuronals especifiques®’. La forma hepatocerebral de MDS

pot ser causada per diferents mutacions recessives en C100rf2”°.
MPV17

El gen MPV17 codifica per una proteina de membrana mitocondrial interna de funcid

desconeguda i el seu defecte causa deplecid de mtDNA. Els pacients amb mutacions
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en MPV17 presenten, durant el primer mes de vida, els segilients simptomes: fallida
hepatica severa, hipoglucémia, retras de creixement, simptomes neurologics i
mdltiples lesions cerebrals®. Les alteracions bioquimiques més representatives
d’aquest pacients serien les multiples deficiencies de la CRM associades a una severa
deplecié de mtDNA en fetge. Les activitats de la CRM i els nivells de mtDNA també es
poden veure afectats en teixit muscular, tot i que alguns pacients poden presentar
valors normals®. Analisis histologics del fetge mostren hepatocits d’aspecte inflat i

granular, esteatosi microvesicular i fibrosi focal pericel-lular i periportal.

1.2.3. Diagnostic dels sindromes

El diagnostic de les deplecions de mtDNA es realitza mitjancant I’analisi per Southern-
blot o per PCR quantitativa a temps real (qQRTPCR). En ambdues metodologies, la
guantitat de mtDNA s’estudia relacionant el nombre de copies d’'un gen mitocondrial
amb el nimero de copies d’'un gen nuclear de referéncia. Per tal de determinar i
interpretar correctament el contingut de mtDNA d’una mostra cal considerar la
dinamica natural del contingut de mtDNA en diferents teixits i edats del pacient i és

important establir bons controls que tinguin en compte aquests factors®®>’.

1.2.4. Consell genétic, diagnostic prenatal i tractament de les MDS.
Deguda la complexitat de la genética i bioquimica mitocondrial, tota la informacié
referent al fenotip clinic, la historia familiar, les dades del laboratori i la neuroimatge
ha de ser integrada per encarar el diagnostic i el consell genetic. Si la malaltia
mitocondrial és deguda a una mutacié en el genoma nuclear, la cerca de mutacions
en vellositats corials a les 10 setmanes de gestacid o el diagnostic genetic
preimplantacional sén les opcions més valides.

No existeix una terapia efectiva per a les malalties mitocondrials. Tot i aixi, mesures

de suport, com millora la nutricional, suplements vitaminics, cofactors i substrats
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“respiratoris”, el tractament de les convulsions, la correccié dels nivells de lactic i
altres complicacions poden millorar problemes especifics dels pacients i millorar la
qualitat de vida en alguns casos. Si no desenvolupen simptomes neurologics, el
transplantament de fetge pot ser beneficids per a pacients amb hepatopatia causada
per mutacions en el gen DGUOK, tot i que es desaconsella per la possible aparicié
posterior d’una afectacié neurologica®. En pacients MPV17, s’ha dut a terme 10
trasplantaments, 5 dels quals van morir posteriorment de fallida multiorganica i
sepsis. Mentre que els altres 5, portadors de la mutacid relativament lleu p.R50Q, van

58-60

desenvolupar simptomes neurologics Una dieta controlada, evitant

hipoglucemies, amb una combinacié de CoQl10 i una dieta rica en greixos, han
demostrat reduir la velocitat de progressié de la hepatopatia en pacients MPV17°" ®%,
El diagnostic genetic correcte és de vital importancia en casos com la polidistrofia
d’Alpers-Huttenlocher, ja que, en aquests pacients, I'administracié de valproat per
controlar les convulsions poden desencadenar una fallida hepatica fulminant. En
pacients MNGIE, 'hemodialisi i la transfusié repetida de plaquetes ha demostrat ser

eficag a I'hora de disminuir els nivells de timina en sang®

. El transplantament
allogenetic de cél-lules de moll d’os (stem cells) ha tingut éxit alhora de restaurar

certa activitat TP i disminuir els nivell de timina en plasma®.

1.3. Cofactors del metabolisme energétic mitocondrial.

En el procés d’obtencié d’ATP, a part de l'adequada funcionalitat de totes les
proteines enzimatiques, la mitocondria necessita una adequada absorcid, transport i
biosintesis de molécules de mida petita anomenades cofactors. A continuacié
descriurem I'estat actual del coneixement cientific dels principals cofactors del
metabolisme energetic mitocondrial en humans; I’acid lipoic, la tiamina, la riboflavina,

el coenzim Q10 i els clusters de Fe-S (figura 7).
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Figura 7. Principals cofactors del metabolisme energétic mitocondrial.

1.3.1. Acid lipoic

L’acid lipoic és un cofactor essencial per a I'activitat de tres complexes cetoacid
deshidrogenasa; la piruvat deshidrogenasa (PDH), la alfa-cetoglutarat deshidrogenasa
(a-KGDH) i la deshidrogenasa de alfa-cetoacids de cadena ramificada (BCKDH),
implicats en la descarboxilacid oxidativa del piruvat, alfa-cetoglutarat i els aminoacids
ramificats, respectivament. A més a més, I’acid lipoic també és un cofactor implicat en
el sistema d'escissié de la glicina o glycine cleavage system (GCS). Aquest cofactor es
sintetitza dins la mitocondria mitjangant multiples reaccions enzimatiques, incloent la
sintesi d’acid octanoic via acid gras sintasa (FASII) unit a la proteina transportadora de
grups acil (ACP)®®. Un cop sintetitzat I’acid octanoic, aquest sera transferit a una lisina
conservada de les subunitats E2 de les mencionades deshidrogenases (PDH, KGCH i
BCKDH) i a la proteina H del sistema GCS. Finalment, s’introduiran dos grups sulfur en
les posicions 6 i 8 per I'accié de I'enzim acid lipoic sintasa (LAS) la qual es troba

altament conservada tan en procariotes com en eucariotes, i a diferéncia del que
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passa en Escherichia coli, els eucariotes son estrictament dependents de la sintesi

endogena d’acid lipoic dins de la mitocondria®.

1.3.2. Tiamina

La tiamina o vitamina B1 és una substancia aromatica hidrosoluble, la seva demanda
diaria en un adult és aproximadament de 0.2 mg/dia. Aquesta vitamina s’absorbeix en
I'intesti prim en forma de tiamina o de tiamina monofosfat, pero la forma activa com
a cofactor és la tiamina pirofosfat (TPP). La TPP és un cofactor essencial de la
transketolasa citosolica i de tres enzims mitocondrials: PDH, KGDH i BCKDH. El seu
metabolisme complert en mamifers requereix del transport intracel-lular de la tiamina
o de la tiamina monofosfat. S’han descrit dues isoformes del transportador,
codificades pels gens SLC19A2 i SLC19A3. Un cop dins la cel-lula, la tiamina o tiamina
monofosfat és fosforilada per accié de la tiamina pirofosfat quinasa, que generara TPP
i podra ser transportada dins de la mitocondria a traves del transportador codificat
pel gen SLC25A19 (OMIM#249270, #607483, #603941). A part dels pacients
identificats amb defectes dels diferents transportadors, molt recentment s’han
identificat cinc pacients amb mutacions al gen TPK1 que codifica per a I’'enzim tiamina
pirofosfat quinasa®®. Clinicament els pacients presenten una patologia eminentment
neurologica, de presentacié infantil. El fenotip bioquimic es caracteritza per
I'acidéemia lactica, 'augment de 2-cetoglutatat en orina, deficiencia de PDH (si
s’elimina el cofactor tiamina de la proba enzimatica) i la deficiencia de tiamina

pirofosfat tan en muscul com en fibroblasts.

1.3.3. Riboflavina

La riboflavina o vitamina B2 és el precursor de la flavina adenina dinucleotid (FAD) i
de la flavina mononucleotid (FMN), ambdds sén cofactors essencials de nombroses

deshidrogenases implicades en el metabolisme energetic mitocondrial, com per
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exemple: les deshidrogenases de la R-oxidacié d’acids grassos, el component E3 de
PDH , KGDH, BCKDH i la succinat deshidrogenasaeg. A més, el FAD es sintetitza en el
citosol i ha de ser transportat dins de la mitocondria’®. Recentment s’han descrit dos
defectes diferents en els transportadors de riboflavina: GPR172B o RTF1™*
(MIM#607883) i C200rf54 o RTF2”> (MIM#613350). Ambdés defectes presenten un
perfil bioquimic similar a una forma lleu de deficiencia multiple d’acil-CoA
deshidrogenases, i els pacients responen a |‘administracié de B2. S’han descrit
pacients amb resposta a la riboflavina associats a mutacions al gen ETFDH’?
probablement situades en la regié d’unié amb FAD. En I'actualitat no es coneixen
malalties metaboliques hereditaries associades a deficiencia de la biosintesi de
FMN/FAD, encara que s’han descrit pacients amb resposta a la riboflavina sense causa

genética’.

1.3.4. Coenzim Q10

El coenzim Qo (CoQ,q) forma part de la familia dels compostos ubiquinona. Tots els
animals, incloent I'home, poden sintetitzar ubiquinones, per tant el CoQi, no es
podria considerar una vitamina’. Les ubiquinones son molécules liposolubles amb
unitats d’isopré de 5 carbonis repetides (des d’una a dotze repeticions). La ubiquinona
d’humans, o coenzim Qg, té una cua de 10 isoprens unida al cap de benzoquinona76
(figura 7).

El coenzim Qg el produeixen la majoria dels teixits humans i la seva sintesi es pot
dividir en tres grans passos: (i) la sintesi de I'estructura benzoquinona a partir de dos
aminoacids, tirosina o fenilalanina; (ii) la sintesi de la cadena lateral d’isoprens a partir
d’acetil-CoA via mevalonat; i (iii) la unid d’aquestes dues estructures. L'enzim
hidroximetilglutaril (HMG)-CoA reductasa juga un paper molt important en la
regulacio de la sintesi de coenzim Qo 8.

El coenzim Quq és soluble en lipids i es troba en totes les membranes cel-lulars, com

també en les lipoproteines’™. La habilitat del grup benzoquinona d’acceptar i donar
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electrons i el seu rol dins de la CRM és de vital importancia dins del metabolisme
energetic mitocondrial. La seva funcio dins la CRM és la d’acceptar electrons generats
pels complexes | i ll, aixi com els transferits des de la flavoproteina deshidrogenasa
transferidora d’electrons (ETF-DH), i els dona al complex Il (figura 2). Al mateix temps
transfereix protons a I'espai intermembrana, contribuint a la formacid del gradient de
protons d’hidrogen®. Dins el lisosoma, el coQ;, podria estar involucrat en el transport
de protons per a mantenir el pH optim dins d’aquests organuls®. En la seva forma
reduida, el CoQ, és un potent antioxidant liposoluble.

Les deficiencies de CoQyq no s’han descrit en poblacié general, per tant s’assumeix
qgue una dieta variada i la biosintesi endogena produeixen suficient CoQ,q en individus
sans®. Les deficiéncies primaries de CoQy, sén causades per defectes genétics
autosomics recessius en la via de la biosintesi de Q9. En aquestes deficiéncies els
baixos nivells de coenzim Q,, afecten de manera severa la funcié muscular i neuronal
de I'organisme.

La suplementacié oral de Qi ha demostrat ser eficac a I’'hora de millorar la
simptomatologia clinica dels pacients amb déficits primaris de CoQi>. La
suplementacié de CoQio també ha demostrat ser clinicament eficag en pacients
afectes d’encefalomiopaties mitocondrials que presentaven defectes de la CRM®*.
Nivells baixos de coenzim Qio en plasma s’han associat a diverses patologies, com la
diabetis, cancer i la fallida cardiaca congestiva. També s’han descrit nivells baixos de
CoQ en pacients sota tractament amb inhibidors de la HMG-CoA reductasa, ja que

és un enzim clau en la biosintesi de colesterol i CoQyq.

1.3.5. Clusters de sulfur de ferro (Fe-S).

1.3.5.1. Estructura i funcid dels clusters Fe-S.
Els clusters de sulfur de ferro (Fe-S) sén un dels cofactors més antics que es coneixen i
participen en processos de regulacid, transferéncia d’electrons i catalisis®. Els clusters

més simples que existeixen serien del tipus [2Fe-2S] i [4Fe-4S], que contenen ferro en
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forma ferrica (Fe*) o ferrosa (Fe®*) i sulfit (S*). Aquests clusters estan integrats en les
proteines mitjancant la coordinacid dels ions de Fe a través de residus de cisteina o

histidina (figura 8).
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Figura 8. Estructura dels clisters de sulfur de ferro més caracteristics: [2Fe-2S] i [4Fe-4S].

A través de la bioquimica s’han aconseguit acoblaments de clusters Fe-S en proteines
in vitro, pero estudis geneétics i de biologia cel-lular han demostrat que la sintesis i
maduracié dels clusters Fe-S no és un procés que es dona espontaniament, siné que
es tracta d’un seguit de reaccions enzimatiques ben coordinades i altament regulades.
Tot i que I'estructura dels clusters Fe-S és molt simple, el procés pel qual es formen és
molt complex i requereix de nombrosos elements. Estudis pioners en bactéries han
demostrat I'existencia de tres sistemes diferents de biosintesis de les proteines Fe-S;
el sistema NIF, especific per a la maduraci6 de la nitrogenasa en bacteries
azototrofiques, I'acoblament per la maquinaria ISC i el sistema NUF per a la generacio
de proteines Fe-S housekeeping sota situacions normals i d’estres oxidatiu,

86, 87

respectivament . Els dos ultims sistemes mencionats han estat heretats pels

eucariotes i contenen molts elements homolegs al sistema d’acoblament bacteria ISC.

88, 89

Dins la mitocondria dels eucariotes trobem els sistema d’acoblament ISC i dins

dels plastidis hi trobem els components del sistema SUF®.
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En eucariotes podem trobar proteines Fe-S en la mitocondria, citosol i nucli. Estan
involucrades en funcions molt diverses com el cicle de Krebbs, la biosintesis
d’aminoacids, la respiracid6 mitocondrial, la biosintesi de cofactors, I'acoblament
ribosomal, la regulacié de la transcripcié de proteines, la replicacid i la reparacié del
DNA. El model cel-lular per excel-lencia a I'hora d’estudiar la biosintesi de les
proteines Fe-S ha estat el llevat Saccharomyces cerevisiae. Investigacions recents en
cultius cel-lulars humans i ratolins transgenics han demostrat que el procés que es
dona en llevats esta altament conservat en humans®" .

En els primers estudis en eucariotes es va saber que la mitocondria jugava un paper
clau en la formacié d’aquestes proteines i que era necessaria per a la biogenesi de

totes les proteines Fe-S, no només les mitocondrials®™ *.

1.3.5.2. Biosintesi de clusters Fe-S.

La biosintesi de proteines Fe-S mitocondrials es duu a terme gracies a la maquinaria
d’acoblament ISC i ha estat heretada de les bactéries durant la evolucié. Al menys 15
proteines estan involucrades en aquest complex procés biosintétic que pot ser
subdividit en dos grans passos™ (figura 9). El primer pas és la formacié de novo del
cluster Fe-S sobre una proteina que serveix de plataforma d’acoblament i unid, en
llevat aquesta proteina scaffold s’anomena Isul, ISCU en humans®® (Taula 3). El segon
pas és la transferencia d’aquest cluster Fe-S de ISCU a les apoproteines dianes per a la
incorporacié del clister i formacid de I’holoproteina Fe-S. Aquests dos passos
necessiten de l'assisténcia i I'actuacié coordinada de diferents components de la
magquinaria d’acoblament ISC. L’acoblament del clister Fe-S sobre la proteina ISCU
depén de la funcié d’'un complex enzimatic anomenat cisteina desulfurasa, format per
Nfs1 i Ind11%” *8. Tot i que la funcié desulfurasa la duu a terme la proteina Nfs1, que
allibera sofre d’un residu de cisteina per formar alanina, el complex amb Ind11 és
necessari per a la correcta interaccié entre Nfslila proteina ISCU. La subseqiient unié

amb el Fe formara el clister Fe-S per un mecanisme que encara es desconeix. La
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frataxina (FXN) funciona com a donador de Fe en la interaccié amb Isul-Nfs1, tot i que

99101 "E| ferro és importat

la funcidé d’aquest petit polipeptid segueix sent controvertit
dins la matriu mitocondrial en la seva forma Fe®, aquest procés requereix un
potencial de membrana facilitat per les proteines mitoferrina 1 (MFRN1, SLC25A37) i
mitoferrina 2 (MFRN2, SCL25A28)"%% 1% En llevat, la correcta formacid del cldster Fe-S
depén també de la transferéncia d’electrons de la proteina ferredoxina Yahl i de la
ferredoxina reductasa Arh1, acoblats a la oxidacié de NADH. Aquests electrons seran
utilitzats en la reduccié del sofre (S°) a sulfit (5*). En mamifers, els homolegs

corresponents a la ferredoxina reductasa (FdxR) i la ferredoxina (Fdx1 o Fdx1L) serien

les encarregades de dur a terme aquest pas.

CIA
machiners 0

Ssql-ATP
- = CisalYy, Jacl, Mgel
1

15C assembly
machinery

Cviosol
irom (Feit)
[ )

Figura 9. Esquema dels principals passos en la biosintesi mitocondrial i citosolica de proteines Fe-S.
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El segon gran pas en la biosintesi de les proteines Fe-S implica I'alliberament del
cluster del seu lligam amb ISCU. Aquest clUster alliberat s’haura de transferir i acoblar
a les apoproteines receptores mitjancant enllacos coordinats dels seus aminoacids.
Aquest procés esta especificament assistit per la glutaredoxina monothiol
mitocondrial (GRLX5)"** '®. En llevat també trobem involucrades un sistema de
chaperones especific; la Ssql de la familia de proteines Hsp70, la cochaperona Jacl

1% En mamifers també trobem

Dnal-like i el factor d’intercanvi nucleotidic Mgel
homolegs molt propers a aquestes chaperones (Taula 3).

La maduracié de les proteines Fe-S en el citosol i nucli depén del bon funcionament
del sistema mitocondrial d’acoblament ICS. Aparentment, el funcionament de ISC és
de vital importancia per la formacié de proteines Fe-S extramitocondrials. Aquest fet
és degut a que el sistema ISC produeix un factor X que es creu seria la font de sofre
per a la formacid de nous clusters en el citosol (figura 9). La reaccio de transport fora
de la mitocondria d’aquest factor X la duria a terme la proteina de MMI Atm1 (ABCB7
en mamifers). La sulfidril oxidasa Ervl (ALR humana), situada a [I'espai
intermembrana, i la glutationa (GSH) també serien requerides en aquest procés.
Aquests tres components es coneixen com la maquinaria d’exportacié ISC.

La biogenesi de clusters Fe-S en el citosol i nucli esta catalitzada pel sistema

106

d’acoblament citosolic Fe-S (CIA)™". Aquest procés també es pot subdividir en dos

grans passos o reaccions parcials'®; primer es forma i s’acobla un clister Fe-S
transitori en les NTPases P-loop Cfd1l i Nbp35. Seguidament, aquest cluster Fe-S es
transfereix a les apoproteines mitjancant les proteines Narl, Cial i Cia2, els homolegs
mamifers serien I0P1'® i CIAO1'®. La maduracié de les proteines Fe-S nuclears
encara es desconeix. Poden ser acoblades en el citoplasma per posteriorment ser
transportades en el nucli en la seva forma holo, o bé I'acoblament de la proteina Fe-S
té lloc en el nucli. S’han trobat evidéncies de petites quantitats de components del

sistema CIA dins del nucli (Cdf1, Nbp35, Narl i Cia2), fent plausible ambdds escenaris

a I’hora de formar proteines Fe-S nuclears.
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Taula 3. Principals components de la via de sintesi de clusters Fe-S.

Homoleg

Proteina ..
S.Cerevisiae

Localitzacio

Magquinaria d’acoblament ISC

NFS1 Nfs1
ISD11 Isd11
FDXR Arh1
FDX1 Yah1
FDX1L Yah1

MFRN1 Mrs3, Mrs4
MFRN2 Mrs3, Mrs4

FXN Yfhl
ISCU Isul, Isu2
GLRX5 Grx5
Grp75 Ssql
HSCB Jacl

GrpE-L1/2 Mgel

MM, N

MM, N

MM, MMI

MM
MM
MMI
MMI
MM / C(?)

MM

MM
MM / C(?)
MM
MM

Magquinaria d’exportacid ISC

ABCB7 Atml

ALR Ervl

MMI

EIM

Funcio

Donador sofre

Forma complex amb
Nfsl
Ferredoxina-NADP"
reductasa

Transport d’electrons
Transport d’electrons
Transport ferro
Transport ferro

Unid i donador ferro

Proteina scaffold

Transferéncia cluster
Transferéncia cluster
Transferencia cluster

Transferéencia cluster

Translocacio del
factor X ala
maquinaria CIA
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Deficiencia
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Ataxia de Friedreich

Miopatia amb
intolerancia a
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Anémia microcitica

Anémia
sideroblastica
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cromosoma X amb
ataxia cerebel-lar
Miopatia
mitocondrial amb
cataractes i
deficiencia multiple
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GSH GSH M/C ? -

Magquinaria CIA

NBP35 Nbp35 C Proteina scaffold -
CFD1 Cfd1 C Proteina scaffold -
I0P1 Narl C/N Transferéncia cluster -
CIAO1 Cial C/N Transferéncia cluster -

1.3.5.3. Defectes de la biogenesi de proteines Fe-S.
Més de 20 components de la maquinaria ISC i CIA son essencials per a la viabilitat de

cel-lules humanes i de llevat''® ***

. De fet, la biogénesis de proteines Fe-S és I'Unica
funcié de la mitocondria que és indispensable per a la viabilitat de cél-lules de llevat.
Els llevats amb mutacions en el sistema OXPHOS tenen defectes de creixement, pero
en un medi amb glucosa continuen vivint.

La importancia de la biogénesis de proteines Fe-S esta molt ben documentada per les
multiples malalties associades a defectes en diversos components de la maquinaria de
biosintesi de clusters de Fe-S (Taula 1). A continuacié es comenten breuement els

casos ben coneguts de malalties associades a defectes en la sintesi de clusters de Fe-

S.

Ataxia de Friedreich (FRDA)
Esta causada per una deficiencia de la frataxina i és la causa d’ataxia recessiva més
comuna. El defecte és causat majoritariament per una repeticié d’un triplet GAA en el

112 E| defecte de FXN es manifesta com una degeneracid

primer exd del gen FXN
progressiva del sistema nervids central i periferic amb cardiomiopatia hipertrofica. La
funcié molecular de la frataxina no és clara del tot, pero quan esta alterada, proteines
mitocondrials i extramitocondrials es veuen alterades en models de cultiu cel-lular*,

114, 115

en models animals i en teixit cardiac de pacients FRDA. Aquest efecte sobre
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altres proteines Fe-S seria I'efecte més devastador de la deficiencia, mentre que
I'acumulacié de Fe i les seves conseqliencies apareixerien més tard. També s’ha
suggerit que la frataxina estaria involucrada en la biosintesi del grup hemo, tot i aixi,
els pacients FRDA no presenten anemia i que els nivells de frataxina disminueixen

durant la diferenciacié d’eritrocits'*®.

Miopatia amb intolerancia a I'exercici; miopatia hereditaria amb acidosi lactica
En la década dels 60 es van descriure una miopatia hereditaria on els pacients
presentaven una moderada o severa acidosi amb intolerancia al exercici''’. Més tard

es va demostrar que aquests pacients tenien afectat el complex Il de la CRM™,

119

I’activitat aconitasa i que presentaven diposits de Fe dins les mitocondries . També

es van observar diversos efectes sobre altres proteines Fe-S, incloent la subunitat

120

Rieske del complex Il i varies subunitats del complex I”~". Recentment es va descobrir

el defecte genetic associat a aquesta patologia, una mutacié d’splicing en el gen

codificant per la proteina ISCU**" %,

Deficiencia de GLRX5
La proteina GLRX5 és un altre membre de la maquinaria mitocondrial d’acoblament
de clusters de Fe-S. Funciona a un nivell inferior de ISCU, facilitant la dissociacio del

123124 Quan la proteina GLRX5 és deficient, es bloqueja

cluster cap a proteines diana
la transferéncia de clusters de Fe-S i augmenta I'expressio de la proteina reguladora
de Fe (IRP1). Quan els nivells de ferro dins la cel-lula sén baixos disminueix I'expressid
de la isoforma de la y-aminolevulinic acid sintasa especifica eritroide (ALAS2), enzim
limitant de la sintesi de protoporfirina IX i del grup hemo. El primer pacient descrit

amb deficiéncia de GLRX5 va presentar anémia microcitica, sobrecarrega de Fe i anells

sideroblastics®.
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Anémia sideroblastica amb ataxia cerebel-lar lligada al cromosoma X

Aquesta malaltia esta causada per una mutacié missense (1400M) en el transportador

126-128

ABC de la membrana mitocondrial interna ABCB7 . La manifestacions cliniques

d’aquesta malaltia inclouen una ataxia spinocerebel-lar no progressiva, una severa
hipoplasia cerebel-lar selectiva acompanyada d’una lleugera anémia hipocromica i

129,130 ) 5 proteina ABCB7 juga un paper molt important en el sistema de

microcitica
exportacié de la maquinaria d’acoblament de clusters de Fe-S. Si aquests sistema no
funciona bé, la maquinaria citosolica d’acoblament de Fe-S es veu afectada i hauria

una deficiéncia de proteines Fe-S extramitocondrials™' ™",
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2. Objectius



Objectius

La causa primaria de la patologia en un bon nombre pacients amb acidémia lactica i
en general en pacients amb trastorns del metabolisme energetic mitocondrial roman
encara desconeguda. Per aquest motiu ens varem proposar esbrinar les causes
genetiques de la malaltia en dos grups de pacients en els que sovint no s’aconsegueix
un diagnostic etiologic: pacients amb possible depleci6 de DNA mitocondrial i
pacients amb alteraci6 de multiples marcadors del metabolisme energeétic
mitocondrial.

Per aconseguir aquests objectius ens varem proposar els segiients objectius concrets:

1.- Pacients amb possible deplecié de DNA mitocondrial
1.1.- Estratificacié dels pacients en base a la seleccid clinica, a la
caracteritzacié del fenotip bioquimic i a I'analisi del nimero de copies de DNA
mitocondrial.
1.2.- Seqlienciacido dels gens candidats en base a I'estratificacid previa i

validacié funcional de la patogenia de les mutacions trobades.

2.- Pacients amb alteracié6 de multiples marcadors del metabolisme energetic
mitocondrial.
2.1.- Estratificacidé dels pacients en base a la seleccié clinica i a la
caracteritzacié del fenotip bioquimic.
2.2.- Cerca de gens implicats en la patologia mitjancant mapatge per
homozigositat o mitjancant altres técniques de seqiienciacié massiva.
2.3.- Validacio funcional del gen i de les mutacions trobades com a causa de la

patogeénia.
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Article 1

Mitochondrial DNA depletion syndrome: new descriptions and use of citrate

synthase as a helpful tool to better characterize the patients.

Navarro-Sastre A, Tort F, Garcia-Villoria J, Pons MR, Nascimento A, Colomer J,
Campistol J, Yoldi ME, Lépez-Gallardo E, Montoya J, Unceta M, Martinez MJ, Briones
P, Ribes A.

Revista: Molecular Genetics and Metabolism. 2012 Agost [Epub ahead of print].

Factor d’impacte: 3,193

La realitzacid d’aquest treball ha permés la posta a punt de la quantificacié del
numero de copies de DNA mitocondrial (mtDNA) per tal de poder arribar al diagnostic
de pacients amb el sindrome de depleci6 de mtDNA (MDS), un sindrome que
comporta una pérdua progressiva de mtDNA i que esta causada per mutacions en
gens implicats en la replicacié del mtDNA o de la homeostasi del nucleotids trifosfat.
En aquests treball s’han estudiat un total de 50 pacients pediatrics amb sospita de
patir el sindrome de la deplecié del mtDNA (MDS). Aquests pacients van ser dividits
en tres grups diferents i els gens MDS van ser estudiats depenent del fenotip
bioquimic i clinic presentat. L'estudi mutacional dels gens DGUOK, MPV17, SUCLA2,
SUCLG1 i POLG ens van permetre identificar 3 mutacions noves (c.1048G>A i
€.1049G>T en el gen SUCLA2 i c.531+4A>T en el gen SUCLG1) i 7 mutacions descrites
préviament en un total de 10 pacients (8 families). Disset pacients van presentar
depleci6 de mtDNA en fetge o muscul, perd la causa de la deplecié encara es
desconeix en 8 d’ells. Quan va ser possible, es va quantificar el ratio mtDNA/nDNA i la
citrat sintasa en la mateixa mostra de teixit, proveint noves dades per I'estudi de les
MDS. La deplecid relacionada amb la citrat sintasa ((mtDNA/nDNA)/CS) ha donat
resposta a certes discrepancies observades entre els resultats de deplecid i els

resultats de la CRM en alguns pacients.
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El doctorand, primer autor d’aquesta publicacid, ha tingut tot el protagonisme en
I'obtencié experimental de les dades, entre elles; (i) la posta a punt del metode
analitic que permet la quantificacié del nombre de molecules de DNA mitocondrial en
diversos teixits, (ii) els valors control en individus control, (iii) els valors de deplecié de
pacients, (iv) I'estudi i diagnostic molecular de tots els pacients, (v) la confirmacié
patologica experimental d’aquelles mutacions no descrites i (vi) ha participat amb

gran protagonisme en la discussio dels resultats.
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reduced copy nismber of mEDNA or mitDNA depletion. This
has been reported 1o be Inbevited a0 am autosomul recessive tmalt |1,
Patiesits alleceed k' this gronip ol diseases presont with 2 wide vasiety
of sympioms depending on the altered gene.

