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Introduccion

1. Ganglios basales

Los ganglios basales son estructuras cerebrales subcorticales implicadas en el control
motor y el aprendizaje. Los componentes del ndcleo de los ganglios basales son el globo
palido y el neoestriado, formado por el caudado y el putamen® (Figura 1). El nicleo

lentiforme esta formado por el putamen y el globo pélido y se situa lateralmente y en profundidad

en los hemisferios, dentro de la sustancia blanca central.

A.
Corpus callosum
\ |

Organization of
basal nuclei (ganglia)

Caudate Putamen Globus
nucleus pallidus

B Raee

Lentiform
Striatum nudleus

I

Corpus
striatum

I

Basal nudei
(ganglia)

Caudate nn.

Cerebellum

N
Lentiform n. \
(putamen & Medulla

globus pallidus)

Figura 1: (A): Orientacion de los ganglios basales F: 16bulo frontal; P: 16bulo parietal; T: 16bulo
temporal; O: I6bulo occipital. (Atlas of Functional Neuroanatomy, 20062).(B): Organizacion de
los ganglios basales (Atlas of Neuroanatomy and Neurophysiology, 2002°).

La organizacién funcional de los ganglios basales esta basada en maltiples bucles que
forma una red compleja, disefiada para seleccionar e inhibir simultaneamente eventos y
sefiales. En estas redes, las areas motoras, asociativas y limbicas estan implicadas
principalmente en el control del movimiento, el comportamiento y las emociones. Sus
funciones principalmente son la seleccion y facilitacion de nuevas actividades y tareas,
aprendizaje para crear nuevas respuestas habituales automaticas por el circuito motor y

capacidad de detener y empezar una nueva actividad en curso®.

Las lesiones de estas estructuras en la edad pediatrica estan asociadas normalmente a un
retraso psicomotor y/o regresion de las habilidades adquiridas, trastornos de movimiento,
trastornos de la conducta y emocionales, y una notable discapacidad. Estas lesiones
pueden observarse en una imagen de resonancia magnética cerebral (RMC) como

hiperintensidad en la secuencia T2, edema citotdxico, cavitacion, depdsitos de elementos
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Introduccion

traza, hipomielinizacion y atrofia*°, y en una tomografia computarizada (TC) como hipo

o0 hiperdensidades, sugestivas de edema y/o calcificaciones.

Las lesiones en ganglios basales que afectan a la infancia pueden ser debidas a causas
adquiridas. En periodo perinatal destaca la hiperbilirubinemia neonatal, la encefalopatia
hipdxico-isquémica y las lesiones vasculares. En época post-natal pueden producirse por

procesos tumorales, vasculares, traumaticos, infecciosos o autoinmunes®.

Asimismo, existe un grupo numeroso y heterogéneo de causas genéticas asociadas a
enfermedades neurometabdlicas y neurodegenerativas que afectan a los ganglios basales
en la infancia. Entre ellas se encuentra el sindrome de Leigh”#®, la neurodegeneracion con
acumulos cerebrales de hierro (NBIA, por sus siglas en inglés)®, el sindrome de Aicardi-
Goutiéres (AGS, por sus siglas en inglés)®, los defectos del transporte y metabolismo de
la tiaminal!, otros errores congénitos del metabolismo intermediario y lisosomal, los
defectos genéticos que causan deposito en ganglios basales de elementos traza como el
cobre o el manganeso*?, las enfermedades que cursan con hipomielinizacion y atrofia®®,

etc.

2. Patologias asociadas con lesiones en los ganglios basales

En el siglo XX, las lesiones en el putamen, globo palido y los nucleos subtalamicos
estaban asociados al Parkinson, distonia y espasticidad*. Hoy en dia, muchas patologias
diferentes estan asociadas a estas lesiones. En esta propuesta de tesis, hemos trabajado
con una clasificacion de lesiones en ganglios basales segun tres patrones radiolégicos: (a)
lesiones necréticas y/o edematosas produciendo hiperintensidad en las secuencias
T2/FLAIR, (b) calcificaciones con aspecto de hiperintensidad en T1 y/o hiperdensidad en
TC, (c) depdsitos de sustancias paramagnéticas produciendo hipointensidad en T2/FLAIR
y en secuencias de susceptibilidad magnética como SWI/GRE; y (d) lesiones no
clasificables en los grupos anteriores. Los genes relacionados con estas patologias estan
clasificados y esquematizados en la Tabla 1. Los genes y fenotipos asociados a estas
patologias estan referenciados con su nimero MIM en la Tabla Al. Los fenotipos clinicos
utilizados estan correlacionados con su coédigo HPO (Human Phenotype Ontology, en

inglés) en la Tabla A2.

24



S¢

Fenotipos Genes

Edema y/o necrosis

AIFM1, BCS1L, BOLA3, BTD, C120RF65, CLPB, COQ9, COX10, COX15, COX8A, DLAT, DLD,
DNM1L, EARS2, ECHS1, ETHE1, FARS2, FBXL4, FOXRED1, GFM1, GFM2, GTPBP3, HIBCH, IARS2,
LIAS, LIPT1, LRPPRC, MFN2, MPV17, MRPS34, MRPS39, MTATP6, MTCO3, MTFMT, MTND1,
MTND2, MTND3, MTND4, MTND5, MTND6, MTTI, MTTK, MTTL2, MTTL1, MTTV, MTTW,
NARS2, NDUFA1, NDUFA10, NDUFA12, NDUFA2, NDUFA4, NDUFA9, NDUFAF2, NDUFAF4,
NDUFAF5, NDUFAF6, NDUFAFS8 (C170RF89), NDUFBS, NDUFS1, NDUFS2, NDUFS3, NDUFS4,
NDUFS6, NDUFS7, NDUFS8, NDUFV1, NDUFV2, NUBPL, NUP62, PDHA1, PDHB, PDHX, PDSS2,
PET100, PNPT1, POLG, POLG2, RANBP2, RNASEH1, RRM2B, SCO2, SDHA, SDHAF1, SDHB,
SERACI, SLC25A4, SLC25A46, SLC39A8, SPG7, SQUOR, SUCLA2, SUCLG1, SURF1, SYNE1, TACO1,
TRMU, TSFM, TTC19, TWNK, UQCRQ

Enfermedades mitocondriales

Defectos del transporte y metabolismo de la tiamina SLC19A2, SLC19A3, SLC25A19, TPK1

Otras: acidemia glutarica tipo |, defecto de la
dehidrogenasa semialdehido succinica, déficit sulfito ~ GCDH, ALDH5A1, SUOX, NUP62, PCCA, PCCB, MMA, MMAA, MMAB, MUTACION, IVD, VWL,
oxidasa, defecto NUP62, acidurias orgdnicas cldsicas, HLD7, SEMDHL, GLB1

leucodistrofias, enfermedades lisosomales...

Calcificaciones

Calcificaciones cerebrales familiares primarias SLC20A2, PDGFRB, PDGFB, XPR1, MYORG, JAM?2

Sindrome de Aicardi-Goutieres TREX1, RNASEH2B, RNASEH2A, RNASEH2C, SAMHD1, ADAR, IFIH1

CTC1, NDP, POLG, MTTL1, MTTQ, MTTH, MTTK, MTTC, MTTS1, MTND1, MTND5, MTNDS,
MTTS2, deleciones en el ADNmt, ISG15, RNF213, SMARCAL1, PTH, CASR, GNA11, GCM_2, GNAS,
STX16, DDB2, ERCC1, ERCC2, ERCC3, ERCC4, ERCC5, ERCC6, ERCC8, GTF2H5, MPLKIP, POLH,
XPA, XPC, MGP, FAM20C, TYROBP, TREM2, FOLR1, SLC46A1, MTHFR, DHFR, MTFD1, OCLN,
COL4A1, COL4A2, DKC1, TERC, TERT, TINF2, NHP2 (NOLA), NOP10 (NOLA3), WRAP53, RTEL1,
JAM3, CA2, PANK2, QDPR, CYP2U1, GALC, C1QB, ISG15, FGF23, TBX1, TBCE, FAM111A, NF1,
NF2, TSC1, TSC2, FLVCR2, GJA1, HEXA, HEXB, ATN1, GFAP, ARSA, ABCD1, AVP, WFS1, AVPR2,
AQP2, SLC12A3, PAH, PSMBS8, PCDH12

Otros: sindrome Coat, déficit POLG, MELAS, Kearns-
Sayre, Moyamoya, hipoparatiroidismo primario,
pseudohipoparatiroidismo, sindrome Cockayne,

sindrome Keutel, sindrome Raine, enfermedad Nasu
Hakola, errores congénitos del metabolismo de

folato, ocludina, defectos colageno IV, disqueratosis
congénita...

Depdsitos de sustancias paramagnéticas

Neurodegeneracion con acumulos cerebrales de PANK2, PLA2G6, C190RF12, FA2H, WDR45, COASY, FTL1, ATP13A2, CP, DCAF17

hierro
Enfermedad de Wilson ATP7B
Hipermanganesemia SLC39A14, SLC30A10
Otras lesiones
Hipomielinacién y atrofia TUBB4A, POLR3A, POLR3B

Tabla 1: Genes asociados a los distintos fenotipos relacionados con alteraciones en los ganglios basales. ADNmt: ADN mitocondrial.
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Introduccion

2.1. Enfermedades que cursan con hiperintensidad en los ganglios basales en la secuencia
T2

Las causas genéticas mas comunes que presentan hiperintensidad bilateral en una
secuencia T2 en los ganglios basales son las enfermedades mitocondriales y los defectos

del transporte y metabolismo de la tiamina.

El fenotipo mas caracteristico que presentan los pacientes con estas patologias es el
sindrome de Leigh. Este sindrome fue descrito en 1951 por Denis Leigh como una
encefalopatia con lesiones necrotizantes subagudas de forma bilateral, simétrica y focal
en los ganglios basales®. Se considera una enfermedad rara ya que su prevalencia es de
1:120000 nacidos para mutaciones mitocondriales y 1:40000 para ADN nuclear.
Actualmente, el sindrome de Leigh ha sido asociado con mas de 110 genes'®?° y 265

mutaciones patoldgicas (HGMD Professional 2019.4, acceso mayo 2020).

En esta introduccion se ha caracterizado el sindrome de Leigh mediante una revision
incluyendo 385 pacientes de una revision anterior?* que engloba cinco estudios?%?22° y
10 pacientes de las publicaciones posteriores a dicha revision®1%26-2° (Figura 2). Entre
estos pacientes, el 42% eran varones, 31% mujeres y el 27% de casos restantes no estaba
especificado el sexo del individuo. En el 77.6% de los pacientes (n=213) el debut de la
enfermedad habia sido anterior a los 2 afios. Un debut en la infancia estd desencadenado
principalmente por cambios metabdlicos en situaciones de mayor estrés (infeccion,
vacunacion o traumatismo), produciendo un fallo energético®?2. Las caracteristicas
clinicas de estos pacientes estan detalladas en la Figura 2A. Radiol6gicamente, aparte de
los ganglios basales, pueden estar afectadas otras estructuras cerebrales (detalladas en la
Figura 2B).
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Figura 2: Descripcion de los sintomas clinicos y caracteristicas radioldgicas de 395 pacientes con
sindrome de Leigh organizados segln su prevalencia, basada en una revisién de la literatura
médica hasta Julio 2020. (A). Se muestran los sintomas clinicos al debut (barras azul claro) y
durante el curso de la enfermedad (barras azul oscuro) indicando el porcentaje de pacientes que
los presentan. (B). Se indican las caracteristicas radioldgicas de estos pacientes. MRS:

espectroscopia de resonancia magnética, siglas en inglés.

La elevacion de lactato en sangre, plasma y/o liquido cefalorraquideo (LCR) se encuentra
en el 62.5% de los pacientes (n=247). Sofou et al?® asocid la elevacion de lactato con un
debut agudo anterior a los 6 meses asociado a una alteracion del bulbo raquideo y un
curso mas severo de la enfermedad. Otra de las caracteristicas bioquimicas comunes en
los pacientes con sindrome de Leigh es el déficit de cadena respiratoria mitocondrial,
presentando una deficiencia aislada del complejo | (121/387, 31%), combinada de
complejos (79/387, 20%), deficiencia del complejo 1V (51/387, 13%) y una deficiencia
del complejo V (23/387, 6%)%. Un 19% de los pacientes (74/387) presentaron una cadena

respiratoria normal.

La aproximacion terapéutica utilizada en estos casos es la suplementacién de cofactores
como tiamina y biotina, compuestos como coenzima Q10, L-carnitina, acido lipoico o
riboflavina y dietas especificas en pacientes con déficit alimenticio o dietas cetogénicas

en pacientes con defectos en la piruvato deshidrogenasa (PDH)3L.
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Las mutaciones en estos pacientes con sindrome de Leigh en genes nucleares son igual
de frecuentes que aquéllas en genes mitocondriales (Figura 3A). Los genes mas comunes

estan representados en la Figura 3B-C.
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Figura 3: Mutaciones en pacientes con sindrome de Leigh. (A). En 281 pacientes, 84 pacientes
(29.9%) portan mutaciones en el ADN nuclear, 83 pacientes (29.5%) portan cambios
mitocondriales y 114 (40.6%) contindan sin diagnostico molecular. (B). De los 84 pacientes con
mutaciones nucleares prevalecen aquellos con cambios en el gen SURF1 (20 pacientes). Aquellos
genes mutados en un solo paciente de la cohorte (1.2%) representados en “otros genes” son:
BOLA3, Cl12orf65, GTPBP3, HIBCH, NDUFA1l, NDUFA2, NDUFS4, NDUFS6, NDUFV1,
NDUFV2, RRM2B, SCO2 y SDHB. (C). En 197 pacientes con sindrome de Leigh y mutaciones
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en el ADN mitocondrial (incluyendo los 83 pacientes anteriores y 114 pacientes de articulos con
estudios unicamente de secuenciacion de ADN mitocondrial) el gen que mas prevalece es el MT-
ATP6 (en 32 pacientes). Aquellos genes mutados en un solo paciente de la cohorte (1%)
representados en “otros genes” son: MT-ND2, MT-RN-R1, MT-TK, MT-TE, MT-tRNA-Ala, MT-
tRNA-Arg, MT-tRNA-GInCOXII, MT-tRNA-Glu y MT-TW.

2.1.1. Enfermedades mitocondriales

Las enfermedades mitocondriales son un grupo de patologias genéticas que afectan
principalmente la fosforilacion oxidativa mitocondrial®2. La clasificacion como
enfermedad mitocondrial sigue cuatro criterios establecidos por Morava en 20063, y
revisados en 2018, La prevalencia de estas enfermedades en pacientes con un debut en
la infancia es de unos 5/10000%, mientras que en adultos es 9.6/100000 para mutaciones
de ADN mitocondrial y 2.8/00000 para causas genéticas nucleares®. Clinica y
radiélogamente, estos nifios presentan un sindrome de Leigh (Figura 2A-B). El debut en
adultos es menos severo e incluye otros sintomas clinicos como la oftalmoplejia, sordera
y diabetes y progresando en una demencia en pacientes que presentas convulsiones y
episodios de apoplejia®’.

El diagnostico de las enfermedades mitocondriales es complicado ya que mutaciones en
los mismos genes pueden dar lugar a fenotipos distintos asi como un gran nimero de
genes que afectan la funcion mitocondrial puede causar un mismo cuadro clinico®, El
67% de los pacientes mitocondriales presentan mutaciones nucleares mientras que
cambios en el ADN mitocondrial estan presentes en el 33% de los casos®. Se han descrito
mutaciones en 36 genes mitocondriales y 295 genes nucleares®°, La genética del ADN
mitocondrial es compleja debido a las multiples copias de ADN mitocondrial que hay en
cada célula. Se considera que un cambio patolégico en el ADN mitocondrial causa un

fenotipo bioquimico cuando se encuentra con una heteroplasmia >70%°’.
2.1.2. Defectos del transporte y metabolismo de la tiamina

La tiamina, o vitamina B1, es una vitamina soluble en agua que se presenta en los
humanos como tiamina libre, tiamina monofosfato (TMP), tiamina pirofosfato (TPP) y
tiamina trifosfato (TTP). Esta vitamina es sintetizada por plantas, hongos y bacterias*.
Los humanos obtienen la tiamina de la dieta, leche materna** y la microflora*? como TPP

en el intestino donde es defosforilada*** a tiamina libre y transportada con
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transportadores especificos. La excrecion de tiamina se realiza principalmente por orina*,

pero también puede excretarse en las heces o sudor®.

Las deficiencias de tiamina pueden ser debidas a causas adquiridas o hereditarias (Tabla

2), ambas con un debut infantil.
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Causas

Fenotipo

Ndmero de
pacientes
reportados

Clinica al debut

Desencadenante

Principales
caracteristicas
clinicas

Adquiridas

Beriberi infantil

>170

Ingesta inadecuada de
tiamina

Signos neurolégicos,
sistémicos,
cardiovasculares,
respiratorios,
oftalmoplejia,
convulsiones, hipotonia

Encefalopatia de
Wernicke

>300

Dolor de cabeza,
problemas
gastricos,

irritabilidad, fatiga

Malnutricion o
mala absorcién de
tiamina tras un
trasplante o cirugia

Ataxia,
oftalmoplejia,
pérdida de
conocimiento

SLC19A2

Sindrome de Roger

>210

Diabetes, anemia

Anemia
megaloblastica,
diabetes mellitus no
autoinmune, sordera
sensorineural

SLC19A3

Sindrome de
Leigh/Wernicke

>140

Dificultades de
alimentacion, letargia,
convulsiones, afliccion

respiratoria,
encefalopatia

Infeccidn, traumatismo,
gjercicio intenso, vacuna

Epilepsia, retraso
psicomotor,
encefalopatia,
irritabilidad

SLC25A19

Microcefalia letal
Amish

61

Fiebre, infeccién

Microcefalia,
retraso del
desarrollo,

irritabilidad,

convulsiones,
encefalopatia

Sindrome de
disfuncioén del
metabolismo de
tiamina 4

Encefalopatia,
debilidad

Enfermedad febril

Encefalopatia,
neuropatia periférica

TPK1

Sindrome de

Leigh/Encefalopatia

episodica

15

Encefalopatia, distonia

Infeccion o
deshidratacion

Encefalopatia, ataxia,

distonia, disartria,
convulsiones,
oftalmoplejia,

nistagmos, regresion

psicomotora
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Causas

Otras
caracteristicas
clinicas

Radiologia

Bioguimica

Adquiridas

Taquipnea, dificultad
respiratoria, taquicardia,
cardiomegalia, afonia,
coreo-atetosis

Hipotension,
taquicardia,
hipotermia,

convulsiones

Palido, tdlamo, bulbo

. Téalamo
raquideo

Lactato elevado en suero,
déficit de tiamina

SLC19A2

Convulsiones, ataxia,
retraso del desarrollo,
apoplejia, cuadriplejia
espastica, atrofia
cerebral, alteraciones
oftalmoldgicas,
estatura baja,
criptorquidia,
sindrome de ovario
poliquistico,
cardiomiopatias,
hepatomegalia, reflujo
gastroesofagico,
trombocitopenia,
neutropenia, tiroiditis
inmune, nédulos
vocales, talipes

Caudado, putamen,
areas cortico /
subcorticales, talamo,
sustancia blanca

Déficit de tiamina
libre y TMP en plasma

SLC19A3

Distonia, hipotonia,
espasticidad,
convulsiones, ataxia,
corea, temblor, disartria,
disfuncién bulbar,
oftalmoplejia, diplopia,
nistagmo, estrabismo,
ptosis, opistétonos,
enfermedad hepética,
disfagia, ictericia,
insuficiencia
respiratoria, pérdida de
peso, vértigo, rigidez,
rabdomidlisis

Caudado, putamen,
talamo, corteza cerebral,
tronco encefalico,
cerebelo

Lactato elevado en
sangre / LCR, acidos
organicos alterados,

disminucién de tiamina
libre en LCR

SLC25A19

Polineuropatia
axonal, debilidad
distal y
contracturas,
distonia, disfagia,
convulsiones,
trastorno por
déficit de atencion

Hipoplasia en
tronco encefalico,
cerebelo, cuerpo
calloso

Caudado, putamen,
neoestriado, cavitacion

Acidosis lactica y
excrecion de acido
2-cetoglutarico, -
lactato elevado en
LCR

TPK1

Cerebelo, nlcleos
dentados, estriado, globo
palido, médula espinal

Acidosis lactica, lactato
elevado en LCR, &cidos
organicos alterados,
disminucion de TPP en
sangre

Tabla 2: Caracteristicas clinicas, bioquimicas y radioldgicas de las deficiencias del metabolismo y transporte de tiamina.
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Las causas adquiridas agrupan al Beriberi infantil y la encefalopatia de Wernicke. El
Beriberi infantil se presenta en lactantes cuyas madres tienen una ingesta inadecuada de
tiamina o aquellos que toman una férmula con bajo contenido en esta vitamina*®, siendo
mas comun en paises donde se consume cereales refinados y otras fuentes de tiamina no
son consumidas habitualmente (carne, pescado y vegetales)!**®. La encefalopatia de
Wernicke esta causada principalmente tras un trasplante o una cirugia del intestino*”8,
Los pacientes con enfermedad de Beriberi presentan lesiones principalmente en el
palido®, sin embargo, en la encefalopatia de Wernicke destacan las lesiones en el
talamo®>®L, Otras estructuras afectadas son el talamo medial, los cuerpos mamilares, la
placa rectal, y el mesencéfalo!!. Tradicionalmente, la encefalopatia de Wernicke se ha
asociado con tres signos clinicos: alteraciones oculomotoras (nistagmos, movimientos
sacadicos), ataxia como el principal trastorno del movimiento y sintomas
neuropsiquiatricos®. Hoy en dia, se conoce que solo el 16.5% de estos pacientes
presentan los tres signos guia y el 37.1% no presentan ninguna de esas caracteristicas®.
El diagndstico de esta enfermedad es complicado debido a la heterogeneidad clinica que
cursan los pacientes. Ademas, se han reportado pacientes adultos con ambas

enfermedades adquiridas presentes en el mismo paciente>°,

Las enfermedades genéticas estan causadas por mutaciones en genes que codifican los
tres transportadores principales de tiamina (SLC19A2, SLC19A3 y SLC25A19) vy la
quinasa implicada en la fosforilacion de tiamina libre a TPP (TPK1). Los transportadores
codificados por los genes SLC19A2 y SLC19A3 se localizan en la membrana celular
mientras que el transportador SLC25A19 se sitla en la membrana mitocondrial. Las
caracteristicas clinicas, radioldgicas y bioquimicas estan detallados en la Tabla 2. Las
mutaciones en el transportador mitocondrial causan microcefalia letal Amish (ALM) o
una degeneracién bilateral del estriado y una polineuropatia progresivall. Hay que
remarcar que los 61 pacientes reportados con ALM portan el cambio p.Glyl77Ala en

homozigosis.