Patienss. camying mumatioss in DGUGK [2] (OMIM B01456)
present wilh the hepasocerebral loem of MDS, which is 4 maillidyem
disorder with a sipnificant liver imvelvement; although some patients
present with: an isolaed heparic disease in late infancy or childhood
[3]. In the firse year of life, MPVIF [4] (OMIM *137960) pariens
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Mrver fallure during the first year of lle and those who sardve the
early lver dysfunction develop neurological sympbams |5]. Mutations
in ClO0v2 |6] (OMIM “50607%) can came dominant disonden
characierised by multiple miOMA deletions and pure progressive
exteradl ophthamoplegia [PEO), a8 well as recessive MIDS with
necnatal or infantile hy and infantile onset
spinocerebeilar ataxia (MOSCA) [6-8]. The POLEG [5] (OMIN ") 74763 )
related deiardens are curnenlly defined by several Dounadegenerstion
pl'rmnt“n that include Alipers-Huttenlocher syndome, ataxia-
nevropathy syndromes, autesamal reoessive PED and astnsoemal dom-

Enant PEO [ 10-12 1 Thee first described patients that casried REMIR[13)
| OMIM *B04T12) mutations presented with wevere trunk hypotonia,
Lacaic aciciersis amd proximal iabulapaiby | 14]; but. less severe olinkcal
were o reponted, induding MNGIE-like syndoome

[15] amd a patient with adull oot mitechondial myopathy with
milINA deletions [ 161 TIC [17] (OMIM *155250) deffecis have been
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asscclated with a wide phemotypic spectrum, Enclisding spénal
miscular atroplsy | 58A )-like motor neuron disease 18], righd-spine
synddrome |19 mild nyopathic phenotype assecisted with Jonger
survival [19] and severe musoolar atrophy with marked weakness,
sometimes combined wich encephalequthy and seizures [|20].
SLICEAZ |21 [CHIM *50521 ) diefiects presesst with muscle hypotonia,
severe paychomotor retardation, Empaired hearing. general seizures
followed by kmee and hip contractures, lieger dystonia and plosis
|20-23). SUCLGT [24] [OMIM 611224 defects are dssodialed wilh 2
mare sewere phenotype, including 3 combination of muscle and liver
dysiuscticn and dysmorphic fearunes |34, but similar phenctypes o
that of patients with SUCLA? metatscns have been described |2526].
A characteristic metabolic profile (mild imcrease of methyimalonic
ack amd C4-DC carniting in usine] and Leigh syndrome with basal
ganglia MET besions were previouily identified a3 the hallmarks of
SUCTAZ and SUCLET mutations [27]

Here we present the stedy of 52 individuals suspected bo have MIS,
According 1o thedr clinical symptoms and Beochemical data, they were
divided into three main groups: hepatogerebral, encephalomyopathic
arad patienss wilh Alpers syrdroome,

The diagnosis was establiihed in 10 paents: 5 wilh mulations
in DCLOK, 2 with mutations in AOLG and single patients canmying
mutations in NPT, SICLAZ and SUCLG],

L Materials and methods

2.1, Sulijecn

211, Cantrals

Thee reaDMA consent in skeleral muscle biopsies from 48 conomad
individaals, with ages ranging from 1 day to 65 years, was studied.
The mtDSA content in Bver wan analysed in 11 biopsies from oontrod
individuals with ages ranging from 1 day 1o 2 years, All the bopsies
wietie taken from indidduals who underwent procthetic operations
of individuals with suspected mitochosdnial disease that vwere maled
out due 1o normal respiratory chain activities

212, Patieats and selection crirers
‘We sclocted a total of 52 paediatric patients. feccading bo (he clin-
icall and bicchemical criteria these patients weve divided into three

ot

Thee first group consisted of 30 mndividuals wath 4 hepatecerebral
prezentation. The major clinical criteria to be inchaded in this group
were bwer diseases (cholestasis, hepasomegaly, aloered  hepatic
enrymes of Bver [ailure] with kictic acdaemia and neuroalogscal
dysfumction (bypotonia, developmental delay or cercbral atroply )
(30730, In additon, some parseras presenced with reeal dysfunction
(15730) and hypoglvcaemia [12/780). Muscle of Bver tamples vene
available for 22 pati Thee respiratory chain activities were previ-
casly studied in all of them. Patients included showed either aliered
resgarabary chain activities except for comgplex IL or generalied defi-
ciencies of all complexes, or normal activities in muscle. Tissse sam-
ples from B patients were not avallable, but were included in the
genetic study dise to a clinkal history that was highly suppessive
af the hepatocerebral form of MDS DNA was obtained from Bver,
muscle, biood or fibroblasts,

The secomd group omsisted of 15 indevidusls with an

presentation. The major criterion to be inchded

in this gromp was mild methyimalonic aciduria with nommal
homackzinurta | 1515) snd neundogical sympeoms such aa Fypotonia
{11/15], developmental debay {10:15]), sensoneuronal deafness (4,15}
and Leigh or Leigh-like smdrome [2115) In addition, some patienis
shovwed Lactic ackdaernia (11/15] and increate of soccinylcarnitine
[2715]). Muscle tidsue was available only for 2 patients, and DA of the
remaining 13 wen obiained from biood or fibroblees.

Thee: thivd growp consisted of 5 individuals presenting with Alpers
syndroms, Twa of them presented tse classical foaen, characeried
by prychomaotor regression, seipares and liver disease, The rensaining
3 patients presenied the Alpers-like form, without liver involvement,
Muncle tissue from all of the patients was available,

Infornsed consent was obtained for all the: samples used.

2.2 Thisur peepararion

mildA copy number and citrate gymibase ((5] activity were
determised froam the samse peeparation of issue homogerate, Briclly,
0 mg of titdoe was bamogenated with 4 mobor-driven homogeniser
(B. Braun, Melsungen, Cermany | in 500 of SET buffer (10 mM of
Trie-HClpH 7.4, 025 Mool sucrose, 2 mb of EDTA) and the remuainsng
Tragments of conmective tissue were taken ofTwith the tip of 2 pipetie,
leaving a preparation. We used 100 @ of this homoge-
nate io deverenine C5 activity and 400 4 for DNA expraction

21, DMA ond RNA extroction

Liver or musche DNA was extracted from €00 W of tissue homoge-
naie wing 2 QlAamp® DNA Mini kit { Qrapen, Hikden, Cermany | follow-
ing the manufactuers insemuctions, with the final velume reduond 1o
il R

Bilond or filwoblast DNA was extracted usimg 2 Centra® Puregene
Rlood Kit [Qiagen ) acoording to the manufaciurers instnactisns,

ENA wun obtained from cultured skin fibroblasts. Price 1o BNA
extraciion, the fbroblads were treated wiih a solution coniaining
cycloseaimide (CHE], which i an ishibicor of RNA degradaten by
nonserse mediabed decay (NMD]. CHE was dilubed 10,4 final concen-
traticen of 500 jg/ml in DMEM medism, containing 105 bovine foetal
senam, penicillin aed streplosmyeln. After 7 b ol incubation, fibro-
bilds were treated with brypsin and harvested. Total RNA extraction
was carmied out wsing 4 QlAshredder Kit and an KNeaay Mini Kit
[Qiagen). We obtained cONA in 2 modified two-step protocol, fint-
sirand synthesis was performed wsing olge-d(T)18 primers and
MMLY-RT Pl retrolranscriglase | Epicendre. Madison, USAL

24, Dererminstion of miWA topy nmmber

Analysis of mtDNA cogy nomber was performed by quantitative
real-time FOR [qRTPCR] aoconding to Andres ef ab. |3%] with slight
midificationy, previously reported by our group for the analysis of
Tormalinefived paraffin-embedded tissue |29]. Briefly, the analyss
was performed in a Step One Plus real-time PCR system (Applied
Biodystermna, Foster Cigy, CA, LS4 ), This method is based on the amgli-
fication of the mitochondrial 128 rAMA [forward primer: 5-ocicg
ERAAICITAGNMT-Y, Teverse primer: 5° CRETga-,
probe: 5-[GFAM [tpecapecarcaeglBHO -3 and the maDNA guantity
wa comrected by simultaneons measurement of a single copy nuchear
ENAsef gene (ca. Number 4316844, Applied Biosystems), POR wan
perarmed in 4 finad reaction vohsme of 370 3d with 2 mM of MgCl,.
015 g each of the mitochondirial probe. forward and reverse primers,
1 il of TagMan® RAAsel, 25 ng of DA and 10 of TagMan® Gene
Expressdan Master Min (Appleed  Baayutema). The FOR eonditioms
were 2 min at 50 °C and 10 min at 95 °C, followed by 55 cpcles of
10 5 of denararacion 2095 °C. 5 sof annealing at 60 °Cand 18 5 of ex-
1EMdion a1 T °C with afissition mode Jt segment 3, Samples were
aralyied in quadruplicate.

(ranticative results of miDNA and nDMA copy nuenbers wene
olstained siing 2 standard curve that was bulll axing serial dilation
of sell-designed plasmids (available om regueit]. These plasmids
were constrocted cloning the 125 rRMA and BNAsP targets into a
Tevos Blune® TOPOE vectar {Invicregen, Carlshad, CA, USA) Tollowsng
the mamnifactuner’s protocols. The number of plasmid copied was cal-
culated by spectrophotomeiry, the standard range for nliA copies
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was from 36 10 to 2.2 10" and the range for meDNA coples was
freamy 3.6 107 oo 222 5 00°,

2.5 Evpresvion of the results

Control vabses were expressed im reldtive umits: meDNA copies)
nDHA copy. When possible, the ratio |milisNA nDNA) it synthase
(5] weas caloulited. Thiv ratio s represeedative of the member of
milsA copie inlo the milochondrial mass MEDNA depletion in
[patienis was given as & peroentage of ihe age-maiched roninol mean.
A It has beoen presiously reported [30.31]. the values were considened
pathological when residual mDSNA copy namber was bess than 300
wien compared with age-matched contrale.

26 Emymuatic determinations

€5 and resparabory chain activitees were determined in skeletal
muscle and liver tissue by previously described spectrophatometric
miibeds |32-34)

2.7, Mulational siudies

Exon s iniron boundanes of the looan genid Cendeg MG
(DGUOK, MPMRT, Cloog2, SUCLAZ and SIKLGH) were PCR-amplified
ming standanl conditioeys and self-designed primess. (avalable on re-
cparst ), PORG s stuctiod enirgg cTRAL To sy patient £ we med specific
peimers for synibesising SCTG] fll-lemgrh cDA [forward: 5'-CATTG
TICCTACACAGCTICTCG- ¥, reverse: 5 -CATACCATCTICOTCTTTICAA-3' L

A Results and disgussion
1. Comtred valurs

e ENA copy number was determined in a total of 48 control mescle
biopries, and ugnificant diferences (p<0.05) among the following ape
ranges: D=1 year, 1-5 years, 5-20 years and 20 years of greater wene
found (Fig 1AL As deicnibed, miNA content inmeases
with ape | 23350 5 activity did not change significantly ontil 20 years
of age. bux increased significasaty beyond this age (Fg. 18] Therefore,
¥ we relate the mEDNA content 80 C5 [ [metDNAMDNA)CS], the ratio in-
creases in the first three age groups (Fig. 1C), bt im the fourth group
this ratkx does ned incredse [Fig. 1C) due to the increase of C5
(g TR). C5 activiey is an indicates of mitochandrial mass and i usiver-
sally used to report resparabory chain activities. We speculate that the
:ﬂ;&ﬁm&mmqmmmmwmmmm

The mean miDNATDNA ratio in 11 control liver samples was
7446, but the number of mmples was oo low 0 sudy age
wariatiomm

12 Hepamoerebral parients

miNA copy number was stadied in 22 patiemts. The results
whowed that 14 patbents had malNA depletion in liver, muscle or in
Bty tissuses, ALl (ke avaslabide liver biopsies (eight in tatal) presented
a pesidual mEDHA copy numbes ranging from 30T to 0%, while the
wiudy of 20 musche samples only exhibited depletion in 10 samples,
ranging Irom 15% to 12X residual mEDNAC I is well Known that 1he
Erver i 1he target organ in the hepatocenebwal form and previows re-
poms have shown thar muscle involvement was not always present
[36). Thevelore, mustationl shady of the wrget gpenes DEUOK, MIVIT
and Clion? was performed in all 22 patients. regandless of the nor-
mal mafiNA copy number in musche Bhopay of some of them. The
remuining B patienis. withoet any tissee available, wene seliecied for
genetic study due bo their clinical history of Lictic acidsermia, Tver
Emvahwement and neunological dysfunciion.

68

Within the bepatocerebeal group we found 3 families (5 patients |
cHrying mistaliod in DGO and 1 panest wilh parhogonic muta-
tions in MPVIT [Table 1], Patfents 1 and 2 were sibilings and carmied
a homazygoas 67 74% G mutation in DGUOK. Patients 3 and 4 wene
also siblismgs and carried the skme mutation as the previess Gmily,
These families were ot betwreen them but they
both were from the same island (Tenerile, Canary lslinds). The
e BTTA=G mutation charges a comened histidine 1o agiaine ar posi-
tiom 226 [pHis226Arg) and has been reparted in a com-
pound heterorygous patkent [37]. The mutation was present in
heteroaygosity in the paremis of boch Geilies All four patienns

in the neonsal peviod with hypotonia, hypoglycaemia,
mild lactic ackdosis and severe hepatic dysfanction with altered he-
patic enaymes, Clinacal evolistion of all parkents was chusacorised by
a progresdive hyporreflesia, abnormal soslar movements, hepato-
megaly and lethargy. All patients died between the ages of one and
eight moniths due bo hepatic lailure,

Patient 5 carvied 8 previously described homarypous €763
TEEdupCATT duplication |38], resulting in frameshift and a prema-
fure stop cesdan, This putient presenting with Taal hepatks (ailure,
Lactic acicaemia s Fanconi syndrome had been previowly reported
by owar group in 1991 |39], and at that time. a deficency of succinate:
cyiochrome ¢ peductase Bad Been esfablished as the most likely

Patient & carried 2 homaozygous splicing mutation in MPIT affect.
g exon 2 (70 4+ 40>A] and pesauliing in 2 lack of wild-type mERA
and protein. This patient has been exhaustively stodied by our
FFoup in previous reports [40.41]

Patients carmdng mutations in DCUOK or MMI7 shineed a2 high

of mlNA depletion im the liver, and a bess severe deple-
tion in the muscle (Table 1), F3 and PG showed muliiple respiratory
chain deficiencses in the Iver: wheneas, the resplrasony chais activi-
ties of P were normal in the muscle sue. The high mUBNA deple-
tion versss the nonmal respiratory chadn activities in the same
muscle biopy is serprising and difficult to explain, bug simslar rewlis
have ales been found i other sudies [42) In additon, the midAs
depletion in the muscle tissue of patient 4 (0% redidual miDNA)
was also imconsistent with the noarmal misochondrial respiratory
chain activities in thar tissoe, In fact, the mtDNA, copy nuember deter-
mination (mEDNA/SDNA] caneed predict the disiribstion of these
copies into the mitochondrial mass. However, the measarement of
DA RN and C5 im the same homogenate allows us io have an
wdea of the miDNA levels per mibothosdrial mass: and when related
o 5, patiend 4 [Tabde 1) showed 2 besa pronounced depletion in
the mamscle (58T residual [mDNANDNALCS L which could explain
wihy the respirslory chain activities e pormal in musde tissee, No
muscle sample of PG was left (o calculate this ratio. In contrast, the
liver sample of PG showed even more miDNA depletion when the
rang [mADNAADNALTS was calcalited (23 residuial miDNA)
[Tabde 1}, revealing a more defect sccording to the marked
deficiency of all the respiraicry chain complexes.

To surmmarise, among the 30 parients of this groap, 14 had misa
depletion in liver or muncle. or in both tisues, but mutations wene
only found in & patients |4 families]. Thereloee, the diagnosis remains
unknown in 8 patents with meDNA depletion, being saitable candi-
datis 10 be stisdied by next generation sequending analysis. Other
mitechondrial penes assoclated with Batal liver [ailare and Lctic acidosis
[43] shmaled B studied & the patienis without miiA deplction.

e would like to add that 5 patients of this group, including 6
with mutations in MPVIT, were previously anabysed by southern
bkt in amother Laboratony, The redwlls by gRTPCR wene anly coind-
dent for the MPTT patient, while the results were normal in foar
of ibhem ihar previously showed a profousd depletion by souihermn
Bkt {daza not shown 1. The candidate genes were studied and muts-
tioma were not found in any of these four patienbs. Similar discrepas-
cies were found by other authors when neanalysing the miiNA
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content by qRTPCE [44]. We emnphasise the relesance of reanalysing
el mEDNA cey pamber by qRTRCR before undertakieg mone sophis-
ticated shodies

1.3 Encephalomyopathic parienis

Among the 15 indviduals with encephalomyopathic presentation
and methylemaionic ackilugia rangiag freen 32 00437 mmsel el creai-
inine (oontrol range 0.2-85 menalimol creatining) we only Sound
one patient with mutations in SUCLA2 (PT) and one patient with
ALLItHNS i SUCLG T (PS) [Tabde 1)

P is & 14 month old girl, the second ohild of e
jparents. Delayed motor milestones and Gilure bo thrive wene poticed
from the age of 4 monika. At that time the main dinical sympéoma
‘were severe hypotonia, Lack of head and tmank conbred and dyskinesia
Analysis of the brasnstem Juditory cvoked pofeniials showed
nearcsensonial deafness. Bradn ME! revealed mild cerebral atrophy.
Biochermical stdies: showrd milidly increased
Bevels of methylmalonic acid in e urine (47 memol, mol creatiniee]
and imcresaed levels of propionyl camitine (42 pmaol L, control
range 0.12-1,1 pmed /L) aed soccieykarmitioe (035 wmol 1, conbrol
range (03108 pmol L), Muscle opay difl not shew miDNA deple-
tion when the ratio mEDNARDNA was calculated (50T residual
miliA ), which did not correlace with the severe respiraiony chain
deficiencaes observed B0 this tissoe [Table 1) However, wisen (he
rati [naDNAMDMALTS was used, it nesubled in a depletion (272
residual mINAj that coudd better explain those respiratory chain
defiecia. In this case, the (EIDAARDNA]CS ratio was 4 Belghil 100l
#o better characterise the patient. Curiously, this carmied 1w
movel hefeTorygoss missense manations in SUCTAZ, ¢ 104800 and
CI0HOG=T, slfecting the same amino acid residue, which @5 a2 highly
oonserved glycime that is changed to serine and valine, respectively
{plly35Ser pCly350%al ). Both parents ane beterozygous (Fig. 24,
and these changes huse niot been Toussd in 200 control allebes.

P is the firsg child of bealthy and pon-consanguineoss: parents.
Muhhmﬂhﬂuhﬂnmmrdﬂmmm
dﬁl‘l-hﬂﬂ'ﬂ and penevalised  hypotonia SHght Latic  adidedis,

mild methylmalonic aciduria (in & range of 50-300 mmolmeol
creatining), increased levels of propionyl camitne [23.0 pmol/l}
and naccinyleimmtine (4R jEmol/L) were [ound. The patient is now
20 pears obd, amd she remains irvitable with some extrapyramidal
wympooms and neurasensorial deafness.

Beain ME] shrweed Basal ganglia lesiors compatitsbe with Letgh-like
gyndrome. Mutational soreening revedled 2 previously descoribed
mutation CERSC=A (pALASCIu] [45] and a poved emitation 531+

44T in SICLET [Fig. 2B). To lmow the paitbogenic offiect of o531+
AT mrastacion o SUCTG) miA and peotein, we analysed the patient's
A After RT-PCR, the controls showed the expected 922 by ragment
of the corresponding full-length mE3A, while the patient showed the
wild-rype D and exiea upper and |oveer Bands [Fig. 20). Subsequent
sefuencing of these three fragments demorngraned the presence of the
nomul roduct (522 bpl. an aberrant spliced form Lacking 75 bp
| eswwer hand of B4T bp] and a heterecgdes formed betweeen the wild-
type and aberrant spliced forens of SUCLGT mBAS [upper band). Mita-
tion c531 + 44T disrupts the normad funciion of the exon 4 donor
s, bn this case, the sphicing machinery find an aloemative spliceng
donor sie inside exon 4 and uses the wme oo 5 splicing aooeptor
sicr, forming an aberrant form of SUCLGT mANA (Figs, 20-E) By wing
this alternative splicing doncr site, the resulting cDMA is 75 hases shorter
and verild prodece a protein Lacking 25 amino ackds.

Ia geaeral, LG patients have an extiemely sevene phenolype
[461, but the clinical and biechemical phenotypes of our patient are
fess severe and strikingly sinalar bo those of patients with SUCLAZ
mutations. Semilar phemorypes with SUCLG] muracions. have been
described by ather authors [25.26].

T surmimartse, only 2 cases with mosstacice in SUCLAZ or SLCLCT wene
Eonand]. Pt Iy pusienes shovwed 3 moderate incredse of metbylmalees: ackl,
sogetbeer with high levels of £ and CADC. The Latter, Eecomies 2 specific
bsomarker for the diagnosis of saocimd-CoA synchase [505) deficiencles
[T In these cades, motabolile shodis are mode informative tn
LEHNA dephetian, (Bt is not ahways prisent in the muscle biopsy of 505
patients [I746) Mone of the romaning parieras within this group
abwowedl bigh bevels of CHDC Follow-up of 5 of them pevealed that the
mcreaae of acid wn transitory. Therefiore, the initial
methylmalonic ackd excretion of these patients was unspodific and other
eauses of patkolgry sheould be rled out, Amcesg the romaining patients,
propionate moorporation Mo proteins was low in 1, bt the genetic
cause il remains o be elucidated.

1A Alpers symdrome patients

W porformed madational soreening of POIG im 5 patientd
presentieg with Alper . Two patients (P9 and P1O) had 10
and 11E recdual mi0MA i musde, respectively; whereas, the thees
ermaliing patsents presendod with normal mescle miAA copy Aum-
ber. Mutations were only found in the two patients with positive
miliA depletion (Table 1], P9 presented with the classical form of
Apers srstieens, showing psychomator retandation, epileptic enoeph-
alopathy, progressive corehral atroply and altered liver emrymes.
This patient carmied che abesdy desoribed mutations o1 1T=G and
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CEIGA Mutaticn CO TG changes o bysine bo argshine inposibon
B [pleusiArg) and was described for the first time in patients
presenting with progreise extenal ophthalmoplegia (491 and liter
on im patients with Alpers syndrome [50) Mutation 2663064,
whiich chunges a glycine 10 aspartic ackl [pARyRARASD), vias previcusly
described in a compound heterocygous patient [511

FID presenced Alpers-like syndromse, with inractable comvulsiona
aedd severe epileplic status. He was compound heternzygous Eor
pleudlAng and another previoudy described mutation, £B44T=G
(pTyr282Asp), located ai 2 conserved position in the exonuclease
domain |57 Sienilar to L the muscle blopsy from PID showed
mEDNA depletion (115 pesidual miDMA) and mulliphe respiratory
chain deficencies (Table 1); in this case, the ratio (miDNA/mlNA]CS
Al shoved high mEDNA, depletion (§% mesidual molda,

The refmaining 3 patients, | with classic Alpers sypdiome and 2
Alpers-like did not show meONA depletion in maosde and matational
sereeming for POLG was negative. Therefore, in our patients mNA
depletion in mancle cormelates wilth the ol mutatioes in
P0G, Inddeperdently whether the patiests presented the classical or
thee Alpers-liloe form. But it must be poted that muscle maDNA deple-
tion cam lag behind the onset of disease and ity absence cannot be
used to exclude a degibetion disorder | 10].

A& Conchusions

Mutaticeal sy of DEOR, MMIT, SUCIAZ BIXCLGT and POLG
alloverd us 1o 1 novel mutations (104804 and ¢ 1049G>T

in SUCLAL and 531 4+ AAT in SUCLGT) and 7 already knows mata-
thoes s B0 puthenics (R Laenilies),

Sevenieen patients presented with miD&A depletion in liver or
muscle, bait the cause of ihe depletion sill remains unknown in 8 of
e,

The DA RDNA aisd O activity s the same tissue samples pio-
widdes an addicional tool for the stady of MDS and has shed same light

in the discrepant results between the maDNA copy rumber and the
emrymaatic respiralony chaim activities of some cases.
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Quantitative Analysis of mtDNA Content in Formalin-Fixed Paraffin-
Embedded Muscle Tissue.

Font A, Tort F, Navarro-Sastre A, Cusi V, Garcia-Villoria J, Briones P, Ribes A.

Revista: JIMD reports. 2011 Juny 1:125-129.

La quantificacié del contingut de mtDNA és essencial pel diagnostic del sindrome de
deplecié de mtDNA (MDS). Les mostres obtingudes en estudis anatomopatologics sén
una font de material bioldgic molt valuds i sovint és I'Unic material disponible. Per
tant, I'estudi del contingut de mtDNA d’aquestes mostres és, moltes vegades, la Unica
manera de diagnosticar possibles pacients afectes de MDS. En aquest treball, hem
dissenyat i validat la metodologia per determinar el nimero de copies de mtDNA per
PCR a temps real en mostres incloses en parafina. Els nostres resultats mostren una
variabilitat similar entre biopsies congelades i parafinades. Pacients amb MDS
detectat en muscul congelat també s’han confirmat en la seva corresponent biopsia
parafinada, validant la utilitat d’aquesta aproximacid. Per tant, I’analisi del nimero de
copies de mtDNA en biopsies parafinades és un metode util per la cerca de mutacions
de possibles pacients amb MDS quan no hi ha disponibilitat de mostres congelades.
L'analisi d’aquestes mostres també facilitara estudis retrospectius i procediments

diagnostics.

El doctorand, tercer autor de la publicacid, ha realitzat i analitzat els estudis
experimentals del calcul de copies de mtDNA en biopsies congelades d’individus
control i pacients, en directa col-laboracid experimental i intel-lectual amb la directora

de tesi, el primer i segon autor de |'article.

73



Resultats: publicacions

MM Reports

DO 10 HMTRSGd_ 201127

U SSIEM and Speinper- Berlin Hesfelberg 20001

i:ni'-'ﬂt _I‘EI Decem mﬁlfﬁqﬁ:ﬂ: L] Im:zr;' UL
el Fﬂﬂﬂz ; i onling; 1T s

Brown

Quantitative Analysis of mtDNA Content in Formalin-Fixed

Paraffin-Embedded Muscle Tissue

Alda Fon, Frededic Tod, Aleix Nayvamo-Sastre, Vietdeia Cusl, Judit Garcia-Villoria, Paz Briones, and Antonia Ribes

Abstract Quantification of mitochomdreal DNA (miDNA)
comenl |5 an essential wal Tor the diagnosis of miDNA
depletion symdrome (MDS). Samples oollected and pro-
cessed for anptomopathology studies nepresent 2 wmigue
soirce of archived biobogical material. Thies, the possibility
1o sluidy MmN A copy mimber tn these spocimens would be o
useful way to screen for MDS. In this stody, we designed and
validsied the methodology to determine mildNA content by
quantitalive real-ime polymerase chain reaction (gRT-FCR )
i formalin-fxed paraflin-embedded (FFPE) muscle tissue.
‘We stsdied 14 froven muscle biopsies and compared the
resulis with a pomion of the same biopsy embedded in
paralffin. Our resulis showed a similar variabiliny ansong
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frozen amd FFPE muscle biopsies. Patients with MDS
detected i frocen miscle were also confirmed in iheir
corresponding FFPE samples, which walidate the uselfulness
of this approsch. We conclude that the analysis of miDNA
copy number i FFPE muscle tissoe by gRT-PCR is o asefil
mscilsid for the milecular screening of pathenis suspecied
have MDS when frveen biogrsses ane not available, Analysis
of these samples woukd fscilitale retrospective studies amd
deagmosibe procedines.

Introduction

Biogernesis and homeastasis of the mitochondria is tightly
regulaved, and requires the expression and coomdinazion of
haihi, nuclear amd milochondrial encoded proteins. There-
Tore, mitochondnial dhisorders are a group of complex duaal
pemme diseases thal can be caused by molecular defecis in
hoth nuclear oo mitochondrial genomes including poini
imitalbns, debetions. duplications, amd reduction in mis-
chondrial DNA (miDSNA) copy number, known as miDNA
depletion (Ritig and Poulion 2009),

mailNA depletion symdromes (MOS) are a helerogencous
group of astosomal recessive disorders charseterioed by a
redusction of the mDNA conbent i o tssuc-specific manner.
They are caused by moleculor defects in muclear genes
respomsible for the blogencsis and malnienance of milNA
ilegnty and usually affed dilferent bssises and organs with
high energetic demand, such as liver, skeletal muscle, and
nervous system | Soomalainen and lsohanni 2010}, Curresi-
Iy, MIXS are divided inio differeni syndromes caused by
mutations in af least nine gemes: myopathic form associnbed
with mutations in TR (OMIM # G0USA0) ence
pathie with remal ubulopaby form associabed with RRA2H
(OMIM 612075y, enceplalomyopathic  with  methyl-
malonic acidurin associated with matations in SOCLAT and
SUCLGT (OMIM #8612073 and 2454000 hepatocerchial

LF-]
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form pssociated with muations in DGEOK, HPVET, and
TWINKLE (OMIM @ 250880 256510 and 271 245): MNGIE
synifrome associated with mutatioms in TEMP and POLG
(OMIM # 603041 and HI366T), Mufions in MOLG o
also associated with Alpers Symlrome (O S30GT00)
(Db o2 al. 20107,

Quantification of miDMNA conlenl ks an essential tool for
ihe dingnesis of MBS and s based on Sowhem blot or
quantitalive real-lime polymerase chain reaction (gRT-
PCR) analysis (Ssomalainen amd lsohanni 20000 Although
DA from fresh frozen issues is the suitable sample for the
diaprasis of MDS, ibe mosi widely used methed o collec
samples is formalin faathon followed by parafiin block m-
Clusion, The Feasibility of perfforming malNA quantification
o formulin-fised paaffin-embedided (FFPE) fisues would
(wcilivane diagnostic proceduses amd allow a large number of
retropective sudies,

Material and Methods

Biological Samples

Wie snslbex] 14 froeen skeletal muscle biopsies and compared
them with a poron of the same biopsy embedded m paraf-
fin. The age distribution and nuember of comimls were: (-1
wear (m = 121 & vears (m = 1), and 30 years (n = L To
validsie the methedology, we analyied fowr patients with
knvam redusciion of maDNA copy number. Briefly:

Falientl: She was admatted bo the bospatal at T days of life
with brudypres. She prognessively developed hyposhermia,
myyilnasis, and edema, She died few hours afier sdmisshon.
Biochsemical analvsis showod Inperamnonemia, incroased cx-
cretion of lactate, and hypertransaminasemia: W% of miDRA
depletion in muscle biopsy by qRT-PCR was detected, while
resparory chamn activitees in the same muscle blopsy were
normal. Mutations in DMUOK and MPYVET were excluded.

Fartient 2: He was admitted 1o the hospital g 30 b of life
with feeding refuse, imianbdliry, dehydention, severe metabolic
aciosis, hyperammonemia, hyperlsctaiemia, and aliered he-
patic eneymmes, Al K days of age, neumlogical deterinmtion, as
well zs renal and hepadic imsafficiency, was evideni. He pre-
seited 1wo furber episodes of metabolic acidosis and Fver
imvolvemnent. He died of hepatic filure at 2 monibs of age:
miDNA conlent in muscle biopsy, determaned by southermn
hiol, showed 89% miDNA depletion. Misechondrial respinao.
ry chain activities (complex 1-IV) were low, Genetic studies
excloded mutations in DGUOK and RRMW2H,

Punifenr 3: She presented i 5 doys of age with axial
hypotomia, poor eve coniact, and sweating. Bicchemical
studics reveabod am increased excretion of lacesie and
methylmalonate, Mitochondnal respirafory cham activilies

{complex 1-1V) showed a slight reduction of all the com-
phexes; miDNA comtem. determined by gRT-POR., showed
BT% miDNA depletion im mumscle bopsy. A new mutation in
SUCLAD was identified, which has been predicied fo be
disease camsing sceonling 1o Polyphen dwiahase (unpab-
lished results and currently usder study in our laboratory).

Padtent &; She is the third daughter of o Family with two
other affected siblings. Few hours after binh, she presented o
severe hepatle insullbcicncy, metabolie acidosks, hyvpoglyce-
mia, hyperammonacmia, and high lactave. Mitochondrial
respimbory chain pctivities were poemal (comples IV
millNA comient, desermined by qRT-PCR i muscle biopsy,
sl B0% depletion. Genetic analysis off DGR identi-
fied the previously described p.H2Z26R mutation (Dimmock
el al. NHIR} in homozygosity.

Imfiormed consent has boen obaained for all the samples ased.

Experimental Design and Sample
Preparation

To minimize the natural vanability of miD&A content with-
in tissue snmples, we prepared and processed separntely two
s jacent porticns from cach frocen tissse, DNA was direcily
extracied from one of the portions, while the other one was
subjecied 1o formalin fixstion and parnffin Mock inclusion.
Bricfly, before DNA fsolation, paraffin sectbons  were
dewaned in xylene al moom lemperatune and swhjected o a
serbes of aleohol washing sieps, following stumdard proce-
dlsres (Gilben et al. 20075 Then, the samiples wene akr-tdred
and DMNA was olated uwing Qiamp DNA mini kit ((iagen,
GimbH. Germany ),

Quantification of miDNA Content

Analysis of mONA copy nember was perfonmed by gRT-
PCR using Tagman technobogy in a Step One plus meal-time
PCR system lAwIiﬂl Biosystems, Foster City, CA, LISA)
{Table 1}, This method is based on the amplification of the
I25 rRNA (mIDNA targer gene) and tbe K¥aref (endoge-
monis fwiclear contral gene) gy nomalize the DNA congend in
exch sample. PCRs were carried out in riplicae using 15 ng
of DMA from both froeen and FFPE samphes. Levels of
miDNA were relatively quamified by evaluating O valoes
usinmg the comparative Ct (AN method. Briefly, miDNA
coment was calculated from ihe difference of the delta Ct of
each sumple (CU2EANA—CiRNaseP) compared with the
reference value oblained as the average of delta ©1 from the
comirols sisdeed. Fimal valuves were expressed in relative
units aml were obtained throwgh the equation 27
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Table 1 Oigrnecieondes and resgens used for gRT-1OR

e Primsers Prodses Flinsrescem poduct

125 rRNAS CCACGOOAAACAGCAGTGAT (RFAMITGCCAGOCATCGOGRC § AFAM T lackHale Chiencher
CTATTGACTTGGROTTAATCATOTGA

RN AP Taggian BNaw P Contmol Reageots Kil Part Number 431684 VIC-TAMRA

“Tili prscbrotishes am locaiod al p 155 and T80 acconding o [25rRNA squencn KC_ 02900, IR amplificasion vields a 122 bp prstuct

A ling wx the I . Tagpman iechnology uses amplicons around 100 bp in kengih

where: AADY = (O 25r8N A sample — CIRVaseP sample) -
{avernge ACE condrols),

Statistical Analysis

Wilconon signed-rank (nonparameinc two-related sample
test) and Spearman oorrelation fest wene perfommed using
SPES16.00 statistical softaare,

Results and Discussion

FFPE speciimens represcid an impostant and unigise source
of archived biclogical material, According 1o the literature,
merbecular siudies have been successfully performed in this
type of samples (Gnanopragasam JNEE Ya et ol 2008).
Howewer, as far as we koo, the relishality of gRT-PCR
technology For miDNA copy number delermination in FFPE
tisses pemaing still o be elucidated. Moreover, the hetern-
pensous clindcal spectrum of MDS makes the miDNA copy
numher siudy an cssemial 1ol before undenaking specific
gene sequencing analysis (Bal et al. 2004; Dimmsock el al.
20005, Thus, the possibility o detect miIDNA content in
FFPE specimens would mepresent 8 useful way o screen
for MDS, Our alm was o oplimize the methodology
determine miDMNA comtent by gRT-PCR in FFPE muscle
lssne.

Limitatsons of molecular biology siadies in FFPE tissaes
have been widely reponed 1o be doe 1o the high lragmesia-
tion of oucleic acids, We visnalized the indegrity of the DMA
from frozen and FFPE samples in ngarose gels and resalts
slyowed that the DA was highly fragmented in comparison
with that extracted from froeen samples (Fig. 1a). Despiie
the concentration of DNA i lwer in FFPE than m frosen
mscle samples, the parity of both is almest identical and
suitable for molecular studies ddata nol shown). Acconding
1o the literature, the median DMA fmgment length m FFPE
samples is arcand 300 bp and maindy depends on the tissue
type and the methodobogy of fixation (Gilben 1 al. 2007
Lehmann anid Kreipe 2000 3, To determine the extent of the
degradation of the DNA in FFPE samples, we perfommed
conveniional PCR, Two nuclear and one mildNA frngmenis

of aroumd 12080, 700 and 500 bp, respectively, were success-
Tully amplified (Fig. 1bL. The lower infensity of ike 1,200 bp
{ragmeni im the FFPE samples B probably due o DNA
degradation during formalin kxation and sample processing.
Bocmise the gRT-PCR amplicons had amund 100 bp, we
comsidered thet the DNA obizined from FFPE samples was
suritable for maliNA determination, However, FFPE samples
sheraed higher O values in comparison  with  their

ing frocen tissue (Fig.lc), This [H:mu'nq.nnn
could be explained by the fact that the DNA degrmbation in
FFPE samples might redsee the mimber of imact amplicons,
although the starting DNA amounds in the gRT-PCR were
ihwe same in both FFPE and frocen muescle, Becanse the delin
O wvalues obtained 0 both kind of samples were slighily
diffierent (mean: — 10548 and —11.72, respectively ] the two
groups were analyied separatcly,

A simblag variability in the mal3NA content between both
groups has been observed, refercnce range: 057290 and
hdl=-202, in froren amd FFPE samples, nrespectively
(Fig. 2a), Wilcoxon signed-rank test showed no sintisiecally
significam differences (povalue = 0.05). To nsess the level
of agreement of paired samples, the Spearman’s comelation
tesi was applied and showed a good correlation within speci-
meens (r = 0URGE; ¢ o< 001 L Ahogether these data demon-
straie that the maDMNA comtent in frocen and FFPE muscle
samples was comparable. Despile the vasiability observed
within these two groups. the comparative study showed
simvilar behavior for cach sample (Fig. 2b-cl. Nevertheless,
& has been reporied previously (Bal et al. 2004; Mosten
el al. 2007; Dimmock e al. 20000, the observed variability
could be caplained by the differences in the age ol comrml
individuaals, [nberestingly, one of the contred samples (C1),
showing the highest maDNA comem. belongs to an adubi
while the remalning samples are from pedisre contrds
{Fig. 2l

The fowr patiems (P1-P4) with MDS detected in frozen
mauscle were clearly confirmed in 1heir corresponding FFPE
samples when  compared  with  apge-matched  controls
(Fig. 2d), which validaies the usefulness of this material.
Thus, despiie the degradation of the DINA, il A depletion
can be detecied in FFPE specimens in a similar manner 1
that performied in frosen lssues. However, 1he relatively
small numbssr of lpccirru:ru analyzed in this ul,hd!.' should
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i conisl smples), [ﬂ nnn\.ﬂ.:mmrmm FFVE pih-ed uamples. U -C14 comepond 10 conliol wmplcs and PI-P4 w paticats with

4 milaNA jis1.

peesiously ool

dos s shomm i feladive unils (RUL Ciesy hars indieste Trocen tssoe, spniped hars indicale FH'E

ampbes. () Comparison of the: N A extent of the for patsertn 11 -P4) with age- pc hed comtrols, Reailin sre shows in relstive ums (R
Ciray hars indicate ranen thase, strpod har indscste FFPE amples. Ermor lines seprosent (he mean + atandand deviation

be supported by further studies in larper series ol cases b
fully confirm our observalions,

It has ks boen reported that many variables can infuence
the valulity amd reliability of mwdocular biskogy sudies i
FIFPE tissues, such as tissue amound, kengih, siomge, and fixs-
tion conditions | Granapmgasam J00; Gilben e al, 2007
Therefione, the above-menlboned aspects shoald als be consid-
ered when amalyrmy maDNA content in FFPE tissses,

In conclusion, analysis of miDMNA copy number in FFPE
by gRT-PCR s a useful methad for moleoular sereeming of

patients suspected 10 have MDS when foeen biopsies are
nod available. Analysis of these samples, which are a nch
sowrce of biological matersal. would faciliae rerospective
stuifics ard daagnostic procedumes.
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Article 3

Lethal hepatopathy and leukodystrophy caused by a novel mutation in
MPV17 gene: description of an alternative MPV17 spliced form.
Navarro-Sastre A, Martin-Hernandez E, Campos Y, Quintana E, Medina E, de Las Heras
RS, Lluch M, Mufioz A, del Hoyo P, Martin R, Gort L, Briones P, Ribes A.

Revista: Molecular Genetics and Metabolism. 2008 94:234-9. Factor d’impacte: 3,193

Mutacions en el gen MPV17 sén causants d’'una de les formes hepatocerebrals de
depleci6 de mtDNA. Els pacients amb mutacions en aquest gen presenten fallida
hepatica, hipoglucémia, retras del desenvolupament i simptomes neurologics durant
el primer any de vida. En aquest article descrivim les troballes cliniques, bioquimiques
i moleculars d’'un pacient que presenta hepatopatia letal, polineuropatia, regressio
neurologica i leucodistrofia associada a mutacions a MPV17. Es va trobar que les
activitats de la CRM estaben disminuides en fetge pero que en muscul eren normals.
Tot i aix0, els nivells de mtDNA estaben reduits en ambdods teixits. Es va identificar
una nova mutacié d’splicing afectant a I'exo 2 del gen MPV17 (c.70+5G>A) i que
provoca la pérdua total del cDNA. Estudis in silico proposen que la pérdua total de
MRNA seria provocada per la perdua de forca del donador d’splicing involucrat en el
procés. L'analisi per western blot corrobora aquestes afirmacions, ja que els nivells de
proteina MPV17 es van trobar disminuits en el teixit hepatic del pacient. A més a més,
s’ha identificat una forma d’splicing alternativa en individus control que no ha estat

préviament descrita.
El doctorand, primer autor de I'article, ha realitzat les tasques experimentals de tot

I’estudi; la caracteritzacid molecular de pacients i familiars afectes de la deficiéncia de

MPV17, el cultiu de fibroblasts amb i sense cicloheximida, I'analisi del cDNA i el
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western blot de pacient i controls emprats en I'estudi. A més a més, ha participat amb

gran protagonisme en I'analisis dels resultats.
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Lethal hepatopathy and leukodystrophy caused by a novel mutation
in MPVI7 gene: Description of an alternative MPVI7 spliced form
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Abndract

It has recently been reporied 1hat manations in APV T pene may be causative of miDNA depletion synidrome | MDS). Patients with
1his alleraton prescnbod with !'nn': hiver falure, h_rpnj!jtmn. growth retandstion and neuralogical :-rmtﬂnnﬂ durm': the first vear ol
Tifie, Wiz pepoat on the cEinical, Baochemical and mol fenndings of o patiet presensing with lahal hepatopatky, poly paithy, nea-
rological regression and kukodysirophy sssociaied with mutations in MPVI?, Mitochendrial respiratory chain ociiviises were low in
liver and within reference values in muscle. However, kevels of miDNA were markedly reduced both in muscle and liver. A movel homao-
ypous mutalion in MPFIT, ¢ TORSGA (IVS1H50-A ), was identified. This introsie change cuuses the Full-length ¢DMA loss, probably
s 10 b off strengah of (he splice dosor site of exon 1, Wisttern blod analysés, performed in liver homopenates, fenber corroboratos
these pevulis as the amosnt of patient's prosen was kighly reduced, or almest absenl, pancd with that of comtrals. We nlso jdentified
an sdifitsonal altemative splioad form in controls and in the patient, due 1o exom 2 skipping, that hes not previomly been reportied.
© 2 Elsevier Inc. All rights reserved.

Kyl ARPEIT prme milNA depletion; Hepanocerctonl; Leukodysirophy; Spicing

Miochondrial DNA (miDNA) depletion syndrome  mitochondris salvage pathway [21 A defect in one of those
(MDS, MIM 2518500 is chinically a beterogencous group  factors, resulting in a replication faflare or imbalanced pool
of dizorders characterized by o severe reduction of miDNA - of aecleotides, beads to severe miDNA depletion and a
copy number [|] Replication and mainienance of miDNA  decrease in the aciivity of miDMNA-encoded respiratory
depend upon aumerous nuckear DNA-encoded ensymes chaln complexes [3]
and also requine a balanced nueteatide pool, which is main- In the lost years, several genes have been identified as
tained by either import of cytosolic dMNTPs through dedi-  responsible for MIDS: the myopathic form, chamctenzed
cated tramsporiers, or by JNTP symthesis via the by o severe prosimal musche atrophy and weakness, has

been associated with mutations in the milochondrial thy-

midine kinmse I peme (TR RelSeq NM_003614, MIM

" Cormesponding ssthor, Fax: 34 93 17 % 58 1ER250) (4L the encephalomyopathic form has been associ-
E-on mbdeenn aiibealichise: abus (A Ribei) ated with mutations in the gene encoding for the 5 subanit

BT 19YS - see fronl manier © 2008 Elevier Inc. AR nghis reserval.
o 00 140 |6y 008,017,012
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of the ADP-forming succinyl-CoA symhase (SUCLAZD:
RefSeq NM_D03850, MIM 603921) (5} and MDS causing
the hepatocerebral form has been associaled with altern-
thons i the penes for mitochendrial deoxypuanosine kinase
(IMELEIK: RelSeg NM_DBIRLS, MIM 6D1465) [6L DNA
podymerase 7 | MOLGE RefSeg MNM_I2E93, MIM 174763)
[T] or MPFIT (RefSeq NM_OB2437, MIM 137960) (K1
However, the number of genes known 1o cause MDS is still
increasing; during the present year three additional associ-
abed  pemes have been  reporned: REMWIE  [RelSeq
NM_DISTIE MIM  6MTIZ) (9] SUCLGT  (RelSeq
MM_03E39, MIM 611224) [10] and FPED] (RelSeq
MM D21IRI0, MIM 606075) [11,12]

We report bere 1 mew patient with MDS caused by o
novel pathogenic mutution (IVS1+50G>A) m MPFIT,
and describe an additional alernative spliced form in con-
trols that has not previously been reported.

Muateriah and msethods
Putlent

The patien was 8 boy, ibe frd child of healthy consssguineous
parents. Pregnancy, defivery amd neonatall perind were nosmal. He pre-
scatad 8 3 months of age wih vossshng, pundes, hpelianaminas-
st and (ailoie o thiwe,  Beochesiecal  atides  inclinhing 91
aniivipsin, sweal el meaboliin of o, sssscnls. succinylsceione,
Erees and total-camiee, soy loamsninss, galecioss: | -phosphaie, very long
ohain oty ol slemids, lactate and organe soeds were sl mesmal
Aming scids wore sho nommal escege for an moreass of methionme,
apd ihe siudy of sevem salsvmndferring showed an incresis of the lea
alaly lated hdnds |ooaeespoialsg 1o asaili-, moboiialkne il delake-rins-
Ferrins ). probably secondary 8o the hepatopathy. Nieman- Pk type ©
wias st discardid

A 1} monibs of age, be siaried wiih Bypoghvoomia and hepaiie insuf-
Fcimay, apparenily triggered by an imicrgurmems illeess, AL this age be
wan sdmesicd o our hoagetal, Physical snamination showod global hypa-
B and decsoaesd motlily of e et imbs wilh abseiil docp bendos
Fefleen. Milor s sctindlive ool octen velocly was 05 of fofstal val-
s, cosnisienl with polypeuropatly. D (o bn clincal condition (he
prychomastor development was didlieull o evaluate, ahdeoogh & mkd
ey in T ECqUiETR WA Eodkoed. Ad this lime, aming okl
orpank Eokdi Gkl hike acals sudies shawnd allorElions socomdary b
Bepatic damage. Few dayy Laber e undermeni emeorgeney Iner transplan:
ttion. The caplinind Bver showad migronaddar cholaat cirhosn
with puni-cell semfamiaiion sl bw grade dyaplass. Muscle bopay
ahowil abundani viacuols PASH aml gloogent ol amall 1o mades
ilde i the ke Abies. Ulondrediral daabas of beer and ok
s unspecilic. Repirabory cham sconiiss i sacle weie sormal [ Takde
Jb Mis irunsplantad lver funcowsed adequabely and be was dischargsd
Eroam haospinall ar §% mombs of ape. Dunng the following 3 momhs clin
il avodution was favourable

Al 1B months off sge, dunng U coursg of pasiroeniemin, be wes
readmitind wigh lactic asidonin, hypomairemia, Bypocalooms, seiruno
and enecphalopaihy, Brain MRE] showsd kukodybrophy iFg 15 Thae
g0 these chnical Meatuses MIDS was swipocted, asdl the muscle biopy per-
Formed 6l 13 moarks of dge wa feandlysed shiming high levels ol
mEDNA deplevion; ihe depleton wai also evideni in 6 Trosen assple
off ihe explanied liver (Table I Alerwards, the pagienl prewsisd o
P E-EV DT sffectation Iﬂl:llll'lll'lﬂ Ay Chamaotir regrevakn, ehalopatlny
with loss of sndbem, mtestinad dysmotility, hypoparathroidsm and pag-
mamtary retmopaihy. Apoocas of amiral angin wene alsn ofwond. He
el #1 the age of 21 manihs
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-2

Fig. 1. ME imaging mn FLAIR squencs scoqunition | 106,000/'] S9780THRYS
TUTER (A} Asial wan ough mid weolrcular kvl shows poidériar
porveningular doih whils maller hyperiniogs kooss, (B Axial was
thivugh the lower pons kvel shows symmcttie mkldle cerebellar poduscles
wilate aticy hypermiene leuin

Hinckentival smobes

Ul rime coganic scids wore analyeod a8 TMS-derivaives by gas chroma-
Bography-mas spaciromatry as prooousdy describod [18] Rewperaiony
chaith actniles were delcrminnd on dldlda] minscls and Iver eafracts
| Bl superralanis) s feporiod chewbese [14,15)

marfPNA rrwaliey

Tt A wan il from perspheral bloosd oclls wiing standand
protomods, The relativg amouni of mutachossfrial vemsus nuclear DENA
wan deiciminod by feal-tmic PR o0 dewciild [I0] wilh icnmic i -
tiwmn. Prmer sequences For the mitochoadrial { WV peoe. 126 bph
and wwschear | CFTR gene, 460 bpj frapnants wene forwand: §-AGOGCGC-
TATCACCACTCTOTTON-Y, revere F-AMCCTOTGAGO MAATG-
TATTCCTG. X and forwasd: F-AGUAGAGTACCTOAANT ACGAN-
¥, romne P AGETTACDUATAGAGHAAATATAAS
PCR was perfoemed o8 100 resciion volume containing 2 mM Mgl
L% M ench of the lofwwid and reverss prmes, Jpl of DNA amd 1 gl of
mastef meviure {Lighelvoker s Sten [XNA masier SYHR Gireen 1o
Roche Dispmosiigs) containing TagD¥sA polvmerse. deovynucleoiide iri
phosphates and SYIR Green | The same DNA dilutions were used for
otk nuchar DNA (eDNA] and mlINA calbeation curnves with @ stan-
dard DNA, The reaction was conducted as Follews: an mitial deaturing
sl al 9550 for 10 min, follownd by 55 cpclei al %5 °C Ffor 106, &0 °C
Baf 55 and T2C G 18 i, wilh soguiitiaon mods al sgpment §, Samples
were analyeal in ephoae, and eveesge mINARDNA male e
cakoulaged.

Senghe or miliple mcchondnal DNA (DN A) deletions wese
excluded By Souihern Mol analysis as peevivinly descrbed |17

Fonfmattivgly

MPV!T anlyadn

Eaodia ssd iitron bourdiries of the MPVTT gene were PCR-ampldal
uming standand coadinens. The FUR program was performed with an ini-
tial denaturing step st % “C for 3 min, fellewed by 33 cvcles at %6 °C for
1 5 wrad 60 *C for Y05 and & final extossion siep @t 72 *C for 10 min. We
wand spocific primens descrited olsrwhare (3] axcopd Tor those frapmamis
corrpsposding 80 cvons M4 and 56 (Tablk 1§ Frapeesis wore then
sequencod

The ssalyii of changes 10 |he comenaus soquence in healthy
was ciffead ol by S5O (Sesgle Chain Conlormaisonal Polymoipseeim)
Bachin g

Culiured alin fibreddass were reaiad with s solulion comaising cyclo-
Beximide (CIX, which i an inhibsor of BNA depralation by moasense-
masdimied decay (MM (18] The reagani was diluted &0 a finad conomer-
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Table 1

Primrs wsed to smplify the whole oodimg: sequenor off WFVTT, g well as for RT-FCH

Amplificd [agrment Lengik et and pizmcs B er: prome

Exon 17 Tk bp ¥ povost Mas sl g ¥ o e et e

Exon 2 M bp Veasippapoca kg . 3=

Exien 34 4RO Bp Ve loaxisilapa Vst poaciacieiii

Exon . & bp ¥ aprpllalpRpapgRL . ——

Exon 7 B2 bp ¥ gecaltial ponal ¥oAclapaaat g

enNA” I B ¥t pacag g ¥oacgpreasc plaslgasg
" Boeporsed by Spinsrrods et sl (8]

™ The cIXNA fragment encompasses from ihe ¥ UTR 10 the beginning of exon 7.

tion of 50 pgiml n DMVMEM sedum cottaining 100 boving ol serum,
el and sirepiomycs. Afer T h ol incebation, [hrebdass sere har-
vested afler irypsin oreatment ssd 1ol RNA extraction was carmied oul
ty standard procedune: el A Wi obtained in & modifed 1ao-siep [ro-
iogol, fird-sirand sywiheste was performed weing obigo-di T primers snd
MMLY-RT Plus reiroirnsripiae | Epoostre, Madison, USA) The fei-
wtrand PCR programss: consised of ang-siep ad 4 "C for B min, then we
-ldlh-l the spwwific n—m {Tahle 1) sl MaterAmp TAQwme DNA

! iEf fiwtstr, LISA ) b v whhoile fifal-atrand rescthon.
Tltmluhndﬂ'lmuupﬂfwm.uﬂuﬂdd
athce step af 9800 for | mem, followed by 33 ondes an %6 °C for 30a,
38 1 for 508 mnd 72 °C fow 45 5, with & (inal exsenson ssep &1 72 °C for
10'min.