Los pacientes con causas tanto congénitas como adquiridas presentan una mejoria clinica
tras ser suplementados con tiamina. El diagnostico temprano en este caso es esencial para
que el tratamiento con altas dosis de tiamina y biotina pueda revertir el fenotipo clinico y

radioldgico del paciente® o prevenir su progresion.

2.1.3. Otras enfermedades que cursan con hiperintensidad en una secuencia T2
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La hiperintensidad en la secuencia T2 se presenta también en otras enfermedades como
la aciduria glutérica tipo 1, la deficiencia de sulfito oxidasa, los defectos de NUP62, las

acidurias organicas clasicas, enfermedades lisosomales, leucodistrofias, etc.

La aciduria glutarica tipo | es una enfermedad autosdmica recesiva con una gran
heterogeneidad genética. Su prevalencia general es de 1:40000 nacidos vivos®’. En la
poblacién Amish de Pensilvania esta prevalencia aumenta hasta 1:500 nacimientos, todos
ellos portadores de la mutacion ¢.1296C>T en el gen GCDH®®, En el curso clinico de esta
enfermedad, destaca la presencia de encefalopatia®’, distonia®® o deficiencia motora®, y
solo se ha reportado un portador asintomatico®®. Estos pacientes presentan una necrosis
en el estriado®°, principalmente con lesiones en el putamen y la cabeza del caudado®.
Como clave diagndstica de esta patologia, la mayoria de estos pacientes presentan una
elevacion del &cido glutarico y del acido 3-hidroxiglutarico en orina y de la

glutarilcarnitina en sangre seca®.

La deficiencia de la enzima sulfito oxidasa, codificada por el gen SUOX, es una
enfermedad metabdlica con una presentacion clinica principalmente de hipotonia axial,
hipertonia periférica, movimientos alterados, retraso psicomotor severo, convulsiones,
problemas de alimentacion, microcefalia y dislocacion lenticular®l. Radiolégicamente, en
esta enfermedad destaca una alteracién en el globo palido y la sustancia nigra®2. Las
caracteristicas bioquimicas que sugieren una deficiencia de sulfito oxidasa son el aumento
de los niveles de excrecion de sulfito y sulfocisteina en orina y plasma con bajo contenido
de &cido Urico en ambos liquidos, bajo nivel de homocisteina total y aumento de los

niveles de xantina e hipoxantina en la orina®.

Se han descrito mutaciones bialélicas en NUP62 asociadas con coreoatetosis,
movimientos oculares alterados, convulsiones y retraso mental. Algunos pacientes
presentan un debut desencadenado por una enfermedad febril o vomitos. Estos pacientes
presentan una necrosis estriatal con lesiones progresivas principalmente en el nucleo

caudado y el putamen y, en algunas ocasiones, en el globo palido®.

Las acidurias organicas clasicas incluyen la aciduria metilmalénica (MMA, siglas en
inglés), la aciduria propionica (PA, siglas en inglés) y la aciduria isovalérica (IVA, siglas
en inglés). La mayoria de los pacientes con estas enfermedades no presentan signos
clinicos neuroldgicos (63% de los pacientes con PA, 76% en pacientes con MMA y el

100% en aquellos con IVA). En aquellos que si presentan clinica neuroldgica, destaca el
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sindrome extrapiramidal (44%), piramidal (33%) y cerebelar (33%) y necesitan ayuda
para andar en el 28% de los casos (44% en PA, 11% en MMA y 0% en IVA).
Radiologicamente, presentan lesiones en los ganglios basales un 56% en PA, 36% en
MMA'y 17% en IVA. Otra de las caracteristicas comunes de la RMC de estos pacientes
es la afectacion de la sustancia blanca en el 38% de los casos con PA; 36% en MMA y
50% en IVA. Bioquimicamente, los pacientes con MMA destacan por el incremento del
acido metilmalénico en plasma y orina, mientras que los pacientes con PA tienen una
elevacion del acido 3-hidroxi propionato en orina, destacando también una elevacion de

glicina, alanina y glutamina®®.

2.2. Enfermedades que cursan con calcificaciones en los ganglios basales

Las calcificaciones en los ganglios basales estdn asociadas a un gran namero de
enfermedades neuroldgicas y metabdlicas. Los depdsitos cerebrales de minerales se
detectan principalmente como regiones hipodensas en TC o sefiales hipo/hiperintensas en
la secuencia T2%. Las calcificaciones se presentan bilateral y simétricamente en los
ganglios basales y, con menos frecuencia, en el nicleo dentado, talamo, médula espinal,
centro semiovalado y sustancia blanca subcortical®®. La microglia y los astrocitos
reactivos se acumulan alrededor de los depositos de calcio desencadenando un proceso

inflamatorio®’, presente en estas enfermedades.

Las calcificaciones en los ganglios basales pueden ser producidas por causas adquiridas
como enfermedades metabdlicas por causas no genéticas (hipervitaminosis D,
hipoparatiroidismo secundario, hiperparatiroidismo, hipotiroidismo,
pseudohiperparatiroidismo), exposicién a toxicos (mondxido de carbono, plomo, cobre,
radioterapia), infecciones (brucelosis, toxoplasmosis, tuberculosis, cisticercosis,
citomegalovirus, inmunodeficiencia humana virus, virus varicela-zoster), enfermedades
autoinmunes (sindrome de inmunodeficiencia adquirida, lupus eritematoso sistémico,
enfermedad de Behcet, enfermedad celiaca), lesiones cerebrovasculares (accidente
cerebrovascular, malformaciones vasculares)®®° lesiones accidentales en pacientes

asintomaticos o de forma fisioldgica en personas mayores de 50 afios’®.

Las principales patologias genéticas que cursan con calcificaciones son las calcificaciones
cerebrales familiares primarias (o sindrome de Fahr) y el sindrome de Aicardi-Goutiéres
(AGS, siglas en ingles). Otras enfermedades relacionadas con estas calcificaciones son el
sindrome de Cockayne, la enfermedad de Coat, la fenilcetonuria®®, la enfermedad de
Krabbe, el sindrome de DiGeorge® o la enfermedad de Moya-Moya (Tabla 1).
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2.2.1. Calcificaciones cerebrales familiares primarias (PFBC, por sus siglas en

ingles)

La PFBC es una enfermedad neurodegenerativa con depdsitos de calcio principalmente
en los ganglios basales, pero puede estar presente en otras regiones cerebrales. Esta
patologia se ha descrito también como calcificaciones idiopaticas de los ganglios basales,
calcinosis bilateral estriopalidodental o sindrome de Fahr®. La prevalencia esta sobre
4.5/10000-3.3/1000, considerandose una enfermedad rara’t. Actualmente, hay cinco
genes asociados: SLC20A2, PFGFRB, PDGFB, XPR1, MYORG, y JAM2. Mutaciones en
el gen SLC20A2 son las mas frecuentes en esta enfermedad. Recientemente, se han
asociado los genes MYORG'? y JAM273,

Las caracteristicas clinicas de un total de 425 casos provenientes de tres revisiones®, 53
pacientes con mutaciones en MYORG'24837582 y 11 pacientes con mutaciones en

JAM27384 reportados hasta el momento estan descritas en la Tabla 3.
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Calcificaciones cerebrales familiares primarias

Gen SLC20A2 PDGFRB PDGFB XPR1 MYORG JAM2
NuUmero de pacientes 218 94 43 6 53 11
Caracteristicas clinicas principales (%0)
Sintomas psiquiatricos 28,3 39,4 38,9 33,3 26,4 45,5
Parkinsonismo 30,3 13,6 27,8 50 22,6 -
Temblor 27 23,3 18,2 16,7 9,4 -
Distonia 26,2 19,7 5,6 - 5,7 455
Deterioro cognitivo 17,2 25,8 16,7 66,7 60,4 54,5
Corea 13,5 16,2 18,2 16,7 5,7 -
Disartria 13,5 9,3 91 33,3 62,3 27,3
Dolor de cabeza 115 35,1 20,9 - - -
Ataxia 9,7 18,2 16,7 16,7 28,3 54,5
Convulsiones 55 4,5 - - - 18,2
Bradicinesia - - - - 13,2 72,7
Movimien |
ovmentos aares | - - -
Disfagia - - - - 57 27,3

Otros signos clinicos
(%)

Habla arrastrada (63,6);
Reflejos de ausencia
(63,6); Rigidez (36,4);
Marcha inestable
(27,3); Hipomimia
(18,2); Disquinesia
(18,2); Hiperreflexia
(18,2); Epilepsia (9,1);
Oftalmoplejia (9,1)

Signos piramidales (34,0);
Sindrome hiperténico acinético
(18,9); Hipercinesia (15,1); Signos
bulbares (13,2); Dificultades de la
marcha (11,3); Dificultades
urinarias (5,7)
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Caracteristicas radiologicas principales (%0)

Ganglios basales
Talamo
Cerebelo

Nucleo dentado

Areas subcorticales
Corteza
Mesencéfalo

Vermis

Otras areas afectadas
(%0)

100
49,3
49,3
42,7
34,7

Areas corticales
(14,7)

100 100

14 7,7

32,6 69,2

9,3 23,1

39,5 38,5
Quistes de la

sgstancia blanca (4,7); -
Areas corticales (2,3)

100 50,9

66,7 75,5

100 54,7

- 18,9

50 11,3

- 43,4

- 18,9

- 28,3

) Sustancia blanca (54,7); Tronco

Areas corticales encefélico (43,4); Atrofia
(50,0) cerebelosa (35,8); Nucleos

lenticulares (28,3); Pons (22,6)

100
81,8
54,5
45,5
36,4
45,5
27,3
18,2

Sustancia gris profunda
(45,5)

Tabla 3: Fenotipos asociados a calcificaciones cerebrales familiares primarias. Los signos clinicos y radioldgicos comunes (con un porcentaje de pacientes

>60%) estan marcados en negrita.
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La edad de inicio en estas enfermedades tiene un amplio rango, desde la infancia hasta la
edad adulta avanzada. Las deficiencias de MYORG aparecen cominmente en la edad
adulta (edad media: 42 afos). Curiosamente, el paciente reportado portador de
mutaciones en este gen con el inicio mas temprano, a los 8 afios de edad, Unicamente

presentd una discinesia paroxistica®!, que no es una caracteristica comun en este trastorno.

Las enfermedades causadas por mutaciones en los genes SLC20A2, PFGFRB, PDGFB y
XPR1 presentan una herencia autosomica dominante, mientras que son necesarias
mutaciones bialélicas en MYORG y JAM2 para causar sintomas. Sin embargo, se han
reportado casos de portadores heterocigotos en el gen MYORG sin presentacion clinica,

pero con calcificaciones cerebrales®®,
2.2.2. Sindrome de Aicardi-Goutiéres (AGS)

El AGS es una encefalopatia genética con un inicio temprano que se caracteriza por
calcificaciones en los ganglios basales, lesiones en la sustancia blanca y una elevacién
linfocitaria en LCR. Generalmente, esta enfermedad se manifiesta con una encefalopatia
subaguda con regresion motora y microcefalia progresiva, progresando a un
empeoramiento clinico, un déficit cognitivo y una tetraparesia espasto-distonica®. Se han
estudiado los datos de 254 pacientes®’ ! y de revisiones anteriores®> 4 para delinear las
caracteristicas clinicas y radioldgicas de esta enfermedad. Hay siete subtipos de AGS
segun el gen mutado: TREX1, RNASEH2B, RNASEH2A, RNASEH2C, SAMHD1, ADAR
o IFIH1. Hasta la fecha, cerca del 99% de los pacientes con caracteristicas de AGS tienen
diagndstico genético®. Aunque los pacientes con AGS comparten las mismas
caracteristicas clinicas y radioldgicas, algunos rasgos son mas comunes en unos subtipos
u otros. La edad de inicio de estos pacientes varia desde el periodo neonatal hasta la
adolescencia. Se observa un inicio mas temprano en los pacientes con mutaciones en
TREX1 y RNASEH2C. Los sintomas sistémicos y el retraso del desarrollo al inicio estan
presentes en todos los pacientes con mutaciones en RNASEH2C; siendo el retraso del
desarrollo la caracteristica mas comun al inicio en los pacientes con defectos en TREX1,
RNASEH2B (junto con sintomas sistémicos) y SAMHDJ. Los pacientes con mutaciones
en ADAR e IFIH1 presentan principalmente sintomas neuroldgicos al inicio de la
enfermedad. En el seguimiento, la mayoria de los pacientes con AGS desarrollan
afecciones inflamatorias de la piel (principalmente con la presencia de sabafiones), retraso
del desarrollo, caracteristicas autoinmunes, fiebres recurrentes y trombocitopenia. La
mayoria de estos pacientes también presentan un glaucoma (excepto los pacientes con
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cambios genéticos en ADAR), paraparesia espastica (excepto en pacientes con defectos
de TREX1) y cardiomiopatia (excepto en pacientes con mutaciones en SAMHD1 y
ADAR). Otras caracteristicas presentadas en estos pacientes son las contracturas (TREX1,
SAMHD1, IFIH1), distonia (RNASEH2B/A, ADAR) vy epilepsia (TREXL,
RNASEH2B). Hay signos clinicos caracteristicos de cada subtipo de AGS como la
tiroiditis y pérdida de la audicion (TREX1); leucodistrofia y escoliosis (RNASEH2B);
leucemia linfocitica (SAMHDZ1); irritabilidad (ADAR); o pérdida dental prematura,

calcificacion aortica y enfermedad renal (IFIH1).

La resonancia magnetica de estos pacientes se caracteriza por calcificaciones
intracraneales con lesiones en la sustancia blanca y atrofia cerebral. En muchas ocasiones,
las calcificaciones solo son visibles mediante TC craneal. Los pacientes con mutaciones
en ADAR presentan lesiones localizadas principalmente en caudado y putamen, mientras
que las lesiones en pacientes con deficiencia de IFIH1 se encuentran en putamen y palido.
Los pacientes con ADAR también presentan una necrosis estriatal bilateral (NEB).

2.3. Enfermedades que cursan con depositos de sustancias paramagnéticas en los ganglios

basales
Existen elementos traza que se acumulan en los ganglios basales como el hierro,

magnesio, aluminio, zinc 0 manganeso®.

La NBIA agrupa una serie de trastornos hereditarios heterogéneos caracterizados por un
sindrome extrapiramidal progresivo®. Actualmente, hay diez genes estan asociados con
este trastorno: PANK2, PLA2G6, c190rf12, FA2H, WDR45, COASY, FTL1, ATP13A2,
CP y DCAF17%%,

Otras enfermedades con lesiones de los ganglios basales debido a la acumulacion de

oligoelementos son la enfermedad de Wilson® y la hipermanganesemia®’.

2.4. Enfermedades que cursan con otras lesiones en los ganglios basales

La atrofia de los ganglios basales es tipica de la enfermedad de Huntington®®. La atrofia
e hipomielinizacion de los ganglios basales se asocian con el gen TUBB4A!3. Esta
hipomielinizacion se ha reportado en otras leucodistrofias, como los defectos de GJAl
(que también presentan calcificaciones) *°, y POLR3A y POLR3B!®,
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3. Biomarcadores en las enfermedades con alteraciones en los ganglios basales
En 2001, el grupo de investigadores pertenecientes al Biomarkers Definitions Working
Group definié los biomarcadores, o marcadores bioldgicos, como una caracteristica que
puede medirse y evaluarse de forma objetiva como indicador de procesos normales
bioldgicos, procesos patogénicos o respuestas farmacoldgicas a una intervencion
terapéutical®. La clave de los biomarcadores es determinar la relacion entre cualquier

biomarcador medible y puntos clinicos relevantes'®?,

Debido a la gran heterogeneidad de defectos que engloban las alteraciones de los ganglios
basales, es complicado disponer de un biomarcador para un diagnostico bioquimico de
las mismas. Asi mismo, algunas de estas enfermedades incluidas disponen de metabolitos

bioldgicos mas o menos especificos que ayuden a su diagnostico.

3.1. Biomarcadores en defectos en el metabolismo vy transporte de la tiamina

El contenido de tiamina estimado en el cuerpo humano es 25-30 mg. En sangre, el 80%
de la tiamina que encontramos esta situada en los eritrocitos como TPP*, por lo que es la
isoforma mayoritaria en ese tejido. Por otro lado, la tiamina libre es capaz de cruzar la

barrera hematoencefalica por lo que es la mayoritaria en LCR.

En 2015, nuestro grupo®® estudié pacientes con sindrome de Leigh observando que
aquellos con una deficiencia del transportador 2 de tiamina (codificado por el gen
SLC19A3) tenian niveles mucho mas bajos de tiamina libre en LCR que los pacientes
control. EI 83% de ellos (5/6) fueron tratados prematuramente con una suplementacién
de tiamina mostrando una gran mejora clinical®®. Finalmente, se sugiri6 que la
determinacion de tiamina libre en LCR podria ser un biomarcador para la deficiencia del
transportador 2 de tiamina.

Mayr et al., 20111 demostré una deficiencia de TPP en musculo, sangre y fibroblastos
en 7 pacientes con un déficit de tiamina quinasa (TPK1), la enzima que transforma la
tiamina a TPP, el metabolito activo. Sin embargo, actualmente no existen estudios sobre
la determinacién de las diferentes isoformas de tiamina en LCR en pacientes con déficit
de TPK1 ni en pacientes con una deficiencia en el transportador mitocondrial de la
tiamina (gen SLC25A19).

3.2. Sindrome de Aicardi-Goutiéres (AGS)

Rice et al'® demostraron mediante PCR cuantitativa de retro-transcriptasa que en

pacientes con AGS habia una sobreexpresion de genes estimulados por la via del alfa-
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interferon. Estos genes incluyen IFI27, IFI144L, IFIT1, ISG15, RSAD2 y SIGLEC1. Por
otro lado, el AGS es un trastorno inflamatorio. La neopterina es una pterina liberada por
los macrofagos al sistema nervioso central como respuesta directa a la estimulacion de
los linfocitos por el interferon gamma'®, siendo un indicador sensible en los trastornos
inflamatorios e inmunomediados'®’. Varios autores han identificado un aumento de
neopterina en el LCR en diversos procesos neurologicos, incluido el AGS107,
Recientemente, la elevacion de los niveles de neopterina en LCR se identificd en
pacientes con mutaciones ADAR, recalcando el papel importante de la neopterina en LCR

como biomarcador del AGS™.

3.3. Acimulo de elementos traza

La determinacion de elementos traza en plasma, orina y sangre total se utiliza de forma
rutinaria para control nutricional y evolutivo de pacientes ya diagnosticados en
tratamiento dietético, como dietas con restriccion de proteinas en pacientes con errores
congénitos del metabolismo intermediario, y para el diagnostico y seguimiento de

pacientes con defectos del metabolismo del cobre, como Wilson y Menkes.

En el caso concreto del manganeso, se ha reportado la presencia de acimulos de este
elemento traza en los ganglios basales en trabajadores expuestos largo tiempo a este
elemento’® y en muestras de sangre de pacientes con defectos en el gen SLC30A10® y
SLC39A14%, implicados en el metabolismo del manganeso. Para el estudio biogquimico
de los metabolitos a nivel de sistema nervioso central el medio més fiable es el LCR. A
pesar de no haberse reportado previamente estudios de manganeso en LCR en estos
grupos poblacionales, hay articulos que reportan los niveles de metales en LCR en otras

enfermedades como la esclerosis lateral amiotrofica®.

Por otro lado, el indice palidal es la diferencia entre la intensidad de sefial del palido
respecto a la sustancia blanca cortico-frontal en una secuencia T1. Se ha utilizado en
pacientes con encefalopatia hepatica cronical'! y en pacientes con exposicion a
manganeso durante un periodo laboral'®, sugiriéndose como biomarcador en este Gltimo

Caso.