Wentern b

Dﬂ:l—bvﬂwmlihmnlmtnkmlm-lmwp
areted 08 @ 15 5]15- dyavth de ek, The e were Then 1Fuin-
ferred s il § with the peimary rabing
MIPVIT antibedy | Protentech, Chicapa, LSA) and nally delecied with
OPTI-S0N Deiegtion Kil § Bio-Rad Laboratories, Tealy)

B -

Splicker sn/tuure

To clarily the e of wr used i
Sple See Soone Caloslalon {www nulsl shlsshw'eew_ali_evon §hl/
HTLAM 'score. himly aned splice-predicton programa. as Splice Site inder
iwww, viokn penelsickbade on cal -aluspdicod iofsder hilm),  Meilone?
(ol dfecrvaies Mol Cene )| e BDGP Spliie Siie Prodiction
{www, Frainfhy om'sg_lsolsfsplios himlj

Results and discussion
Climivar! fratires

There are fow reports deseribing patients associated
with alieraions in MPFI7, and oaly sevem different
mutniions  hove been  reported [ 19.2M]. The first
patients presented with lethal early-onset hepatopathy,
bt Hver transplamiation in one chikl amd diciary con-
trol in another bed them to long survival [8] Neverthe-
less, one of them had delaved growth and the other
developed multiphe brain lesions, progressive spins-oere-
bellar ataxp, myoclopus of hands and feel, mental
retindatbon amd severe neurogenic kyphoscoliosis. The
other repori [19] showed thai homozygosity Tor muta-
tion p.RHED in MPFIT was the cause of Mavajo MNeu-
robepatopathy (MNH: MIM 256210) presenting theee
different  phenotypes: infantile, childhood and clossse

83

forms, The infantile amd childhood forms are dominated
by severe hepatopathy and early death, while the classic
form is characterized by moderate liver dysfunction and
progressive newropathy, As they all presented the same
mutation, the genodype B nol able 1o predict the pheno-
type. which sugpests that other faclors may contribuie
to the severity of the disease. Four patients carrving
mutations in MPFIT have recently been deseribed [20]
and, like the first cases [B] all presemted with progres-
sive liver falure during miancy. It is imporiant to
remark that two of the four cases presented with iso-
Inied Fiver failure withowi noticeable meurologic dysiune-
tion, although newrological detenortion would kely
have occurred i these patsents had survived through
imfancy [20]

The maost significant clinical features of our patient were
severe  Bepatopathy, polyncuropathy and  neurclogseal
regression with leukodystrophy (Fig. 1A and Bl In addi-
tion, elher characteristic symploms of mitochondrial dis-
eases such os hypoparthyrosdism, whubspathy, intestinal
dysmaotility and pigmentary retinopathy, were nlso present,
and were mol deseribed in the other reponed patients
[R.19,20]

Rivchesmival dora

When our patient was first studsed, the normal levels of
uring and plasma bactate as well as the normal respiratory
chaln activities in muoscle were nol suggestive of MDS
{Tahle 2). However. the clinical evolution as well as the
biochemicn] data, mcluding mcreased plasmn bactate ol
18 months of nge, prompied s o perform miNA deple-
tion stisdies that led s 10 demonstrate o marked reduction
of mtDNA both in muscle and bver (Table ), The
devteased mDMNA content versus normal respiratory chain
activithes in the same musche bopsy is surprising and diffi-
cult 1o explain, but samilar results have abo been found by
other authors [30,21] Respiratory chatn sctivities m liver
were low, including complex 11 activity (Table 3} that
should be normal, because iis subunits are exclumively
encaded by nuclear DNAL Such multiple deficiencies have
also been observed in other patienis with MIDS, suggesting
that primary miDNA depletion may secondanly ingger
comiplex 11 defictency [21] Therefore, muscle respiratory
chain investigations are nod always useful for the diagnosis
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Table 2
mil¥NA deploison amd respiraiory chamy scirviies m Iner and muscly homoegmaies

Cl+m 1 i+ n SEOH (&0l | 1y e milNA
Liver
Pataomi Akl L (£ ] L] m b1
Paralicd gomiirol IT26 L4 LIk 4% &1 L]
Ml i
Taren i n [ 12 ™ in Hy
Control mean (S0 o= 100 in 45 LgLY T (LRTRRT] a3 [1E) 42412 (]
Reoxparaiory chain sctivities are eeforred to cirat synthase imLinii']isit CRp €1+ 00, ¢ N-'o-l'.‘h' gk 1, NADH-

4 HDFl sugxinale dehatrn-

hi#qm mhl-“r l'-'II + IIL umlrnlﬂ:lw-' v mdm ﬂ_l i lg-d

A

oIy,

FOO R malINA q-mrm-m s repeeibed i % of the control mcan.

genans; T, d aq r oy v

of the hepatocerebral forms of MIDS and liver biopsy may
be nevessary: aliematively, direct mutstional study of the
known associnted genes could be uselul m the ulentification
of the discase.

Moleewler amd peovean siudies

Analysis of the genes involved in the bepatocercbral
form of MDS, showed no alierations in DGLOK o7 POLG,
while a homozygous transition in MPFI7T gene in position
45 in imiron 1, c704SGEA (IVSI#50GA) was Tound
iFig 2§ Mo other mutaiions within the coding sequence
or within the flanking introne sequences of WPFTT were
mdentified. The parents were beteroeygous, amd none of

P|.'-4.-.-u..-r.-.-.-r-|-1.

'TﬂﬂJ'ﬁM'?'[m}lﬂh 'LF

"J'U LJ I

i'

[ M'L |

Fig 2 Mutation asalysis of MPFIT showing the homorpom
£ M-S0 A, mwetation i the paiient (P, s the heterooypesiiy of his
Eather §F) and maotiar | M
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1140 control alleles carried the alteration, sugpesting it coald
be o disense-causing variani.

To know the possible elfect of the ¢ T30 A, change
on the prodein, we analyeed the cDNA. Afier RT-PCR.
controls showed the expecied 490 bp fragment. but also
an additional band of 3 bp (Fig. 3A), Subsequent
sequencing of these two fragments demonstrated the nor-
mul product (4590 bp) and an aliernative spliced produoc
due to exon 2 skippang { 374 bp (Fig. 38}, This alternative
spliced fragment was seen as a minos form, bul was always
present in conirols, We also observed a third band immedi-
ately below the full-length cDINA that was the result of het-
erodluplex formation betwoen wild-type MPF! T and exon 2
skipped fragments { Fig. 34), WPFIT cDINA of the patient
showed only the frigment corresponding 1o this minor
form, and the whole codimg MPFIT (ragmend was absent,
while GCDH (glutaryl-CoA debydropenase gene) cDNA,
used as conirel for RNA extraction and cDMNA synihesis,
was sueeessfully amplified {Fig. 4A)

The Splice Sie Score Caboulitor gave a 102 score 10
the domor splice site of inwon 1 in the wild-ivpe
MWPVIT squence, while when the ¢ TH-50G>A change
was introduced the caleubator gave a wore of 6.7, Maxi-
mum score is 126 and average score for constitutive
exons is K.1. When the molecular change was miroduced
in the sequence and was loaded on the three different
splice site prediction programs. all of them predicted tha
the MPVIT gene would completely bose the constitutive
iron | donor splice sie. In facl, the absence of the
full-lengih transeript in the patient was in agreement with
the prediction and the kess of imron | donor splice site
probably capses the addithon of pan of intron 1. Taking
ine account that there is an in-frame TGA-s1op codon
alter cight “intronic codom™, i would probably result
in a truncated MPVIT peotein of aboutl 31 amino ackds.
However, despiie we performed the cDNA analysis in
CHX treated fibroblast (Frg. 4B) we could not demin-
strule the presence of such mBMNA species, Therelore,
the hypothetic aberrant irmnseript was probably degroded
by o mechanism other thon MM,

The aliernative MPFIT mRNA 2 not depraded wia
MMD (Fig. 4B), maybe because ihe premaiure stop codon
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Fig. 4, (A} Aparose ped of GODN and WPFIT cDNA of the patiom and
womirl, (B Pobacrylamide pel of ¢DNA amphiied fragment in CHX
ineabod i+ ) and nonirestod |~ § Bhicblxiis of paticnl () et comnel (O
AL, mokaruli wesght sarker jexpiesad s )

does not follow the 35 bp-MNMID rule [22,23]. Theoretically.
the change c 704+5CG>A would affect both spliced tran-
seripls. bul the reason of the mechanism to explain the
presence of the aliemative spliced form in the patient
remains 1o b elucsbated,

Western blot analysis, performed in liver homogenates,
furiher corroborates previows molecular resulis. In fact,
the amount of patient’s protemm s highly reduced, or almaost
absent, compared with that of contrals {Fig. $).

We conclude thai, analysis of MPVIT shouold be
included n the differentinl dingnosss of patients with
MDS presenting partboular peurological symptoms, such
as those reporied in our patient. The knowledpe of the
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polvacrylamids gel. | B) Dirgel soquende of evtracied polyacrylamids el Bamds
ol WP gene; HIDE, hétenmduplen; EIS, o I skapped Fragssesa) O, conlsol; M,

T
Fig. 5. MPYIT Wieaters Bot. (&) Oue bundred miorograms of mitockon=
dinal ennchesd preparmiion (rem ver in 15% S8 polvacrviamide gel. i 0
The same Westom him wrppal snd Blotesd again with PO anisosdy
iC) MPYET apbbody upeal & 8 mouss beard boaie jprovidod by
Prodciniech, Chicagop LI, hepais samplos of coniroh P, hepais
sampile of the patienis M, protnin weight marker fexpresind = )

MPVIT genoiype is the only 100l (o perform further prena-
lal dmgnosis 10 these fumilics,
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Functional splicing assay supporting that c.70+5G>A mutation in the MPV17
gene is disease causing.
Navarro-Sastre A, Garcia-Silva MT, Martin-Hernandez E, Lluch M, Briones P, Ribes A.

Revista: Journal of Inherited Metabolic Diseases. 2010 Jul 8. Factor d’impacte: 3,577

MPV17 és un dels gens causant de deplecid de mtDNA, causant una fallida hepatica
combinada amb encefalopatia, una condicié devastadora sense tractament conegut.
El gen codifica per una proteina de membrana mitocondrial interna, pero la seva
funcié continua essent desconeguda, i la Unica forma d’oferir un diagnostic prenatal
recau en els estudis moleculars. Es per aixo que les mutacions han d’estar ben
caracteritzades. En aquest article describim un assaig funcional d’splicing basat en la
utilitzacio de minigens. Aquest assaig ens ha permeés caracteritzar la mutacio
d’splicing c.70+5G>A com a causant de malaltia. Amb la reafirmacié de Ia
patogenicitat de ¢.70+5G>A, hem dut a terme I'analisis prenatal de tres fetus, dos

afectes i un homozigot pels al-lels sans.

El doctorand, primer autor de I'article, ha realitzat les tasques experimentals de tot

I’estudi. A més a més, ha participat amb gran protagonisme en |’analisis dels resultats.
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Abstract Matochondrial DNA depletion syndrome (MDS) i
a prvaip of disorders chameterined by o quantitstive reduction
of the misochondrial DNA copy mumber and inhemited as
mulosormal recessive trals. Patients affected by thas group of
discases preseni with a wide variety of sympsoms depending
on the altered gene. WPFIT Is one of the genes causing
combaned encoplalopathy and liver fhilure and ai present
there is no trestment for this devastating discase. The gene
codes for am inner mitochondrial membsrane peotein, but s
function = seill unkmown, and thenefione, the only way o oifer
prenamd disgnosss relies on DNA sudies. Comsoquently,
muiations have o be well chameierred. We proviously
descnibed o patient homaosygous for @ novel inbronse mulation
inthe MPVIT gene e T+ 5G> AL Here we repont the use of
a fancisonal splicing asssy based on the use of minigenes 1
support thal ¢ 70+50>A mutation s discase cousing. We
cammied out three prenatal dognoses on three consecutive
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pregnancies of the previously deseribed fomily. Afler two
affected fetuses, 3 heatily baby was bom homozygous for
the wild-type allcle.

Introduction

Misochondrial DNA {miDNA) deplation symdrome (MDS) is
o growp of disorders chamcterized by a quantitative reduction
of the milIMNA copy namber and are inhented s awosomal
recessive traits (Himno and Vu 30000 Patients aifected by
this group of discases presemt with o wide vanety of
sympioms depending on ke aliered geme. Early-onset
myopathy s associated with mutatiens in TEZ
(OMIM *1RE250) (Sands et ol 2001), wherens myopathic
paticnas with renal proximad wbulopathy present mutations
i RRMZE (OMIM *604712) (Bourdon e al 2007L
Encephalomyopathy has been ssocinied with mutaisons in
SUCLGT (OMIM *611224) {(Ostergnard &1 al. 2007) il
SUCEA2 (OMIM *603921) (Elpeleg ef al. 20085), whereas
mistatbons in AecZa (O8IM *606075) {Sard e al. 2007),
POVG (OMIM. *1T4763) (Maviaux and Nguyen 2004),
DGUOK (OMIM *600456) (Mandel et al, 2001), and
MPFIT (OMD *137960) (Spinarrola ot al. 2006) goncs
cause comhbined encephalopatly and liver faibure. To dale,
mo iremtment is available for these devnsmiing disesses.
Therefore, preratal diagaesis is ome of the reproductive
opiions. for these families.

Muntions in the MPFIT gene are one cause of MDS,
This gene s locabed in the 2p23.3 negion ond encodes an
nmer milochondrial membrane peotein, but iis fusction has
mit el been elucidated. In a previous work published by
our group (Movarro-Sestre et al, 2008}, we described a
patient presenting with MDS homozyvgous for a novel
mtronde maation i\ MPFIT (e 704 5G>A) Without the

€] Springer
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pessibility of performing ensymntic soiivity assays, the
only way 1o offer prenwial diapnosis relics on DA studies.
Comsequenily, mutations have 1o be well charscierized.

In this work, we report ihe we of a foncional splacmy, ey
hased on the wse of mimigenss io suppornt that the ¢ T+ 30G=A
munation im WPFTT 15 disease cansing. We camiad oul theee
prenatal disgnoses on three consecutive pregnancies of this
family. After two affecied fetuses, o healihy baby was bom

who is bomozygous foe the wikd-type albele.

Materials and methods
Patienl

This paticnt was previously meporied (Navamo-Sasore o al,
2008}, Briedly, be was the first child of healthy consamgun-
cous parenis, Af 1 months of age, he presented with vomiting,
Jjoundice, hypenmnsaminssemia, and failure o thaive, At
13 masehs, he manifesicd hypoglyeemia, hepagie insufficiency,
and encephalopathy. Physical examinabon showed decnmsead
malility of the lower imbs with absent deep lendon efleves
and polynsaropathy, Onganic and amine scxds showed o
specific aleraton. Liver blopsy showed micronodular clwale-
stalic cirrhosis, A few days later, be underwent liver
tramsplanition, Three months later, during the course of a
pasiroenieriiis, e was readmined with lsctic acklosis,
hyponatremia, hypocaloemia, seunures, and encephalopaily.
Berain magnetic resonsnce imaging (MR showed leukodys-
trophy. Following thad, the patsent presenied mulissystermic
disense including newrological, remal, digestive, endoonng-
legie, amd ophthalnsologic affectation. He died at the age of
22 moeiha. MiDNA levels inilse patiens®s ver wene 20% off
nwean control vakies, Molecular studies identified a honio-
Fygous. ¢ 70+ 30> A mutation in WPFTT gene,

Biological maierial

Cultured skin fibenhlast from the index case was used as
soniroe of messenper RMA (mENAL Choronle villi of the
three feluses were taken al the 10-13 weeks of pesinbion.

CGienomic DNA was extmcied from chononse vall, peripheml
blaed, or fibroblasts using sandand prosocols.

WMuobecular analysis

Polymemse chaim reaction (PR ) amplification and sequenc-
ing was done by standand sechniquees.

Minigene construction andd in vitre splicing analysis

To analyre the effect of the MPFIT ¢, 70+ 50> A mulalson on
the splscing mechanism, we wsed the Exontmp Sysiem

] Speinged

(Mobitee, Gitingen, Germany), Exon 2 and flanking regions
were amplified from conteod and paticnt genomic [NA using
specific primers (MO 0R0TS. |, ditect minigene primer; 5°-
CTCOGAGOUAGTOCATAGUTTOOCACA, reverse mini-
peme primer; S GOATCOCACCCTOCAAAACAGACTGG)
These fragments wene choned inbo TOPO veetor (lavierogen,
Carlshad, CA, USA) following the mamfsctunce’s protocol.
The msen was excised by Xhaol and Bamlll digestion
(restriction sites mrodocad with the primers), purified usng
the Ciagen Il Gel Extraction Ki (Qiagen, Hilden, Genmany ),
and subsequently cloned inso the Exontrp vector wsing T4
polynacleotile kinase (Invitogen), Clones containing ihe
desined normal or mutant inserts were dendificd by pesinetson
eruyrne analyses and DMNA soquencing. Then, 0.2 pg of the
wild-bype or mutand minigenss construct was mmfected o
COS-T cells using Lipofecmine reagent (Invitmgen) in
24-well plate following the manufbctune’s rocommerndations.
Al 2d-dE h postiransfoction, the cells were subouliored
mto 16-cm Petri dishes, grown for 48 h, amd harvested
followed by BRMA exiraction. First- amid secomd-stmnd
complementary DNA (elMNA) were synthesized following
the munufacturer's recommendations wing Exontmp syssem
primers. Amplified products wene sepamied by agamse gel
chectrophoress and the cxcised bands were funbar amalyred
by direct sequencing afler extraction with Chegen 11 gel
extraction kit (Ciagen).

Riesabts and discussbon

MIDXS i an emerging proup of severe genetic diseases for
which treatmeni is noi yet avaslable. Muation in the WPFTT
gone 15 one of several cawses of MDS, but in this case,
diagnosis relies exclusively on mulntional sbodses, a5 the
prasiein fumcison is stll not well known (Viscomi et al. 20084),
Thercliore, mutatbons in MPV/T paticsts have 1o be well
chamecherired,

In o previous work, we demonstratied that o patient with a
kmorypous muiation e MH3G=A in the MPVIT gens
Bcked the fll-enpth mENA b imenstingly showed the
presence of the aliemative spliced transeripl lacking exon 3
inccondmg to changes m cDNA RefSeq NM_DI24374,
ahhough 0 has been described as lackimg cxon 2 by
MNavaro-Sastne et al. 2008}, which theoretically would also
b affected by . 70+ 500> A change. This was mtriguing., but
the mechamism o exphin the presence of the alomative
splsced form in the patieni remains o be clucxdmiod. One
possibility 1 that the boss of full-length mESA was causedl by
a dffereni change kocated deeper inside the miron that might
mot be easily detocied by direct sequencing. To further
demonserate that loss of the fll-lngth mRMA was causod
bry the &, 70+ 5G=A change, the fildl exon 2 plas a portson of
flanking intronic regions was anplified and miroduced inside
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pEtmer are shown Deah for contral and ¢ T+ 50 A mtem allcka

a minigene construct (Fig 1h). Minigens comsinsts with the
wild-type and miutan) sequomons. were subsequently penomead
i the Exontrap vector and then ransfecied o CO8-T cells
and total BNA extmcted. Reverse tramseription polymersse
chain reaction (RT-FCR) was then performed, and the hands
comesponding o control and mutast minipenss (Fig. 1a) weee
sequenced. Three indepenident transfection experimenis
showed that the mutsnl mimigene produced o apsonpt of

Fig. 1 FPrenaml dagnosis
whowing the heterorygous father
and mother, ase wikd:-bype and

mAMA

[225pk)

Coarod and mssn minigenes, £2f Evottsp eaom 1, K] Exontrep
con 2, MPFITED fagment of MPFIT pene contalnisg euwa 2 and
the flanking wawosse fopons, O control, & patent, WA molocslar
farker

the Exontrap vecior with skipping of exon 2 (Fig. lak In
comrirast, the wild-type mindgene efficiently inchoded this exon
{Fig. Ih), supporiing daia of the previous work and giving
fusther evidence of the pathopenicity of e 70+ 50> A change
m the WPFIT gene.

This change was previcasly investigaled i silico using
multiple splice-sie prediciors (Mavarmo-Sastre o al. J008)
All of them predicied that the MPIY T gene would completely

o . 70« 3004 homorygous
lennes
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lome the consinutive exon 2 domor splice site in the presence
of the e 70+3G>A change, consisient will the minigone
resiits pithlished m this work. This family requested prenatal
diagnosis i three differend pregnancees. The fist stody
detecied a homozygous ¢ T+ 504 change, prediciive of
an WPFTP-deficient affocted fetus. The same oceurrod in the
secors] prenatnl 1es1, but the third pregnancy gave rise 1o a
healthy boy with a homorygous wild-type allele (Fig. 23

The ctiology of hepatocerchrml MDS has boen well
deseribed, and about 20 patkenis presented with pathogendc
changes in MPVIT (Poalton e al 200%; El-Hatb ot al
20000, There is no treadment for MOS, and patients wamlly
die i an carly age due 1o bepatic falane. In o fow cases.
hepatic transplantstion has been aftempled 1o prevent severe
evolution of the dissase (Pamni et al. 2009), but i some
CasCE, 08 i our index patient, evolstion was fatal (Navarro-
Sastre ol al. J008) Molecular prematal diagnosis is one of
the available preventive ools for these Bamilies. Theredione,
muistions have io be well chamcienized w wnequivecally
demonstraie that ihe chanpes founed are the cawse af ihe
discase.
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Article 5

A fatal mitochondrial disease is associated with defective NFU1 function in
the maturation of a subset of mitochondrial Fe-S proteins.

Navarro-Sastre A, Tort F, Stehling O, Uzarska MA, Arranz JA, Del Toro M, Labayru MT,
Landa J, Font A, Garcia-Villoria J, Merinero B, Ugarte M, Gutierrez-Solana LG,
Campistol J, Garcia-Cazorla A, Vaquerizo J, Riudor E, Briones P, Elpeleg O, Ribes A, Lill
R.

Revista: American Journal of Human Genetics. 2012 Nov 11; 89(5):656-67. Factor
d’impacte: 10,603

En aquest treball descrivim la identificaciéd d’un gen (NFU1), associat a una série de
pacients que presenten acidosi lactica, hiperglicinemia, deficiencia de [’activitat
piruvat deshidrogenasa i del sistema de clivatge de la glicina.

La homogeneitat clinica, i sobre tot bioquimica, ens va impulsar a realitzar el mapatge
per homozigositat en dos dels pacients. Varem identificar una zona comuna d’
homozigositat de 1.24 Mb en el cromosoma 2 i I'analisi dels gens codificants ens va
permetre la identificacié d’una mutacié de canvi de sentit en homozigositat en el gen
NFU1 (c.622G>T). El gen NFU1 codifica per una proteina altament conservada en totes
les especies i implicada en la biogenesis dels clusters de sulfur de ferro (Fe-S).

El fenotip bioquimic dels pacients suggeria una activitat deficient de I’ enzima lipoic
acid sintasa (LAS), una proteina que necessita clusters de Fe-S com a cofactor. Si la
funcié de I’enzim LAS estés alterada, no hi hauria capacitat de sintetitzar acid lipoic
per tal que es pugi unir a les proteines que el necessiten; PDH, alfa-cetoglutarat
deshidrogenasa (KGDH), deshidrogenasa d’alfa-ceto acids de cadenes laterals
ramificades i el sistema de clivatge de la glicina. Efectivament, es va poder constatar
una disminucio del grau de lipoilacié de les proteines dependents d’acid lipoic, el que

suggeria una manca d’ activitat LAS. Per confirmar que la disminucié de LAS era
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deguda a la alteracié de NFU1 vam silenciar el gen en cél-lules Hela. Els resultats van
confirmar que la lipoilacié de PDH i KGDH eren deficients en absencia de la proteina
NFU1. Els mateixos defectes bioquimics es van observar en un model de llevat on les
soques amb la mutacié c.622G>T presentaven les mateixes deficiencies que las
cél-lules humanes silenciades.

Aquest estudis funcionals ens han permeés coneixer la funcié especifica de la proteina
NFU1 en la biosintesi de clusters de Fe-S i en la maduracid de proteines Fe-S. La
implicacid en la biosintesi d’acid lipoic va ser suggerida i posteriorment demostrada
mitjancant el fenotip bioquimic dels pacients. Utilitzant models cel-lulars demostrem
que la proteina NFU1 és necessaria como donadora de sulfur per la biosintesi d’ acid
lipoic.

NFU1 es el primer gen en el que se ha demostrat una implicacié en la biosintesi d’acid
lipoic en humans. La descripcid clinica, bioquimica y genética d’aquesta malaltia obre
les portes a la cerca d’altres gens implicats en I'esmentada biosintesis, aixi com el

disseny futur de noves estratégies terapeutiques.

En aquest article, el doctorand ha realitzat les tasques d’obtencié de proteina Nful
recombinant, aixi com I'anticos anti-Nful utilitzat en el mateix treball, ha estat el
responsable dels experiments de silenciament dels gens NFU1 i ISCU en cel-lules Hela,
aixi com el posterior analisi de parametres bioquimics, aixi com tasques intel-lectuals

en l'elaboracié de l'article.
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REPORT

A Fatal Mitochondrial Disease Is Associated
with Defective NFU1 Function in the Maturation
of a Subset of Mitochondrial Fe-5 Proteins

Aleix Navamo-Sastee, -2 Frederic Tort, 1 Dliver Stehling, 414 Marta A, Uzarska,t 14

José Antonio Arranz,® Mireia del Toro,® M, Teresa Labayru® Joseba Landa,” Alda Font'*

Judit Garcla-Villorda,"? Begoda Merinero,2® Magdalena Ugarte,®® Luis Gonzaler Gutierrez-Solama,”
Jaume Campistol, 2 Apgels Garcla-Cazorla, 2% Julian Vagquerizo,!'! Encarnacld Riudos,? Faz Briones, .27
Orly Elpeleg,' Antonia Ribes, 205052 and Foland Lillsos*

W report on ten ndividuealy with a fatal infantile encephalopathy amil/or patmaonary hyperbension, leading o death before the age of
15 months. Hyperglycinemia and Lactic acidosis wepe commen findings. Ghyine deavage syssom and pynavate dehydrogenase comples
APIHC) actinviiles were bow. Homooygouity mapping revealsd a perfectly overlapping homarygoas reglon of 1.24 Mb cormespending i
chromsome 2 and led to the idemtification of a8 homoogous missemse matation c622G5T) in MFUT, which enoodies a somserved
pevbein suggested to participate in Fe-S custer bogeneia. Nine inclividsials wene homaosygoas for this matation, whenes one was
compennid hetenaygous for tRis snd a splicesibe (6545 50 > A) maitation. The biochemical phonotype suggested an impaired activity
of the Fe-5 ennvme pole acid synthase (LAS), Direct miend af | | ik sl iny nelividiaal tiases indeed shenwved
nearked docprases, Upon depletion of MPUT by RMA intedference in haman oell cultune, LAS anil, i tum, POHC sctivithe were largely
dliminbbod, B shligion, the smeninl of weccnate dehipdiogeiune, bul so olhcd Fe-§ proteing, s decieasol, Ta ooslsas, deppetion of thy
gerwtal Fe-5 scaffold pretein SOU sevetely affected avenshily of all eived Fe-3 prodeins, saggeaing that NP peelormsa spevific function
iy mites Borsedriad Fe-5 ohuster matuestion, Similar blochemical offech were alnered bn Saoheamnos armﬂlrlll'-]nddrlh!'l of NFU R,
resuBting Im lower ipoylatson and SIH sctiviey, Inportantly, yeas Ml protein carrving the | with fane-

Asanally impairad. We oo ade that MU funcisnss a3 a be-acting matismisonm laces hor & sl of I'-IIII:I'I:l'III'HI'I-I-I Fe-S proteins,

Trom-sulfur cluster (15C) biogenesis s a complex prooess.
Imvalving at ieasi 25 components in mitochondria and
oytosol.” ™ The precise function of the mitochondrial 15C
assembly protein NEUT iy unknown, the more so because
ity depletion in yeast b aoociaied with comparagively
weak defects of mitochondrial Fe-5 pir.'rmlni."" Here, we
Identified ten individoals with mutations n MEUT (MM
G100 and a fatal mitochondeial disease displaying the
hiochemical features associated with a defect In lpoic
acld synthesis,” This co-factor Is synthesized by the FeS
cnzyme lipede ackd synithase (LAS), A LAS defect caused
by impaired FeS cluster biogensis might explain the
Bloachenical phenotype af bow lpoic 2cid content.

Ten individusls from nine uneelabed Spanish Gamilies
wete born ai term and developed normally theoughout
the early neonaial period. Fimsi sympioms starbed a8 age
19 months, and all the ndividuals died on or belore the
age of 15 months, The most prominent clinical featunes

Do il 1nbam Earoes of Mitsbol e i By

were faflure to ilirive, pulmonary hyperiension, and
neurological regression (Table 1), However, a detadled clin-
ical presentation and evolwtion allowed s to classify them
intey theee growps, The fnd groap included P to P, pre.
senting with failure 1o thrive and neurodogical invalve-
ment (hypotonia and iy without pulmonary
hyperiension. Brain imaging of F1 showed bilsteral white-
maiter lestons. Spongiform degenceatbon, astragliosis. ancd
white-matier necrosks with preservation of U fibers wese
confirmed at autopsy in all three individuals. P1oamd P2
were slhlings and had an unaffected sister, whereas 3 had
a brother who died at the age of 2 months of untreatable
melabolic acidosis, However, biological material was
not svailable for study. The second groap consisted on indi-
vidials P4 and PS5, who were diagnosed of pulmonary
hypertenston, and after a febrile Uiness both exhibiied
neurological regression, P4 was bom to first-degree consan-
guinemes parents and had an older sibling with a similas
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Figure 1. Biochembcal and Genethe Character.
Lzation of Indbrddualy

A1 Chataceziatic ur i ofganis scid prolfile of sn
affected  Individwal <ompased with an age-
mabchied control. Samples were analyeed by gas
chromatography-mass. specironscery, and peaks
were kentibed as lactic achd (L4, fumaric acid
(FAL glataric acld eGA), tvghviglyoine (TG
2-hydmyghitaric scid (ZHGAR - keteglataric schl
IZKGA),  I-hvdmxyadipsc  ackd  (ZHAM), and
Likrtoadipic acd (2KAAL 18 s the intermal stan.
dard (undecanckc sidl, LA, FA, ZHGA, aml TG
were mol alwins incheased. Chantiative data
Irom five individuals are presented in Table 51,
1B} Sevjamice analysis of MUY in genomic DA
sherwn  Ehar anil  hreTory o
CAENG T nuceotide subnditution. RFLT analysis
of family | shows the CAERG =T substituiion
v alfected siblings (F1 snd PZ) amd in their
hetemneygous parents (F1i (right panef], Armos
indicate revtriction sites for Bat™l in both wikd
tvpe (WT) and msutant NFUL The longih of the
restrhctiom ragments b indicated im the boxes n

panel.
ICH Muti-soquenos alignment of 1he fomerad

part af NAU1 protein from man and other (B-
dicated eularvotes. The cB22GT subwiitution

emtified In ten NI bdEviduals replioss 8
conacrved. ghcine with a oyteing al paoniticn
208 of the protein (p.CGly208Cy ). The conserved
Fee-5 chuster banding motif CXXC is Imdicatid,

thoa, and astroglicsis in the central nervous
system were found in all ihe cases in which
autopsy was performaed, Fulmonany samples
al ndividusls 7, PE, and P9 showed
obstructive vascubspathy with invelvement
of proscimal and acinar arteries,

The Mochemical phenotype Inchsded
rivelabalic scidoals with variable eotic ascide-
min and hyperglycinemia (Table 13 All
imdividuals had high wrinary exoreibon of
Lketoglataric, 2-ketoadipic, 2-hydrosya-
diphe, and glutasic acids, among others
IfFlaurr 1A and Table 51, availabde onlinej;
the excretion of glutarde ackl was pros
balsly diie lo spontaneois decarboxylation
of 2-ketoadipic ackl.” In cases whvere thssues
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clinbeal phenstvpe. Autopsy was not performed in ilwese
Inalividieals. The thind group compaised '6-P10; pulmonary
hyperiension was the main clinkcal feature in this group
and was accompanied by failure to thrive n three indidd-
wals, Among these fve individoals, only P7 had mild
pychomotor retandation and recurrent  hy'poglycemia,

Despite the absence of specilic neunslogical symptoms in
this growp, areas of white-matter demyelimation, vacuoliza-

were avallable, activity of the glycine cleay-
age sysbem PGS [MIM 23830000 in liver
wan low or undetectable. Pyruvate delrydm:
genase complex (PDHC) activity in Abro-
blasts was alwe low (Table 1), whereas the
partial PDHC reactions catalyeed by pyruvate decarboxylase
(PIH-ET [MIM 3121700) and dihydredipoamide dehydroge-
nase (FIH-ED [MIM 238331} subunies weee nosmal (nog
shownl, Dihvdrolipoamide acetyl transferase  (FOH-E2
[T GORTTO]) activity was not medsuned, but analysis of
s c DA sequence did not reveal any mtation inot dwawn ),
Finally, the rates of "“Cosubstrate oxidation (pyruvate,
lencine, and glutmmate} by fibeoldasts weee low (Talsde 2).
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Tabin2 Suk Oxidation amd Mgl y-Chusim Activitle in individuals Carrying Sutaticen in MU
Fi L L} ra Lo s Fa L
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The anbecedenis in these families suggested an asbo-
somal-recessive Inheritance, and four familics were of Bas-
que origing historical, Hnguistic, and numerous genetic
studies support the homogeneity of the Basque people,
who are cleardy differentiated from other European popula-
tions.® Therefore, we condidered it approprate 10 search
fod the genetlc cause of the disease by Hakage analysis in
two of the individuals of Basgue origin. Homoeygosity
mapping with [ of P2 and P23 revealed a perfectly over-
lapping homozygous region of 1.24 Mb in both individ-
wals (Figure 51 this region included 97 homoevgoos
SNIF markers, from nd3B4A2I-nZITETIL. This region
harbors 22 open reading frames. On the basis of the
inalividuals’ biochemical phenorype, we fooused on two
genes encoding mitochondrial proteins: FAM 364 (RefSeq
NM_DAZR2Z) andd NELT (RefSeq NM_DOI0OZ7E5.1). No
alterations for full-length cDNA of FAM36A were found,
In contrast, sspuence analysis of NFUT kbentified a homwo-
oypous mutation nexon T {c62206T) for ndividueals 1-9,
This mutation changed a highly conserved glycine 1o a
cysieine al pasition 208 of the protein (pGly208Cys) (Fg-
ure 1B). Glycine 208 i close 10 the Fe-5 clsster binding
maid,” and it s conserved among all speches (Figure 1C),
Al avallabde parents—including the parents of P, whose
DXA was not available—and a sister of PL and P2 were
heterarygous for the mutation. Mo camiers were identified
I a control group of 220 Spantsh alleles (100 of them of
Basque orgin), Cartler mte was siudied by resirictlon-
ragment-length  polymosphism (RFLP} analysis, which
madde iise of the fact that the c6220=T mutathon removes
a Bl pestriction site kn exon 7 (Figure TEL Individual 10
(Tables 1 and 2) was compound heteroeygous for the
comimon miutation and a new substitution in the donor
splice site of exon 6 (c.545+50G>A) Analyiis of panenis’
DA confirmsed that the mutations were in separate alledes

(Figguere 220 KT-PCR showed nosmal expression of mRNA
(Figure 2B, ket panel). Although P10 s compound heteno-
rygoas, RFL analysis showed only expresséon for the allele
carrying the ¢ 622G>T mutation. The same pattern was
founad kn P2, which was used as a positive control (Fig-
ure 2B, ket panel). Despite the lack of mENA expristion
derived  froin e ¢545+53G>A muiation, the NFUL
probein levels of this individual were similar o those of
P2 and the control (Figure 28, fght panel), To determine
the effect of the ¢ 5454 8G=A mutatkon, we cloned exon
6 oand the mrnTnuhng Intromic fanking reglons of
Isothy wild-type and matant NFUT into an Exontrap Sysbem
viector (Mobitec, Gottingen, Gemmany). COST cells trans
fected with theese plasmbds were analysed by RT-I'CR ancd
sequenced  with vectorspecific  primers.  Our  resulls
showed that the 545+ 50G=A nucheotide change caused
a dedective splicing and skipping of cxon & (Figures 20
and 52 These data 6f well with the absence of
CEASHAG A transcript in muscle of P1 because exon 6
skipping leads 1o a fameshifl. The peedicted transcript,
with a premaiiife stog codon atl position 172, was probalidy
degraded by the nonsense-mediated decay mechanism.
Unforunately, this effect could not be fully demonstrated
because individual cell lines were not avallabie,

The identification of one commaon mutation o all the
imfividuals, nine of whom were homorygous and one of
whvom was compound heteroeygous, and the fact that
Fomia ol the [amilbess were of Rasgquee origin suggests a foundes
cffect in this population, but further studies are necessary
to demonstrate it,

NFUI comtalns a short segment of &0 amino ackd resi-
dues with homology to bacterial NifU, a multi-domain
protein mvolved in the assembly of Fe$ clusten in the
comples metalloproteln nitrogenase.” Fe5 clustens am -
sential cofactors involved in enevmatic reactions (e.g., in

The Armerican
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Figure 2 The 545,500 Mutstion Gener.
atet a Defective Splicing of NFUT
(A Left pancl: BFLE anshad in genomic DRA

shanws the Beteroevgous © A2 =T sslwikiution
i the affected individual (P10 and his father

Py © indicapes a ooeinal, and M indicanes. the
manther, Right panel: soquende analyan sdontihed
& heterorygous 54545064 nucleotide change

sconitase), electron transder (o, feredoxing and respisae
tosry coamiplenes L, [, andd 000}, and sensing (e of iron by
IRP1." Prokarvotic amd cukaryotic telatives of NP1
bind a labile Fe-5 clusier in vitro, and hence it has been sug-
gested that these proteins perform a scaffold function for
the swembly of an FeS cluster™ """ However, the
precise plysiological function of the mitochondrial mem.
ber of the BFUIL protein family has hitherto remained
unkivown, Auainly because the deletion ol yeast NFUT ks
assockxied with only 3 weak defect of some mitochonidrial
FeS proteins,® Double deletion of NFUI and 1500, encod-
ing one of the two general scaffold proteins for FeS duster
assembly I yeast mitochondeia, is asodated with more
severe defects of aconitase and mitochondrial respirabory
complexes, but the exact rode of NFUT anmd it functional
relation to 15U remained unclear, OF particulas nberest
here is the mole of Fe-8 clusters as sulfur donors in the syn-
thesis of Hpolc acld catalysed by the radical S-adenosyl-L-
methionine (SAM) enzyme LAS in mitochondria.'” Lipolc
acid bcamas covalently attached 0 specific lysine resddues
of four mitochondrial enzymes; the EZ subunits of PDH,
a-ketogluatarate dehydrogenase (-KGDH), branched-chain
a-keioackd dehydrogenase (BCKLD), and the H protein of

i L0 arl his mothee

(B} Left panel: mENA expeoabon analvi by
REPMCE and RFLP n muscle tawue. P10 showed
nanmal mANA expression. RFLP snalnis was
megative bor the allele casrying the C545-4-56GA
matation, bai nod for the allede with the
CALGST maitation. PZ was used av a4 conteol.
Right panel: imnsunolded of muscle e ex-
tzmcts shovweed similar levels of NFUL peotein {or
PUE, P2, and a congpol () GAFTHT was usexd as
a loalimg comeral,

1€} Splicing asay incompomating wild-rype and
e85 560 mindgene Exontrap veoior system
bile, (Hittimgen, Germanys Abbsodaioin
are as follows: Erl, Exontrap exon 1; Fr2, Fxon.
tmap exom 2 MFUT exont, exon 6 and the flanking
Instevnic pogions (ke panel), RT-PCR iking vecior-
speaif primers n COST ol amdeceed with
thewe vectors showed a defective splicing as a
comuuersty of 555054 mutation {right
pansll,

the GUS, The biochemistry of Hpoic acid
synthesis is partially undentoml Current
medids propose o multistep  procss in
which ocanolc scid conjugated 1o an scyl-
carrber protein (ACP) s the substrate for
sulfur insertion by LAS, presumably from
one of the two [4Fe-45] clusters, Lipoylated
ACT acty as an intermediate for lipoy]
protein Hgass, which transfer fipoic &scid 1o target
proteins,”

The biochemical phenotype of e individuals was
consistent with aberrations in lipode acld-dependent path-
ways (ser abovel, We thercfore analyzed mascle homaoge-
nates of three individual for peotein:bound lpoic acid by
immanoseakning with a lipoic schd-specific antibody, This
aviay directly measures the product of the LAS eneyme. In
agreement with previous resulis we detected two predomi-
nanit prodeins of 65 and 50 kDa, corresponding 1o lipoic
acid-bound POH-E2 and «-KGDH-EZ, respectively.™ The
lpoviated protein levels of MPHED were at beast G0F%
decreased inthe NFUT individals o compared o contols
{Figure 3. Incontrast, the amounts of PDH-E2 protein wene
unaltered, stromghy suggesting that the decreased levels of
E2 proteiin-bound Hpoic ackd were dise o defective lipoyls-
thon. As expected, none of these individuals showed any
decrease of NFUT protein levels (Figuee 3), Together, all
our blochemical ohservations were consistent with an
impairment of lipodc ackd biciynthesis in NFUT individuals,
sugmesting that NPU is required for LAS activity. Moreover,
botts LAS' 7 and MFUL (Figure 53) are predominantly if not
exclusively bocated in mitochondria.
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L A Point Mutation in Haeman NFUT Decresses the
Amounts of Protein-Boand Lipokc Acid
A} memunostsining of NFU in miscle teue exiescs (sen
 comird and imdistduals carrying 8 AFUT msutation, GAPDH
was used as o losding control.
R} bnmmenentaining of FOH- and KGIH-sund Bk s amd
PIH-E2 protein; muscle tissue extracts werne osed as in (AL GAPDH
was uned a3 a losding condeod.
1) Pemiiboimnetric quaniitstion thivws & marked decieasg of o
achl howind to the E2 subunit of 'O i thoee N indindduals
Pl P and Poy, compansd to foar control (C1=-C4p individuals
Contmal fevults are fopreseiited as the mean vadue + 1 standand
deviation {n = 4L The protein kvels of the PIFH-EZ sulbunib Gid
nol change. Anti-NPUT anfisern were rabved i rabbits immvundesd
with recoembinant His.-tagged NFUL Additional antibesfies were
direcied against GAFDH, protein oonjugabed-lipoic ackd (Callso-
chiem), and POHe (kindly donated by W, Bultenboek, Nether.
lanads), The dernit m IMAGE] was applic] s tha
levels of total PINEEZ- and PIE-E2-Daend Hipode ackd cosild b
quantificad. All vahaes were normaliced to GATTHA

T stasiby 1 paotential pobe of NPUL in Fe-5 cluster matusa-
tion of LAS, we employed an estabdished cell culture sysiem
to deplete NFUL by BNA Interferenoe (RNALL ™" Hela cells
were transfoctod with a pood of NFUF-specific or scrambled
sifMAs (Dhasmacon), and thereafter cells wene grown for
3 days before biochemical analyses. We repeated this prooe-
whire twice to achieve efhclent depletion of NFU D mENA and
protein (Figunes 44 and 48, Geowth of NPUT-depleied cells

wan alightly decreassd a8 comparcd to mock-treated of
scramibled siENA controls (Figure 345, Immunoblotting of
oell extracts revealod markedly decreased levels of lipokc
acld bound o the B2 subunis of FOH and «-KGDH as
well as b the W protein of GOS (Figure 4C) Consistent
with these findings, PDHC activity was not detectable after
NFLU dhepletion Toe @ days {Figure 40¥). In contrast, the levels
arel activithes of cellidar FeS peoteins, Incisding cvtosolic
and mitochondrial aconitases and cytosolic GPAT, were
virnsally unchanged. Becawse defects i Fe-S clusier
assembly result in rapld degradation of the apoprotelns,'™
these resulis indicated a normal maturation process (Figares
A amad 403 Likewise, the activity of cytochrome oxidase
(0N eomplex IV} was unaffected upan NFUT dephetion,
Even tlsough this eneyene lacks an Fe-S cluster, synthesis
of its heme A requires the function of the mitochonedrial
[2Fe-25] fervedoxin Fdx2®' In contrast, both the amaunt
and activity of succinate dehydrogenase (SDH; comiplex 1)
were more than Sdold decreased wpon NFUT depletion
(Figures 4C and 4D}, Resplratory-chain activities examined
im e available fromen muoscle extracts of three NFUT
[mvilliviihaals shevwed e deficiencies in complexes 1+100 ancl
complex IV, However, the activities of complexes. 114111
were [ow, consistent with a SDH deficlency in these individ-
uals (Table 2). Together, these results stromgly suggest that
WFUL is specifically required for the maturation of bath
LAS amd SDVH, Bk it appears o e dispensable for other
testied Fe-s prodedns. The functional delect of LAS explains
the defect in lipoke ackd oy less,

The in vitro binding of a labile FeS cluster o NFUL
proteins from several speches led to the suggestion that
WFUI migh act as an Fe-S scafiold progein, ™' ''* However,
i1 remalned unclear whether mitochondrial NEUT indeed
performs such a rmle in vivo and what the relation might
be to the major FeS scallobd protein BSCU™ alterations
in which lead to myopathy with exercise inober-
ance. ™ To sddress this issue, we depleted [SCU by
RMALand examined the effects on the bevels and function
of various Feb proteins (Figures 5A and 5B). In contrast io
the resulis for NFU-depleted cells, the deficiency of ISCLU
severely affected cell growth and resulted in hardly any
cell material after the second transdection (Figune 55).
Immunostaining of cell extracts showed a sulstantisl
decrease in the levels of virually all anabyzed Fe-5 proteins,
Including mitochondrial and cytosolic aconitases, SDH,
anid cytoselic GPAT wpony depletion of ISCU, probably as
a resdt of the instability of the respective Fe-S apopanteins
[Figure SC). Moreover, the levels of the Hpoic acid-conitain-
Iy subunits of a-EGDH, POH, amd GES were sulstantially
decreased, suggesiing a pobentlal defect in LAS maheration
upon 1SCU depletion. Treatment with scrambled siRMAs
was without severe effects. Accordingly, enayme activitics
measured after 3 days of ISCU depletion showed a strong
decreaie for PDHC, mitochondrial anmd cytoiolic aconi.
tases, and SDH {Figure 5D) COX activity, as a non-FeS
contral, was only sHghtly affected. These fmdings indicate
thai wirtually all iested Fe-S5 proteins were severely
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Fgure 4 Depletion of MW in Human Cell Culture Diminiches ©
genase, but Mot That of Other Fe-5 Proteina

— 1

L
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&l P d Uik Akl anel Sueeinste Dehyibra.

HelLa celly were transfeciod theee times with a poold of four different NV -specdBic (3 g eachh or sorsmibrded ARNA (12 pgi or wene meock
ircateel. Each transioction was Sollowead by groneth of oells Bor 3 days (40}

(A and B) The elfickency of SFUT silencing was analyzed by gHT-FCH () or SES-PAGE and immunostaining of NFUT (B Actin served as
4 hodling control.

A1 The cdfect of NPUT adepletbon cn othier cellular proteing wasox Alshire are a fall 1LA-FIH-E2,
lipoic acid bound bo ymvate defivdeogenase E2 subumit; LA-KGDH-EZ, IIpmr:MDauMInwhimnumnkn}mwhzwhum
lipoie schdl bosind g H peotein (LA-H) of the glycine Elt‘il'ﬂ,ﬁfi}“!rl acomitase, mitochond rial acoaitase; IR, o regulatory protein i;
aanll GPAT, ghitamate phoapliodiosy| parogihenph

02 Activithes of the inilicated enzynees were measird with cell extracts derved alter three tramslections (geowth of 9 days). The vabses
were nosmalized bo the activiEies of citrabe synthase {C5) or lactabe debydeogenase (LDHI, and displayed as a frackion of the vabue ob-

T I

lalnwed for mock-lnested orfte, Ermor ban indicate B elatine ermor,
direrted agalnyl miochondrial aconitase (dndly peovided by L

i (o= A COX Indicates ctochinome ¢ onkdasg, Antilodie wine
Srweda), GEAT (kisdly prowvided by H Puccio, bsein-acikn {Samia

Cruz Motechnologyh, SDH (0 kDa FeS protein subunit, SitoSciences), and 1B (clome 2050, kindly provided by B Eensteink.

imipained by the loss of ISCU function. Hence, the resalts
suppart the major pole of BCU a8 a Fe-S scaflold pro-
tein® mied in turn make a general scalfold function for
NFUL unlikely. Rather, NFUL appears to play a more
specific, auxiliary mle in ihe blogenests of SDH and LAS,
.1 In the dedicated tranafer of a NFU L -bound Fe-5 clhuster
1o Ehese target FeS apopoodeins.

To better understanad the mechanistic role of KU1 and
to et an initial kiea of e functional consequenoes of
the p.Gly208Cys chasge 0 individuals, we 1ook advaniage

of the model onganism Socoluronnces cerevisioe. Previously,
o specific delects that would allow mechanitic concls-
shiis bl been observed upon deletion of yeast NFUT
(see above), Using the information gained from stedics
on humans, we analyred several enzyme activitles In
nfuld yeast cells In which NFUT was deleted, Although
thene wad omly a small (1. 3-fold) decrease in aconitaw
and COX activities, we olservied substantial @ sdolkd)
decreases in SIKH amd PDH activities, in striking similasity
to U Individuals’ phenotype (Figure AL To sddiess the
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tion of 15CU Results in & General Defect of Fe.5 Proteins and a Dl

Mozt Pool Sommled
ENAy

in Profein-Bound Lipolc Add

Fagure
Hiela celly wiere tranafected twice with a pood of fout different ISCE-apecific {3 jg each por scramblied siENK (12 pg) o were mock Ereated.

Esch tamidection was Bollomod by gromel of colls for 3 days (), Ereoe Bar issicate the welativg crtod, oF in

kiR

A anad B Thee edfeclency of PSCL silencing wan analyzed by qET-FCR (A0 o SI0%-PAGE and immuindstalning of ISCU (B)L Actin served a3

& boading comirol.

) Thie elfeet of 1SCL) cepletiod on peobrii-Bunend Biwsle 3okl of vadieans oollulas prolelas wis exaimined by Bisienonalivlig. For ablne-

visions wee Figure 30

10 The activities of the ndicabed enrymes were measured and evaluated as in Figuee 41 after depletion of 5CU for 3 days Antl-88CU
antisera were faised in eabbity imsmainieed with necombinani [5CU

fumctionality of the mutated XFU1 protein, we ntroduced
a cormesponding p.Gly194Cys mutation into yeast NEL,
Flasmilds enonding mld-‘lm and mutated veast Niul
were transformed into nful A cdls, and eneyme activities
were recorded. Wilddaype Niul was able o restore the
severe ensyime delects of 30H and PDH o normal levels
iFigure 6Bh In conirast, Nul“"'™ " coaferred only

a minor improvement of these activities, demonstmting
that this protein i functionally impalred.

What might be the mechanktic hasis of the functional
impatrment of Niu ™™ Purified Mol can bind an
Feu§ eluster,” vt in vivo no such binding was detectable
by “*Fe radiolabeling of Immunoprecipitation of Xiul,
evenn after overproduction™  (Figure 6Ch It has been
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Figure &, The GlyPIECy Mutation of Yeait MFUT Leads to lt
Functhonal arl Mentifles NFUT as a Labe-Acting
Fie-8 Tramsler Pratein

A) Ennyma activities ol mitochomdris] aconsiase (ACO), resplia
tery coamipdenes B ST and 1% 00, and pynavate dehydimge.
nase (PIH) were determined relative to malsie debydrogense
ASAEIHE by o heonnad s banlatod Eroim wild-typse OWT) ard nfala
veast oells cultivaied (o rich ghucoss medium, Deletion of KU
was confirmed by PCR inot shiwn) and immunostaining (inaet).
Ml was detected between tvo unspssifically Labsled Bards,

0} Yeast nBulld cells weee | d widh Jresaion veg-
tors ommaining no gere (), the wildaype gene, or the haman-
muitation-comesponding G940y vardam of  yeast  KFUT
MEG™ 0 Alter growth in syBihalic glsoome-contsinng me-
ilim (303} lacking wracil, misochondria were isolated from thise
anid wild-type (WT) cefls. The inslicabed enevme actihities aml
e imnEn sstaining weee perbormied as in (AL Cells with s deletion
of LIFS (lip5a) cnonding yeast LAS were used as a control.

1€ Wilkdetype, Gal-NFS!, Gal-BULSw?d (Gal-18U1), Gal-S50,
GalGRYS snd balf2i colls overproducing wild-yps Niul o
Bl G ™4 weere growen In ieon- poor S0 media, Cells were radiola-
Bedend with 10 wCi "o dor 2 b, and the overproducsd proteins

teported fof ferredoxing o ilse bacterial FeS scalfold
probein IscU! ihat mutatkoees might stabilize the association
of bound Fe-5 chusters™ ", We iherefiore tested Fe-S cluster
biimaling te mutated Mo " and found that it bound
skgnificant amounts of radicactive **Fe in vivo (Figure 803,
HI:HIIngnI“Fr was dependent on several core membens of
the I5C assembly machinery (Nfs1, lsul, Ssql, and Grxs),
bigt not on the lite-acting [al-2. """ This striking resulr
suggests that the Niul™ " ™. bound iron is pan of an
Fe-5 clusier whose synihesis is dependent on beih the
major scaffold protein sl and factors releasing the Fe-
cluster from bsul (Ssql, Gresh™ Hence, Biul appears 1o
receive is cluster from Jsul and act late in FeS protein
maturation as a specific FesS cluster transfer protein (Fig-
ure 73, o conclusion which nicely fits our observations in
Hela cells {see above), Together, these resulis make (o
rather unlikely that NFUT plays a mole as an alternative
FeS scaffold prodein, NFUT might cooperate with the Isa
probeins and [bas7, for which a function late in the mat.
ration of specific Fe5 proleins containing a |4Fe-45%] cluster
has Been slsown previoasty, ™ This newly defined role
al mitochondral NFUL late in te Fe-5 protein biogenesis
pathway is similar o the assumed fnction of the mito-
chondrial 1 loop NTl'se NI, which also transienily
hinds an Fe-5 cluster and 5 specifically requined for
assembly of respiratory compdex [, but not for assemidldy
of other mitochondrial Fe-S proteins. '

Onur stucly has identibed disease-cauning NFUT mutations
asdociabed with a fatal mitochomndrial disease characterioed
by béochembcal defects in the activity of lipolc ackd-
contalning proieins. A simillar fatal infantile discase with
decreased activities of PDHC and &-KGDH, lactic acidosks,
and hyperghvcinemia has previously been described. ™ The
defect was located on chromosomal region 2pl4-2pl3, an
obmervation that fits well with the NFUT localbration.
Heowweveer, the thieee siblings of one of the two famkles of
thiks stisdy™® presented with neonatal sympoms, incontras
i it individuals desoribed here, who developed pheno-
types several months after binh. Furthermore, FOH-E]
and compdiexes 1, 1, and 11 of the respiratory chain wene
severely deficient in fudividisals of the other study, whereas
our individuals showed only complex 11 deficiency. The
obverved differeiroes might e dise (0 0 FRHE Sevehe mvs-
thom witkiin the same gene of caused by a defect by another
gene. Interestingly, the lpolc acid defects seen in oulered
Hela cells upon NFUY depletion coubd not be reveried by
the addition of lipoic acid to the medium (data not shown),
a result consistent with the inability of exogenously
proviaded Npole acil to resoue a LAS knockout mouse. "

Onir wondk ileds b thie st of dlisorders associated with
C-assemibly-machinery components such as frataxin,

were immunoprecipitatied from cell extracts with polyclonal anii-
bodjes raised against Xful. The amsounis of coprecipitated e
werr quantified Iy scirillsion couning. The hackgroursd ob-
@ined for samples with nonspecific amibodies was subiracied
Error by indbcate the SEM in 2= 4L
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Figure 7. A Working Model for the Late-Acting Function of
WEUT in Mitochondeial Fe-5 Protein

Th Ferndinggy of this work dagiest o Lite-acting henction of NFU in
the pathiway of FeS (ped and yelbow circley) protein maiuration,
NFU1 is preferentially necded for Feu8 clusier asemibly of sscc-
nate dehydrogenase SDHE and lipole scld symbase (LAS), I

nari o otk nuich a8 a0 A NEU fanctinnad defen
due 10 a point muatkon in the ftal milochondial disewse
diescribsed i this work resuslis in defective STH and LAS and binee
i dlecpeasnd swntlesis of Hgsle achd (LA) arsd & Lk of lpenlation
of the E2 subsandts of PO, & KGO, anid BCDH and 1he B peotein
of GCS. In condrast bo depletion of MPU L, depletion ol the major
Fe-5 seaffohl 1SCL) affects matusutbon of vistually all celbulay Fe-5
peoteins, including cviosclic anes, which additionally mesd the
ClA for matumation. BCU, together with the outeine
dewlfurase Mivl-Gud |1 and Tratazin, which b depleted B Frind-
reich ataxia, i also required for de novo symihesis of a transiently
boumnd FeS chuster on 5FUL Chaperones and GRXS may be
imvalvexl i FeS chuster relesse P ISCL asd ransder b Both
S el nanget apoprobelns. Finally, SFUL bs needed foe maturs:
than of specific targets such as LAS and SIHH. In this late step, NFUTL
may with IRAST-IRCAL vt thesse latter probeins

10 il ot o 4l mitochonideial tanget proteins with s [45e-45]

GRXS, and ISCUP4"Y (e 7). Remarkably, NEUT-
dbeleted veast cells shiow wild-type growth rates,” and like-
wise ouer NFUT individuals do not show any conspicuois
phenotype watil at beast 1 month of age, Apparenily, veast
and human embryonic and neonatal cells can bypass the
reqquiremeent for full NFUL function in the maturation of
SO and LAS. Both of these later protelns contain [4Fe
43) chusters, which abo requice the 150 proteins TBAST
and I3CAL for assemlsly™ ™™ (Figure 7). Delenmbnlng
wheeiher these orother junknown j proteins are responsible
for ipartially) taking over the function of NFUD in yeast
and in the Airst months of human life will require further
work. It Is abo possible that individuals after birth face
conditions, e.g., increased axygen exposune, which requine
the specific function of NFUL. Insights into tsese inter-
estbng questions will requine a better understanding of
the interaction network of MFUT and other late-aciing
I3 proteins such as 154 and [BAST. Our blochemicl
cxplanation of the NFUlsssociated discase phenotype
and the identification of the particular step ol NP func.
tion in Fe$ prodein blogenesds will be of importance for
e cliagnasis and potential ireatment of individuals af-
ficted with Hpoic acid and Fe-% cluster blogencsis defects.
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Figure 51. Homozygosity mapping using DNA of individuals P2 and P3 by Genechip Human
Mapping 250K SNP aray of Affymetrix, Digestion with Nspl, lgatson of the sdaptor, and
amplification with a generic primer that recognizes the adaptor sequence were followed by
fragmentation, end Inbelling, and hybridization 1w the chip in accordance with the
manufichirer’s instructions, Homozygous regions >1.0 Mb were manually detected. The
analysis whentified o 1,24 Mb overlapping homozygous region (doted lines) in chromosome
2. including %7 homozygous SNP markers (rs4384823 1o 22787910 ). This region harbors 22
open rending frames. FAMII6A and NFLT penes enceding two mitochondnal probeins are
highlighted. Part of the figure hos been oblined from website www.cnsemblorg. The

numbering is aocording to HG LR version of ihe human genome.
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Figure 5. CO57 cells tromsfected with mimigene plasmids contminmg both the wild-tyvpe
exon 6 and the ¢, 543+50G>A mutation were analyzed by RT-PCH. Sequencing analysis using

vecior-specific primers showed skipping of exon 6.
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Figure 53, Subcellular fractienation mdicates the predomimant mitochondnal localization of
NFLI. Hela cells without (mock-treated) and with RNAi-mediated depletion of NFUT (cf.
Fig. ) were permeabilized with digitonin, and the cell lysate was centrifuged for 10 min at
15,000 xg. Pellet (contaning mitechondna) and supermatant (cyiosol) fractions as well as the
cell lysate were analyzed by immunostaining of the indicated proteins. NFU1 co-fractionated
with mitochondrial sconitase and Misdilh (milochondnal imermembrane space), but not with

actin {eytosol ). The moleculer mass of marker proteins is mdicated on the nghi.
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Figure 54, Growth of Hela cells upon NFUT depletion by treatmem with stRMNAs, Cells werne
transfected three times with o pool of NFLU T -specific or scrambled siRNAs and grown for 3, 6
and % days (d) as desenbed m Fig. 2. Afler ench harvest cell numbers were determmined. and

normalized 1o those of mock-transfected cells.
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Figure 55, Growih of Hela eells upon 1500 depletion by treatment with siRMNAs, Cells were
transfecied three times with a pool of ISCL-specific or scrambled siBNAs and groom for 3, 6
and % days (d) a8 desenbed in Frg. 3. Aler each harvest cell mumbers were determaned, and
pormalized w those of mock-transfected cells. Mo cell material was recovered after 9 davs of

growih afier reatment with 300 -specific sitRN As.
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4.1. Posta a punt de la determinacié del nimero de copies de mtDNA en

teixits humans i obtencio de valors control.