4. Diagndstico genético de las enfermedades con alteraciones en los ganglios
basales
El diagnostico de las enfermedades que afectan bilateralmente los ganglios basales en

nifios es un reto en la préctica clinica debido a la amplia variedad de defectos adquiridos
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y genéticos que pueden cursar con estas lesiones. La combinacion multidisciplinar de
diferentes aproximaciones diagndsticas, entre ellas el andlisis clinico y radioldgico, la
secuenciacion masiva de nueva generacion (NGS, siglas en inglés), la determinacion de
biomarcadores y los estudios funcionales que permitan confirmar la patogenicidad de las
variantes encontradas, es un abordaje holistico y eficaz para establecer el diagnéstico
molecular?®?2, Esta aproximacion ha permitido aumentar el nimero de genes asociados a
estas patologias, incrementando la tasa de diagnostico molecular en los pacientes con

alteraciones en los ganglios basales.

Una de las principales cuestiones que debe abordarse a la hora de realizar una prueba
genética para el diagnostico de un paciente es decidir como de amplia ha de ser la
basqueda. Si las caracteristicas fenotipicas sugieren una patologia concreta causada por
un solo gen el primer paso seria el anlisis de dicho gen. Por el contrario, cuando se trata
de una patologia heterogénea genéticamente o con fenotipos solapantes habria que
realizar una busqueda mayor con otras estrategias de diagndstico genético. Hay que tener

en cuenta que en el ambito pediatrico el fenotipo del paciente puede ser incompleto.

Mientras que en muchas patologias monogénicas con un diagnostico claro, la
secuenciacion Sanger sigue siendo una primera opcién, en aquéllas que no disponen de
un biomarcador especifico o el diagnostico diferencial no es decisivo esta estrategia puede
ser costosa y poco resolutiva. En estos Gltimos afios, las estrategias de NGS han ido
desplazando la secuenciacion Sanger como herramienta diagnoéstica. En las enfermedades
con alteraciones en ganglios basales es necesario técnicas de NGS para su diagnostico

debido a la gran heterogeneidad que presentan, tanto clinica como genética.

Existen diferentes plataformas de NGS que van desde paneles de genes que incluyen
aquellos genes de interés hasta la secuenciacion del genoma completo (WGS). En el
ambito clinico, lo mas utilizado son los paneles llamados exoma clinico, constituidos por
todos aquellos genes asociados a enfermedades mendelianas. En el campo de la
investigacion, se utilizan paneles customizados, secuenciacion completa de exoma
(WES) o WGS. En casos especificos se utilizan otras técnicas como la secuenciacion
completa del ADN mitocondrial, para detectar cambios en genes mitocondriales, y arrays
0 MLPA (Multiplex Ligation-dependent Probe Amplification, en inglés) para identificar
reordenamientos gendmicos y variantes estructurales de gran tamafio

(deleciones/duplicaciones).
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4.1. Plataformas de secuenciacion masiva

4.1.1. Paneles de genes

Los paneles de genes permiten estudiar de forma simultanea las regiones codificantes y
flanqueantes de un namero determinado de genes para una enfermedad, por lo que
constituye una aproximacion intermedia entre el analisis de un solo gen y el analisis del
exoma completo. Los paneles son la opcion méas utilizada en el ambito clinico ya que
aumentan la sensibilidad respecto a otras tecnologias y se estudian Gnicamente los genes
de interés para esa enfermedad, minimizando los hallazgos accidentales en otros genes y
la carga de analisis. Se pueden encontrar tanto paneles ya disefiados para patologias
concretas de distintos laboratorios diagnésticos o empresas como la posibilidad de disefiar
un panel con los genes de interés. Ademas, también existen distintas tecnologias segin

los paneles diferentes que hay en el mercado.

Las tecnologias NGS mas utilizadas son HaloPlex, SureSelect (Agilent), Nextera y
SeqCap (lllumina)'2, HaloPlex destaca por tener una fragmentacion dirigida del ADN
mediante enzimas de restriccion y el uso de sondas de ADN. El resto de las tecnologias
utilizan una fragmentacion de ADN aleatoria creando una superposicion entre los
fragmentos'!2. EI problema fundamental de los paneles multigénicos es su limitacion a
analizar un grupo de genes determinado, sin posibilidad de reanalisis de otros genes de
mas reciente descripcion. El panel dirigido que podemos encontrar con el mayor nimero
de genes asociados es el Ilamado exoma clinico. Se trata de un panel comercial que
ofertan los distintos laboratorios de diagndstico y empresas e incluye los genes asociados
a patologia segun las tres bases de datos de enfermedades mendelianas HGMD, GeneTest
y OMIM.

4.1.2. Secuenciaciéon de exoma completo (WES)

El WES tiene las ventajas de ser una aproximacion menos restringida, que permite la
identificacion de variantes en genes no previamente asociados a la enfermedad y
reanalizar genes nuevos asociados a la enfermedad posteriormente. Esta es una gran
ventaja en las patologias muy heterogéneas donde nuevos genes se asocian cada afio a
estas enfermedades, como es el caso de las enfermedades de los ganglios basales. Por otro
lado, tiene unas limitaciones como son el gran volumen de datos a la hora de procesarlos
e interpretarlos y la mayor probabilidad de obtener variantes de significado incierto y/o
hallazgos incidentales'®, Econdmicamente, se asume que los paneles son mas

economicos que la WES, pero no siempre es asi*'®. La eleccion entre WES y paneles
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dirigidos también depende del tamafio del panel ya que para paneles pequefios (de unos
50 genes) es posible que el bajo coste de secuenciacion haga sopesar los beneficios del
WES!, Estudios anteriores realizados en cancer determinan que se deben secuenciar un
minimo de 1Mb de regiones intronicas y/o exdnicas para que os resultados de un panel

sean comparables con WES!?®,

4.1.3. Secuenciacion de genoma completo (WGS)
La WGS cubre el 100% de las regiones del genoma. A pesar de que la cobertura es menor

que en la WES, ésta es mas uniforme!*®

. Otras ventajas que ofrece la WGS, a parte de la
cobertura, son la posibilidad de detectar variantes intronicas profundas y CNVs,
incluyendo deleciones de un exon entero'!*, Por otro lado, comparte las ventajas del WES
de la reanotacidn al cabo del tiempo!!®, Las variantes intrénicas profundas pueden alterar
el patrén normal de splicing o pueden interferir con los dominios reguladores 0 ARN no
codificantes que controlan la expresion de otros genes*'’. Hay algoritmos para estimar el
efecto de las variantes intronicas, ademas de la combinacion de la secuenciacion de estas
regiones con de transcriptoma en esa region concreta o secuenciacion completa del
ARN_ Sin embargo, una de las limitaciones del WGS es el coste y tiempo de analisis y
la obtencién de un gran nimero de variantes de significado incierto y en regiones poco

conocidas del genoma dificiles de interpretar.

4.2. Otras técnicas diagndsticas

La presencia de CNV se asocia cada vez mas como la causa de enfermedades*®. A pesar
de que hoy en dia se pueden analizar estos cambios mediante WES!® y WGS!6, hay
técnicas especificas y mas robustas para estos andlisis. Un array CGH es una técnica de
alta resolucion que contiene en su superficie una gran cantidad de fragmentos de ADN
que permiten la deteccién de CNV de 200-50 Kb como aneuploidias cromosomicas,
amplificaciones y deleciones en todo el genoma. Por otro lado, el MLPA es una técnica
utilizada para regiones concretas del genoma.

La RNA-seq, o secuenciacién del ARN, es una aproximacién altamente precisa para
mediar transcripcion a través de la secuenciacion del transcriptoma con un coste
econdémico y de muestra pequefio. De esta forma te permite determinar isotopos de

transcripcion, fusiones de genes o variantes de nucleétidos tinicos en el ARN*?,

Hay que tener en cuenta que en el sindrome de Leigh, paradigma de enfermedad genética

que causa degeneracion en ganglios basales en la edad pediatrica, las mutaciones en el
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ADN mitocondrial representan una contribucion importante, ya que como hemos Vvisto
anteriormente se trata mayoritariamente de enfermedades mitocondriales. La
secuenciacion del ADN mitocondrial se suele llevar a cabo de dos formas: analizando
Unicamente las mutaciones mitocondriales mas comunes relacionadas con enfermedad o

secuenciando los 16569 pares de bases que contiene el ADN mitocondrial.

4.3. Herramientas informaticas para la interpretacion y clasificacion de variantes

A la hora de clasificar las variantes que no estan previamente asociadas a patologia en
funcién de sus posibles consecuencias (si seran benignas o patoldgicas), la American
College of Medical Genetics (ACMG) ha publicado una serie de recomendaciones a
seguir'?l, Puesto que no siempre es posible la realizacion de estudios funcionales para
validar dichos cambios genéticos, existen una infinidad de herramientas in silico. Las
herramientas que siguen las recomendaciones anteriores y son mas completas son el
InterVar'?? y el Varsome'?®, que se basan en un sumatorio de varios algoritmos
incluyendo la herencia y posibles estudios funcionales realizados, ademas de los estudios

in silico incluidos en otros predictores.

Los predictores que clasifican las variantes en funcion de su patogenicidad segun el
cambio de amino acido producido en la proteina, la conservacion de ese residuo a lo largo
de la evolucién y por la posibilidad de alterar el patron de splicing mas utilizados son
CADD'?*, Mutation Taster'?>, SIFT, PROVEAN?® y PolyPhen-2'?". Para el estudio de
cambios en el patrén de splicing hay predictores determinados, el mas utilizado en este
proyecto ha sido el Human Splicing Finder'?,

Por otro lado, también hay que tener en cuenta a la hora de valorar la patogenicidad de
una variante genética su frecuencia poblacional y que exista un nimero de homozigotos

en las bases de datos publicas, como el GhomAD.

Finalmente estan las plataformas que permiten compartir datos gendmicos de pacientes
como el matchmaker Exchange, en las cuales se pueden establecer colaboraciones con
otros grupos que hallan identificado variantes genéticas similares en individuos con
fenotipos compatibles, con el objetivo de identificar nuevos genes causantes de

enfermedad, o0 nuevos tipos de herencia para un gen conocido.
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Hipodtesis
La hipotesis de trabajo de este proyecto es que la incorporacion de nuevas técnicas de
secuenciacion masiva, en combinacion con la aproximacion clinica y radioldgica, y la
determinacion de biomarcadores, permitira identificar el origen genético de la
enfermedad en una mayoria de nifios con trastornos del movimiento y alteraciones de

ganglios basales de origen desconocido.

La utilizacion de un algoritmo de diagndstico genético basado en la secuenciacién masiva
paralela, mediante paneles personalizados, secuenciacion completa de exoma Yy
secuenciacion de ADN mitocondrial, posibilitara el diagndstico genético de la mayoria
de estos pacientes. La realizacion de estudios funcionales en casos en los que encontremos
variantes genética con patogenicidad incierta ayudara a la validaciéon del diagnéstico

genético del paciente.

Por otro lado, el andlisis de biomarcadores permitira establecer la sospecha diagnostica
de forma precoz y complementara la interpretacion de los resultados genéticos obtenidos.
Concretamente, la deteccion de una deficiencia de tiamina en liquido cefalorraquideo nos
orientard hacia un defecto en genes relacionados con el transporte y metabolismo de
tiamina, hecho que conllevarda un beneficio para los pacientes mediante una
suplementacion precoz con tiamina. Asimismo, el analisis de metales en plasma y liquido
cefalorraquideo nos ayudara a establecer la sospecha diagnostica en nifios con defectos

en el transporte de metales como el manganeso.
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Objetivos

El objetivo principal de este trabajo es la caracterizacion genética y el analisis de
biomarcadores en pacientes pediatricos con trastornos del movimiento y alteraciones en

ganglios basales de origen desconocido.

Dentro de este marco, se han planteado objetivos especificos:

1. Establecer un algoritmo diagndstico mediante diferentes técnicas de
secuenciacion masiva, con el fin de caracterizar genéticamente la mayoria de

pacientes pediatricos con alteraciones en los ganglios basales de causa no filiada.

2. Analizar el fenotipo clinico y el genotipo de una cohorte de pacientes
diagnosticados con defectos genéticos en el metabolismo de la valina y estudiar,
en concreto, el efecto del cambio ¢.367C>T en el gen ECHS1 con el fin de

determinar su patogenicidad.

3. Estudiar biomarcadores especificos para las enfermedades que cursan con
trastornos del movimiento y alteraciones en los ganglios basales. En concreto,
determinacion de isoformas de tiamina y elementos traza (manganeso, zinc,
selenio, cobre y plomo), en sangre, plasma y liquido cefalorraquideo de pacientes
con posibles defectos genéticos en el metabolismo y/o transporte de dichas

moléculas.
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OBJETIVO 1







Resultados

OBJETIVO 1: Caracterizacion genética de pacientes con alteraciones en los

ganglios basales.

El objetivo 1 es el resultado de un proyecto multicéntrico, vigente a dia de hoy, para el
diagnostico molecular de pacientes pediatricos con trastornos del movimientos y
patologia en ganglios basales. Dicho diagnostico se ha realizado a partir de un abordaje
clinico-radiolégico, seguido de un andlisis genético combinado con estudios de
biomarcadores (Figura Al). Esta tesis se ha centrado en el andlisis genético, estudios

funcionales y estudio de biomarcadores.

Este proyecto ha sido financiado con dos Fondos de Investigaciones Sanitarias (FIS
P115/00287, P118/01319), concedidos por el Instituto de Salud Carlos 111 de Madrid.

El algoritmo diagndstico seguido en este proyecto ha sido: estudio clinico y radiol6gico
de los pacientes segun los criterios de inclusion explicados anteriormente, analisis
genético de ADN nuclear por distintas aproximaciones de nueva generacion,
posteriormente, estudio completo de ADN mitocondrial en aquellos pacientes cuyos
andlisis anteriores han sido negativos y, de forma paralela, analisis de biomarcadores con
el doble objetivo de realizar un diagndstico precoz y validar los resultados genéticos
(Figura Al).

La cohorte de pacientes con sindrome de Leigh reportada gracias a los resultados de este
proyecto (Publicacion 1, ver objetivo 2) se engloba dentro de un total de 53 pacientes
estudiados con alteraciones en los ganglios basales. Podemos clasificar radiol6gicamente
esta cohorte segln la presencia de hiperintensidad en T2 (n=39), la presencia de
calcificaciones (n=8), pacientes con ambas lesiones (n=4) u otras lesiones en los ganglios
de la base (n=2). Para el estudio de estos pacientes, hemos utilizado: (i) paneles
personalizados, (ii) secuenciacién completa de exoma (WES) en probandos (WES
singleton) y en el caso indice junto con ambos padres (WES trio), y (iii) secuenciacion
completa de ADN mitocondrial; pudiendo comparar entre tecnologias para optimizar el
diagnostico de estas patologias. El porcentaje de diagnéstico ha sido de 37.9% (11/29)
mediante distintos paneles de genes (39% panel HaloPlex, 33% panel SureSelect), 45.2%
(14/31) mediante WES y 28.6% (6/21) mediante secuenciacion de ADN mitocondrial. En
los 31 pacientes con diagnostico molecular definitivo (58.5% del total) se han encontrado
cambios en 22 genes distintos (MT-ATP6, MT-ND1, MT-ND6, ECHS1, HIBCH, PDHAL,
SCN2A, COQ2, GFAP, GNAO1, MECR, NDUFAF5, NDUFAF6, PRKRA, SLC25A19,
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SUCLG2, RNF213, ADAR, RNASEH2B, IFIH1, SLC39A14 y TUBB4A), confirmando la
gran heterogeneidad de estas enfermedades y pudiendo diagnosticar, ademas, a tres

hermanos afectos.

Cuatro de estos genes (GNAO1, PRKRA, SCN2A y ADAR) han permitido realizar nuevas
asociaciones fenotipo-genotipo, ya que no estaban previamente asociados a sindrome de
Leigh.

Los tres pacientes de este proyecto con mutaciones en el gen ADAR y el paciente con
cambios en el gen NDUFAF6 junto a sus dos hermanos afectos'*° han sido publicados a

través de colaboraciones con otros grupos de investigacion.

Cuatro de los 31 pacientes diagnosticados molecularmente, y un hermano afecto,
presentaban mutaciones en los genes ECHS1 y HIBCH que participan en el metabolismo
de la valina. La historia natural de estos defectos genéticos, asi como la correlacion
fenotipo-genotipo, han sido publicadas junto a una cohorte internacional en el articulo

que también cubre el objetivo 2 de esta tesis doctoral (Publicacion 1).
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OBJETIVO 2: Analisis del fenotipo y genotipo de una cohorte de pacientes
diagnosticados con defectos genéticos en el metabolismo de la valina. Estudio
funcional del efecto del cambio ¢.367C>T en el gen ECHS1 con el fin de
determinar su patogenicidad.

Respecto al objetivo 2, se han estudiado 19 pacientes con mutaciones bialélicas en los
genes ECHS1 o HIBCH, que codifican enzimas implicadas en el catabolismo de la valina.
Cinco pacientes han sido diagnosticados por nuestro grupo a través del estudio
multicéntrico referido en el objetivo 1. Catorce pacientes adicionales han sido reclutados

a través de un trabajo colaborativo con distintos hospitales nacionales e internacionales.

Por otro lado, se ha realizado una revision bibliografica de los 72 pacientes publicados
hasta el momento con defectos en esas dos enzimas con el objetivo de realizar estudios

de correlacion fenotipo-genotipo y estudios de historia natural y curvas de supervivencia.

Los pacientes con defectos en el SCEH presentan tres fenotipos distintos: sindrome de
Leigh (79%), acidosis lactica neonatal (11%) y distonia paroxistica (10%). Estos
pacientes con sindrome de Leigh presentan signos neuroldgicos asociados a déficits
severos a nivel motor, de habilidades manuales y de comunicacién, trastornos del
movimiento, convulsiones, microcefalia y defectos visuales y auditivos. Los pacientes
que presentan distonia paroxistica tienen una clinica mas leve con un debut més tardio
tras un ejercicio prolongado, ayuno o enfermedad febril. Radiolégicamente, predomina
la presencia de quistes en el putamen, mientras que los pacientes con distonia paroxistica

presentan cavitaciones asimétricas en el globo palido.

Todos los pacientes reportados hasta ahora con mutaciones en el gen HIBCH presentan
un sindrome de Leigh. Destacan los episodios con un deterioro agudo tras una enfermedad
febril, la presencia de convulsiones en un 33% de los pacientes y la falta de caracteristicas
sistémicas, que si son comunes en otros defectos genéticos con sindrome de Leigh

incluyendo el SCEH. Radioldgicamente, predominan los quistes en el globo palido.

Bioquimicamente, los metabolitos de metacrilato y el &cido 2,3-dihidroxi-2-metilbutirato
se encuentran elevados con mas frecuencia en pacientes con defectos en SCEH que en
pacientes HIBCH. Por otro lado, la carnitina 3-hidroxiisobutiril esta elevada Gnicamente

en pacientes con un déficit en HIBCH.
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Se han utilizado estudios de patrén de splicing y de expresion proteica para validar el
cambio ¢.367C>T en el gen ECHS1. De esta forma se ha conseguido confirmar su
patogenicidad a pesar de la caracterizacién de los predictores y el leve fenotipo del

paciente.

Por ultimo, este estudio nos ha permitido hacer varias correlaciones fenotipo-genotipo.
Se ha observado que los pacientes con mutaciones en el HIBCH tienen una mayor
supervivencia que aquéllos con cambios genéticos en ECHSL1. En el caso de los pacientes
con distonia paroxistica y un defecto en SCEH, se han podido correlacionar con la
mutacién ¢.518C>T en heterozigosis. En los pacientes con mutaciones en el HIBCH se
ha observado una correlacion segin la localizacion de la mutacion portadora en la
proteina en pacientes homozigotos, teniendo una mayor supervivencia aquellos que

portan cambios en la superficie de la proteina.
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Publicacion 1
Titulo:

Delineating the neurological phenotype in children with defects in the ECHS1 or HIBCH

gene
Autores:

L Marti-Sanchez, H Baide-Mairena, A Marcé-Grau, R Pons, A Skouma, E L6pez-Laso,
M Sigatullina, C Rizzo, M Semeraro, D Martinelli, R Carrozzo, C Dionisi-Vici, L
Gonzalez-Gutiérrez-Solana, M Correa-Vela, JD Ortigoza-Escobar, A Sanchez-
Montafiez, E Vazquez, | Delgado, S Aguilera-Albesa, ME Yoldi, A Ribes, F Tort, L
Pollini, S Galosi, V Leuzzi, M Tolve, L Pérez-Gay, L Aldamiz-Echevarria, M Del Toro,
A Arranz, F Roelens, R Urreizti, R Artuch, A Macaya, B Pérez-Duefias

Referencia:

Marti-Sanchez L, Baide-Mairena H, Marcé-Grau A, et al. Delineating the neurological
phenotype in children with defects in the ECHS1 or HIBCH gene [published online ahead
of print, 2020 Jul 17]. J Inherit Metab Dis. 2020;10.1002/jimd.12288.
d0i:10.1002/jimd.12288

Resumen:

Se han estudiado 42 pacientes con sindrome de Leigh segun un algoritmo de diagnostico
genético que combina distintos métodos de secuenciacidn de nueva generacion (NGS),
identificando cinco pacientes con deficiencias de SCEH o HIBCH. Se han reclutado
catorce pacientes adicionales a través de colaboraciones con otros centros. En total, se
han analizado las caracteristicas neuroldgicas y el espectro genético de 19 nuevos
pacientes con mutaciones en los genes ECHS1 o HIBCH. Para los estudios de historia
natural y las asociaciones fenotipo-genotipo también incluimos 72 pacientes reportados
previamente. Los 19 casos recientemente identificados presentaron un sindrome de Leigh
(SCEH n = 11; HIBCH n = 6) y distonia paroxistica (SCEH n = 2). Las lesiones de los
ganglios basales (18 pacientes) se asociaron con quistes pequefios en el putamen/palido
en la mitad de los casos, una caracteristica radiolégica a tener en cuenta para el
diagnostico. Dieciocho variantes patogenicas fueron identificadas, 11 de ellas noveles.
Entre los 91 casos publicados hasta la fecha, observamos una supervivencia mas larga en

los pacientes con déficit de HIBCH en comparacion con pacientes con una deficiencia de
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SCEH, y en pacientes con HIBCH portadores de mutaciones en homozigosis en la
superficie de la proteina en comparacion con aquellos con variantes dentro o cerca de la
region catalitica. EI cambio SCEH p.Alal73Val se asocié con una forma mas leve de
distonia paroxistica desencadenada por el aumento de las demandas de energia. Este
cambio se ha estudiado en un paciente con el cambio ya reportado p.Alal73Val y el nuevo
cambio p.Leul23Phe en SCEH, observando una reduccion del 83,6% de la proteina en
los fibroblastos. Los defectos de SCEH y HIBCH en la via de valina catabdlica fueron
una causa frecuente del sindrome de Leigh en nuestra cohorte. Las asociaciones de
fenotipo y genotipo realizadas pueden ayudar a predecir el resultado y mejorar el manejo

clinico.
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1 | INTRODUCTION

Abstract

The neurological phenotype of 3-hydroxyisobutyryl-CoA hydrolase (HIBCH)
and short-chain enoyl-CoA hydratase (SCEH) defects is expanding and natu-
ral history studies are necessary to improve clinical management. From
42 patients with Leigh syndrome studied by massive parallel sequencing, we
identified five patients with SCEH and HIBCH deficiency. Fourteen addi-
tional patients were recruited through collaborations with other centres. In
total, we analysed the neurological features and mutation spectrum in
19 new SCEH/HIBCH patients. For natural history studies and phenotype to
genotype associations we also included 70 previously reported patients. The
19 newly identified cases presented with Leigh syndrome (SCEH, n = 11;
HIBCH, n = 6) and paroxysmal dystonia (SCEH, n = 2). Basal ganglia
lesions (18 patients) were associated with small cysts in the putamen/palli-
dum in half of the cases, a characteristic hallmark for diagnosis. Eighteen
pathogenic variants were identified, 11 were novel. Among all 89 cases, we
observed a longer survival in HIBCH compared to SCEH patients, and in
HIBCH patients carrying homozygous mutations on the protein surface com-
pared to those with variants inside/near the catalytic region. The SCEH p.
(Alal73Val) change was associated with a milder form of paroxysmal dysto-
nia triggered by increased energy demands. In a child harbouring SCEH p.
(Alal73Val) and the novel p.(Leul23Phe) change, an 83.6% reduction of the
protein was observed in fibroblasts. The SCEH and HIBCH defects in the
catabolic valine pathway were a frequent cause of Leigh syndrome in our
cohort. We identified phenotype and genotype associations that may help

predict outcome and improve clinical management.

KEYWORDS

basal ganglia cavitation, ECHS1, HIBCH, Leigh syndrome, methacrylate metabolites, paroxysmal
dystonia, valine catabolism

diagnosis of LS, achieving molecular confirmation in
38-50% of the cases.*> An early genetic diagnosis is

Leigh syndrome (LS; MIM#256000) is a childhood-onset
neurodegenerative disorder characterised by impaired
neurodevelopment and brainstem and basal ganglia
dysfunction." More than 80 mitochondrial and nuclear
genes related to LS have been described.>* Due to the
broad genetic heterogeneity and lack of specific neuro-
logical and biochemical features, next generation
sequencing (NGS) is the technique of choice for the

important to avoid unnecessary investigations, provide
genetic counselling, and offer early intervention for
treatable conditions.®’

LS has emerged as the main clinical phenotype
described in 3-hydroxyisobutyryl-CoA hydrolase (HIBCH;
crotonase EC3.1.2.4) and short-chain enoyl-CoA hydratase
(SCEH; EC4.2.1.17) deficiencies.*' These enzymes,
which are encoded by HIBCH (MIM*610690) and ECHS1
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(MIM*602292), play a major role in the valine catabolic
pathway® and produce secondary deficiencies in the mito-
chondrial oxidative phosphorylation system and pyruvate
dehydrogenase complex (PDHc).*'* SCEH is involved in
mitochondrial fatty acid f-oxidation®*"> and in the fourth
step of valine catabolism'® by converting methacrylyl-CoA
to 3-hydroxyisobutyryl-CoA and acryloyl-CoA to 3-hydroxy-
propionyl-CoA'” (Figure 1). HIBCH catalyses the fifth
step of valine catabolism from 3-hydroxyisobutyryl-CoA
to 3-hydroxyisobutyric acid'’ (Figure 1). HIBCH defi-
ciency leads to an accumulation of 3-hydroxyiso
butyrylcarnitine.'*

In view of the wide clinical variability and growing
number of children with mutations in ECHSI and HIBCH,
our aim was to delineate the neurological phenotype and
search for phenotype-genotype correlations that may help
predict prognosis and optimise clinical management. For
this purpose, we analysed 19 newly identified patients with
biallelic pathogenic variants in ECHSI or HIBCH and com-
pared them with 72 patients previously reported. Further-
more, we analysed HIBCH and SCEH proteins in silico to
study the missense changes location and searched for

phenotype-to-genotype correlations. Finally, in an SCEH
patient with paroxysmal dystonia in compound heterozy-
gous for the novel [p.(Leul23Phe)] and the known [p.
(Ala173Val)] variants we conducted functional studies and
provided data that support pathogenicity.

2 | PATIENTS AND METHODS

For a detailed description of methods, see Data S1.

2.1 | Patients
Participants or their legal guardians provided informed
consent for their inclusion in the study. Procedures
followed the Helsinki Declaration of 1975 as revised in
2013. The Ethic Committees of the participating centres
approved the study.

A multi-centre cohort of 42 patients with clinical evi-
dence of basal ganglia dysfunction, psychomotor delay
or regression, and symmetric lesions affecting the basal
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ganglia and/or brainstem were studied using NGS tech-
niques. Among them, 33 cases fulfilled the diagnostic
criteria established by Rahman for LS, while nine
patients featured other clinical presentations.

Within this cohort, four patients (plus one sibling)
were identified as having ECHS1 or HIBCH mutations.
Fourteen additional SCEH/HIBCH patients were rec-
ruited through collaborations from centres in Spain,

Greece, Italy, and Belgium. The responsible clinician at
each collaborating centre collected clinical, biochemical,
and genetic data via a 102-item questionnaire.

We searched the PubMed database (accessed January
2020) for patients with SCEH/HIBCH deficiencies.
Thirty-six publications reported a total of 50 SCEH
patients and 22 HIBCH patients. Tables S1 and S2 and
Figure 2A summarise these data.

(A)

Cohort 1: Multi-centre cohort
(NGS analysis) (n=42)

/" other genetic ™  HIBCH
diagnosis n=3
_ n=20 -

ECHS1

n=13
ECHS1

Cohort 2: Multicentric effort
(genetically confirmed) (n=19)

Cohort 3: Bibliography review
(n=72)

HIBCH
n=6

Cumulative Survival
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FIGURE 2 Cohort from this report, A, brain lesions on magnetic resonance imaging in SCEH and HIBCH patients, B and C, and

Kaplan-Meier survival curves in SCEH and HIBCH patients, D and E. A, Schematic structure of the three cohorts used in this study. B,

Brain MRI of SCEH-related LS patients. P11 with LS at 22 months, a and b, shows T2-WI hyperintensity affecting both caudate and putamen
nuclei and T1-WI hypointensity foci. P3 with LS at 20 months, ¢ and d, shows caudate and putamen T2-WI hyperintensity and thalamic and
pallidal involvement. Global atrophy associated with dilated ventricles and thinning of the corpus callosum is also observed. P2 with
paroxysmal dystonia at 5 years, e and f, shows exclusive but asymmetric involvement of the globus pallidus, with hyper-T2-WI and hypo-
T1-WI signals suggesting cavitation. C, Brain MRI of HIBCH LS patients depicting an almost exclusive involvement of the globus pallidus. In
P15 at 8 years, g and h, and P14 at 33 years, i and j, we observed T2-WI hyper- and T1-WI hypointensity, signifying small cysts cavitation. In
P16 (16 years), k and 1, globus pallidus involvement is associated with cerebellar atrophy and T2-WTI hyperintensity involving the dentate
nucleus. D, Comparison between HIBCH (n = 27; 20 [74.1%] censured cases) vs SCEH (n = 56; 32 [57.1%] censured cases) deficient patients
showed that differences reached statistical significance (Breslow test, P = .036). We used Breslow test because the majority of patients died
within the first 10 years of life. E, Comparison between patients who carried homozygous mutations in HIBCH gene located inside or near
the catalytic region (mutations p.(Ala96Asp), p.(Tyr122Cys), and p.(Gly317Ser); n = 6; 2 [33%] censured cases) vs those with mutations on
the surface of the protein (mutations p.(Arg66Trp), p.(Phe259Leu), p.(Ser270Gly), and p.(Thr305Ala); n = 10; 10 [100%] censured cases) in
HIBCH protein. When comparing both groups, differences reach statistical significance (log-rank test, P = .004)
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2.2 | Neuroimaging studies

For the 19 newly identified SCEH/HIBCH patients, at least
one brain MRI study was available. Since the images were
obtained from different centres, the quality and applied
pulse sequences varied. MRI underwent systematic analysis
by paediatric neurologists and neuroradiologists from the
coordinating centre following an established protocol.

2.3 | Biochemical studies

In SCEH/HIBCH patients, urine organic acids were
analysed by gas chromatography mass spectrometry of their
trimethylsilyl derivatives.'® Plasma acyl-carnitine profiles
were studied by tandem mass spectrometry with or without
derivatization depending on each individual laboratory.
Before next generation sequencing testing, mitochondrial
respiratory chain activities were analysed in frozen muscle
of eight patients (P3-4, P6-7, P9, and P16-18). PDHc activity
was performed in frozen muscle, fibroblasts or lymphocytes
in P4, P7, P9, P11, P14, and P18. All these SCEH/HIBCH
patients had a suspicion of mitochondrial disorder.'**
Some years ago our protocol for the biochemical/genetic
diagnosis started with the measurement of enzyme activities
in muscle and fibroblasts. At present, whole exome
sequencing (WES) is the method of choice, and we only
measure the enzymatic activities in some specific cases.

2.4 | Genetic analysis

Peripheral blood DNA samples from the multi-centre
cohort of 42 patients were analysed either using customised
panels of genes related to infantile basal ganglia diseases
(HaloPlex Panel, version E.O; and SureSelect Panel, version
D1, Agilent technologies) or WES (SureSelect Human All
Exon V6, Agilent). In negative cases, complete mitochon-
drial DNA sequencing was performed. Variants were
prioritised following in-house pipelines. The 14 patients
from the collaborating centres were also analysed via WES.

Missense change location affecting the homohexamer
SCEH and HIBCH were analysed in silico in an X-ray
crystal structure (PDB 2HWS5 and 3BPT, respectively)
using the PyMOL Molecular Graphics System (Version
2.2.3. Schrodinger, LLC).

P1 with a milder phenotype of paroxysmal dystonia was
compound heterozygous for a known mutation c.518C>T
[p.(Ala173Val)] in ECHSI and a novel variant ¢.367C>T [p.
(Leul23Phe)] classified as tolerated/benign by in silico pre-
dictors, but the Human Splicing Finder predicted a possible
alteration in the splicing pattern. This novel variant is
located 48 base-pairs from the 3’ end in exon 3. Therefore,

\, SSEM WI LEYJ—S

we conducted splicing analysis and protein expression assay
to confirm pathogenicity. RNA was extracted and retro-
transcription was performed. Different PCRs covering exons
2-4 of ECHSI were analysed in cDNA (Figure S1). All of
the PCR fragments underwent Sanger sequencing for con-
firmation. We also analysed SCEH protein in fibroblasts
from P1 and four controls using Western-blotting.

2.5 | Statistical analysis

The chi-squared test was used to analyse the association
between the c.518C>T [p.(Alal73Val)] variant and the
paroxysmal dystonia phenotype in the group of 63 SCEH-
deficient patients. Kaplan-Meier survival curves were
used (a) to compare the survival rates between SCEH and
HIBCH patients and (b) to compare patients carrying
homozygous HIBCH mutations according to the protein
location of the pathogenic variants.

3 | RESULTS
The clinical, radiological, and genetic data of the 19 newly
identified SCEH and HIBCH patients are reported in Table 1.

Table 2 includes clinical, biochemical and radiologic
features that may suggest the diagnosis of HIBCH vs SCEH
deficiency.

Figure 2A represents the three studied cohorts:
(a) multi-centre cohort of 42 patients with basal ganglia
dysfunction, (b) multicentric effort (n = 19), and (c) liter-
ature review on previous published patients (n = 72).

Tables S1 and S2 summarise data on previously reported
ECHS1 and HIBCH patients, including clinical, radiologi-
cal, biochemical, and genetic characteristics (Table S1) and
the distribution of brain MRI abnormalities (Table S2).

3.1 | SCEH deficiency
3.1.1 | Clinical phenotype and
management

We identified 13 new SCEH patients. Two (P7-8) had
affected LS siblings who died before achieving the molec-
ular diagnosis. The mean age at onset was 11.5 (1-35)
months. The clinical phenotype was characterised as LS
(n = 11) and paroxysmal dystonia (P1-2).

The 11 patients with LS fulfilled the four criteria
established by Rahman,* except for P11, who did not
show mitochondrial energy impairment parameters.
At onset, the patients manifested developmental delay or
regression, feeding difficulties, episodes of acute
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(Continued)

TABLE 1

Impairment in the fifth step of valine catabolism: HIBCH deficiency

Impairment in the fourth step of valine catabolism: SCEH deficiency

17 18

16

12

1

Patient

Normal Normal Normal Normal Normal Elevated Elevated Normal Elevated Elevated ND Normal Normal Normal Normal Normal Elevated

Normal

2-Methyl-2, 3-hydroxy-  Normal

butyrate acid

ND

| c1, cI1, cun

ND ND ND ND |cr

ND

Normal

ND

| CIL CI+III

ND Normal Normal ND

ND

RCC

ND

ND Decreased

ND

ND Normal

ND

Decrease

Normal

ND ND ND Normal ND ND Decrease ND

PDHe activity

Abbreviations: A, ataxia; At, athetosis; CRF, chronic respiratory failure; C, caudate; D, dystonia; Dysk, dyskinesia; Dysart, dysarthria; Dysph, dysphagia; EOEE, early onset epileptic encepha-

lopathy; E, encephalopathy; GP, globus pallidus; Hep, hepatomegaly; H, hypotonia; HC, hypertrophic cardiomyopathy; Hypok, hypokinesia; LS, Leigh syndrome; ND, not determined; PD,

paroxysmal dystonia; Pt, ptosis; Stra, strabismus; P, putamen; Spas, spasticity; RI, respiratory insufficiency; RN, red nuclei; RCC, respiratory chain complex; T, thalamus; S, seizures; SN, sub-

stantia nigra; V, vomiting; WS, West Syndrome; WM, white matter; C4-OH, 3-hydroxyisobutyrylcarnitine.

“Novel mutations.

®Younger than 4 years of age.

\, SSEM WI ]_Eyj_7

encephalopathy, and infantile spasms. Five patients
developed cardiac ventricular hypertrophy. Four patients
died between 0.5 and 16 years of age. Neurological exam-
ination of seven surviving patients at a mean age of 5.7
(1.3-12) years showed movement disorders (dystonia,
hypokinesia, ataxia, and spasticity), epilepsy, hearing
loss, microcephaly, nystagmus, and optic atrophy. Eight
patients were severely impaired according to gross motor
function (GMFCS), manual ability (MACS), and communi-
cation function classification system (CFCS) (levels IV-V),
whereas two children with a later onset (P6 and P10) had
mild developmental delay and GMFCS levels I-III.

P1 and P2 presented at 18 and 35 months with 3-4
monthly episodes of paroxysmal dystonia, lasting
15-40 minutes, affecting asymmetrically one lower limb and
occasionally the upper limb. In P1, these episodes were trig-
gered by fever and infection. On follow-up, P1 was a nor-
mally developing child at 3 years of age; P2 presented a
stroke-like event with acute hemidystonia at 4.5 years
followed by residual spastic-dystonic hemiparesis and learn-
ing and speech difficulties. Brain MRI in both cases (P1 at
22 months; P2 at Syears) showed bilateral T2-WI
hyperintensity, restricted diffusion, and asymmetric cavita-
tion of globus pallidus (Figure 2B,C).

P12 was diagnosed on newborn screening after abnor-
mal acyl-carnitine profile, elevated urinary excretion of
2,3-dihydroxy-2-methylbutyrate acid, and genetic confir-
mation. P12 died at 5 months from LS and respiratory
infection.”® The severe clinical deterioration by the time
of genetic confirmation precluded any therapeutic inter-
vention in this patient.

Some patients received valine restricted and low
protein formula (P1, P3, P5-6, and P8-P11) and/or supple-
mentation of thiamine (n = 8), biotin (n = 4), riboflavin
(n = 6), CoQ (n = 9), and carnitine (n = 8). P6 presented
a mild improvement in lower limb dystonia while
receiving valine restricted formula (ELL's personal obser-
vation). No neurological improvement was observed for
the rest of patients.

3.1.2 | Neuroradiological findings

Brain MRI showed T2-WI hyperintense lesions in the
basal ganglia in 12/13 SCEH patients. Cavitation was
observed in the putamen in 5/11 LS patients and in the
globus pallidus in 2/2 paroxysmal dystonia patients. Less
frequent abnormalities were brain and cerebellar atro-
phy, T2-WI dentate hyperintensities, and white matter,
brainstem and thalamus involvement (Figure 2B). P13
suffered from recurrent stroke-like episodes in both cere-
bral hemispheres. Magnetic resonance spectroscopy
(MRS) showed elevated lactate peak in 5/9 patients.
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TABLE 2 Clinical, biochemical and radiologic features that may suggest the diagnosis of HIBCH vs SCEH deficiency

HIBCH
Onset before 10 years of age

Clinical phenotype:
Leigh syndrome (#256000) (100%)

Main features (present in >50%):

Developmental delay/arrest/regression

Acute episodes of encephalopathy and neurological
deterioration

Movement disorders (dystonia, ataxia, and spasticity)

Less common neurological features:

Ocular abnormalities (optic atrophy and nystagmus)
Seizures

Microcephaly

Main biochemical features (present in >50%):

Elevated plasma levels of 3-hydroxyisobutyryl carnitine
Less common findings:

| PDH activity (muscle/fibroblasts)

IRCC activities (muscle/fibroblasts)

TPlasma lactate and pyruvate levels

Main neuroradiological features (present in >50%):

Bilateral globus pallidus T2-WI hyperintensities (cytotoxic,
vasogenic, or STE oedema and/or cavitation may be present)

Less common findings:

Bilateral caudate/putamen T2-WI hyperintensities (cytotoxic,
vasogenic, or STE oedema and/or cavitation may be present)

Brainstem lesions

Brain atrophy

White matter involvement

Dentate T2-WI hyperintensity

ECHS1
Onset before 10 years of age

Clinical phenotype:

Leigh syndrome (#256000) 79%

Fatal neonatal lactic acidosis 11%

Paroxysmal dystonia triggered by high metabolic demands (exercise,
fever, and low caloric intake) 10%

Main features (present in >50%):

Developmental delay/arrest/regression

Acute episodes of encephalopathy and neurological deterioration
Movement disorders (dystonia, ataxia, and spasticity)

Less common neurological features:

Sensorineural hearing loss

Ocular abnormalities: optic atrophy and nystagmus
Seizures (infantile spasms maybe present)Microcephaly
Paroxysmal dystonia

Stroke-like episodes

Non-neurological symptoms:

Dilated or hypertrophic cardiomyopathy, and hepatomegaly

Main biochemical features (present in >50%):

Tplasma lactate levels

Elevated S-(2-carboxypropyl)cysteine and N-acetyl-S-(2-carboxypropyl)
cysteine

Turinary excretion of organic acids (12,3-dihydroxy-2-methylbutyric
acid, 3-MGA, 3-HIVA, and EMA)

Less common findings:

|PDH activity (muscle/fibroblasts)

JRCC activities (muscle/fibroblasts)

Main neuro radiological features (present in >50%):

Bilateral putamen, caudate, and/or globus pallidus T2-WI
hyperintensity (cytotoxic, vasogenic, or STE oedema and/or
cavitation may be present)

Less common findings:

White matter involvement

Brainstem lesions

Brain atrophy

Thinning of corpus callosum

Abbreviations: EMA, ethylmalonic acid; 3-HIVA, 3-hydroxyisovaleric acid; 3-MGA, methylglutaconic acid; PDHc, pyruvate dehydrogenase
complex; RCC, respiratory chain complex; STE, shine through effect.

3.1.3 | Biochemical findings

We observed elevated levels of plasma lactate (9/12),
pyruvate (4/9), alpha-alanine (4/11), C2 acetylcarnitine
(1/9), and CSF lactate (2/8). Urinary organic acids
showed high excretion of 2,3-dihydroxy-2-methylbutyrate
acid (P8-9, P11-12), 3-hydroxyisovaleric (P4, P7),
3-methylglutaconic (P9, P12), and ethylmalonic acid (P4).
Other biochemical abnormalities were: elevated methac-
rylate metabolites (P8-9, P11), mitochondrial respiratory
chain complex I (CI) (P6) and combined CI-CII + CIII (P7)
deficiencies, and decreased PDHc activity (P7 and P11).