Per tal de poder diagnosticar la sindrome de deplecié mitocondrial es va posar a punt
la técnica per a la quantificacio del nimero de copies de mtDNA tant en fetge com en
muscul, ja que aquests son el teixits diana dels quals es poden obtenir biopsies.
L’analisi del nimero de copies de mtDNA es va dur a terme mitjangant I'analisi dels
teixits per PCR quantitativa a temps real (QRTPCR) segons Andreu et al.”** amb certes
modificacions. EI metode esta basat en I'amplificacié d’una regié mitocondrial
conservada, en aquest cas un fragment del rRNA 12S, i la quantificacié del mtDNA va
ser corregida per I'analisi simultani d’un gen nuclear de copia Unica, en el nostre cas,
un fragment del gen RNAseP. Els resultats quantitatius de les copies de mtDNA i de les
copies nuclears van ser obtinguts utilitzant una recta patrd. Aquesta recta patrd es va
construir clonant els fragments dels gens 12S i RNAseP dins de vectors comercials i
quantificant el numero de copies per espectrofotometria. Dilucions seriades
d’aquestes molecules van ser utilitzades per a la quantificacio absoluta del nimero de
copies nuclears i mitocondrials en teixits humans.

Els valors control van ser expressats en unitats relatives: nimero de copies de mtDNA
/ nimero de copies de DNA nuclear (mtDNA/nDNA). Quan va ser possible, aquesta
relacié va ser referida a I'activitat citrat sintasa (CS): (mtDNA/nDNA)/CS. La CS és un
indicador de massa mitocondrial i és utilitzada universalment per tal d’expressar els
resultats de les activitats enzimatiques de la CRM, perd mai ningl ho havia utilitzat
per I'expressié dels resultats de deplecié de mtDNA. Aquesta forma d’expressid és
més acurada ja que permet coneixer el grau de deplecié en relacié al contingut
mitocondrial i, com veurem més endavant, en alguns casos ha estat molt atil per tal
de reafirmar o descartar deplecié. L'Unic inconvenient es el treball afegit que

representa haver de valorar la CS en la mateixa mostra en que es valora la deplecié.
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Per tal d’obtenir un rang de valors control en muscul congelat, es van determinar el
numero de copies de mtDNA en un total de 48 biopsies provinents d’individus control.
Els resultats obtinguts es van poder subdividir en rangs d’edat estadisticament
significatius: 0-1 any, 1-5 anys, 5-20 anys i >20 anys (Figura 10A). Els resultats
obtinguts mostren que el contingut de mtDNA del muscul augmenta amb |'edat de

% 135 Juntament amb la

I'individu, aixi com ja s’havia descrit en altres treballs
determinacié del nimero de copies de mtDNA es va determinar l'activitat citrat
sintasa (CS) utilitzant la mateixa mostra. En aquest cas, I'activitat CS no varia fins als
20 anys i incrementa significativament a partir d’aquesta edat (Figura 10B). La mesura
combinada de mtDNA/nDNA i CS en la mateixa mostra ens permet relacionar ambdds

valors; (mtDNA/nDNA)/CS). Aquest relacié incrementa progressivament en els

primers 3 rangs d’edat, pero es manté igual en el quart (Figura 10C).
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Figura 10. Copies de mtDNA, activitat citrat sintasa i nimero de copies de mtDNA relacionat amb citrat
sintasa en biopsies musculars d’individus control. A) nimero de copies de mtDNA. Els resultats difereixen
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significativament entre els diferents rangs d’edat (p<0.05). B) Activitat citrat sintasa, les unitats estan
expressades en nmol/min-mg proteina. C) Nimero de copies de mtDNA relacionat amb citrat sintasa,
cada columna representa la mitja de la relacié (mtDNA/nDNA)/CS.

La deplecid de mtDNA en pacients es dona com a percentatge dels controls i els valors

considerats patologics sén aquells inferiors al 30% del mtDNA residual®” **®

, per tant
es molt important estudiar el maxim nombre de controls, ja que d’aquests valors en
dependra el diagnostic .

En el cas de biopsies hepatiques congelades, només es van poder estudiar 11 mostres
control, sent 11 un nimero massa baix per estudiar variacions depenent de I'edat.
Degut a que gairebé sempre la clinica dels pacients és molt greu i condueix a I’éxitus
prematur, sovint s’"han de fer diagnostics post-mortem, essent les biopsies incloses en
parafina (FFPE) una important font de material biologic arxivat i sovint Unic. L’analisi
del nimero de copies de mtDNA en teixits FFPE no s’havia dut a terme fins al
moment. Pel fet que ja hi havia descripcions a la literatura d’estudis moleculars en

137138 yarem tirar endavant I'estudi de deplecié. En primer lloc

aquest tipus de mostres
es va haver de comparar la integritat del DNA de mostres congelades i mostres FFPE.
Els amplicons utilitzats per a la quantificacié del grau de deplecié de mtDNA sén de
100 pb i és necessari que la fragmentacid no sigui menor per tal de que la
determinacié pugui ser valida. En el nostre cas es va observar que les mostres FFPE
estaven molt més fragmentades que les mostres congelades (Figura 11A). Segons la
literatura, la longitud mitjana d’un fragment de DNA d’una mostra FFPE és al voltant
de 400 pb, depenent també del metode de fixacid i del tipus de teixit. Per tal de
determinar la degradacié de DNA dels musculs FFPE emprats en aquest estudi, es van
amplificar dos fragments nuclears i un mitocondrial de 1200, 700 i 500 pb,
respectivament (Figura 11B). Es van aconseguir amplificar els tres fragments, tot i que

el de 1200 pb va presentar menys intensitat degut a la degradacié de la mostra. Tot i

aixi, alhora de determinar la deplecié de mtDNA, els temps de senyal d’amplificacié
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per gRTPCR de mostres FFPE eren més alts que els de les mostres congelades (Figura

11C), evidenciant un efecte de la degradacié del DNA sobre els resultats.
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Figura 11. integritat del DNA obtingut de muscul inclds en parafina. A) DNA gendmic visualitzat en un
gel d’agarosa al 1%. B) Productes de PCR amplificat de muscul congelat i muscul inclos en parafina.
Carrils b, ¢, e i f corresponen a fragments de nDNA, carrils a i d corresponen a fragments de mtDNA. C)
Amplificacié per gRTPCR de mostres congelades (A) i incloses en parafina (B).

Es van estudiar 14 musculs FFPE i 14 porcions congelades pertanyents a la mateixa
biopsia. Avaluant el contingut de mtDNA, no es van trobar diferencies estadistiques i
la variabilitat era similar entre els dos grups de mostres, demostrant que el contingut
de mtDNA d’una mostra congelada i una mostra FFPE sén comparables (Figura 12).

Per tal de validar la técnica és va comparar el grau de deplecié de mostres incloses en
parafina de 4 pacients amb deplecid de mtDNA positiva. El resultats van confirmar
que la deplecié trobada en els musculs congelats dels pacients també es trobava en

les mostres incloses en parafina (Figura 12).
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Figura 12. Contingut de mtDNA en bidpsies musculars incloses en parafina i en bidpsies musculars
congelades d’individus control i de quatre pacients amb deplecié de mtDNA.

Els resultats es mostres en unitats relatives (RU). Les barres negres indiquen teixit congelat i les barres
grises teixit inclos en parafina. P1-P4 corresponen a mostres de pacients amb deplecié.

4.2. Diagnostic de pacients amb la sindrome de deplecié de mtDNA.

Per I'estudi del sindrome de deplecid del mtDNA es van analitzar un total de 50

pacients, que es van dividir en tres grups depenent de la seva presentacio clinica.

4.2.1 Pacients hepatocerebrals

Es van seleccionar un total de 30 pacients que presentaven clinica hepatocerebral. Per
tal de ser inclosos en aquest grup, els pacients seleccionats havien de complir els
seglients criteris; presentar simptomes d’afectaci6 hepatica (colestasis,
hepatomegalia, enzims hepatics alterats o insuficiencia hepatica) amb acidosi lactica i
simptomes neurologics (hipotonia, retras del desenvolupament o atrofia cerebral)
(30/30). A més a més, alguns pacients van presentar disfuncié renal (15/30) i

hipoglucémia (12/30). Les activitats de la CRM dels pacients inclosos en I'estudi
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mostraven deficiencies generalitzades, activitats normals en muscul o deficiencies
dels complexes codificats pel mtDNA.

Dins d’aquest grup, el nimero de copies de mtDNA només es va poder estudiar en un
total de 22 pacients i es va trobar deplecié en 14 (en fetge, muscul o en ambdds
teixits). Totes les biopsies hepatiques estudiades (8 en total) van presentar un grau de
deplecié positiu que anava de 20% al 0% de mtDNA residual i, de 20 biopsies
musculars, 10 van presentar deplecié de 25% a 12% de mtDNA residual.

El fetge és I'0Organ diana de la malaltia, i la deplecid pot no presentar-se en teixit
muscular®. Per tant, lestudi mutacional dels gens implicats en formes
hepatocerebrals (DGUOK, MPV17 i C10orf2) es van analitzar en tots 22 pacients,
encara que presentessin deplecidé negativa en muscul. Els 8 pacients, dels que no hi
havia teixit disponible per a poder estudiar deplecid, es van incloure dins I'estudi
genetic per presentar una clinica molt suggestiva.

L’estudi mutacional va permetre identificar 3 families (5 pacients) portadores de
mutacions en el gen DGUOK i un pacient amb mutacions en el gen MPV17 (Taula 4,
pagina 132). Quatre individus de dues families diferents eren portadors de la mateixa
mutacio, c.677A>G, en el gen DGUOK. Aquestes families no eren consanguinies, tot i
ser originaries de la mateixa regid geografica (llles Canaries). La mutacié c.677A>G
canvia una histidina altament conservada per una arginina en la posicid 226 de la
proteina dGK (p.His226Arg). Aquesta mutacid va ser descrita préviament en un
pacient heterozigot composts i és la primera vegada que es descriuen pacients amb la
mutacié en homozigosi®’. La mutacié c.677A>G es va trobar en heterozigosi en els
pares de les dues families. Tots quatre pacients van presentar, ja durant el periode
neonatal, hipoglucemia, acidosi lactica i disfuncié hepatica severa amb enzims
hepatics alterats. L’evolucid clinica de tots els pacients es va caracteritzar per una
hiporreflexia progressiva, moviments oculars anomals, hepatomegalia i letargia. Tots

els pacients van morir entre el primer i vuite mes de vida degut a fallida hepatica.
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L'altre pacient amb mutacions al gen DGUOK era homozigot per la mutacié
c.763_766dupGATT, descrita amb anterioritat'*’. Aquesta mutacié trenca la pauta de
lectura i forma un codd STOP prematur, resultant en una proteina truncada. Aquest
pacient va presentar, principalment, fallida hepatica, acidémia lactica i sindrome de
Fanconi .

Les principals manifestacions cliniques del pacient portador de mutacions en el gen
MPV17 foren: hepatopatia, polineuropatia i regressié neurologica amb leucodistrofia.
A més a més, el pacient va presentar altres simptomes caracteristics de malaltia
mitocondrial com hipoparatiroidisme, tubulopatia, dismotilitat intestinal i retinopatia

>4 39141 "E| pacient era homozigot per

pigmentaria, no descrits en anteriors pacients
una mutacié d’splicing no descrita anteriorment ¢.70+5G>A. Per tal de demostrar la
patogenicitat de la mutacid, es va estudiar el cDNA del pacient i va resultar en la
desaparicié de la banda wild-type que codificava per la proteina MPV17 (Figura 13A-
B). Aquest fet es va demostrar per western blot, on la senyal que corresponia a la
proteina MPV17 era molt menor a la dels individus control (Figura 13C). Es va
introduir la mutacié d’splicing c.70+5G>A dins d’un sistema de minigen per demostrar
qgue la patogenicitat i els efectes sobre el mRNA i la proteina eren deguts a la
presencia de la mutacié. El minigen on introduim I'exo 2 del gen MPV17 amb la
seqliencia control processa correctament el transcrit i afegeix I'exd 2 als propis exons
del minigen Et1 i Et2 (Figura 13D-E / Fragment a). En canvi, quan introduim I'exo 2 del
gen MPV17 amb la mutacié d’splicing c.70+5G>A, el minigen no processa

correctament el transcrit i es produeix un exon skipping de I'exd 2 introduit (Figura

13D-E / Fragment b), demostrant la seva patogenicitat en el procés d’splicing.
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Figura 13. Estudi molecular de la patogenicitat de la mutacié c.70+4G>A. A) Gel d’agarosa del cDNA del
gen GCDH (glutaril-CoA deshidrogenasa) i de MPV17. B) Gel de poliacrilamida del cDNA amplificat de
MPV17 en fibroblasts tractats (+) i sense tractar (-) amb cicloheximida (CHX). D) Fragments amplificats
per transcripcié reversa dels minigens (E) construits amb el canvi ¢.70+4G>A (fragment a) i amb la
seqliencia control (fragment b).

M/MM — Marcador de pes molecular, P — pacient, C — control, Et1 — exé 1 del minigen, Et2 — exd 2 del
minigen, MPV17/E2 — fragment del gen MPV17 que conté tot I'exd 2 i les zones flanquejants introniques.

Els pacients portadors de mutacions en DGUOK i MPV17 van presentar una severa
deplecié en fetge (11 - 0% mtDNA residual), mentre que en el muscul la deplecié va
ser menys acusada (20 — 9% mtDNA residual). Els pacients amb sindrome de deplecioé
de mtDNA mostren deficiencies miultiples de la CRM, ja que al no tenir suficients

copies de mtDNA, aquestes no es transcriuen adequadament i la expressio de les
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subunitats de la CRM codificades pel mtDNA queden afectades. Els teixits dels
pacients amb depleci6 de mtDNA mostraven deficiencies multiples de la CRM,
excepte en 2 dels casos, en que el muscul presentava un 20% de mtDNA residual i la
CRM era normal (Taula 4, pagina 132). Aquesta deplecié en muscul amb normalitat de
la CRM en la mateixa bidpsia és dificil d’explicar, tot i que s’han descrit altres casos
similars'*. En un dels dos casos es va poder calcular la relacié (mtDNA/nDNA)/CS, que
ens donaria una idea del nimero de copies de mtDNA per massa mitocondrial. Un cop
avaluada la relacio, la biopsia muscular del pacient va passar de tenir un 20% de
mtDNA residual (mtDNA/nDNA) a tenir un 58% de (mtDNA/nDNA)/CS residual (Taula
4, pagina 132). La determinacio del nimero de copies mtDNA/nDNA no és capac de
predir la distribucié de les cadenes residuals en la massa mitocondrial, en canvi, quan
ho relacionem amb la CS podem deduir que el pacient tenia una massa mitocondrial
amb més copies de mtDNA respecte a quan no mesura la CS. Per tant, el que
semblava una deplecié severa (20% mtDNA residual) va passar a tenir valors control
un cop relacionada amb la CS (58% mtDNA residual). Aquest valor de deplecié pot
explicar millor perque en la biopsia muscular hi ha una activitat normal de la CRM.
Aquesta mateixa relacid es va poder calcular en el fetge del pacient MPV17, que
mostrava una deplecid important (11% mtDNA residual) que s’accentuava molt més si
es té en compte la CS (2% mtDNA residual) (Taula 4, pagina 132).

De tots els 30 pacients estudiats, 14 van presentar deplecid6 de mtDNA en fetge,
muscul o ambdds teixits, i només es van trobar mutacions causants de MDS en 6
d’ells. Per tant, quedarien 8 pacients amb deplecié de mtDNA sense diagnostic, sent
candidats ideals per a ser estudiats per seqlienciacid de I'exoma cel-lular.

Durant I'estudi de biopsies de pacients hepatocerebrals es va tenir I'oportunitat de
comparar resultats de depleci6 de mtDNA obtinguts per southern blot amb els
resultats obtinguts per gRTPCR. Es van comparar els valors de deplecié de mtDNA en
6 biopsies musculars i en 4 d’elles es va observar una gran divergéncia en els

resultats. La majoria de les biopsies van donar deplecid positiva per southern blot,

126



Resum global i discussié general

mentre que la deplecié no es va confirmar quan les mostres van ser reanalitzades per
gRTPCR. Aquestes discrepancies també han estat descrites per altres autors®.
Aquestes dades emfatitzen el fet que, abans de comencar la cerca de mutacions, és
important reanalitzar els nivells de deplecid per qRTPCR en els casos estudiats

préviament per southern blot.

4.2.2. Pacients encefalomiopatics

Es van seleccionar 15 pacients amb presentacid clinica encefalomiopatica. Per tal de
ser inclosos en aquest grup, els pacients seleccionats havien de complir els segiients
criteris: aciddria metilmalonica moderada (32 — 433 mmol/mol creatinina, rang
control 0,2 — 8,5 mmol/mol creatinina) amb homocisteina normal (15/15) amb
simptomes neurologics com hipotonia (11/15), retras del desenvolupament (10/15),
sordesa neurosensorial (4/15) i sindrome Leigh o Leigh-like (2/15). A més a més,
alguns pacients presentaven acidosi lactica (11/15) i increment de succinilcarnitina
(2/15). Els gens SUCLA2 i SUCLG1 van ser estudiats en tots els pacients d’aquest grup i
només es van identificar 2 pacients amb mutacions, un en el gen SUCLA2 i I'altre en el
gen SUCLG1I.

El pacient amb mutacions al gen SUCLA2, segona filla de pares no consanguinis, va
debutar als 4 mesos d’edat amb retras en les adquisicions motores i retras del
creixement. Els principals simptomes van ser hipotonia severa, discinesia i falta de
control cefalic. L’analisi dels potencials evocats auditius de tronc cerebral va mostrar
sordesa neurosensorial. La neuroimatge va mostrar atrofia cerebral moderada. Els
estudis bioquimics van revelar una hiperlactacidémia, nivells de metilmalonic elevats
(47 mmol/mol creatinina), increment de propionilcarnitina (C3: 4,2 umol/L, rang
control 0,12 — 1,1 pumol/L) i succinilcarnitina (C4DC: 0,35 umol/L, rang control 0,03 —
0,08 umol/L). La biopsia muscular no va mostrar deplecié (50% mtDNA residual), fet
gue no correlacionava amb la deficiéencia multiple de la CRM en el muscul d’aquest

pacient. En canvi, quan es va analitzar la relaci6 (mtDNA/nDNA)/CS, els nivells de
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mtDNA van disminuir sensiblement fins al 27% de mtDNA residual, el que explicaria
molt millor els defectes de la CRM trobats (Taula 4, pagina 132). Tot i que la deplecié
de mtDNA no és una de les troballes classiques en aquest tipus de pacients*** **, en
aquest cas ens ha permés caracteritzar millor el pacient i donar explicacié a les
incongruéncies entre nivells de deplecid i activitat de la CRM. La pacient va resultar
ser portadora de dues mutacions missense no descrites préviament, c.1048G>A i
€.1049G>T. Les dues mutacions afecten al mateix aminoacid, una glicina altament
conservada en la posicié 350 de la proteina i es canvia per una serina i per una valina,
respectivament, p.[Gly350Ser];[Gly350Val]. Els pares de la pacient van ser
heterozigots i els canvis no es van trobar en 200 al-lels control.

El pacient amb mutacions en el gen SUCLG1, primera filla de pares no consanguinis, va
presentar, durant els primers mesos de vida, retras del desenvolupament i hipotonia
generalitzada. Bioquimicament es caracteritza per presentar acidosi lactica moderada
amb aciduria metilmalonica (80-200 mmol/mol creatinina), nivells elevats de
propionilcarnitina (22 umol/L) i succinilcarnitina (0,48 umol/L). Actualment la pacient
té 20 anys i manté un estatus irritable, amb simptomes extrapiramidals i sordesa
neurosensorial. Les imatges MRI mostraven lesions de ganglis basals compatibles amb
el sidrome de Leigh.

L'estudi genétic va demostrar que la pacient presentava dues mutacions en
heterozigosi en el gen SUCLGI1: la mutacid préviament descrita c.626C>A
(p.Ala209GIu)™*, i una mutacié d’splicing no descrita fins al moment, la ¢.531+4A>T
(Figura 14A). Es va estudiar el cDNA de la pacient per esbrinar I'efecte de la mutacié
¢.531+4A>T sobre el mRNA i la proteina. El cDNA de la pacient tenia 3 bandes, una
corresponent al mRNA wild-type, de 922 pb, i dues bandes extra situades a sobre i a
sota de la banda wild-type (Figura 14B). El posterior analisis de les bandes va mostrar
qgue la banda inferior corresponia a un transcrit aberrant que li mancava 75 pb,
mentre que la banda superior era un heteroduplex format per cadenes wild-type i

cadenes aberrants (Figura 14B). Aquest resultats mostren que el canvi ¢.531+4A>T
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afectaria a la funcié normal del lloc de donacié d’splicing de I'exé 4. La preséncia de la
mutacio obliga a la maquinaria d’splicing a buscar un lloc alternatiu de donacié
d’splicing, que el troba a l'interior de I'ex6 4, provocant la formaci6 del mRNA
aberrant (Figura 14C-D). Aquest mRNA codificara per una proteina SUCLG1 25

aminoacids més curta del normal i presumptament no funcional.
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Figura 14. Estudi molecular de la mutacié ¢.531+4A>T del gen SUCLG1. A) Electroferograma de la
mutacidé c.531+4A>T. B) Patré de bandes en un gel d’agarosa de I'amplificacié del cDNA de SUCLG1, en
preséncia (+) i abséncia (-) de cicloheximida. C) Representacio esquematica dels efectes de la mutacid
¢.531+4A>T. D) Electroferograma del pacient mostrant I'efecte de la mutacié ¢.531+4A>T en la seqliéncia
del cDNA.

MM — Marcador de pes molecular, P — pacient, C — control.

En general, els pacients afectes de SUCLG1 acostumen a presentar un fenotip molt
sever'¥, perd tan el fenotip clinic com el fenotip bioquimic de la nostra pacient és
molt menys sever i semblant als fenotips dels pacients SUCLA2. Aquesta observacié
també ha estat descrita per altres autors* %%,

Dels 15 pacients estudiats, només 2 van presentar mutacions en els gens SUCLA2 o

SUCLG1. Ambdds amb una excrecié moderada d’acid metilmalonic, juntament amb

nivells elevats de C3 i C4DC. Sent la CADC un biomarcador especific pel diagnostic de
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deficiencies de SCS*°. En aquests casos I'estudi dels metabolits és molt més
informatiu que els nivells de deplecid, que no sempre és positiva en les biopsies

musculars de pacients SCS*** '*

. Cap dels altres pacients d’aquest estudi va mostra
una elevacio dels nivells de C4DC.

El seguiment de 5 pacients va revelar un augment de metilmalonic transitori, per tant,
I’excrecid inicial de metilmalonic d’aquests pacients ha estat inespecifica i s’han de

buscar altres causes de patologia.

4.2.3. Pacients amb sindrome d’Alpers

La cerca de mutacions en el gen POLG1 es va dur a terme en 5 pacients que
presentaven sindrome d’Alpers. Dos d’ells presentaven la forma classica,
caracteritzada per regressié psicomotora, convulsions i fallida hepatica. Els 3 restants
presentaven la forma Alpers-like, sense presentar cap simptoma hepatic. Dos dels
pacients van presentar deplecié en muscul (10 i 11% mtDNA residual), mentre que els
3 restants tenien un nimero normal de copies de mtDNA.

Es van trobar mutacions en el gen POLG1 en els casos que presentaven deplecid
positiva (Taula 4, pagina 132). Un dels pacients presentava la forma classica del
sindrome d’Alpers: retras psicomotor, encefalopatia epileptica, atrofia cerebral
progressiva i enzims hepatics alterats. El pacient era portador de dues mutacions
préviament descrites, la c.911T>G i la c.2663G>A. La mutacié c.911T>G canvia una
leucina per una arginina en la posicié 304 de la proteina (p.Leu304Arg) i va ser

150

descrita per primera vegada en pacients que presentaven PEO™", més endavant es va

151

descriure en pacients amb sindrome d’Alpers™". La mutacié c.2663G>A, que canvia

una glicina per un acid aspartic en posicié 888 de la proteina (p.Gly888Asp), ha estat

descrita previament en un pacient heterozigot compost152

. El segon pacient va
presentar una clinica Alpers-like, amb convulsions intractables i un estat epileptic
sever. Va resultar ser heterozigot compost per la mutacié ¢c.911T>G i una mutacio

préviament descrita, la mutacié c.844T>G (p.Tyr282Asp), localitzada en una posicié
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molt conservada en el domini exonucleasa™. Els dos pacients POLG1 van presentar
un grau de deplecié semblant (Taula 4, pagina 132), en aquest ultim cas es va poder
relacionar la deplecié6 amb la CS, que va continuar sent important (8% mtDNA
residual).

Els 3 pacients restants, 1 amb presentacié classica i 2 amb presentacid Alpers-like, no
van presentar deplecié i I'estudi genétic va ser negatiu. Per tant, en els nostres
pacients, I'aparicié de deplecid correlaciona amb la presencia de mutacions en el gen
POLG1, independentment de la seva presentacié classica o Alpers-like. Pero s’ha de
tenir en compte que la deplecid pot apareixer molt més tard que els primers
simptomes clinics i que la seva abséencia no implica excloure un sindrome de deplecié

mitocondrial®.
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Taula 4. Percentatge de deplecié de mtDNA, activitats de la cadena respiratoria mitocondrial
i els estudis moleculars de 10 pacients amb mutacions en gens relacionats amb MDS.

[Bavyognan]:[dsyzgiAL]d [9<1T16][9<1¥¥8]2 970d AL/ T/ W+ #(%8) %T1T - - 0td
[dsvgggAIn]:[8avyoEnat] d [v<0€992][9<LTT6]d 970d AL/ IE/ L/ N+ %0T - - 6d
19Yd0jualIny-siad|y,p swo.puls |3 quie sjuaized
ﬁ_wﬂw_wmwﬁmﬁ%z [L<vp+T€S)[v<0979] I910NS - - - - 8d
[lenoseAID] [4as05€AID] d [L<9610T][v<98¥0T] 2 zZvions WALV IVAIIESIWATIE #(%LT) %05 - - Ld
SAIN 3p ed11edolwo]e}adud BWIOS B| B SJUdlded
buyids p oeINA [v<95+0L] [v<95+0L] 2 LTAdN |ewJoN %0T WAIVAIIE WAL #(%2) %TT 9d
[x95z3yd]:[x95¢3yd]d U_WQ%%H%%%MMM%%U Jonsa - - VALl %L Sd
[Bav9zesIH]‘[81v9zesiH]d [9<vLL9][9<VLLI]D Jonosa |ewoN #(%8S) %0t - - d
[Bav9zesIH]‘[81v9zesiH]d [9<vLL9][9<VLLI]D Jonosa NI+ , AL/ N/ N1 %t €d
[Bav9zesIH]‘[B1v9zesiH]d [9<vL£9)[9<VLL9] Jonsa AVALIVAIVALTR:N] %6 - - ud
[Bav9zesIH]‘[B1v9zesiH]d [9<vL£9)[9<VLL9] yonsa N+ %CT - %0 d
SAIN 3p |eiqasadojeday ew.ioy e| quie sjualded
¥ siennndy enpisal 4D S1ENAIIY enpisal
VNQIW % VNQIW %
eurajoad |e a1qos 9199)43 dnjousp uan Jejnasnwi }x1a ) aneday uxia L

* Els resultats entre paréntesi representen la relacié (mtDNA/nDNA)/CS

Is pacients P3 i P4.
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4.3. Identificacio d’un gen, involucrat en la maduracié d’un subgrup de

proteines Fe-S, I'alteracio del qual causa una malaltia mitocondrial fatal.