Four patients had normal pathology and immunohisto-
chemistry on muscle biopsies.

3.2 | HIBCH deficiency
3.21 | Clinical phenotype and
management

Six HIBCH patients had their onset of symptoms at
7.7 (0-19) months of age. Insidious onset in four chil-
dren showed developmental delay and neurological
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features (ptosis, strabismus, hypo- and hyperkinetic
movements, and hypotonia). Two patients had acute
onset triggered by infection, causing encephalopathy
and ataxia (P14) and West Syndrome (P18). On
follow-up, three patients developed recurrent episodes
of acute encephalopathy and neurological deterioration
triggered by infection (P14, and P17-18). On last
examination (14.6 [1.67-35] years) patients had ataxia
(4), dystonia (3), pyramidal signs (5), epilepsy (2),
abnormal ocular movements (3), visual (1) and hear-
ing loss (1), central apnoea, and moderate to severe
functional impairment.

HIBCH patients received treatment with carnitine
(n = 4), CoQ10 (n = 2), riboflavin (n = 2), thiamine
(n = 1), a valine-restricted diet (P15-P19), and/or low pro-
tein intake diet (P14-15 and P18-19). In P14, a mild
improvement in vigilance and environmental participa-
tion was observed under carnitine supplementation and
protein restriction. However, no standardised follow up
was designed to evaluate the clinical response of these
patients.

3.2.2 | Neuroradiological findings

Brain MRI of HIBCH patients was characterised by bilat-
eral globus pallidus involvement (T2-WI hyperintensities,
cavitation, and/or atrophy) in 5/6 patients and T2-WI
hyperintensity in the dentate nucleus (4/6). Cerebellar
and brain atrophy was also observed (Figure 2C). MRS
was available for one patient with normal pattern.

3.2.3 | Biochemical findings

We observed elevated levels of 3-hydroxyiso-
butyrylcarnitine (3/4), plasma lactate (4/6), pyruvate
(2/3), and alpha-alanine (3/6). Abnormal urine organic
acids (3/6) included 2-hydroxybutyric and 2-ketobutyric
acids (P14), 3-methylglutaconic (P17), and 2,3-dihydroxy-
2-methylbutyrate acid (P17-18). Other abnormalities were
deficiencies of CI (P16-17), combined CI-CII-CIII (P18),
and PDHc (P18). Histopathology of muscle biopsy was
normal in three patients.

3.3 | Genetic results

Twenty-five out of 42 patients from the multi-centre
cohort had a genetic confirmation. Among them, we iden-
tified four unrelated patients harbouring biallelic muta-
tions in ECHS1 (n = 2) or HIBCH (n = 2); sixteen patients
were found to have pathogenic variants in other genes

\, SSEM WI ]_Eyj_9

causing LS, and five cases had genetic defects not related
to mitochondrial metabolism but with clinical evidence of
basal ganglia dysfunction (data not shown). Overall,
genetic defects in the valine catabolic pathway represen-
ted 4/20 (20%) of all genetically confirmed LS patients.

We also diagnosed P17, the sister of P16 from the
multi-centre cohort with a similar phenotype, as having a
HIBCH genetic defect.

In the newly identified patients with SCEH (n = 13)
and HIBCH (n = 6) deficiency, we reported 18 variants,
and 11 were novel (Table S3). Segregation was confirmed
in all cases. Regarding the novel ECHSI ¢.367C>T [p.
(Leul23Phe)] variant, we did not observe an alteration of
the splicing pattern in P1 fibroblasts compared with a
control sample. An 83.6% reduction in SCEH was con-
firmed by Western-blotting analysis (Figure 3F).

Figure 3 shows the location of novel missense variants in
the protein structure. Table S3 details prioritisation parame-
ters of pathogenicity for novel mutations. Table S4 shows
the 52 ECHSI and HIBCH missense variants reported,
including secondary structure and protein location.

3.4 | Phenotype-genotype correlations
We observed a longer survival in 27 HIBCH patients
compared to 56 SCEH patients (mean age of survival:
30.9 vs 16.4 years; Breslow test, P = .036) (Figure 2D).

In HIBCH patients, we observed a longer survival in
patients with homozygous mutations located on the pro-
tein surface than in those with variants inside or near the
catalytic site (log-rank test P = .004, Figure 2E). The same
analysis could not be conducted in the SCEH patients
due to the low number of homozygous cases.

In SCEH patients, the missense ECHSI variant
¢.518C>T [p.(Alal73Val)] in compound heterozygosity
was present in 5/6 patients with paroxysmal dystonia
(5/12 alleles) compared to 1/56 patients (1/112 alleles)
with LS or fatal neonatal lactic acidosis (chi-squared,
P < .0001, risk estimate 80.71).

4 | DISCUSSION
In this report, we describe the phenotype and genotype
spectrum of 19 SCEH/HIBCH patients from a multi-
centre study. We compare them with 72 previously
reported patients (Table S1) and summarise the main
clinical, biochemical and radiologic features that may
suggest the diagnosis of HIBCH vs SCEH deficiency in
Table 2.

To date, 63 SCEH patients are described, all pre-
senting between 0 and 18years of age>***3>%



MARTI-SANCHEZ ET AL.

Pro80

Asn135

(E)

Leul23

Thr124

Phe259

26 KDa —— S e ———— SCEH
17KDa —
34KDa e S GAPDH

FIGURE 3 PyMol representation of SCEH, A, B, and C, HIBCH, D and E, proteins, and Western-blotting analysis, F. A, Location of the
novel variant Thr277 (in red) and reported mutations (Phe279 and Glu281, in yellow). Binding site with the ligand crotonyl-CoA is also
represented. Different monomers are represented in different colours (orange and blue). The interaction between the novel variant and the
binding site are shown. B, Location of the novel variants Leul23, Thr124, and Argl81 (in red). Different monomers are represented with
different colours (blue, green, and orange). These three mutations are located in the inter-phase between monomers. C, Location of Pro80
(red) on the surface of the protein. The novel change Asn135 (red) is located inside the protein. D, Location of variant Phe118 (red) and
Phe259 (blue). Ligands quercetin and 3-hydroxyisobutyrate are represented. Phel18 is located in the binding site while Phe259 is in the
periphery of the protein. E, Location of Cys163 (green) in the inner part of the protein. F, Western blotting analysis of fibroblasts from P1

and four normal controls using antibodies specific for SCEH protein (upper panel) or GAPDH (lower panel)

36,10-13,22.24.2559 Three distinct clinical phenotypes are
reported: LS (79%), paroxysmal dystonia (10%), and fatal
neonatal lactic acidosis (11%) (Table S1). Kaplan-Meier
survival curves showed that half of the patients died
before 10 years of age.

In our series, the SCEH patients developed LS within
the first 3 years of life. We observed infantile spasms in
33% of SCEH-LS patients, a rare LS feature reported in
other molecular defects.>”*® Neurological outcome was
associated with severe impairment on gross motor, man-
ual ability and communication function, as well as move-
ment disorders, seizures, microcephaly, and hearing and
visual involvement. Cardiomyopathy, previously reported
in 21% of SCEH patients with severe neonatal
forms,'*'*?>27 was identified in 5/13 patients.

On the opposite side of the severity spectrum, the
SCEH-related paroxysmal dystonia phenotype was identi-
fied in two patients from our cohort and in four previous
cases. All six patients were normally developing children
who presented with paroxysmal dystonia at 3.4 (1.7-8)

years.""*>® Two clinical scenarios were identified:
(a) paroxysmal and asymmetric dystonic episodes in the
lower limbs lasting a few minutes, and normal neurologi-
cal examination in between episodes (P1,'*?); and
(b) stroke-like events with acute hemydystonia and resid-
ual pyramidal and extra-pyramidal signs (P2,*%). Pro-
longed exercise, fasting, and febrile illness were frequent
triggers in these children. Thus, paroxysmal dystonia trig-
gered by situations with increased energy demands should
lead to the suspicion of SCEH-related disease. Patients
received a vitamin cocktail with no improvement in the
episodes, in contrast to the improvement reported in two
patients taking a vitamin cocktail*? or ketogenic diet.*
Currently, 28 HIBCH patients are described pre-
senting with LS from 0 to 5 years of age. In our series,
early signs of developmental delay were observed,
together with insidious onset of hypotonia, feeding diffi-
culties, pyramidal signs, dystonia, and ataxia. Episodes of
acute deterioration were common during febrile illness,
as in 50% of reported patients.”'**** Seizures were
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reported in 27%-33%.*>*>* Systemic features, such as
those observed in SCEH and in other LS genetic defects,
were not common in the HIBCH patients. Although early
death may occur, survival up to 43 years of age has been
reported.*’ Remarkably, we found a significant longer
survival in the HIBCH patients compared to the SCEH
patients (25.9% vs 43.4% of deceased cases).

Brain MRI analysis in this study identified basal gang-
lia cavitation in half of the patients. A phenotype-
genotype association was observed, with small cysts
predominating either in the putamen (SCEH-LS patients)
or in the globus pallidus (HIBCH-LS patients). Moreover,
in SCEH-paroxysmal dystonia patients asymmetric
globus pallidus cavitation was observed in our series and
in the literature.’® Basal ganglia cavitation was initially
described in anatomo-pathological studies of LS
patients™* and later as a specific MRI feature located in
the putamen in SLC19A43,”° NDUFAF6,”" and NDUFV1,*
or in the globus pallidum in PDHc deficiency.”® White
matter demyelination and brain atrophy, dilated ventri-
cles, and thinning of the corpus callosum was commonly
observed in our SCEH patients, as in other causes of
LS.*” Stroke-like events were observed in one patient
from our cohort and one previously reported patient*
Finally, dentate T2-WI hyperintensity and cerebellar
atrophy was observed in 4/6 patients with HIBCH, simi-
lar to LS patients with MT-ATP6 and SURFI1 genetic
defects. #4748

Biochemical features in our 19 patients suggested mito-
chondrial energy dysfunction, with elevated plasma lactate
and alanine levels, respiratory chain complex and PDHc
deficiencies, as described for other patients.>**¢>2 MRS
lactate peak was most frequently observed in the SCEH
patients than HIBCH patients. On the other hand, high
levels of wurinary lactate and 3-methylglutaconate
(a biomarker of mitochondrial dysfunction), methacrylyl-
CoA and acryloyl-CoA related metabolites, as well as
2,3-dihydroxy-2-methylbutyrate, a metabolite derived from
acryloyl-CoA®® (Figure 1) were more often recorded in
SCEH than in HIBCH patients from our series. Methacry-
late metabolites (S-2-carboxypropyl cysteamine, S-
2-carboxypropyl cysteine and N-acetyl-S-2-carboxypropyl)
were detected in 80% of our SCEH patients and 75% of pre-
vious reports,®*'%2?7 even in the milder forms of parox-
ysmal dystonia.'>*® Therefore, it seems that mitochondrial
dysfunction and metabolite alterations are more severe in
SCEH deficiency than in HIBCH deficiency, but more stud-
ies are necessary to corroborate this appreciation as metab-
olite abnormalities are essentially the same in both
diseases, with the exception of 3-hydroxyisobutyryl carni-
tine (only present in HIBCH), that can be useful for the dif-
ferential diagnosis. This metabolite was found in 75% of

\, SSEM WI ]_Eyj_“

HIBCH cases in our study and in previous series.*****”

40,41,45,54

Forty-three different ECHS1 mutations in 63 SCEH
patients from 54 families have been described®*2¢3%%3¢
10-13,22,24.2559 (Figure S2). Overall, 73% of the variants
were present exclusively in one or two alleles, confirming
the wide genetic heterogeneity of ECHS1. The SCEH p.
(Alal73Val) variant was detected in compound heterozy-
gosity in 5/6 patients with a milder form of paroxysmal
dystonia triggered by increased energy demands. The
only patient harbouring this variant with LS phenotype
was the older sibling of a patient with paroxysmal dysto-
nia who manifested with acute neurological regression
after a major surgery at 3.5 years of age."" Statistical anal-
ysis confirmed a strong association between p.
(Alal73Val) variant and the paroxysmal dystonia pheno-
type, thus providing evidence for outcome prediction in
these patients. P1 with paroxysmal dystonia carried the
¢.518C>T [p.(Alal73Val)] and the novel c.367C>T [p.
(Leul23Phe)] in compound heterozygosity. We observed
an 83.6% reduction of SCEH expression in the patient's
fibroblasts, suggesting loss-of-function and hypomorphic
effect. Because no splicing alteration was demonstrated
for the c.367C>T [p.(Leul23Phe)], other molecular
mechanisms can be postulated, such as protein instability
or misfolding.

In HIBCH, 22 different pathogenic variants were
reported in 28 patients (Figure S2).>!4>%3840-465% Qyerall,
50% of the total HIBCH variants were unique mutations
showing a wide heterogeneity. Remarkably, 17% of mis-
sense variants were located in the SCEH mitochondrial
signal peptide while no variants were detected in the
shorter HIBCH mitochondrial peptide (Table S4).

We observed a genotype-phenotype correlation in the
homozygous HIBCH patients according to the protein
location: the patients with mutations on the protein sur-
face had longer survival than those with variants inside/
near the catalytic site, as suggested in previous reports.*!
Thus, an early genetic diagnosis might be relevant to bet-
ter predict outcome.

In conclusion, the SCEH and HIBCH defects in the
catabolic valine pathway were a frequent cause of LS in
our cohort. According to these results and previous litera-
ture, LS is a major phenotype in both genetic defects. The
SCEH patients showed a broader spectrum of severity
including children with isolated paroxysmal dystonia
triggered by situations of increased energy demands,
most of them harbouring the c.518C>T [p.(Alal73Val)]
variant. Brain MRI analysis showed that the presence of
small cysts in the putamen and the globus pallidus might
be candidate radiological hallmarks for the diagnosis of
both defects. Finally, genetic analysis led to the
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identification of novel variants and allowed the establish-
ment of phenotype-genotype correlations.
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Supplementary methods

Patients

Physical and neurological examination was performed by paediatric experts in inborn
errors of metabolism from the coordinator centre (Hospital Universitari Vall d’Hebron;

HUVH) in six patients, and by experts from collaborating centres in 12 cases.

The questionnaire from the responsible clinician at each collaborating centre included
demographic data, genetic studies, early developmental milestones, age of disease onset,
trigger events, clinical and biochemical data, multi-systemic evaluation, clinical follow-
up, and management. Functional capability was assessed at the last examination
according to GMFCS E&R (Gross Motor Function Classification System - Expanded &
Revised) in all ages, MACS (Manual Ability Classification System) in patients older than
four years, and CFCS (Communication Function Classification System) in patients older

than two years.

Neuroimaging studies

MRI from 13 of 19 patients underwent systematic analysis by two paediatric neurologists
and two paediatric neuroimaging experts from HUVH. The MRI analysis included the
location and presence of T2-WI/FLAIR hyperintensity, T1-WI hypointensity, atrophy,
and DWI/ADC hyper/hyposignal. Cavitation was described when T1-WI and FLAIR
hypointensity was present. Neuroradiologists from the collaboration centres following the
same protocol conducted the MRI analysis of the remaining six patients. MRI

spectroscopy was available in 16 cases to analyse the presence/absence of lactate peak.

Biochemical studies



Biochemical studies included plasma and CSF lactate, pyruvate, and plasma amino acids.
Urine organic acids were also analysed, including the acryloyl-CoA metabolite 2,3-
dihydroxy-2-methylbutyrate acid (P8, P9, P11, P12, and P18). Methacrylate metabolites
S-(2-carboxypropyl) cysteine and S-(2-carboxypropyl) cysteamine were studied (P8, P9,
P11, P17, and P18). Acyl-carnitines analysis was assessed, considering C4OH carnitine
in the HIBCH patients. In the patients with suspected OXPHOS impairment PDHc
activity and mitochondrial respiratory chain enzymes were analysed. Histopathology of

muscle biopsies were analysed in P3, P7, P9, P15, P16, and P17.
Genetic analysis

Patients from the LS cohort at HUVH underwent whole exome sequencing (WES).
Genomic DNA samples were extracted from the peripheral blood using standard methods.
Sequencing (SureSelect Human All Exon V6, Agilent) and bioinformatics analysis was
performed by Centogene (Rostock, Germany). Variant annotation and analysis was done
using VarAFT software!. Variants were filtered by minimum allele frequency <0.01 in
the Genome Aggregation Database? (GnomAD, accessed January 2020) and variant type.
We considered in silico bioinformatics prediction tools (Mutation Taster’, SIFT,
PROVEAN* and Human Splicing Finder’) and reported mutations in Human Gene
Mutation Database (HGMD professional 2019.2) and ClinVar database®. All of the
inheritance Mendelian patterns were considered. All of the selected variants were
validated by Sanger sequencing. Whenever possible, segregation studies were conducted

for candidate variants in family members, including other affected siblings.
Splicing analysis and protein expression studies

Skin fibroblasts from P1 and the normal controls were maintained in Dulbecco Modified

Eagle's Minimal essential medium (DMEM; Biowest) supplemented with 10%



inactivated foetal bovine serum (FBS) and 1% sodium pyruvate and incubated at 37°C

with 5% of COa.

For splicing analysis of the ¢.367C>T variant in ECHS1 gene, cycloheximide (1 mg/mL
in DMEM) (Sigma-Aldrich, St. Louis, MO, USA) treatment was performed in P1 and one
paediatric control fibroblasts for 6 hours. Afterwards, RNA was extracted from confluent
fibroblast plates both in the presence and absence of cycloheximide, using TRIzol
(NZYTech, Lisbon, Portugal). RNA quantity and quality was assessed via 1% agarose
gel electrophoresis and spectrometry with a NanoDrop ND-100 spectrophotometer
(Nanodrop Technologies Inc; Thermo Fisher Scientific, Waltham, MA, USA).
Retrotranscription was performed using SuperScript™ III Reverse Transcriptase
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). Exons 2 to 4 were amplified
in overlapping fragments as indicated in Figure S1. Moreover, exons 1 to 5 were
sequenced (primers not shown). PCR was performed in P1, a cDNA control, and a

genomic control. All of the PCR fragments were sequenced for confirmation.

For Western-blotting studies, protein was extracted by lysing P1 and four normal control
fibroblasts overnight with RIPA buffer. The protein concentration was determined using
the Bradford method with a Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, USA) using
bovine serum albumin (BSA) as a standard. The proteins were electrophoresed on 10%
polyacrylamide gel and transferred to polyvinylidene fluoride membrane (PVDF; Thermo
Fisher Scientific, Waltham, MA, USA). The membrane was incubated with anti-SCEH
(1:3000; AB153732, Abcam) at 4°C overnight and anti-GAPDH (1:5000; 60004-1;
Proteintech) for 2 hours at room temperature. Secondary anti-rabbit or anti-mouse IgG
antibodies were used (1:5000, Dabco, Cusabio), respectively, and was developed using

an Amersham ECL Prime kit (GE Healthcare).



Statistical analysis

Statistical analyses were conducted using IBM SPSS Statistics 23 software (IBM Corp.,
Armonk, NY, USA). The quantitative variables were reported in terms of the normal

distribution mean, standard error of the mean (SEM), and the range.

Different statistical methods were used to analyse phenotype to genotype correlations.
Paroxysmal dystonia phenotype in SCEH-deficient patients correlated to c.518C>T
variant was analysed using the chi-squared test. The Kaplan—Meier survival curve was
used to compare the survival rates between SCEH and HIBCH deficiencies. Differences
in survival between both groups were evaluated using the Breslow test because the
majority of patients died within the first 10 years of life. The Kaplan-Meier curve was
also used to compare patients who were homozygous for H/BCH mutations located inside
or near the catalytic region of the protein vs those with mutations on the surface of the
protein. Differences were evaluated using the log-rank test. All of the statistical tests were

two-sided and conducted at a 0.05 significance level.



Table S1: Clinical, radiological, biochemical, and genetic characteristics of 91 patients with genetic
defects in ECHS1 and HIBCH

Gene HIBCH ECHS1

Patients 28 63

References 7,8,17720,97161 our report 21,22,31410,23,41,24730,421 our report
First described in 1989 2014

Sex 19M/9F 27M/32F/4NR

Parental consanguinity 6 12

Affected siblings 2 17

Age at onset, median (range)
Current age, median (range)
Alive/death/Not Reported
Age of death, median (range)

12,4 (0-65) months
14 (1,3- 43) years
19/7/2NR

4,2 (0,25-8)years

10.6 (0-96) months
9 (1.3-31) years
34/25/4NR

2,3 (0-16) years

Phenotype

LS (#256000) 28 50

Fatal neonatal lactic acidosis 0 7
Paroxysmal Dystonia 0 6

Clinical features at onset =28 =59
Trigger 11 (39%) 7 (12%)
Encephalopathy 12 (43%) 20 (34%)
Respiratory insufficiency 2 (7%) 16 (27%)
Poor feeding 14 (50%) 16 (27%)
Hypotonia 22 (78%) 31(53%)
Clinical features on follow up n=28 n=59
Neurological features

Developmental delay 19 (68%) 41 (69%)
Developmental regression 12 (43%) 25 (42%)
Hypotonia 22 (78%) 23 (39%)
Nystagmus 6(21%) 12 (20%)
Seizures 8(28%) 16 (27 %)
Microcephaly 6 (21%) 16 (27%)
Sensorineural hearing loss 0 21 (36%)
Optic atrophy 9 (32%) 17 (29%)
Movement disorders

Dystonia 10 (36%) 31 (53%)
Ataxia 10 (36%) 8 (14%)
Spasticity 8 (28%) 12 (20%)
Rigidity 2 (7%) 6 (10%)
Chorea 0 4(7%)
Tremor 1(4%) 0
Extraneurological features

Cardiomyopathy 0 12 (20%)
Hepatomegaly 0 6 (10%)
Dysmorphic features 5(18%) 7 (12%)
Biochemical Features

Elevated plasma lactate levels 10/24 (42%) 41/52 (79%)
Elevated plasma pyruvate levels 3/7 (43%) 6/19 (32%)
Elevated alanine levels 3/26 (11%) 17/41 (41%)
Abnormal urine organic acids 5/26 (19%) 32/48 (67%)
Elevated 2,3-dihydroxy-2-methylbutyric acid 3/26 (11%) 21/48 (44%)
Elevated S-(2-carboxypropyl)cysteine; o o
N-acetyl-S-(2-carboxypropyl)cysteine 1/26 (4%) 11/13 (85%)
Elevated C40H acyl carnitine 15/20 (75%) 8/38 (21%)
Low PDH activity 4/9 (44%) 10/24 (42%)
RCC deficiency (muscle/fibroblasts) 7/16 (44%) 12/40 (30%)
Radiological features n=23 n=50

Age at reported Brain MRI
Basal Ganglia lesions

4,17 (0,2-26) years

3,1 (0-16) years

Putamen 7 (30%) 33 (66%)
Caudate 8(35%) 30 (60%)

GP 23 (100%) 32 (64%)
Other affected structures:

Thalamus 3(13%) 9 (18%)
Brainstem 14 (61%) 16 (32%)
Substantia Nigra 1(4%) 8(16%)
White matter 9 (36%) 25 (50%)
Cerebellum 6 (26%) 11 (22%)
Medulla 0 4 (8%)
Other findings

MRS lactate peak 2 (8%) 19/36 (53%)
Brain atrophy 18 (78%) 15 (30%)
Genetics

Missense 64% (14/22) 84% (38/45)
Intron variant 23% (5/22) 7% (3/45)
Stop/Frameshift 14% (3/22) 9% (4/45)
Homozygous 68% (19/28) 32% (20/63)
Heterozygous 32% (9/28) 68% (43/63)




No. of patients

T2-WI hyperintensity :
References with described Age at assessment Thalamus Brainstem . (Sl ‘f‘""te matter Brain atrophy
Brain MRI Caudate Putamen Globus Pallidus involvement involvement
ECHS1
Peters, 2014 2 2 (0-4) months 0 1 (50%) 1 (50%) 1(50%) 1(50%) 0 2(100%) 1(50%)
Tetreault, 2015 4 6,6 (0,5-12) years 4(100%) 4 (100%) 4 (100%) 0 2 (50%) 1(25%) 2 (50%) 0
Sakai, 2015 1 NR 0 1(100%) 0 0 0 0 0 0
Haack, 2015 10 2,4 (0-15) years 3 (30%) 5 (50%) 3 (30%) 0 0 0 6 (60%) 2 (20%)
Yamada, 2015 2 15 (14-16) months 2 (100%) 2 (100%) 1(50%) 0 0 0 0 0
Ferdinandusse, 2015 3 8(0-12)months 0 1(33%) 1(33%) 1(33%) 1(33%) 0 1(33%) 1(33%)
Olgiati, 2016 2 4,2 (3,5-5) years 0 0 1 (50%) 0 1 (50%) 0 0 0
Mahajan, 2016 1 NR 0 0 1 (100%) 0 0 0 0 0
Bedoyan, 2017 1 NR 0 0 0 0 0 0 1 (100%) 1 (100%)
Huffnagel 2017 1 1,4 and 12 years 1(100%) 1 (100%) 0 0 0 1 (100%) 1 (100%) 1 (100%)
Balasubramaniam 2017 1 15months 1(100%) 1 (100%) 1(100%) 0 0 0 0 0
Fitzsimons, 2018 4 11 (1,2-35)months 4 (100%) 4 (100%) 4 (100%) 1(25%) 4(100%) 2 (50%9 3 (75%) 2 (50%)
Aretini, 2018 1 16m and 12 years 1(100%) 1 (100%) 1(100%) 1 (100%) 0 0 0 0
Uchino, 2018 1 1year 1(100%) 1(100%) 1(100%) 0 1(100%) 0 1(100%) 1(100%)
Carlston, 2019 1 1years 1(100%) 1(100%) 1(100%) 0 1(100%) 0 0 0
Yang 2020 2! NR o o 2(100%) . I 0 0_ .. R N
Total 37 18 (51%) 23 (66%) 20 (57%) 4 (11%) 11 (31%) 4(11%) 17 (48%) 9(26%)
HIBCH
Loupatty, 2007 1 14 months 0 0 1(100%) 1(100%) 0 0 0
Ferdinandusse, 2013 2 9 months 0 0 2 (100%) 0 0 1 (50%) 0
Yamada, 2014 2 17,5 (14-24) months 1(50%) 0 2 (100%) 0 0 0 0 1(50%)
Reuter, 2014 1 9months, 3 and 3,5 years 1(100%) 1(100%) 1(100%) 0 0 0 0 1(100%)
Peters, 2015 1 10 months 1(100%) 1(100%) 1(100%) 1(100%) 1(100%) 0 1(100%) 0
Soler-Alfonso, 2015 1 13 months, 16 months and 4,9
years (] ] ] (] (]

1 (100%) 1 (100%) 1 (100%) 0 1 (100%) 1 (100%) 0 0
Stiles, 2015 2 6,8 (1,6-12) years 1 (50%) 0 2 (100%) 0 2 (100%) 0 2 (100%) 0
Schottmann, 2016 5 8,5 (1-26) years 0 0 5 (100%) 0 1(25%) 0 0 0
Tan, 2018 1 3 months 0 0 0 0 0 0 0 1 (100%)
Karimzadeh, 2019 1 2 years 0 0 1 (100%) 0 0 0 0 0
Candelo, 2019 2 9.5 (9-10) years 1(100%) 1(100%) 1(50%) 0 1(50%) 0 0 2(100%)




Total 19 6 (31%) 4(21%) 17 (89%) 1(5%) 7 (36%) 1 (6%) 4(21%) 5(26%)

Table S2. Literature review on brain MRI abnormalities from 56 patients with SCEH and HIBCH deficiency according to PubMed



Table S3: Pathogenicity data of novel variants reported in our series

Population
Patient Protein in silico software Conservation frequency
cDNA Protein atien databases
number MT PROVEAN
. - SIFT (score) Clustal Omega GnomAD frequency
c.367C>T p.(Leul23Phe) P1 P (22) N (-2.43) T(0.07) conserved NR
c.239C>T p.(Pro80Leu) P2 D (98) D (-3.87) D (0.025) not conserved 0,00006924
highly
c.542G>T p.(Argl81lLeu) P4, P5 D (102) D (-6.22) D (0.006) conserved NR
c.123_124delAG p.(Gly42Glufs*3) P6, P11 D NR
ECHS1
c.830C>T p.(Thr277l1le) P6 P (89) D (-4.26) D (0.022) not conserved 0.000007954
c.371C>T p.(Thri24lle) P10 P (89) D (-3,37) D (0.012) not conserved NR
C.404A>G p.(Asn135Ser) P12 D (46) D (-4.64) T(0.425) highly 0.00001062
conserved
€.740C>T p.(Ala247Val) P13 D (64) D (-3.48) D (0.009) highly 0.000003986
conserved
highly
C.777T>A p.(Phe259Leu) P14 D (22) D (-5.28) D (0.0007) NR
conserved
HIBCH €.353T>C p.(Phe118Ser) P18,P19 | D(155) N (-0.78) P (0.227) highly 0.000003978
conserved
c.488G>T p.(Cys163Phe) P19 P (205) N (-1.20) D (0.001) not conserved 0.000003985

In silico studies of novel mutations reported in this study. MT: mutation taster; NR: not

reported; P: polymorphism; D: damaging; N: neutral; T; tolerated. Clustal omega has

done comparing human protein with different species: anole lizard, zebrafish, mouse, pig,

sheep, macaque, rat and drosophila melanogaster (flycatcher in HIBCH). No homozygous

individuals have been reported in population frequency databases for the novel variants.

All novel missense variants were classified as likely pathogenic according to ACMG

guidelines. ECHSI (NM_004092.3) HIBCH gene (NM_014362.3).




Table S4: Location of previously reported and new pathogenic variants in the

SCEH and HIBCH
WECUEGZRm TS or‘l gRdi Ch.ange @i ST Location in the protein First described in
cDNA region polarity/charge structure
ECHS1
c.1A>G p.(Met1Val) sulfur;:ililphatlc mitochondrial signal peptide Ogawa, 2018
c.2T>G p.(Met1Arg) no polar->+ charge mitochondrial signal peptide Sakai, 2015
c.5C>T p.(Ala2val) - mitochondrial signal peptide Sakai, 2015
lar- tral
c.8C>A p.(Ala3Asp) no po ;L;r:eu ra mitochondrial signal peptide Ganetzky, 2016
c.23T>C p.(Leu8Pro) allphactk:;:cycllc mitochondrial signal peptide Uchino, 2019
c.74G>A p.(Arg25His) - mitochondrial signal peptide Yang, 2020
aromatic ring- . L .
c.79T>G p.(Phe27Val) >aliphatic mitochondrial signal peptide Carlston, 2018
c.98T>C p.(Phe33Ser) no pol;;—;r:eutral coil on the surface Haack, 2015
160C>T o.(Arg54Cys) + charge->neutral coil on the surf.acej, nefar substrate Stark, 2016
polar binding site
. . on the surface, near substrate
c.161G>A p.(Arg54His) - coil PR Haack, 2015
binding site
c.176A>G p.(Asn59Ser) acid->hydroxylic coil inner part, o.uts.lde the Haack, 2015
group catalytic site
c197T>C o.(Ile66Thr) no polar->neutral alpha-helix inner part, ne.ar the catalytic Haack, 2015
polar site
€.229G>C p.(Glu77GIn) - charge->neutral alpha-helix inner part, o.uts.lde the Haack, 2015
catalytic site
c.239C>T p.(Pro80Leu) cycIlc—>aI.|phat|c alpha-helix c?n the st'Jrface, .near this report
chain interaction regions
c.268G>A p.(Gly90Arg) neutral->+ charge coil on the surface Haack, 2015
Inner part near
aliphatic->aromatic ) monohexamer interaction .
c.367C>T p.(Leul23Phe) . alpha-helix . L this report
ring regions and substrate binding
site
c.371C>T p.(Thri24lle) polar->no polar alpha-helix monohexam.er Interaction this report
regions
h int ti
€.389T>A p.(Val130Asp) no polar->-charge alpha-helix mono ex,a-:;zr:g eraction Ganetzky, 2016
.394G>A p.(Ala132Thy) " Polar->neutral beta-sheet inner part, outside the Haack, 2015
polar catalytic site
c.404A>G p.(Asn135Ser) acid->hydroxylic coil inner part, o.uts.lde the this report
group catalytic site
.413C5T p.(Ala138Val) - beta-sheet " Part ":;;the catalytic Yamada, 2015
c.433C>T p.(Leul45Phe) allphatlcrgzzromatlc alpha-helix inner part, n;at(rethe catalytic Ferdinandusse, 2015
c.449A>G p.(Asp150Gly) - charge-> neutral coil monohexamfer interaction Haack, 2015
regions
c.473C>A p.(Ala158Asp) no polar-> - charge coil inner part, n;at(rethe catalytic Peters, 2014
on the surface, near substrate
c.476A>G p.(GIn159Arg) neutral->+ charge beta-sheet P Tetreault, 2015
binding site
inner part, near interaction
c.518C>T p.(Alal73Val) - coil regions and inside catalytic Olgiati, 2016
site
h int ti
c.538A>G p.(Thr180Ala) polar->no polar alpha-helix mono ex?en;:eorr:g eraction Tetreault, 2015
¢.542G>T p.(Argl81Leu) + charge-> no polar alpha-helix monohex?erzie;rr:gteractlon this report
inner part, near interaction
c.563C>T p.(Ala188Val) - alpha-helix regions and substrate binding Huffnagel, 2017

site




c.583G>A

c.673T>C

€.674G>C

c.713C>T

c.740C>T

c.817A>G

c.830C>T

c.836T>C

c.842A>G

c.173A>G

c.196C>T
c.287C>A

¢.353T>C

€.365A>G

c.410C>T

c.488G>T

c.641C>T

c.777T>A

c.808A>G

c.913A>G

c.950G>A
¢.1027C>G

c.1033G>A

p.(Gly195Ser)

p.(Cys225Arg)
p.(Cys225Ser)
p.(Ala238Val)

p.(Ala247Val)

p.(Lys273Glu)

p.(Thr277Ile)

p.(Phe279Ser)

p.(Glu281Gly)

p.(Asn58Ser)
p.(Arg66Trp)
p.(Ala96Asp)

p.(Phel18Ser)

p.(Tyr122Cys)
p.(Ala137Val)
p.(Cys163Phe)
p.(Thr214lle)
p.(Phe259Leu)
p.(Ser270Gly)

p.(Thr305Ala)

p.(Gly317Glu)
p.(His343Asp)

p.(Gly345Ser)

aliphatic-
>hydroxylic chain

neutral->+ charge

sulfur-> hydroxylic
chain

+->- charge

polar->no polar

no polar-> neutral
polar

- charge -> neutral

acid->hydroxylic
group
+ charge-> no polar

no polar-> - charge

no polar-> neutral
polar

hydroxylic -> sulfur
chain

neutral polar-> no
polar
neutral polar-> no
polar
aromatic ring-
>aliphatic
hydroxylic -
>aliphatic chain
neutral polar-> no
polar

neutral-> - charge
+->- charge

aliphatic->
hydroxylic chain

alpha-helix

alpha-helix
alpha-helix
alpha-helix

alpha-helix

alpha-helix

alpha-helix

alpha-helix

alpha-helix

HIBCH
coil
alpha-helix
coil

alpha-helix

alpha-helix
beta-sheet

coil

coil

coil
alpha-helix
alpha-helix
alpha-helix
alpha-helix

alpha-helix

inner part, near interaction
regions and substrate binding
site
monohexamer interaction
regions
monohexamer interaction
regions
monohexamer interaction
regions
inner part, near catalytic site

on the Surface in
monohexamer interaction
regions
on the surface in
monohexamer interaction
regions and near substrate
binding site
on the surface forming
substrate binding site
on the surface, near
monohexamer interaction
region and substrate binding
site

inner part, near the catalytic
site
on the surface
inside the catalytic site

3 amino acids far from a
substrate binding site,
forming the catalytic core
Forming catalytic core,
adjacent amino acid
inner part, outside the
catalytic site
linking two beta-sheets near
to catabolic region

on the surface

linking two alpha helixes, on
the surface

on the surface
on the surface

inner part, near catalytic site

on the surface

inner part, near catalytic site

Haack, 2015

Haack, 2015
Ferdinandusse, 2015
Tetreault, 2015

this report

Haack, 2015

this report

Bedoyan, 2017

Nair,2016

Candelo, 2019

Stiles, 2015
Yamada, 2014

this report

Loupatty, 2007
Soler-Alfonso, 2015
this report
Karimzadeh, 2019
this report
Candelo, 2019

Schottmann, 2016

Ferdinandusse, 2013
Ya Yang, 2018

Peters, 2015




Figure S1: Primers designed for RNA expression analysis

*
———— 198p — > ¢——— 5hp — P 4—— D8hp——P> €——————— 881bp ————————> <4— 10bp—>

[ o ]\/[ B
<«— 69bp —»> «—262bp—> «19bp><—90bp—P>419bp B «—— 301bp —» ¢— 86bp—>

E2-4_Fw E2I_Rv £3.2_Rv

E3.1_Fw E31_Fw E2-4_Rv

E2-4_Fw: TGAAGACCTTCGAGGAGGA E3.1_Fw: AATGCAGAACCTGAGTTTCC
E21_Rv: tgacacacacaaagcctgac E31_Fw: cacccacctgtgcaccta
E3.2_Rv: GCGATGACTGGCTTCTTGA E2-4_Rv: ATTAAGATCTCCGGCTGTGC

Primers design for RNA expression analysis of ¢.367C>T from fibroblast from P1 and a
normal control. The genetic variant is represented with an asterisk in the scheme. PCRs

design were done combining all forward and reverse primers.



Figure S2: Schematic representation of ECHSI and HIBCH genes with reported

mutations

ECHS1

C. 88+5G>A €. 98T>C C.414+1G>A c.673T>C C. 817AG
€.123_124delAG*| !c. 414+3G>C €.674G>C .830C>T*
c.1A>G c.160C>T c.367C>T* c.713C>T c.836T>C
c.2T>G c.161G>A c.371C>T* c.740C>T* c.842A>G
c.5C>T c.176A>G c.389T>A €.789_790delTT
c.8C>A €.197T>C €.394G>A €.518C>T
c.23T>C €.229G>C c.404A>G* c.538A>G
c.74G>A €.232G>T c.413C>T C.542G>T*
c.79T>G €.239C>T* c.563C>T
C.268G>A c.583G>A
HIBCH
c.129dupA I €.1128dupT
C173A5G €.517+1G>A
c.196C>T c.410C>T c.1027C>G
€.219_220insTTGAATGA C.488G>T* €.1033G>A
€.79-1G>T €.353T>C* €.1010_1011+3delTGGTA
€.36-30>G C.365A>G C.913A5G
c.304+3A>G c.950G>A
c.287C>A CTTTTA*
c.808A>G

Figure shows all reported mutations to date including novel changes from this report (*).
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OBJETIVO 3







Resultados

OBJETIVO 3: Estudio de biomarcadores en pacientes con enfermedades que
cursan con trastornos del movimiento y alteraciones en los ganglios basales,
en concreto, determinacion de isoformas de tiamina y metales, en sangre y
liquido cefalorraquideo.

La disponibilidad de biomarcadores en una enfermedad incrementa notablemente la tasa
de éxito diagnostico, permite establecer un diagndstico mas precoz y monitorizar el curso
clinico de la enfermedad. Haciendo referencia al objetivo 3 de esta tesis, se han analizado
biomarcadores para los defectos del transporte y metabolismo de la vitamina B1 (tiamina)

(Publicacidn 2) y el oligoelemento manganeso (Publicacion 3).

Nuestro grupo ha contribuido a la estandarizacién de un método de analisis mediante
cromatografia liquida de alta eficacia (HPLC, siglas en inglés) para la determinacion de
tres isoformas de la tiamina presentes en el cuerpo humano (tiamina libre, tiamina
monofosfato y tiamina difosfato) tanto en sangre total como en liquido cefalorraquideo
de pacientes con defectos en el transporte y metabolismo de la tiamina. El resultado de
estos estudios ha sido publicado en revistas de alto impacto, en los que la doctoranda ha
participado realizando la determinacion de las isoformas de tiamina en el

laboratorio31132,

En la cohorte de pacientes analizada en este proyecto de tesis, uno de los pacientes portaba
mutaciones en el gen SLC25A19, causante del sindrome de disfuncion del metabolismo
de tiamina tipo 4 (polineuropatia progresiva; MIM#613710). En esta paciente no pudimos
realizar la determinacion de tiamina libre en LCR ya que presentaba una clinica estable y

no estaba justificada la realizacion de una puncién lumbar.

En este proyecto de tesis, se ha realizado una revision de estos defectos con el fin de
profundizar en la clinica, radiologia, bioquimica y genética de los mismos (Publicacién
2).

Por otro lado, hemos podido analizar y poner a punto el estudio de manganeso en LCR
en un paciente con mutaciones en el gen SLC39A14, siendo este paciente y su hermano

afecto el segundo grupo de pacientes publicados con este defecto (Publicacién 3).

En esta publicacion se ha determinado la concentracion de manganeso mediante
espectrometria de masas con plasma acoplado inductivamente (ICP-MS, siglas en inglés)

en plasma y LCR, observando 10 veces mas manganeso en plasma y 30 veces mas en
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LCR en el paciente respecto a los controles. Por otro lado, se observé el acimulo de
manganeso en el palido mediante el indice palidal y comparando con controles normales

observando un mayor acimulo conforme avanzaba la edad del paciente.

Tras dos dosis del tratamiento con el quelante Na2CaEDTA, el paciente disminuyo sus
niveles de manganeso disminuyeron un 57% en el plasma del paciente, pero no
presentando ninguna mejoria clinica. Destacar que junto a la disminucion de manganeso

hubo un descenso de los niveles de selenio y zinc, habiendo que suplementar al paciente.
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Titulo:

Genetic defects of thiamine transport and metabolism: a review of clinical phenotypes,
genetics and functional studies.