La homogeneitat clinica, i sobre tot bioquimica, d’un grup de 10 pacients provinents
de 9 families espanyoles ens va impulsar a realitzar el mapatge per homozigositat per
tal d’esbrinar el defecte genétic d’aquesta entitat desconeguda.

El perfil bioquimic comU es caracteritzava per una acidosis metabolica amb
hiperglicineémia i hiperlactacidémia variable. El perfil d’acids organics dels pacients es
caracteritzava per una excrecio dels acids 2-cetoglutaric, 2-cetoadipic, 2-hidroxiadipic
i acid glutaric, entre d’altres. En els casos en que es disposava de teixit, I'activitat del
sistema de clivatge de la glicina en fetge era baixa o indetectable, I'activitat piruvat
deshidrogenasa (PDH) en fibroblast també era baixa, mentre que les activitats parcials
piruvat decarboxilasa i dihidrolipoamida deshidrogenasa eren normals. A més a més,
les oxidacions de substrats (piruvat, leucina i glutamat) en fibroblasts també estaven
disminuides.

La clinica dels pacients era molt similar. Tots ells presentaven un desenvolupament
adequat durant el periode neonatal. Els primer simptomes s’iniciaven entre el leri9e
mes de vida, tots els pacients van morir abans de 15 mesos. Les caracteristiques
cliniqgues més rellevants eren; retard del desenvolupament, hipertensié pulmonar i
regressié neurologica. El desenvolupament de la malaltia i una historia clinica més
detallada ens va permetre classificar els pacients en 3 grups. El primer grup (P1-P3) va
presentar retard del desenvolupament i manifestacions neurologiques (hipotonia i
irritabilitat) sense hipertensid pulmonar. La neuroimatge del pacient P1 va mostrar
lesions bilaterals de la substancia blanca. En I'autopsia dels 3 pacients es va demostrar
la presencia de degeneracié espongiforme, astrogliosis i necrosis de la substancia
blanca amb les fibres U preservades. El segon grup (P4 i P5) van ser diagnosticats
d’hipertensid pulmonar, presentant regressid neurologica després d’un episodi febril.

El tercer grup (P6-P10) va tenir com a principal caracteristica la hipertensié pulmonar,
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acompanyada de retard del desenvolupament en 3 casos. Tot i no presentar
simptomes neurologics especifics, a tots els pacients als que se’ls hi va practicar
I'autopsia es va observar desmielinitzacid de la substancia blanca, vacuolitzacié i
astrogliosis en el sistema nervids central.

Els antecedent d’aquestes families suggeria una heréncia autosomica recessiva. A més
a més, quatre de les families eren Basques, una poblacié clarament diferenciada

14 per tant, vam

d’altres poblacions europees a nivell historic, linglistic i genetic
realitzar el mapatge per homozigositat en dos dels pacients d’origen Basc. Els
resultats de I'analisi van mostrar una regié d’homozigositat de 1,24 Mb on s’hi van
trobar 22 open reading frames (ORFs). En base al fenotip bioquimic dels pacients es
van seleccionar dos gens per a la cerca de mutacions, el gen FAM136A i el gen NFU1.
L’analisi del gen FAM136A no va presentar cap canvi potencialment patologic, mentre
que en el gen NFU1 es va trobar un canvi en homozigosi en I'exo 7 (c.622G>T), que
canvia un glicina altament conservada per una cisteina en posicid 208 de la proteina
(p.Gly208Cys). La glicina 208 esta molt a prop del motiu d’unié a clusters de Fe-S,
conservat en totes les espécies. Nou pacients van ser homozigots per a la mutacié
€.622G>T, tots els pares disponibles per a I'analisi genetic van ser heterozigots i el
canvi no es va trobar en 220 al-lels espanyols (100 d’ells d’origen Basc). El pacient P10
era portador de la mutacié c.622G>T i d'un canvi en el lloc donador d’splicing de I'exd
6 (c.545+5G>A). L’analisi dels pares va demostrar que les mutacions estaven en al-lels
diferents i la RT-PCR va mostrar nivells normals d’expressi6 de mRNA. A través de
I"analisi per RFLP (restriction fragment lengh polymorphism) es va veure I'expressié de
I'al-lel portador de la mutacié c.622G>T, perd no de al-lel portador de la mutacio
€.545+5G>A. Tot i no tenir expressio de I'al-lel portador de c.545+5G>A, els nivells de
proteina NFU1 no es van poder diferenciar dels individus control. Per tal de
determinar la patogenicitat de ¢.545+5G>A es va clonar I'exd0 6, amb la mutacid i
sense la mutacid, dins d’un sistema d’un vector Exontrap system. Els resultats van

mostrar que la preséncia de la mutacié ¢.545+5G>A alterava el mecanisme d’splicing,
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resultant en un skipping de I'exo 6. Aquests resultats concorden amb |'abséncia del
transcrit de I'al:lel amb la mutacié c.545+5G>A, ja que faltant I'exd0 6, el mRNA
resultant té la pauta de lectura alterada, sent sensible a ser degradat.

Els equivalents eucariotics i procariotics de la proteina NFU1 interaccionen i s'uneixen
a clusters de Fe-S in vitro, i s’ha suggerit que la funcid d’aquesta proteina és la

15162 Tot j aixo,

d’actuar com a plataforma on es formen i s’acoblen els clusters Fe-S
la funcié especifica de la proteina NFU1 encara era desconeguda. Les proteines Fe-S
han estat ampliament estudiades en llevat, pero la delecié del gen NFU1 no es va
trobar associat a un fenotip bioquimic especific'®. La doble delecié NFU1 i ISU1, que
codifica per una de les dues proteines d’acoblament general de clusters Fe-S es va
trobar associada a defectes més profunds de proteines Fe-S com l'aconitasa i
complexes de la CRM, pero el rol especific de NFU1 i la seva relacié amb ISU1 no es
coneixia. El que si es coneixia és la funcié que tenen els clusters de Fe-S com a
donadors de sofre en la sintesi de I’acid lipoic, catalitzat per I’enzim lipoic acid sintasa
(LAS)™®*. Aquest acid lipoic s’uneix covalentment a residus de lisina especifics de
guatre enzims mitocondrials; les subunitat E2 de la PDH, KGDH i BCKDH, i la proteina
H del GCS per tal d’actuar com a cofactor de les esmentades proteines. El model
actual de la sintesi d’acid lipoic es basa en un model on I'acid octanoic conjugat amb
la acyl-carrier protein (ACP) és el substrat per la insercié del sofre mitjancant LAS,
probablement des d’un dels dos clusters [4Fe-4S]. La ACP lipoilada actuaria com a
intermediari per les lipoyl protein ligases, que transferirien el lipoic a les proteines
diana®.

El fenotip bioquimic dels pacients era consistent amb un hipotétic bloqueig de la via
de sintesi de I'acid lipoic. Per tant, es va analitzar I'acid lipoic unit a proteines en
I’'homogenat de muscul de 3 pacients mitjancant un anticos anti-acid lipoic unit a
proteines. Els resultats en controls van mostrar dues bandes, una de 65 kDa i una
altre de 50 kDa, corresponent a les subunitats E2 de les proteines lipoilades PDH i

KGDH, respectivament™® (Figura 15A), mentre que els nivells de proteina PDH
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lipoilada van disminuir en un 60% en els pacients NFU1 respecte als controls (Figura
15A-B). En canvi, els nivells de proteina PDH no es trobaven alterats, suggerint que els
nivells baixos de subunitat E2 unida a lipoic eren deguts a un defecte de lipoilacid.

Per tal de poder estudiar la proteina NFU1 es va obtenir sérum anti-NFU1 en conills
inmunitzats amb proteina recombinant NFU1-Hisg obtinguda al nostre laboratori. Com
és habitual en les mutacions missense, cap dels pacients analitzats va mostrar nivells

de NFU1 alterats (Figura 15C).
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Figura 15. Analisis dels nivells de lipoilacié i dels nivells de NFU1 en pacients i controls. A) Analisis per
western blot de I'acid lipoic unit a les proteines PDH i KGDH d’individus control i en pacients homozigots
per la mutacié c.622G>T en extractes de biopsies musculars. B) Quantificacié per densitometria de la
lipoilacié de la proteina PDH. Els valors han estat normalitzats per GAPDH. C) Analisis per western blot de
NFU1, els extractes de muscul sén els mateixos que en (A).

C1-C4, individus control, P1,P2 i P6, pacients. La GAPDH s’ha utilitzat com a control de carrega.

Aquestes dades, juntament amb totes les observacions bioquimiques obtingudes
suggerien que NFU1 era necessaria pel bon funcionament de LAS. A més a més, tan
NFU1 com LAS™ sén predominantment, sind exclusivament, mitocondrials.

Per tal d’esbrinar el rol de NFU1 en la maduracio dels clusters Fe-S, es van silenciar un

168, 169

cultiu cel-lular huma amb RNAs d’interferéncia (siRNA) . El silenciament de les

cél-lules HeLa amb siRNA es va comprovar mitjangant els nivells de mRNA i de
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proteina (Figura 16A). L'inmunoblot dels extractes cel-lulars silenciats van mostrar uns
nivells disminuits de lipoic unit a les subunitats E2 de la proteina PDH i KGDH, aixi com

la proteina H del GCS (Figura 16B).
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Figura 16. Analisis per western blot de I'acid lipoic unit a proteines i de proteines Fe-S havent silenciat
NFU1. A) Eficiencia del silenciament de NFU1 a nivell proteic després de 3 rondes de silenciament. B)
Efecte del silenciament de NFU1 sobre varies proteines cel-lulars i sobre els nivells d’acid lipoic unit a les
proteines PDH, KGDH i la proteina H.

L’actina s’utilitza com a control de carrega. 3d — cél-lules recollides 3 dies després del primer
silenciament, 6d — cél-lules recollides 3 dies després del segon silenciament, 9d — cél-lules recollides 3
dies després del tercer silenciament, SDH — Succinat deshidrogenasa, IRP1 — proteina reguladora de ferro
1, GPAT — glutamat fosforibosilpirofosfatasa amido-transferasa..

Consistents amb aquests resultats, no es va detectar activitat PDH després d’un
silenciament de 9 dies (Figura 17). En canvi, les activitats de proteines Fe-S, incloent la
aconitasa mitocondrial i citosolica i la GPAT citosolica, no es van veure alterades pel

silenciament de NFU1. Aquests resultats demostren un procés de maduracié normal
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dels clusters Fe-S, que d’altra banda es veurien afectats en cas que hi hagués algun

7 De la mateixa manera, I'activitat COX no

defecte en la formacié dels clusters Fe-S
es va veure alterada per la deplecié de NFU1. Tot i que el complexe IV no necessita
clusters Fe-S per al seu funcionament, la sintesi del seu grup hemo A requereix la

71 En canvi, tant la quantitat com I'activitat de la

proteina Fe-S ferredoxina Fdx2
succinat deshidrogenasa (SDH: complexe Il) esta molt disminuida (Figura 16B i figura

17).
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Figura 17. Activitats enzimatiques d’extractes cel-lulars després del silenciament de NFU1. Els valors
han estat normalitzats per CS o lactat deshidrogenasa (LDH) i es presenten en relacié als resultats
obtinguts en cél-lules sense silenciar (Mock cells). Les barres d’error indiquen I'error relatiu, rE (n=3).

Confirmant aquests resultats, les activitats de la CRM de tres pacients NFU1, en que
es disposava de bidopsia muscular, van mostrar normalitat de les activitats I+l i COX,

perd les activitats dels complexes IlI+lll eren baixes, consistents amb la disminucié
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d’activitat de la SDH. Per tant, aquest resultats suggereixen que NFU1 és necessaria
per a la maduracié tant de LAS com de SDH. L’efecte sobre la LAS explicaria el defecte
en la biosintesi de I'acid lipoic.

La unio in vitro de clusters de Fe-S a NFU1 en varies especies suggereix que NFU1

172-174

podria actuar com una plataforma d’acoblament de clusters Fe-S . Tot i aix0, no

queda clar si NFU1 fa de plataforma d’acoblament in vivo i quina relacié té amb la

> ‘una de les proteines que juga un paper principal en la formacié dels

proteina ISCU
clusters Fe-S. Per a tal efecte, es va silenciar el gen ISCU de la mateixa manera que es
va fer amb NFU1 i es van analitzar els efectes sobre la funcid i els nivells de diverses
proteines Fe-S (Figura 18A). Al contrari del que passava amb el silenciament de NFU1,
la deficiencia de ISCU va afectar de manera molt severa el creixement cel-lular i no va
quedar material després de la segona tanda de transfeccié. El werstern blot dels
extractes cel-lulars van mostrar una disminucié de quasi totes les proteines Fe-S,
incloent I'aconitasa mitocondrial i citosolica, la SDH i la GPAT citosolica (Figura 18B). A
més a més, els nivells d’acid lipoic unit a les proteines PDH, KGDH i la proteina H del
GCS va disminuir substacialment, suggerint un defecte en la maduracié de LAS degut a
I’absencia de ISCU. Concordant amb aquests resultats, les activitats PDH, aconitasa
mitocondrial, aconitasa citosolica i SDH també van ser molt baixes (Figura 18C).
L'activitat COX només va resultar lleugerament afectada. Aquests resultats mostren
una deficiencia clara de quasi totes les proteines Fe-S estudiades, demostrant que
ISCU té un rol molt important com a plataforma d’acoblament dels clusters Fe-S*’°, en

canvi, NFU1 jugaria un paper més especific, transferint clusters Fe-S a les seves

apoproteines diana, la SDH i la LAS (Figura 20).
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Figura 18. Analisis per western blot de I'acid lipoic unit a proteines, nivells de proteines Fe-S i activitats
enzimatiques d’extractes cel-lulars havent silenciat ISCU. A) Eficieéncia del silenciament de ISCU a nivell
proteic després de 3 rondes de silenciament. B) Efecte del silenciament de ISCU sobre varies proteines
cel-lulars i sobre els nivells d’acid lipoic unit a les proteines PDH, KGDH i la proteina H. C) Activitats
enzimatiques d’extractes cel-lulars després del silenciament de ISCU. Els valors han estat normalitzats per
CS o lactat deshidrogenasa (LDH) i es presenten en relacid als resultats obtinguts en cél-lules sense
silenciar (Mock cells). Les barres d’error indiquen I'error relatiu, rE (n=3).

Per entendre millor els efectes funcionals de la mutacié p.Gly208Cys en els pacients,
es va estudiar el canvi corresponent (p.Gly194Cys) en I'organisme Saccharomyces
cerevisiae. En estudis anteriors no es van trobar defectes especifics atribuits a la
delecié de NFU1 en el llevat, pero amb la informacié obtinguda d’aquest treball, es
van analitzar varis enzims per tal de caracteritzar la soca delecionada. Tot i que es van
observar lleus disminucions en les activitats aconitasa i COX, també es va observar
una disminucié molt més important de les activitats SDH i PDH (Figura 19A). Per a
estudiar I'efecte de la mutacid missense, es va introduir la mutacié corresponent

(p.Gly194Cys) en llevat. El llevat amb el plasmid codificant per a NFU1 wild type
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recuperava l'activitat dels enzims SDH i PDH (Figura 19B). Pel contrari, la soca amb la
mutacid només és capag¢ de recuperar minimament |'activitat, demostrant la seva
patogenicitat.

Per saber la mecanica de la mutacio p.Gly194Cys es va purificar la proteina NFU1 i es
van fer experiments d’unié als clusters mitjancant °Fe marcat. Els experiments van
mostrar que NFU1 és capag d’unir clusters Fe-S de manera molt labil, ja que la senyal
del *°Fe va ser molt baixa, inclts en situacié de superproduccié (Figura 19C). En altres
estudis es va demostrar que mutacions en les ferredoxines o en ICSU procariota,

177,178 per tant, es va analitzar el

podien estabilitzar la associacié amb els clusters Fe-S
grau d’unié de la proteina NFU1 portadora de p.Gly194Cys amb els clusters Fe-S. Els
resultats van mostrar que la mutacié uneix grans quantitats de >°FE in vivo (Figura

| *>Fe depén de molts

19C). Els experiments també mostren com aquesta unié amb e
membres de la maquinaria d’acoblament ISC (Nfs1, Isul, Ssql i Grx5)"* *¥°, perd no
de Isal-2, que actuaria molt més tard. Aquests resultats suggereixes que el Fe unit a
NFU1Y**%*  que forma part del cluster Fe-S, depen de Isul i dels factors que

alliberen el cluster de Isul (Ssql i Grx5)*".
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Figura 19. Demostracié de la patogenicitat de la mutacié Gly208Cys en llevat i evidencia de NFU1 com
a proteina transferidora de clusters en un estadi tarda. A) Activitats enzimatiques de l'aconitasa
mitocondrial, SDH, COX i PDH en llevat wild type i nfulA. Les activitats han estat normalitzat per malat

deshidrogenasa (MDH). B) Activitats enzimatiques i western blot de cél-lules de llevat transfectades amb
un vector buit (-), amb el gen NFU1 wild type, o amb la variant mutada NfuleC, I’'equivalent humana

de Gly194Cys. C) Incorporacié de Fe en NFU1 wild type (Nful — WT), en NfulG™*Cien les soques Gal-

NFS1, Gal-ISU1, Gal-SSQ1, Gal-GRXS5 i Isal/2A.

Amb totes aquestes dades es pot afirmar que NFU1 rebria els clusters de Isul i que
actuaria de manera especifica alhora de transferir els clusters Fe-S (Figura 20). Per
tant, no semblaria plausible que NFU1 actués com a plataforma d’acoblament de
clusters de forma alternativa a ISCU. NFU1 podria cooperar amb les proteines Isa i
Iba57, la funcié de les quals és la d’actuar en la maduracié de proteines Fe-S

182184 pquesta cooperacié podria explicar perqué

especifiques que contenen [4Fe-4S]
el creixement del llevat no es veu afectat en soques amb NFUI delecionat, també

podria explicar, en el cas dels humans, que el fenotip no es desenvolupi al cap d’uns
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mesos, ja que ISCA1 i IBA57 podrien dur a terme una funcié parcial alhora de

transferir els clusters a LAS i SDH (Figura 20).
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Figura 20. Proposta de model funcional per la funcié de NFU1 en la biogénesis de les proteines Fe-S
mitocondrials.

L’explicacié bioquimica del fenotip associat a la malatia NFU1, juntament amb la
identificacid de la funcié especifica de NFU1 en la biosintesi de proteines Fe-S
mitocondrials, és de gran importancia tant pel diagnostic com pel tractament
potencial dels pacients afectats amb deficiéncies en la biogenesi de clusters Fe-S o en

la sintesi d’acid lipoic.
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I. U'estudi del nimero de copies de mtDNA en biopsies musculars i hepatiques

provinents d’individus control ens ha permes obtindre valors de referéncia.

Il. La posta a punt i la validacid de I'analisi del nimero de copies de mtDNA en
mostres incloses en parafina sera d’utilitat pel diagnostic de pacients en que no és

possible analitzar mostres congelades.

lll. L'estudi molecular dels gens DGUOK, MPV17, SUCLA2, SUCLG1 i POLG en 50
individus ens ha permes identificar 4 mutacions no descrites préviament, c.70+5G>A
en el gen MPV17, c.1048G>A i c.1049G>T en el gen SUCLA2, i c.531+4A>T en el gen
SUCLG1. A més s’han identificat 7 mutacions préviament descrites en un total de 10

pacients (8 families).

IV. Descrivim un assaig funcional d’splicing basat en la utilitzacié de minigens que ens

ha permeés caracteritzar la mutacié ¢.70+5G>A com a causant de malaltia MPV17.

V. La mesura combinada de la relacié mtDNA/nDNA i de I'activitat citrat sintasa, en el
mateix homogenat, ha proporcionat una eina addicional per I'estudi de les deplecions
de mtDNA i ha permes explicar certes discrepancies observades en la literatura entre
el grau de deplecié6 de mtDNA i les activitats enzimatiques de la cadena respiratoria

mitocondrial.

VI. S’ha identificat per primera vegada un gen, NFU1, les mutacions del qual s’

associen una nova malaltia mitocondrial, caracteritzada bioquimicament per defectes

en els enzims dependents d’acid lipoic.
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VII. Els estudis funcionals ens han permés coneixer la funcié especifica de la proteina
NFU1 en la biosintesi dels clisters de Fe-S i en la maduracié de proteines Fe-S,

concretament LAS i SDH.

VIII. La descripcié clinica, bioquimica y geneética d’aquesta malaltia és molt important
per al diagnostic de nous pacients i obre les portes a la cerca d’altres gens implicats
en la biosintesi de I'acid lipoic, aixi com el disseny futur de noves estratégies

terapeutiques.

IX. La identificaci6 de gens causants de noves malalties ens permet coneixer i

entendre la funcid de dites proteines dins de la via metabolica implicada.
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Durant la realtizacié de la present Tesi doctoral s’ha col-laborat en la realitzacid

d’altres treballs experimentals que han donat lloc a les seglients publicacions:

Article Annéx 1
Coenzyme Q10 deficiency associated with a mitochondrial DNA depletion

syndrome: a case report.

Montero R, Sanchez-Alcazar JA, Briones P, Navarro-Sastre A, Gallardo E, Bornstein B,
Herrero-Martin D, Rivera H, Martin MA, Marti R, Garcia-Cazorla A, Montoya J, Navas
P, Artuch R.

Revista: Clinical Biochemistry. 2009 May; 42(7-8):742-5. Factor d’'impacte: 2,076

Aquest treball descriu I'estudi d’'un pacient amb sospita de patir el sindrome de
depleciéo de mtDNA. Els analisis de laboratori van confirmar la preséncia de deplecié
(22% mtDNA residual) en muscular, juntament amb una deficiéncia de coenzim Q10.

L'estudi mutacional no va mostrar cap mutacié en els gens relacionats amb la
deplecié del mtDNA pero el suplement amb CoQ10 va resultar en una millora del
cultiu de fibroblasts. Aquesta deficiencia de CoQ10 probablement sigui deguda a
algun efecte secundari de la deplecié i el seu estudi en futurs pacients sembla

adequat.
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Introdwctinn

Misochondrial DNA depletion syndromes are a relatively
comman cause of milochondrinl diseases in infancy that bring
abaud dysfimeton of the mitnchonidnal oxidaiive phosphoryla-
tion sysiem. These disorders are of auiosomal recessive
imhemiiance and oll of their causative muintions are located m

* Cisrpsaling suthor. Fiey ol Clinsal Rischemiury, Hispital Sa
h*mm&-:—#m'mrmmh
Fami + 14 9} 288 331,

-l pebirecy rarfuchin hajdhen g (B, Arisch)

Coenryime [y deficncy, Padiatric p

i hondial ¥ ch

miclear penes. These genes mre imvolved in miDNA main-
tenance, and in [, an important reduction of the milMNA copy
mumbser i the molecular hases of these syndromes [1]. Several
climical pichares have been roported, ranging from ihose
preseniing a fsial meonsinl clindcal peeseniaibon o milder
[2]. Muintions in DMGLOK, POLG, TE2, MPFIT,
SUCLAL, SUCLGY, RRMOE and PECN (Twinkle) genes are
responsible for miliMA depletion symdromes. However, there
remain mElEN A depletion cases of unknevwn arigin [2].
Primary Col)y, defbcioncy syndromes are an expanding
clindeal group of mitochomdrial disorders that kave reoently been
associged wilh mutstions. in severl genes involved in Colly,
metabaolism [3-5] Col}y, acts s a mobile electron camer of the

DO IS - e feonl mstier © 2008 The Casadien Socwty of Clineal Chests. Peblisbed by Elsevae e All rights reserend.
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mitochomirial respirsiony chain (MRCh and it |5 essentisl for
ATF hiosynilesis, Col), defickency cawses impaimment in MRC
enzyme activities, (mamly NADH: cviechmme ¢ oxidoreduoc-
tase {complex 14Co0t I} amd succinate: cytochrome ¢
oxbdoreductase {complex  [HCol)p #1001 A present, Five
main phenotypes. have boen associabed with primary Cod);
deficiency: encephalomyopatby with myoglobiniena, & severe
mulitsystemic discase, Leigh symibrome, cerebellar ataxia and
isplated myopathic form [6].

In this paper we report a neonatal caese presentimy an mildNA
depletion syndmme assaciated with Col) g, deficiency.

Case repart

We report on & ene<day-old girl, the thand child of healthy
fimit degree consanguincous parents from Momocco, Two
previous pregmanches were charsdlerived by pre-celampsya
ending in feeal death. Duaring ihe cumeni pregnancy maternal
hyperension and edema were present. The chikd was bom
prematurely (13 weeksh, bink weight was 1950 g and head
circumference 32 om. Genemlized hydrops, escleredema-like
lesions, petecchine, cquimsosis, poar activity, hypolonia, joind
contractures amd resplratory fhilure leading to mechanical
vemiilation were presend. Impabned clotibng factars (peothrom-
bine mie 25%) snd hyperlsciacidsemin (9.7 mmolT) wene
detecied, Plasma aming acids showed high alanine values
(722 pmodl: reference values: 155-450), omdd organic scids
disclosed high exeretion of lsctale. Plasma ammonia, senam
ransfermin  soclectrofocusing pattem, blood acylcambines,
uring amino scids (o ubulopathy) and other Bischemical
tesis fir sereening of mbom ermors of metnbaolism were posmal.
Cranial, shdominal and cantise ulimsound and X-my skeletal
studies were normal as well, The patient needed consant
mechanical venlilation and remained severely hypotonke with
decreased tendon relleses and no sponiancous movements. Duoe
1o the refractony climical and biockemical status of the child and
the persisient hyperbacincidaemin in spite of sympiomatic
treatmeent (hacarhonate, thismine, nhoflavin, biotine, camitine],
the effect of anificial ventilation was limited and the child died
at 10 days of life, Following the diagnostic protocol of
mitochomdrial disorders, muscle, skin and liver biopsies wene
collecied.

Respimiory chain enzymalogy performed on whole muscle
homogenate revealed a decresse in citmie synthase and complex
I+ 10 activities of the mitochondrial respiratory chain, while
complex 1+ U1 activity was in the lower limit of ihe meforence
range and the activines of sther mdtachondrial respiraiory chain
complexes were pormal (Table 1) These resubis led =5 o

measure Cold, content, which was redeeced in musele
{46 nmaljgram of protein: reference values: 1104800 and
culiured skin fibeoblasis (19 nmel’gram of prosein; reference
values: 107-145) Owing o the neonsial fatal clinical
presentatson, milA depletion was imvestigated by quantita-
tive real-time-PCR, revealing THY% depletion in muscle.
Mutational study af DGUOR, POLG, TR MPVIT, SUCLAZ,
SUCLOT, REMIR and PEQT {Tvimkle) penes by sequencing of
all exons and mtron boumdenies filed 1o reveal amy pathogenic
mudnlson,

To sudy the effect af the Col)y, deficiency detecied,
fibroblasts were cultured in the presence or absence of Col); .
Fibroblasis from healthy volunicers and patien were cubined
m D=-MEM medin (4500 mg/'L. glucose, 1.-ghutumine, pynavaie;
Invitogen) supplemented with 20% foctal bovime seum
(FBS, Linus) and antibiotics (Sigma Chemical Co., 51 Louis,
MO, USA)L Cells were incubated st 37°C inoa 5% COy
amosphere. One hundred theusands fibroblasis per well were
culiured in ihe absemce or presence of Coyg (10 pmel) for
I week. Afier discharging supematant and desd celbs, cell
counting was performed frome [0 high power fichls using an
imverted microscope and o 40 ehjective. A clear improve-
meid i fibroblasy growih was observed i the presence of
Col)lys (Fig. | The patients fibroblasts growth was four
times greaier ihan conirod fibroblasi, which inereased abous
4ife. Complex I+ I activity incressed up o 41% afler
fibroblasi mevhation wilh dumgumone compared with base-
Iine comditions, while in contral fibroblast incubated with
duroquinone, the Complex 11+ 11 sativity increase was less
than 3% |2].

Hscussion

To onir knowledge, this is 1he first time that mIDNA depletion
sytidrume has been associnied with Col),, deficsency. We could
mot detet mutations in the muchear genes that have been
associaied with miDM A depletson syndromes. Mevenheless, the
clinical picture and the percentage of depletion support the
dingnosis of this disorder, and other unknown nuclear genes
related with miDNA maintenance might be involved in this
cise

Ome explanation for the ohserved associaiion between Col)
deficiency and malNA depletion in tke patient is that miDINA
depletions oy lead o secondary Col) gy deficsency, In fact,
secandary Col)yg deficiencies have been aswociated with several
genetic conbitions, such as Keams-Sayre syndrome [7],
aprataxin defictency [B] amd mummions in the cleciron-
mansierring-flavoprotein delydrogenase penes [9].