Autores:
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Resumen:

La tiamina es un cofactor que participa en el mantenimiento del metabolismo de los
carbohidratos y en multiples procesos metabdlicos celulares dentro del citosol, las
mitocondrias y los peroxisomas. Actualmente, se han descrito cuatro defectos genéticos
que causan deterioro del transporte y el metabolismo de la tiamina: la disfuncién
SLC19A2 conduce a diabetes mellitus, anemia megaloblastica y pérdida auditiva
sensorial-neural, mientras que los trastornos relacionados con SLC19A3, SLC25A19 y
TPK1 resultan en encefalopatia recurrente, necrosis de los ganglios basales, distonia
generalizada, discapacidad grave y muerte prematura. Para lograr un diagnostico y
tratamiento tempranos, los biomarcadores juegan un papel importante. Los pacientes con
SLC19A3 presentan una disminucién notable de tiamina libre en el LCR y fibroblastos.
Los pacientes con TPK1 muestran concentraciones disminuidas de tiamina pirofosfato en
la sangre y muasculo. Se ha demostrado que la administracion de suplementos de tiamina
mejora el control de la diabetes y la anemia en pacientes con sindrome de Rogers debido
a la deficiencia de SLC19A2. En un namero significativo de pacientes con SLC19A3, la
tiamina mejora el curso clinico y la supervivencia, y previene de la aparicion de nuevas
crisis metabolicas. En los defectos SLC25A19 y TPK1, la tiamina también ha llevado a
la estabilizacion clinica en casos Unicos. Ademas, la suplementacion con tiamina

normaliza las concentraciones de tiamina libre en el LCR de pacientes con SLC19A3
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Summary

Thiamine is a crucial cofactor involved in the maintenance of carbohydrate metabolism
and participates in multiple cellular metabolic processes within the cytosol,
mitochondria and peroxisomes. Currently, four genetic defects have been described
causing impairment of thiamine transport and metabolism: SLC19A2 dysfunction leads
to diabetes mellitus, megaloblastic anaemia and sensory-neural hearing loss, whereas
SLC19A3, SLC25A19 and TPK1-related disorders result in recurrent encephalopathy,
basal ganglia necrosis, generalized dystonia, severe disability and early death. In order
to achieve early diagnosis and treatment, biomarkers play an important role. SLC1943
patients present a profound decrease of free-thiamine in CSF and fibroblasts. TPK/
patients show decreased concentrations of thiamine pyrophosphate in blood and muscle.
Thiamine supplementation has been shown to improve diabetes and anaemia control in
Rogers’ syndrome patients due to SLC19A2 deficiency. In a significant number of
patients with SLC19A43, thiamine improves clinical outcome and survival, and prevents
further metabolic crisis. In SLC25419 and TPKI defects, thiamine has also led to
clinical stabilization in single cases. Moreover, thiamine supplementation leads to
normal concentrations of free-thiamine in the CSF of SLC19A3 patients. Herein we
present a literature review of the current knowledge of the disease including related

clinical phenotypes, treatment approaches, update of pathogenic variants, as well as in
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vitro and in vivo functional models that provide pathogenic evidence and propose

mechanisms for thiamine deficiency in humans.

Synopsis: Inherited defects of thiamine transport and metabolism are amenable to
thiamine supplementation, which may prevent further encephalopathic episodes and

improve clinical outcome when initiated early in the disease course.
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1. Biochemistry of thiamine in humans.
1.a. Biochemical function.

Thiamine, also known as vitamin B1 or aneurine, is a water-soluble essential vitamin
that is present in humans as free thiamine, thiamine monophosphate (TMP), thiamine
pyrophosphate (TPP) and thiamine triphosphate (TTP), depending on functional activity
in different tissues. TPP, which accounts for 80% of total body thiamine (Losa et al
2005), participates in multiple metabolic processes in the cytosol, mitochondria and
peroxisome (Figure 1). In the cytosol, it is involved in the pentose phosphate pathway,
as a cofactor of transketolase enzyme (Ortigoza-Escobar et al 2016). In the
mitochondria, TPP is a cofactor of several complexes: (1) pyruvate dehydrogenase
complex, which catalyses the conversion of pyruvate into acetyl-CoA; (2) oxoglutarate
dehydrogenase complex, which catalyses the decarboxylation of alpha-ketoglutarate in

the Krebs cycle; and (3) branched-chain alpha-keto acid dehydrogenase complex, which
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catalyzes the decarboxylation of branched, short-chain alpha-ketoacids. (Tittmann 2009,
Ortigoza-Escobar et al 2017). In the peroxisome, TPP acts as a cofactor of 2-
hydroxyacyl-CoA lyase (HACL1) which has a role in fatty acids degradation
(Fraccascia et al 2007, Ortigoza-Escobar et al 2016). Oxoglutarate dehydrogenase
complex intervenes in the production of succinyl-coenzyme A, which is the substrate of
the enzyme delta-aminolevulinate synthase 2, an enzyme that catalyzes the first step of
the synthesis of the heme group. The role of TPP as a cofactor of this enzyme complex
may explain the megaloblastic anaemia that is observed in Rogers’ syndrome (Fujiwara

et al 2013, Beshlawi et al 2014, Bergmann et al 2009).

TTP accounts for 5-10% of total whole body thiamine (Losa et al 2005). This isomer is
implicated in the activation of chloride channels and in the phosphorylation reactions of

energy metabolism, acting as a phosphate donor (Mkrtchyan et al 2015).

Free-thiamine and TMP represents a low percentage of total thiamine in humans (Losa
et al 2005). Free-thiamine is mostly found in the central nervous system (CNS), where it
is implicated in the generation of acetylcholine (Manzetti et al 2014), in the uptake of
serotonin (Vigil et al 2010) and GABA (Ferreira-Vieira et al 2016), and as an
antioxidant for reactive species of nitrogen and oxygen (Huang et al 2010). Thiamine is
also implicated in the regulation and activation of brain immune cells and the
expression of antibodies (Ottinger et al 2012), immunoglobulins and CD40L-mediated
immune system (Ke et al 2005, Manzetti et al 2014). Apart from this, thiamine acts as

an antioxidant for neutrophil cells (Jones and Anderson 1983), inhibits the reactive
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oxygen species in macrophages (Yadav et al 2010) and inhibits p53 during the

replication and apoptosis (Bennett et al 1994).
1.b. Chemistry and dietary sources.

Chemically, thiamine is defined as 3-[(4-amino-2-methyl-5-pyrimidinyl) methyl]-5-(2-
hydroxyethyl)-4-methyl-1,3-thiazol-3-ium (C12H17N40S). It has a molecular weight
of 265.35 Da (Turk et al 2016) and it is composed of a pyrimidine and a thiazole ring
linked by a methylene group, which forms a sulphur-containing structure (Manzetti et al

2014).

Thiamine can be synthesized by bacteria (Burkholder and McVeigh 1942), fungi
(Mangzetti et al 2014) and plants (Goyer 2010) but not by mammals. Therefore,
thiamine, as an essential vitamin for humans, is obtained from the intestinal microflora
and dietary sources (Burkholder and McVeigh 1942). Thiamine is present in all plants
(free-thiamine) and animal tissues (phosphorylated forms). The principal thiamine
sources for humans are whole grains, puls, meat, liver and fish. Food sources of
thiamine are meat and meat products (28.2%), followed by cereals and grains (23.2%),
vegetables (11.6%), milk and dairy products (9.5%) and fruits (6.4%) (Mielgo-Ayuso et

al 2018). In humans, thiamine half-life is 9 to 18 days (Manzetti et al 2014).

The daily recommended dietary allowances (RDAs) of thiamine according to age and
gender are listed in Table 1. Almost 28% of the population does not meet the daily

intake recommendation for this vitamin (Mielgo-Ayuso et al 2018).

1.c. Proteins involved in thiamine transport and metabolism.
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Thiamine is obtained from the diet as phosphorylated thiamine vitamers and from
bacteria and plants in the form of free-thiamine in a proportion of 50% (Turck et al
2016, Said et al 2004). Thiamine is absorbed in the proximal part of the large intestine,
where phosphatases hydrolyse thiamine phosphate esters and convert them into free-
thiamine (Said et al 2004, Turck et al 2016). Free-thiamine uptake is done by thiamine
transporter 1 (ThTR-1) and 2 (ThTR-2), encoded by SLC/942 (MIM*603941) and
SLCI1943 (MIM*606152), respectively (Figure 1). Both transporters are
transmembrane proteins with 12 transmembrane domains and they are expressed in
small and large intestines. Human ThTR-1 (hThTR-1) is expressed in the apical and
basolateral membrane domains of polarized enterocytes and ThTR-2 is expressed in the
apical brush-border membrane domain (Said et al 2004). Human ThTR-2 is supposed to
have an important role in intestinal absorption because deficiency of hThTR1 does not

affect plasma thiamine levels.

Regulation of thiamine uptake in the intestine depends on concentrations and request of
thiamine. Dietary deficiency of thiamine induces the synthesis of ThTR-2 via
transcriptional mechanisms (Reidling and Said 2005). Also, transcription of both
carriers is regulated during development, with high expression in early stages of life and
a reduction with maturation. This pattern occurs in the intestine and kidneys according
to mouse models (Reidling et al 2006). Said et al 1999, studied the thiamine uptake
regulation in an intestinal epithelial cell line showing that temperature, energy and

Ca*/calmodulin intracellular pathway are involved.
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A high-affinity carrier (TPPT) for TPP encoded by SLC44A44 gene also regulates
thiamine uptake. SLC44A44 gene (MIM*606107) is located on chromosome 6p21.33.
This carrier consists of 710 amino acids and is highly expressed in epithelial cells of the
colon, prostate, trachea and lungs. TPPT has an important role in TPP absorption from

microbiota and contributes to cellular nutrition of the local colonocytes (Nabokina et al

2015).

The whole body content of thiamine is estimated in 25-30 mg, mostly located in skeletal
muscles, heart, brain, liver and kidneys. In the blood, 80% of thiamine is located in
erythrocytes as TPP (Manzetti et al 2014). Free-thiamine crosses the cell membranes

and can be present in extracellular fluids, including the cerebrospinal fluid.

Once free-thiamine enters the bloodstream, it is transported by high affinity free-
thiamine carries into erythrocytes, where it is phosphorylated into TPP. In cells, two
enzymes phosphorylate thiamine: thiamine pyrophosphokinase, which catalyses the
formation of TPP from free thiamine using adenosine triphosphate (ATP), and TTP-
ATP-phosphoryltransferase, which catalyses the conversion from TPP to TTP, also with
ATP (Turck et al 2016). The most abundant thiamine kinase is thiamine
pyrophosphokinase (encoded by 7PK1) (Figure 1). TPKI (MIM*606370) is located on
chromosome 7q34-q35 and it is highly expressed in small intestine (related to thiamine
absorption) and kidney (implicated in thiamine re-absorption) but also in brain, liver,

placenta and spleen (Zhao et al 2001).

ThTR-1 and ThTR-2 are involved in the active transport of free-thiamine in all tissues

due to their ubiquitous expression (Labay et al 1999, Zeng et al 2005). A minority of
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phosphorylated thiamine forms (TMP, TPP and TTP) is also carried by folate carrier-1

(encoded by SLC19A41) (Manzetti et al 2014, Turck et al 2016).

Intake of thiamine into the mitochondria occurs by mitochondrial TPP carrier encoded
by SLC25419 (MIM*606521) (Figure 1). It is located on chromosome 17g25.1 and is

ubiquitously expressed (Dolce et al 2001).

Excretion of thiamine species is mostly by urine as free thiamine, but there are small
quantities of TMP and TPP. TMP can also be recycled to free thiamine (Turck et al
2016). Thiamine is also eliminated by faeces (from gut microflora unrelated to the
quantity of thiamine intake), sweat (5-15% of the thiamine intake) (Alexander et al
1946) and breast milk (mostly as TMP, suggesting that folate carrier-1 could be

responsible for this excretion) (Stuetz et al 2012).

2. Acquired conditions leading to thiamine deficiency

Thiamine deficiency may cause neurological and cardiovascular disease in vulnerable
populations. Infantile beriberi and Wernicke’s encephalopathy are rare life-threatening
and reversible causes of acquired thiamine deficiency that occur in children with

predisposing factors.
2.1. Infantile Beriberi

Beriberi occurs in infants that are breastfed by mothers with inadequate intake of
thiamine, or fed with low thiamine content formulas (Barennes et al 2015, Mimouni-

Bloch et al 2014, Nogueira et al 2016, Wani et al 2016). Infantile beriberi occurs in

This article is protected by copyright. All rights reserved.



developing countries with reduced food thiamine sources, such as milled white cereals,
including polished rice (the rich thiamin envelop is removed by polishing) and wheat
flour, and where other key sources of thiamine (meat, fish, and vegetables) are
infrequently consumed. In developed countries, infantile thiamine deficiency outbreaks
have been described due to thiamine deficient soy formula, with a high fatality rate and

long term sequelae (Mimouni-Bloch et al 2014, Nogueira et al 2016).

Thiamine deficiency can develop within 2 to 3 months from a deficient intake. Infants
present with neurological, systemic, cardiovascular and respiratory symptoms. Three
phenotypes have been described: the pure cardiac form or wet thiamine deficiency, the
aphonic form, and the neurologic or dry form. The more severe form is called Shoshin
beriberi and presents as cardiac failure and lactic acidosis. Beriberi poses difficult
diagnostic issues, as clinical manifestations such as tachypnea, respiratory distress,
tachycardia and cardiomegaly can suggest other diagnoses. Mothers suspected of
thiamine deficiency were treated with vitamin B1 tablets 100mg, twice daily for 20
days, and infants with suspected thiamine deficiency were treated with vitamin Bl
tablets, 30 mg per day for 20 days. Patients with acute symptomatic thiamine deficiency
received an intramuscular or slow intravenous injection of thiamine (100mg IM for

mothers and 50mg for infants).
2.2. Wernicke’s encephalopathy

Wernicke’s encephalopathy occurs in children that suffer from malnutrition or
malabsorption conditions in the context of gastrointestinal surgical procedures,

prolonged total parenteral nutrition with low contents of thiamine, malignancies, organ
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transplantations, pancreatitis, etc (Saeki et al 2010, Perko et al 2012, Benidir et al 2014,
Park et al 2014). A minority of children presents with the triad of ataxia,
ophtalmoplegia and decreased consciousness (Ortigoza-Escobar et al 2017). Most
commonly, mental status changes are present in isolation at the beginning of symptoms.
Uncommon presenting symptoms include hypotension and tachycardia, related to a
defect in efferent sympathetic outflow; hypothermia, caused by involvement of the
hypothalamic regions; and seizures, resulting from excessive glutamatergic activity.
Mortality ranges from 10 to 20%. The diagnosis of Wernicke’s encephalopathy is
challenging due to non specificity of symptoms. The most sensitive diagnostic test is
magnetic resonance imaging, with typical abnormalities being increased T2-weighted
symmetrical signal intensity in the medial (periventricular) thalami, mammillary bodies,
tectal plate, and periaqueductal area of the midbrain (Benidir et al 2014, Perko et al
2012). Authors report complete remission of symptoms within hours to days after
thiamine supplementation and improvement of brain lesions on MRI in a few weeks.

Thiamine doses reported range from 50 to 500 mg/day.

3. Inborn errors of metabolism leading to thiamine dysfunction syndromes.

Defects in genes encoding proteins with relevant functions in thiamine transport and
metabolism cause inborn errors of metabolism leading to thiamine metabolism
dysfunction syndromes. Currently, there are five genetic phenotypes caused by
mutations in SLC1942, SLC19A43, SLC25A419 and TPKI (Table 2). While SLC1942

defects lead to diabetes mellitus, megaloblastic anaemia and sensory-neural hearing
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loss, SLC1943, SLC25419 and TPKI genetic defects cause severe encephalopathy in
patients with otherwise normal systemic metabolism. Clinical, radiological and
biochemical diagnosis criteria for inherited defects in thiamine transport and
metabolism with prominent neurological involvement are stated in Table 3 (from
Ortigoza-Escobar et al 2017).

3.1. Thiamine metabolism dysfunction syndrome 1 (Thiamine-responsive
megaloblastic anemia syndrome) (OMIM 249270)

3.1.a. Clinical features

Rogers’ syndrome (Porter et al 1969) also known as Thiamine metabolism dysfunction
syndrome 1 or thiamine-responsive megaloblastic anemia (TRMA) syndrome, is caused
by mutations in the thiamine transporter type 1 (THTR1) encoded by SLC1942 (OMIM
603941). This syndrome is characterized by a clinical triad: 1) megaloblastic anemia 2)
non-autoimmune diabetes mellitus and 3) sensorineural deafness. At onset, some
patients may not present the complete triad (Bergmann et al 2009, Onal et al 2009,

Mathews et al 2009, Agladioglu et al 2012, Liu et al 2014, Cao et al 2016).

More than a hundred cases have been reported, all of them presenting with symptoms in
childhood or adolescence (Ortigoza-Escobar et al 2016). Diabetes and anemia can
appear as early as the neonatal period and require the administration of insulin and
multiple blood transfusions. Deafness is usually the last manifestation to develop and
requires cochlear implantation or hearing aids. Habeb et al 2018, reported 32

individuals harboring SLC79A42 mutations. In this cohort, age at diabetes onset ranged

This article is protected by copyright. All rights reserved.



from 6 weeks to 8 years, age at anemia onset between birth and 7.5 years and age at

sensorineural deafness between birth and 4.5 years.

Other symptoms associated with this disorder are (Bergmann et al 2009, Mikstiene et al

2015, Akbari et al 2014, Mozzillo et al 2013):

1) Neurological symptoms: seizures, ataxia, developmental delay, stroke-like
episodes, spastic quadriplegia, and cerebral atrophy.

2) Ophthalmological symptoms: pigmentary retinopathy, abnormalities of the optic
nerve, cone-rod dystrophy, Leber’s congenital amaurosis, squint, macular
degeneration.

3) Endocrinological symptoms: short stature, cryptorchidism, and polycystic
ovarian syndrome.

4) Cardiological symptoms: congenital cardiac malformations with conduction
defects (atrial fibrillation, secundum atrial septal defect, Ebstein anomaly,
endocardial cushion defect, atrial dysrhythmia and supraventricular tachycardia),
cardiomyopathy and situs inversus. Discontinuation of thiamine treatment
appears to trigger supraventricular tachycardia episodes at puberty (Argun et al
2018).

5) Gastroenterological symptoms: hepatomegaly, gastroesophageal reflux.

6) Hematological symptoms: thrombocytopenia and neutropenia.

7) Other symptoms: immune thyroiditis, vocal cord nodules, and talipes.

Brain MRI of patients with TRMA can show hemorrhagic/ischemic stroke involving the

middle cerebral artery (MCA) region in a minority of cases, with still unknown disease-
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causing mechanisms (Scharfe et al 2000, Villa et al 2000, Karimzadeh et al 2018).
Recurrent strokes alternating between right and left MCA have been reported

(Karimzadeh et al 2018).

Biochemically, low plasma thiamine (14.64 pmol/ml, Reference Value (RV): 27.1£2.1
pmol/ml) and TMP (14.11 pmol/ml, RV: 37.9+1.9 pmol/ml) levels were found in some
patients (Ozdemir et al 2002, Ye_ilkaya et al 2009, Agladioglu et al 2012). These
patients do not usually present elevated lactate levels in blood or CSF, neither abnormal

excretion of organic acids in urine.
3.1.b. Treatment.

The first line therapy for patients with TRMA syndrome is thiamine supplementation
(25-100 mg/d) (Karimzadeh et al 2018). Habeb et al 2018 reported that thiamine
therapy improved diabetes control in more than 70% of children, with some of them
managing to discontinue insulin treatment. The best predictive factors for a good
glycemic response to thiamine therapy were early diabetes diagnosis, early referral for
genetic testing and early initiation of thiamine treatment. The exact dose of thiamine
required to achieve clinical benefit is unknown; however, in the cohort of Habeb et al
2018, there seemed to be no additional clinical benefit with thiamine doses >150
mg/day. It is important to alert parents that, as with other children with diabetes,
individuals with TRMA syndrome can develop diabetic ketoacidosis. Previous reports
(Rickets et al 2006, Valerio et al 1988) indicate that thiamine responsiveness decreases
after puberty and adults with TRMA syndrome may become transfusion-dependent and

require insulin treatment despite early and adequate thiamine supplementation.
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Thiamine supplementation cannot prevent complications as stroke (Karimzadeh et al

2018) or short stature.

3.1.c. SLC19A42: Genetic defects and functional studies.

SLCI9A42 is a 6 exons gene of approximately 22.5kb length, which encodes thiamine
transporter type 1 (ThTR-1), a high affinity, saturable thiamine transporter (Diaz et al
1999). Human ThTR-1 is a 497 amino acid length protein containing 12 transmembrane
domains with cytoplasmic NH2 and COO terminus regions and two N-glycosylation

sites (Dutta B 1999, Ganapathy et al 2004).

Disruption of this gene by homozygous or compound heterozygous mutations leads to
autosomal recessive thiamine-responsible megaloblastic anemia (TRMA) (Diaz GA
1999). About 136 TRMA patients have been reported carrying 58 different mutations,
48, 3% of them affecting exon 2 (Figure 2). Truncating variants produced by nonsense
mutations, frameshift mutations or gross deletions are more frequent than missense
variants or inframe indels (58, 6% vs. 37, 9% respectively). Only two splicing variants

have been described in a few cases.