Tabide 1
Biachermial resiihs of miochondral repeaiey dan s ities Sl Col)ys cOROEEINGS. iR Pl b o d Wi Pl vallis (e d wa rmnge i
Caddy Tl L& 1) O+l Tk 1 ©n {4 111 (& LY
inmolg peoten)  (amel U5 unm)  (emod min my proweiel  (mUUCS enis) (olCS i) (mUCS umis) (m00S enin)  (mLCS ening
Putiern values ddy L& L] T ] ] nT L 1L
Refeicice vahics 110430 1T-E5 Tl -2 107560 T5- 149 R B0 | Tl S0 1
» U5 citrats nynihas
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I-;1||I:||._I|‘| -|||:||'~.|I1k‘|,‘| the presenge ¢ ¥ Col) b [ g v i deloo
im Col}, values 1ogether with an impaimment of MRC Col),o-
depe me activibiesk These resulis were confinmed m
fihroblastz, where Colyg valees were extremely low, The
f fiheohiast growth and of comples 11+ I activity
affer Cod})o supplememanion in the cullure mednmm (Fig. 1)
lemils: skppod 1o the h”klllu_'xi-\. that Col) s
t on fibroblast metzbalism, =5 has been
the metsholism of 1 Ty
Lo}y, deficrency | 10]. Al present, the fiml palsents presenting
s (0 some of the genes conlrolling Col)) e bebsynilbois
Althouigh the chinical pbenotype of
L ;ll._'l.:.ll,.".h. ||,'|\||1|.'|_‘| as .|~.l..|h._|.|l.._\..|
with maiations i Col) ..;.:.'I'u."-_'\l'\.|u|.'l1|.'|rl::|1fl:h|.'~':':,:["m.'\. BT
ndvisable in order o rule 0w a primary Col)y; deficiency, It s
moteworthy that primary Col],; deficiency { mutations in C002

L1

deficiency bas a

leotides

are being reponod [4.5,
oUrcase is pod san far

gene) has been ssaociated with m

ichic dedects im niscleotide o walasmm lsave

Sy hscsas | | e
.|||'|.,||.5. been associaied wilth maDNA de pletion, such &=
GOLIG and TK2 deficiencies [ | 1]

Alibo XN A
symdromes have improved in the bst decade, no effective

avadlahlde for pa s with such severe phenobype

[} .
depleti

gh thempeutical approaches o ]

ursd swch carly presentation. Nonetheless, patients with primary
Col)yg defbciency usually respond very well to Col))y supple-
me Linformunsichy, Col}y, the wis nid pesrved in
o, simce the detection of the Col)y, deficiency was carmed o
ofler the patseni’s death.

In conchision, mLINA depletion syndrome was associatod m

our patsent with Col)ye deficsency, probably as a secondary
wod 1o the |:.|I|||||I|1:.-

OS] LT, which I'|||J_'|I'! have oomir

sl

of the disense. The invesiignison of |.|l|;||.. saies m

patienis with on mIDMNA depletion symdrome therefore seems
ndvisable
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Article Annex 2

Protein expression profiles in patients carrying NFU1 mutations. Contribution
to the pathophysiology of the disease.

Ferrer-Cortés X, Font A, Bujan N, Navarro-Sastre A, Matalonga L, Arranz JA, Riudor E,
Del Toro M, Garcia-Cazorla A, Campistol J, Briones P, Ribes A, Tort F.

Enviat per publicar a la revista Journal of Molecular Genetics and Metabolism.

Els defectes de cofactors del metabolisme energétic mitocondrial sén un grup de
malalties amb un ampli espectre de simptomes clinics, perfils metabolics molt
concrets i defectes enzimatics variables. Mutacions en NFU1 van ser indentificades
recentment en pacients amb encefalopatia fatal, mostrant un fenotip bioquimic
coherent amb els defectes dels complexes de CRM depenents d’acid lipoic. Aquest
descobriment va permetre coneixer la funcié de NFU1 com a proteina Fe-S necessaria
per I'activitat de la lipoic acid sintasa i per les activitats de la CRM. Per entendre els
mecanismes fisiopatologics de la malaltia, s’han caracteritzat els perfils d’expressio
proteica dels pacients portadors de mutaions en NFU1. Els fibroblasts dels pacients
portadors de la mutacié p.Gly208Cys van mostrar una total abséncia d’acid lipoic unit
a proteines, amb una disminucié de les subunitats SDHA i SDHB del complex Il. En
canvi, les altres subunitat de la CRM van ser normals. La lipoilacié també es va trobar
diminuida en fetge i muscul, perd no en altres teixits disponibles (cervell, ronyé,
pulmo) de pacients NFU1. Tot i que I'expressid de les subunitats no esta alterada en
teixits, el BN-PAGE va mostrar un defecte d’acoblament del complex Il en muscul,
consistent amb la deficiencia enzimatica d’aquest mateix complex. Aquest estudi
ofereix nova informacidé sobre les bases moleculars de la malaltia NFU1, aixi com
també en la regulacid de la proteina NFU1 en teixits humans. Demostrem que

I'expressié de la proteina NFU1 és ubiqia i corroborem que els defectes en la
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biosintesis de la lipoilacid i la deficiencia del complexe Il sén les caracteristiques més
rellevants de la malaltia, particularment en els pacients portadors de la mutacié
p.Gly208Cys. Segons les nostres observacions, recomanem [I'analisi d’aquests
marcadors proteics en fibroblasts com el primer pas a I’hora de diagnosticar aquests

pacients.
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SUMMARY
Cofactor disorders of mitochondrial energy metabolism are a heterogeneous group of

discases with a wide varety of clinical symptoms, particular metabolic profiles and
varmable enrymatic defects, Mutations in NFUT were recently idemtified in patients with
fatal encephalopaihy displaving a biochemical phenotype consistent with defecis i
lipese acul-dependent enzymatic activitics and respiratory cham complexes. This
discovery highlighted the mobkecular function of NFUL as an ron-sulfur] Fe-S) cluster
protem necessary for lipoic acid biosynihesis and respiratory chain complexes activities.
Te understand the pathophysiclogical mechanisms underlying this disease we have
charscterized the protemn expression profiles of patients carrving NFLUT mtations,
Fibroblasis from patients with the poGly208Cyvs muation showed compleie absence of
protein-bound lipoic acid and decreased SDHA and SDHB subunits of complex 11 In
contrast, subunits of sher respiratory chain complexes were nommal. Protein lipoylation
wias aleo decreased in muscle and liver but pot in other 1isues available (brain, kidney,
lung) from NFUI patients. Although levels of the respiratory chain subunits were
unaltered in tissues, BN-PAGE showed an assembly defect for complex 11 m muscle,
consistent with the low enzymatic activity of this complex. This study provides new
insights into the molecular bases of MFUI disease as well as into the regulation of
NFUI protein in human tssues. We demonsimate a ubiquitous expression of NFLUI
protem and further suggest that defects in lipoke acid biosymhesis and complex 11 ang
the main molecular signature of this discase, paricularly in patients carrying the
p-Gly208Cys muiation. Based on eur observations we strongly recommend the analysis
of these proten markers i fibroblasts as the first approach 1o properly disgnose this
discase,

Take-home message: The defects in lippic scid hiosynthesis and respirntory chain complex 11

are the mam molecular signatures of patients carrying NFUD missense mutations.
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INTRODUCTION

Cofactor disorders of milochondrial energy metabolism consifiuie a helerogencous
group of discases with a wide variety of clinical sympioms associated with particular
metabelic profiles and varinble enzymatic defects of the energy metabalism. Although
most of the genes involved in mitochondrial cofacior biosynihesis siill remain 10 be
chcidated, an increassing number of genes have recemly been identified (Ylikallio and
Suomalainen 2002, Navarro-Sastre et al 2001, Cameron et al 20011, Haack et al 2012,
Mayr et al 2002, Mayr ct al 2001, Quinzii and Hirano 200 1). The understanding of the

pathophysielogical and molecular bases of these diseases will help to develop potential

therapeutic Airategies,

I 20010 we identified mutations in NFUT (MIM 605100} i ten patients with fital
infaniile encephalopathy and'or pulmonary hyperiensson displaying a biochemical
phenctype consistent with o defect in lipoic acid biosymthesis (Navarmo-Sastre et al
2001}, Lipoic scd is an essential cofactor which is covalently bound to the E2 subunis
of the pyruvate dehydrogenase (PDH), a-ketogluarate dehydrogenase (a -KGDOH),
branched-chain a -keto acid dehydrogenase (BCKD) complexes and to the H subunit of
the glycme cleavage system (GOS) (Hilunen JK et al 20000, Chnically, patsents
presented  with  acuwe  neurological  deterioration  secondary  w vacuolating
leukoencephalophaty, pulmonary hyvperiension and metabolic acidosis. The biochemical
phenstype mehuded hyperglycinemin, lactic acidemia, and high wrinary excretion of 2-
ketoghataric, 2-kewoadipic and 2-hydroxyadipic acids, among others. These patients also
had bow PDH sctivity and bow or undetectable GCS activity, low rates of substraie
oxidation and deficiency of the mitochondrial respratory chaim complex 11 {Navarmro-
Sastre et al 20011).

MFUI is a conserved protein involved in the pathway of iron sulfur (Fe-5) choster

biogenesis. Fe-$ clusters are essential protem cofactors that participate i a wide variely
4
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of enzymalic reactions, including clectron transfer in the milochomdrial respiraiory
complexes [ to 11l and sulfur donors in the synthesis of lipoic acid catalyzed by the
mitochomtrial enzyme lipoic acid synthase (LAS) (Johnson ¢t al 2005, Beinent 2000,
Booker 51 ¢t al 2007, Lill et al 2012),

The discovery of human mutations in MFUT allewed a better understanding of the
mokecular function of this protein and its relationship 1o lipoic ackl-dependent pathways
(Mavarro-Sastre et al 2001, Cameron ¢t al 2001), Indeed, patiers carrying NFLY
mutations showed a strong reduction of protein-bound lipoke acid, sugpesting that
NFUT maght be involved m lipoic acid bosynthesis probably delivering Fe-5 to LAS in
the mitochondria. In addiion, NFUI patiems showed heterogencous panerns of
mitechomdrial respiratory chain alicrations incleding isolated complex 11 deficiency
(Mavarro-Sastre ¢ al 2011) or combined deficiencies of complexes 1 11 and [11
(Cameron et al 2001). However, the physiopathology of the disease caused by NFUY
mutations siill remains to be completely undersiood.

The nim of this study was to characterize the expression pattern of o subset of proteins
dependent on Fe-5 clusters in g series of NFUL patients to further delineate the

maobecular bases of the discase and 1o provide efficient tools for the diagnosis.

181



Apéndix

Dl =i S L e Lo B

MATERIAL AND METHODS
Patienis

The seven paticnts involved i this study have previously been deseribed and
characterized clinically and bachemically (Navamo-Sastre et al 2001} These patients
presented with neurslogical deterioration and pulmonary hypertension or failure 10
thrive with pulmonary hypericnsion and metabolic acudotic episodes. Symptoms started
at 1-9 months of age and all them died before the age of 15 months. Their bochemical
phenotype was characterized by metabolic acidosis with variable lactic acidemia,
hyperglycinemia and high uwrinary excretion of 2-ketoghiare, 2-ketoadipie and 2-
hydroxymdipic acuds, among others. They all had low PDH and GOS actraties and low
rates of "C substrate (pyruvate, glutamate and leucine) oxidation. The mitochondrial
respiratory chain complexcs analysis i frozen muscle showed slightly reduced complex

[0 activity.

All patients were homozygous for a missense mutation except patiend 1 {P1) that was
compound heterorygous. The genotovpe and the available tisues for exch patient are

shown in Tabde 1.

Protein expression analysls and Blue Native gel electrophoresis

Fibroblasiz and tissues obtained from patients and confrel  individuals  were
homogenised in SETH buifer (10 mM Tris-HCl pH 7.4, 0.25 M sucrose, 2 mM EDTA,
Sx10" U/ hepasing, Cheared lysates were subjected to SDS-PAGE, electrobloited and
proteins were visualized by immunostaining with specific antibodies followed by
colorimetric detection (Opti-40N™ Substrate Kit Bio-Rad, U.5), IMAGE) software

was used for densiometry analyvsis of protein expression levels {Abramodl et al 2004).

[
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Anti-NFUL antibody was obtained by immunizing rabbits with purified MFUIL protein
(Movarro-Sastre ef al 2001). Antibodies against SDHA, SDHB, NDUFAS, ATPSA and
UQCRC2 were from Invitrogen {Paizley, UK), Protein conjugated-hpok acid antibody
{Calbiochem, Darmstadt, Germany), GAPDH (Sama Cruz Biotechnology, Heidelberg,
Germany), PDHe (kindly donated by Dr. W. Ruitenbeck, the MNetherlands) and
UQCRFS1 (Abcam, Cambradge, UK) were alse used m this study, The mitochondrial
respiratory chain complexes assembly was analyeed by Blue-MNative Polyacrylamide

Gl Electrophoresis (BM-PAGE) as described (Wittig 1 et al 20046,
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RESULTS

Protein expression profiles in fibroblasts from NFUL patienis

‘We have analyzed WFUIL, protcin-bound lipoke acid and several subunits of the
respiratory chain complexes by western blot in two homozygous (P2 and P3) and one
compound helerozygous patiem (P1) (Table 1), Resulis showed absence of lipoic acid
bound to E2 subunits of PDH and KGDH complexes in the three patients studied (Fig.
1) SDHA and SDHB subunits of complex 11, the ktter comaiming Fe-5 clusters, wena
both sirongly reduced in all our NFUL patiems. In conirast, subunits from complex |
(NDUFAS) and complex 11 {UQCRC2 and the Fe-5 cluster protein UQCRFS1) showed
similar levels to those of controls, The alpha subunit of complex V (ATPSA) wos used
as non Fe-5 control and showed no changes in protein expression in any of the samples
analyzed. MFUT protein levels were similar in all patienis and did not differ from
comtrols (Fig. 1), Mevertheless, Pl was compound heterozypous for the common
missense mutation and an additional mucleotide substitution that generates a transcript
with a premature termination codon (PTC), which is most likely degraded by the non-
sense medisted mBMNA decay mechanism {Movarro-Sastre et al 2001). Therefore, the
expression of NFUT was expected 1o be reduced in this patient, but this was not evidemn
by wesiern blot analysis (Fig. 1) To know if the MFU1 protein was decreased in Pl we
performed a quantitative western blot using anti-MFU1 antibody (Fig.2). The intensity
of the bands was analyzed with the IMAGE) densitometry software and nomalized 10
GAPDH and UQCRC2 signals, which were used as loading comrols. for global and
mitechomdrial protein expression, respectively. Our resulis showed that NFUI in P is

in fact reduced up to 40% of the kevels found m contrels (Fig.2),
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Lipoylated profeins and NFLUT expression profiles in human control tissues

To investigate the regulation and the physiological behavior of NFUTD we have studied
protein lipovlation and NFUIL expression in a senes of human control tissues (brain,
muscle, heart, kidney, hing, spleen and liver), UQURCD and citrate symhase activily
were used as markers of the miochomndrial coniemt (Fig.3) Using the IMAGE] sofiware
we quantified the levels of NFUI, protein-bound lipoic acwd and UQCRCZ in human
tissues (Fig.3, bower pancl). As o general rule, the resubts showed a positive association
between MFUD and lipoylated protcin levels, being both increased i tissues with high
mitechomdrial content, a5 demonstrated by LOURC? expression and citrate synthase
activity, Heart and brain tissue had the highest levels of NFUT and protein-bound lipoic
acid together with ihe highesi levels of UQCRC2 expression amd ciirate synihase
activity, Kidney, spleen, muscle and liver showed intermediate levels of these proteins
whereas lung showed the lowest levels, consistent with very low mitochondrial coment

{Fig.3).

Lipovlated proteins and respiratory chain expression profiles in tissues from NFU1

To investigate the pathophysiology and the molecular background of NFU T diseaxse we
studied a series of available tissues frorm MFUL patiems and bealihy individuals
including brain, kidney, liver, lung (Fig.4A) and muscle {Fig.4B). The levels of protein-
bound lipoie acid and of several subumits of the respratory chain complexes were
amalyzed by western blot, Our resulis showed no apparent defects in patienis’ brain,
kidney or lung for lipoylated preicins and respiratory chain subuniis, mcluding those
comaming Fe-5 clusters (Fig 4A), However, liver (Fig.4A) and nuscle (Fig 48) showed
a strong reduction of protein-bound lipoie acid but not of the respiratory chain subunits,

9
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Because the eneymatic activities of complexes containing Fe-5 clusiers, particularly
complex Il were bow in these patients (Maovarmo-Sastre et al 2001}, we mvestigated
whether the respiratory cham complexes were comectly assembled by BN-PAGE m
muscle tissue from the only patient where enough material was  available.
Immunestaming using antibodies against subunits of complexes 1, 11 and [ showed a
stromg reduction of sssembled complex 11 but normal amoums of assembled complexes

1 and 111 {Fig.4C).

Age-related NFUL protein expression

Te smdy the age-related regulation of NFUI wie have analyzed comrol tissues from the
first week of life until the sdulthood. Western blot analvsis of muscle homogenates
showed high levels of NFUI protein until 3 months after binh and decreasing amounts

abong the first years of lifie until the adub age (Fig. 5).
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IMSCUSSION

The aim of this siudy was to provide a betier understanding of the molecular and
pathophysiological mechanisms invoelved in the fatal infandile encephalopathy caused by
NFUT mwmations, As previously reported, these patients presemted with early onsst
neurological deterioration and a biochemical phenotype compatible with defects in
Tipose acid dependent enzymatic activities. NFLT gene encodes for a conserved proteim
suggested o participate in Fe-5 cluster biogenesis (Nwvarro-Sastre etl 2001, Cameron et
al 2011). However, the exact role of NFUI has not boen completely understood uniil
MFUL disease-causing mutations have been discovered to be pssocufed with that
particular phenotype (Novarro-Sastre et al 2001, Cameron et al 2001), These findings
and the subsequent functional analyses poimied io the rolz of MFUI as a laic acting
factor involved in Fe-3 cluster delivery and maturation of & subset of mitochondrial
protems, including several subunitz of the respirstory chain complexes amd LAS

{Mavarro-Sastre et al 200 1, Carmeron et al 2001, Lill eval 2002, Rowaul 2012).

Until mow only two studies ideniified patienis with mutations in this gene (MNavarro-
Sastre et al 2001, Cameron et al 2001} One of these studies was performed by our
group and reported on nine patients carrving a homoevgous NFUT missense mutalion
(e 6220GT, pGlv20RC v and one addiional paticat who was compound heterorygous
for this and an additional splice site mutation (c.545+30G>A) that generates an unstable
transcript with a premature termination codon (Navarmo-Sastre et al 20011), A parallel
study by ancther group (Cameron et al 2001) sentified a homozygous NFUT null
mutation (c.5450G=A) generating an aberrant splicing in three siblings. Fhenotypically
the disease was similar to that of our patiens, but with a more severe presentation in the
neonatal period, that led 1o death before | momh of life (Sevda et al 2001, Cameron &

al 2011},
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To beter understand the molecular bases of this discase we have analyzed the levels
lipovlated E2 subumits of PDH and KGHD complexes in fibroblasts and tissues from
homozygous and compound heterosygous patients with NFUT mutations, Because
resprratory chain complexes 1, 11 and [1I have components that contain Fe-5, we have
alo studied the levels of several subuniis from these muliicnzymatic complexes
including the ron-sulfur proteins SDHB and UQCRFS] from complex 11 and 111,

respectively.

Im agreement o previous observations in fibroblasts carrying MNFUT mull munations
{Cameron et al 2001}, our resulis showed almost complete absence of lipeic acid bound
1 EX subunits of PDH and KGDH complexes (Fig. 1), However, when analysing the
respiratory chain subunits, both resubs differ because our paticnis with missense
mutafions (showmg normal levels of NFUL) have decreased amounts of both subuniis
(SOHA and SDHEB) of complex 11 {Fig, 1), while patients with mull mutations (showing
absence of NFUL) had decreased levels not only of the subunits of complex 11 but alsos
of NDUFAY {(complex 1) and UQCRFS1 (complex 1} (Cameron ct al 2000 This
suggests o possible role of NFUI both in the delivery of Fe-5 clusters amd also in the
stability of some complexcs of the respiratory chain. These observations fit well wiih
the BM-PAGE results i muscle of one of our patients carmymmg NFLUT missense
mutations {Fig. 4C) that showed defective sssembly of complex 11, but not of complexes

[ aned 111,

Because missense amd null MFUL mutanms had shown different behavior in terms of
molecular phenotype, we analyeed precisely NFUI protein levels by western blot in
patiend Pl camrying the common missense mutation and a splice site mutation tha
generaies a transeript with a PTC which is not expressed (Navarro-Sastre et al 2001).
Our results showed that NFUL 5 expressed over 60 % of the levels found in conirols.

Moreover, the expression profile of respiratory chain proteins detected was exactly the
2
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same 2% in patienis homozygous for the common mutation, suggesting that the levels of
MFUL in the compound heterozygous patient may be enough to overcome the loss of

expression of the allele with the premature termination codon (Frz. 2).

Toe our knowledge NFUI protein expression has pot been accurately determined m
humans and iis regulaiion remaing o be elucidated. Only two studies documened the
expression profile of NFUI mRNA by northern blot in human and mouse tssues
{Ganesh et al 2003, Lorain et al, 2000 ), To further understand the regulstion of NFU i
human tssues as well as the requirement of WFUL for protein lipoyvlation in
physeelogical conditions we analyzed the expression levels of NFUI and protein bound
lipoie neid in a series of human control tissues (Fig.3), Our results showed that the
cxpression of MFUL and of lipoylaied proicins correlaied with ihe levels of the
UCRC2 and citrate synthase activity (Fig. 3 These resulis complement previous
observations made in human and mouse tesues by providing further evidence of the
ubiguitous expression of NFUTL and they showed that the differences in several tissues
are mainly due to the particular mitochondrial content of each tisswe rather than a tissue-

specific regulation of NFLU expression.

With the aim to further extending the knowladge of the mitochondral dysfunction
cansed by NFL disruption we performed similar studses in a series of available tissues
from paticnis. Resulis showed that hpoviated E2 subuniis of PDH and KGDH
complexes were clearly reduced in patients’ liver (Fig4A) and muscle (Fig. 4By but
were unchanged in brain, kidney and lung. This suggests that prodeins other than NFLU
may be involved in Fe-5 cluster delivery to LAS in these tissues where they compensate
for the NFU1 deficiency in o tissue-specific manner (Fig. 4A-B). To this effect, it has
recently been reported that odher proteing involved in Fe-S cluster biogenesis such as
NDUFARI, IBAST, ISCA] and ISCAZ arc necessary for lipoic acid biesynthesis since

cell lines depleted of these proteins showed a strong reduction of protein-bound lipoic
13
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acid (Muhlenhofl et al 2001, Gelling et al 2008, Song ¢t al 2009, Sheftel et al 2012,
Feng et al 200%). In contrast to fibroblasts none of the subunits of the mitochondrial
resprratory chain, including SDHA and SDHB subunits, were altered in the pathological
tissues analyeed (Fig. 4A-B). However, the respiratory chain activitics in frozen muscle
from two of these patients had consistenily reduced complex 11 activity (Mavarmo-Sasire
et al 2000y and  BMN-PAGE performed in muscle from one of them demonstrated
decreased amounts of fully assembled complex 11, but normal complex | and 111 (Fig.
AC). These observations, together with the fact that the NFUY po.Ghy208Cy= mutation
impairs the transfer of Fe-3 cluster to target apeprotems, support the proposed role of
MFUL in the delivery of Fe-3 cluster 1o SDHB subunit of complex 11 {Mavarro-Sastre et

al 2011}

Amnother isswe not vet clarified 15 why patients carryving missense mutatsons i NFU ane
able 10 bypass the requirement for full NFUT function during the first months of ife, as
they don't show any symptoms until ai lkeast | month of age (Mavarro-Sastre ot al 200 1),
while patienis camrying MFLUT null mutations presented sympioms during the first days
of live and died before one month after birth (Seyda e al 2000, Cameron et al 2011}, To
address this question we studied age-relsted NFUL expression in muscle tissee from
control mdividuals. Interestingly, NFUI protein levels seem to be higher in the first's
months of life suggesting that NFU1 protein functions maght be specially required
during the carly neonatal period (Fig. 5) These observations @ well with a previous
study that showed higher NFU1 mBMA levels in fietal tissues in comparison to their
comrespending adult counterpants (Lorsin ¢t al 2000% Our results provide a possible
explamation why NMFUT mull mutant patients developed symptoms immediately afler
binh while patiemis with less severe NFUT missense mutations presented later in

infancy {Navarmo-Sastre et al 200 1)
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I summary, this study provides new insighis inio the molecular bases of MFUI diszase
as well into the regulation of NFUL protein in haman tissues, Our resubis demonstrated
a ubkjuitous expressian of human NFUT protein and further suggest that defects in
lipoie acid biosymihesis and complex Il are the main molecular signatures of this
discase, particularly in patients carryving the poGlyZ08Cys matation. Finally, our
abservations strongly recommend the analysis of these protein markers i fibroblasts as

the first mobecular approach to adequately diagnose this disease.
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FIGURE LEGENDS

Fig. 1 Prodein expression analysis in fibroblasts from patienis carrying NFU mutations.
Expression of E2-PDH and E2-KGDH-bound lipoic acid (LA) and respiratory chain
subunits in NFUT matam and control fibroblasts, NDUFAY (complex 1), SDHA and
SDHB (complex 1, UQCRCE and UQCRFS1 (complex 1) and ATPSA (complex V).
GAPDH was used o5 a Joading comtrol. Asterisks indicate subunits containing Fe-5
chusters, C1-C2, control individuals; P, patients. P1 is compound heterozygous for the
ch22C=T and the ¢345+3G=A muiations. P2 and P3 are homozygous for the

c.6220C>T substitution.

Fig, 2 NFUI protein expression levels oo compound heterozygous patient. GAPDH
amd UQCRC2 were used as loading controls. Protein expression levels were quantified
using the densicometry program IMAGE) Pl i compound heterozygous for the

c.B6220>T and the ¢.545450>A mutatrons; BL, relative unats.

Fig. 3 NFUI protein 15 ubkquitously expressed and 15 associated with mitochondrial
contert in hurman tisspes, NFUIL, E2-PDH and E2-KGHD-bound lipoic acid (LAY and
the mitochondrial marker UCRC? were analyzed by western bbot in prodein exiracts
from comnol tissues. Protein levels were estimated using the densitometry software
IMAGEL All values were normalized against GAPDH. C8, cirate synthase activily

{nmol'min x mg proi); RU, relative uniis.

Fig. 4 Profein expression analysis in tissues of pateents carmying NFUT mutations and
control imndividuals, (ah Expression of lipoic acid (LAY bound 1o PDH and KGDH E2
18
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subuniis and respiraiory chain complexes subuniis in NFU1 patienis and coninol tissues
from brain, liver, kidney, lung and (b) muscle. NDUFAS {complex 1), SDHA and
SDHE (complex 1), UQURC2 and UQCEFS (complex [11) and ATP3A (complex V),
GAPDH was used as a loading comrol. (e) AN-PAGE analysis in muscle tissue from a
MNFUI patient. Anti-NDUFA9, SDHA and UQCRCT antibodics were wsed. Asterisks
indicate subunits contnmg Fe-S clusters, C, control mdividuals: P, pateents, P1 s
compound heteroeygous for the c.6220-T and the ¢ 345+50>A mutations, P3-P7 are

homozygous for the c.622C=T NFUT mutation.

Fig. 5 Age-related MFUL protein expression in muscle tissue, GAPDH was used as o
loading control, Protein expression levels were quantified uzing the densitometry

program IMAGE]. d, days; m, months: y, years.
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Click hane io download Table: Tablal doe

Tahle 1. Biological samples used in this stwdy

Patient Genalype Effect on proiein Available thsues
Pl e BZICSTI ¢ 545+ 504, PO ECYTTC” Fibeoblast, lung
P2 CEI2CT) e6220=T PGy 20ECys Fibwoblast
P HI2CETY e R2205T P20y F'""""':;;:'L’“""'
P4 CA22CT/ e.622C=T PGy H08Cys Liver
rs ¢ B220>T/ e 6220>T plily 080 ys Muscle
Pis e GX2CT/ e b22C>T PGy 2Ry Muscle
P7 e BR05T! e 6220>T PGy 20ECys Sluscle

" The c.5454+5(>A muintion generates a transcript with 0 premature termination codan (FTC)
which is likely degraded by non-sense medisied mENA decay (Mavarmo-Sasire et al 2001 L
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