Several studies were performed to show experimental evidence of ThTR-1 function and
functional alterations in patients’ cells. Flemming et al 1999 did the first thiamine
uptake assay in fibroblasts of patients carrying the homozygous mutations ¢.1074G>A
and c.885delT, and compared them with control cells. They demonstrated that mutant
cells had a reduction of thiamine uptake capability, and that the TRMA causal gene was

involved in thiamine transport. Later, Scharfe et al 2000 studied fibroblasts from a
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patient with homozygous c.1074G>A mutation. These authors demonstrated that
supplementation with high doses of thiamine resulted in restoration of complex I
activity. In 2001, a KO mouse was generated targeting Slc19a2 gene. This animal
model reproduced the human phenotype as mice were affected by diabetes mellitus,
sensorineural deafness and megaloblastosis (Oishi et al 2001). Finally, in order to
further study relevant domains in the transporter protein, mutagenesis assays were
developed in several cell lines. These experiments concluded that transmembrane
backbone and NH2-terminal residues are relevant for protein trafficking to the cell
membrane instead of N-glycosylation positions or C-terminal region (Balamurugan and

Said 2002, Subramanian et al 2003)

Several studies have been done to demonstrate variants pathogenicity (Gritli et al 2001,
Balamurugan and Said 2002, Subramanian et al 2007, Manimaran et al 2016). All of
them proved a severe impairment of thiamine cell uptake. Moreover, RNA and protein
expression and cell localization studies have been also analyzed by some authors
(Balamurugan and Said 2002; Subramanian et al 2007; Manimaran et al 2016)
describing three pathophysiological mechanism causing thiamine transport dysfunction:
(1) variants impairing RNA translation resulting in the absence or infraexpression of the
protein (c.277G>C, ¢.1074G>A and c.1147delGT); (2) variants retaining the protein
within intracellular compartments such as endoplasmatic reticulum (c.473C>QG); and (3)
variants which enable proteins to get cell membrane but resulting in a functional
impairment (c.428C>T, c¢.515G>A, c.152C>T and c.1232delT). Finally, latest

bioinformatics softwares have been used to model variant effects on protein structure in
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comparison to wild-type THTR-1 in order to infer functional consequences (Manimaran

et al 2016, Xian et al 2018).

3.2. Thiamine metabolism dysfunction syndrome 2 (biotin- or thiamine-responsive

encephalopathy type) (OMIM 607483)

3.2.a. Clinical features.

Biotin- or thiamine-responsive encephalopathy type or thiamine metabolism
dysfunction syndrome 2 (THMD?2), formerly known as biotin responsive basal ganglia
disease (Ozand et al 1998) is an autosomal recessively inherited disease caused by
mutations in thiamine transporter type 2 (ThTR-2), encoded by SLC1943 (#606152)
(Zeng et al 2005). Phenotypes linked to SLCI19A3 deficiency include Leigh
encephalopathy and Wernicke encephalopathy (Kono et al 2009, Serrano et al 2012,
Kevelam et al 2013, Gerards et al 2013, Pérez-Duefias B et al 2013, Distelmaier et al
2014, Haack et al 2014). Yamada et al 2010 reported four Japanese patients who
presented with epileptic spasms in early infancy, severe psychomotor
retardation, brain atrophy and bilateral thalamic and basal ganglia lesions. These
patients could be classified as Leigh Syndrome and not as a different phenotype
(Yamada et al 2010). Early infantile Leigh syndrome is the most severe SLC/943-
related phenotype. Currently, 26 patients are known with this phenotype, all manifesting
few days or weeks after delivery with feeding difficulties, lethargy, seizures and
respiratory distress. Most infants with early infantile Leigh syndrome carry nonsense or
frameshift variants predicting loss of function effects (Alfadhel 2017). In these infants,

MRI lesions may be limited to the basal ganglia and the peri-rolandic cortex (Pérez-
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Duenias B et al 2013) or affect the whole brain with severe swelling and diffuse T2-
hyperintensity of the cerebral and cerebellar white, basal ganglia and brainstem
(Kevelam et al 2013). On the other end of the spectrum, Sgobbi de Souza et al 2016
reported an adult patient presenting with lethargy, dystonia and MRI abnormalities
characterized by diffuse leukoencephalopathy and sparing of the basal ganglia, who
improved after thiamine supplementation. Up to date, more than 130 SLC19A43-mutated

patients have been reported with any of these phenotypes.

Our group has described the clinical and genetic characterization of 70 patients with
SLC19A43 deficiency (Ortigoza-Escobar et al 2017). Patients usually showed normal
psychomotor development until the first episode of encephalopathy. The median age at
disease onset was 3 years (range 1 month — 34 years), and in the majority of cases
disease onset was triggered by infections, trauma, profuse exercise and vaccination.
About 40% of these patients experienced more than one episode of encephalopathy
before diagnosis. Interestingly, a minority of patients had an insidious onset of
symptoms characterized by psychomotor regression, hyperactivity and attention deficit,
unsteady gait, toe walking or stiffness of the limbs. Other symptoms observed during
episodes of encephalopathy or as sequelae included: dystonia or status dystonicus,
hypotonia, spasticity, seizure (myoclonic jerks, epileptic spasms, focal and generalized
seizure, epilesia partialis continua and status epilepticus), dysphagia, ataxia, chorea,
tremor, dysarthria, ophtalmoplegia, diplopia, nystagmus, strabismus, ptosis,
opisthotonus, respiratory failure, weight loss, vertigo, rigidity, rhabdomyolysis, liver

disease and jaundice. Biochemically, some patients showed elevated lactate in blood
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(range 2.1-8.6 mmol/L) and CSF (range 2.1-7.1 mmol/L). Remarkably, younger patients
had significantly higher lactate elevations. The excretion of organic acids was variable,
with high concentrations of the following: isobutyric, 2-OH-isovaleric, 2, 4-di-OH-
butyric, 3-OH-butyric, alpha-ketoglutaric, 2-OH-glutaric, glutaric, succinic, 2 keto
adipic and 4-OH-phenyllactic acids (Ortigoza-Escobar et al 2017). In the majority of
these patients, no abnormalities in respiratory chain complex activities were found.
Additionally, our group described a profound decrease of free-thiamine in the CSF and
fibroblasts of SLC19A43-mutated patients. This deficiency can be used as a biomarker

for diagnosis and monitoring of treatment (Ortigoza-Escobar et al 2016).

Brain MRI is abnormal in all symptomatic cases and presents symmetrically distributed
brain lesions in caudate nuclei, putamen, and medial thalami and, less frequently,
cerebral cortex, brainstem and cerebellum (Ozand et al 1998, Kevelam et al 2013,
Gerards et al 2013, Ortigoza-Escobar et al 2017). The changes are hyperintense on T2
and FLAIR images, and when MRI is performed in the acute phase, they generally
exhibit a swelling appearance and diffuse restriction on ADC maps. Increased lactate
levels can be observed at the time of MR spectroscopy. Lesions in the globus pallidum
and brainstem have been significantly associated with a poor outcome (Ortigoza-

Escobar et al 2017).
3.2. b. Treatment.

THMD? is a treatable condition if recognized early and managed appropriately. For this
reason, children presenting with unexplained encephalopathy and MRI abnormalities

including bilateral signal alteration of caudate nucleus and putamen should raise the
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suspicion of THMD?2 and be started immediately on biotin and thiamine regimen since
the prognosis of the disease is affected by the timing of treatment initiation. In this
sense, extended family study is crucial to diagnose pre-symptomatic siblings and those

with subtle neurological symptoms (Aljabri et al 2016).

Our group has previously demonstrated that thiamine supplementation during the acute
encephalopathic episodes has a rapid benefit in alertness, improves feeding, controls
seizures, and most patients gradually recover previously acquired milestones. Moreover,
it prevents the occurrence of further encephalopathic episodes and increases survival.
Importantly, disability measured with the Burke-Fahn-Marsden dystonia rating scale
correlates with the time from disease onset to thiamine initiation. (Ortigoza-Escobar et
al 2017). On the other hand, patients with the early infantile Leigh phenotype have a
poor prognosis with a markedly reduced lifespan. Only a few patients have shown a
good recovery after thiamine supplementation (Haack et al 2014, Pérez-Duefias B et al

2013).

Thiamine doses are very variable but generally within the range of 1040 mg/kg/day
(Ortigoza-Escobar et al 2016). Toxicity studies reported minor adverse reactions after
endovenous administration such as transient local irritation, and only one major reaction
consisting of generalized pruritus (Wrenn et al 1989). However, no side effects have
been described in patients with inherited defects of thiamine transport and metabolism
treated with thiamine. Maximum reported therapeutic doses of thiamine are 1500
mg/day. Higher doses are not recommended as absorption mechanisms may be

saturable. Thiamine supplementation is a long-term therapy that should not be
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interrupted, as metabolic crisis have been reported within 30 days of thiamine
withdrawal (Kono et al 2009). Tonduti et al 2018 described a patient who did not
present any additional episode of encephalopathy over a period of 16 years after having
stopped thiamine supplementation at the age of 20 years. However, adult onset
presentations have been recently described, suggesting that thiamine is important during

the entire life course in SLC1943 mutated patients.

Thiamine supplementation in SLC/9A43-mutated patients restores CSF and intracellular
thiamine levels (Ortigoza-Escobar et al 2016). It also normalizes lactic acid
concentrations and organic acid profile in wurine. Radiologically, thiamine
supplementation leads to a significant reduction in the extension of brain lesions. In
some cases, lesions are completely reversed, while in other cases residual atrophy and
necrosis can be observed (Pérez-Dueiias et al 2013, Alfadhel et al 2013, Kassem et al
2014). Suzuki et al 2017 analyzed the therapeutic effects of high-dose thiamine
treatment in knock-in and knock-out Slc19a3-deficient mice. They demonstrated and
increase in survival and a stabilization of brain lesions, concluding that high doses of

thiamine prevented acute neurodegeneration in Slc19a3-deficient mice.

The majority of patients with SLC19A3 deficiency are treated with a combination of
thiamine and biotin. However, the administration of biotin is controversial. Some
reported patients did not improve with biotin, as opposed to the initial description by
Ozand et al 1998. Moreover, one-third of patients treated with biotin therapy alone
showed a recurrence of acute crisis (Alfadhel et al 2013). After the addition of thiamine,

crisis did not recur in these cases. Tabarki et al 2015 demonstrated that the combination
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of biotin and thiamine was not superior to thiamine alone in the number of recurrences,

neurological sequel, or brain MR changes for at least a 30-month period.

Doses of biotin vary from 5 mg/kg/day to 5—10 mg/day (Ortigoza Escobar et al 2016).
Authors hypothesize that biotin can increase the expression levels of ThTR-2 mutants

with some residual activity (Haack et al 2014).

3.2.c. SLC19A43: Genetic defects and functional studies.

SLCI19A43 consists of 6 exons generating a predicted open-reading frame of 1488bp
starting at exon 2 and finishing at exon 6. It encodes a 496 amino acid thiamine receptor
(ThTR-2) of 56Kda. (Eudy et al 2000, Subramanian et al 2006). As other members of
the same transporter family, the protein is formed by 12 transmembrane domains

flanked by cytoplasmic N and C-terminal regions (Ganapathy et al 2004) (Figure 3).

Loss-of-function mutations affecting this gene disrupt thiamine transporter function
leading to THMD?2 (Yamada et al 2010). Up to date, 38 different mutations have been
reported in SLC1943, most of them combined in a compound heterozygous state in
affected individuals. The majority of reported mutations are missense variants (60.5%)
and only 34.2% are truncating variants (nonsense or frameshift mutations) (Figure 3).
Also, two gross deletions affecting the gene promoter (exon 1 and flanking intronic
regions) have been reported (Flenes et al 2016; Whitford et al 2017). The most
prevalent genetic alteration in patients carrying SLCI1943 defects is NM_025243:
c.1264A>G; p.Thr422Ala. This mutation is present in homozygosity in patients with

Arab ethnic backgrounds (Ortigoza-Escobar et al 2017).
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Thiamine uptake and cellular localization assays have been performed using cell lines
carrying experimental mutations in SLC/943 introduced by mutagenesis. Anionic
residues potentially relevant for ThTR-2 function were mutated showing a decreased
expression of the transporter at the apical domain (E120A and E320A) and a thiamine
uptake reduction (E120A, E320A, E346A). The results demonstrate the importance of
these residues for protein transport and function, especially those amino acids placed
within TM4 or TM9 protein domains. Similar experiments were performed with N45Q
and N166Q mutants, affecting potential glycosylation sites, but results suggested that N-
glycosylation is not involved neither in protein targeting or thiamine uptake

(Subramanian et al 2006).

A spontaneous canine model of Alaskan Husky Encephalopathy carrying homozygous
loss-of-function mutations in SLC1943.1 presented with recurrent encephalopathic
episodes with multifocal central nervous system deficits (Vernau et al 2013). The
cerebral cortex and thalamus of affected dogs were severely deficient in TPP-dependent
enzymes accompanied by decreases in mitochondrial mass and oxidative
phosphorylation (OXPHOS) capacity, and increases in oxidative stress (Vernau et al

2015).

Moreover, KO and KI (for E320Q equivalent mice position) mice models have been
generated (Reidling et al 2010; Suzuki et al 2017). These mice models showed a
reduction in intestinal thiamine uptake associated with a depletion of thiamine levels in
blood when fed with a thiamine-restricted diet. KI mice showed prolonged survival due

to residual transporter activity compared with KO. Both models showed similar
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pathological brain findings to patients consisting of neurodegeneration and astrogliosis.
Finally, using primary rat hippocampal neuronal cultures, studies of knock down
regulation of the expression of SLC1943 showed that thiamine metabolism defects can
induce neuronal changes such as dendritic arbors growth inhibition and soma size

reduction leading to a smaller brain size and neuronal degeneration (Liu et al 2017).

Further studies have been performed in order to functionally validate variants carried by
patients of different cohorts (Subramanian et al 2006; Kono et al 2009; Debs et al 2010;
Gerards et al 2013; Schinzer et al 2014). All of them were proven as pathogenic due to
total or partial thiamine uptake reduction which can be explained by two main
mechanisms: (1) the absence of ThTR-2 within the cell membrane due to an incorrect
protein processing and trafficking (c.1179-3992_131+41del, c.130A>G) or (2) a protein
placed in the cell membrane with functional impairment (c.68G>T; c.1264A>G,
€.958G>C, ¢.280T>C). Interestingly, only a splicing variant has been reported in several
patients (¢.980-14A>QG), which leads to a final truncated protein (p.Gly327Aspfs*S).
The in vitro analysis of aberrant pre-messenger RNA splicing due to the ¢.980-14A>G
allele showed the total exclusion of exon 4 and a predicted severe impairment of

hTHTR2 function (Ortigoza-Escobar et al 2016).

3.3. Thiamine metabolism dysfunction syndrome 3 (Microcephaly Amish type)
(OMIM 607196) and Thiamine metabolism dysfunction syndrome 4 (Bilateral

striatal degeneration and progressive polyneuropathy type) (OMIM 613710)

3.3.a. Clinical features.
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Clinical phenotypes associated with SLC25419 (#606521) mutations are: (1) Amish
Lethal Microcephaly (MCPHA, OMIM 607196), (2) bilateral striatal degeneration and
progressive polyneuropathy (OMIM 613710), characterized by episodes of
encephalopathy triggered by fever or infections, flaccid weakness and slowly
progressive axonal polyneuropathy in patients with normal psychomotor development

(Spiegel et al 2009, Ortigoza-Escobar et al 2017].

MCPHA is characterized by severe congenital microcephaly, profound global
developmental delay, CNS malformations (lissencephaly, corpus callosum dysgenesis,
spinal dysraphia) and episodic encephalopathy (Kelley et al 2002, Siu et al 2010). All
reported patients with MCPHA have been homozygous for the same p.G177A mutation
and have had Amish origins, and manifest a homogeneous phenotype characterized by
(1) severe microcephaly, similar to other cases of congenital microcephaly observed in
children infected with the Zika virus; (2) profound developmental delay, progressive
irritability, seizures and poor life span; (3) episodic encephalopathy associated with
lactic acidosis and intermittent excretion of 2-ketoglutaric acid in urine. At least 61
affected infants have been born to 33 nuclear families in the Amish community from

Pennsylvania, where incidence is approximately one in 500 births (Biesecker 2017).

Thiamine metabolism dysfunction syndrome 4 phenotype is a rare disorder, with four
consanguineous Arabic patients from Israel (homozygous for c.373G>A; Spiegel et al
2009) and one German patient (homozygous for ¢.580T>C; Ortigoza-Escobar et al
2017) being described so far. These children presented between the age of 20 month and

6.5 years with recurrent episodes of encephalopathy and weakness, frequently triggered
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by febrile illnesses. On evolution, these children developed slowly progressive axonal
polyneuropathy, with distal weakness and contractures, dystonia, dysphagia, seizures

and attention deficit disorder (Ortigoza-Escobar et al 2017).

Biochemically, Amish microcephaly patients show high excretion of alpha-ketoglutaric
aciduria. Lactic acidosis and elevated CSF lactate (2.9-4.2 mmol/l) during acute
decompensations are characteristic in both phenotypes (Kelley et al 2002, Siu et al
2010). The biochemical phenotype may be attributable to decreased activity of the three
mitochondrial enzymes that require TPP as a cofactor: PDH, 2-oxoglutarate

dehydrogenase, and branched-chain alpha-keto acid dehydrogenase.

MRI abnormalities in Amish microcephaly are characterized by a simplified gyral
pattern, brainstem and cerebellar hypoplasia, and corpus callosum hypoplasia (Siu et al
2010). Patients with bilateral striatal degeneration and progressive polyneuropathy show
T2-hyperintensities restricted to the caudate and putamen, (Spiegel et al 2009).
Progression to cavitation is characteristic, described as T2-hyperintensity and T1-

hypointensity in the neostriatum (Ortigoza-Escobar et al 2017).
3.3. b. Treatment.

Prognosis of Amish Lethal Encephalopathy is poor with most patients dying in infancy.
The patient reported by Siu et al 2010 was treated with thiamine supplementation
(100mg/day) and a high fat diet. This treatment resulted in a reduction of lactic acid.
Surprisingly, authors found an inverse relationship between the production of lactic acid

and alpha-ketoglutaric acid, which could be explained by reduced pyruvate
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dehydrogenase activity during a metabolic crisis, resulting in lactic acidosis and a
decline of acetyl-CoA entering the tricarboxylic acid cycle, with a consequent decreased

production of alpha-ketoglutaric acid.

The five patients with thiamine metabolism dysfunction syndrome 4 were treated with
thiamine supplementation (400—600mg/day), which led to a substantial improvement in
peripheral neuropathy and gait in early treated patients, supporting the efficacy of
thiamine treatment in preventing further disease progression. All patients are currently
alive (Ortigoza-Escobar et al 2017). A pregnant patient with this defect has required an
increase in thiamine dose of 400 to 1500 mg due to the appearance of neurological

symptoms.

3.3.c. SLC25A419: Genetic defects and functional studies.

Thiamine mitochondrial carrier is encoded by SLC25419. The gene is formed by 9
exons; exons 4 to 9 are part of the coding sequence, while exons 1 to 3 are placed in the
5’ un-translated region. Thiamine mitochondrial carrier has a tripartite structure, similar
to other mitochondrial carriers, which consists of three tandem repeats folded each one
within two trans-membrane +-helices resulting in a six trans-membrane domains protein
linked through long extracellular hydrophilic loops and shorter cytoplasmic loops and

flanked by intracellular N- and C- terminal domains (Iacobazzi et al 2001).

Three different missense mutations have been found affecting this gene, and at the
moment, there is a strong genotype-phenotype correlation: ¢.530G>C appears only in

MCPHA patients (Rosemberg et al 2002) while patients affected by striatal necrosis and
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progressive polyneuropathy carry ¢.373G>A (Spiegel et al 2009) or c.580T>C
(Ortigoza-Escobar et al 2017) (Figure 4). The explanation for these differential

phenotypes according to the genetic variants remains unknown.

Functional studies were performed to better understand the pathophysiological
mechanism of the disease. In vitro studies comparing wild-type DNC and ¢.530G>C
showed an ablation of dATP/ADP exchange in the mutant suggesting a defect in the
transport activity (Rosenberg et al 2002). In the light of these results, it was proposed
that a defect in mitochondrial nucleotide transport leads to an impairment of
mitochondrial DNA synthesis resulting in energy metabolism failure (Korf 2003).
However, further analysis suggested that deoxyribonucleotide transport was not the
primary function for SLC25A19. A high sequence identity with the yeast mitochondrial
transporter for Thiamine Pyrophosphate (ThPP) indicated the potential function of DNC
as a thiamine transporter (Kang and Samuels 2008). In 2006, Lindhurst et al generated
a KO mouse model of Slc25a19, which has a reduction of mitochondrial ThPP. In vitro
assays were also performed showing not only a reduction in thiamine transport in
mutant cells compared to wild-type but also a lower activity in mitochondrial ThPP-
dependent enzyme complexes PDH and KGDH. This work postulated SLC25419 gene
as a carrier of mitochondrial thiamine pyrophosphate (MTPPT) (Lindhurst et al 2006).
Latest studies performed by Liu et al 2016, correlated neurodegeneration and smaller

brain size with a disruption of normal thiamine metabolism.

Sabui et al 2016 performed in vitro studies in HepG2 cells in order to describe which

residues were important for the protein function. Mutagenesis for different positively-
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charged residues involved in other membrane carriers that transport negative substrates
was done and consequences were studied through mitochondria isolation, thiamine
uptake measurement and both RNA and protein expression assays. Results showed that
(1) a polar residue is required at position 34 for normal function of the transporter
protein; (2) Ile33, Asp37, His137 and Lys291 are crucial to mitochondrial delivery of
MTPPT; (3) RNA and protein expression results suggested that mutations affecting
Ile33 and Asp37 may change translational efficiency and/or protein stability (Sabui et al

2016).

Finally, functional pathogenic validation was necessary to associate SLC25419
¢.373G>A mutation with striatal necrosis patients phenotype. With that aim, human
wild-type and mutant SLC25419 were over-expressed in a deleted TPCI1 yeast model.
Using thiamine depleted growth medium, authors demonstrated a total complementation
in wild-type transfected yeast colonies while mutant colonies suffered a partial

complementation, proving variant pathogenic effect (Spiegel et al 2009).

3.4. Thiamine metabolism dysfunction syndrome 5 (episodic encephalopathy type)

(OMIM 614458)
3.4.a. Clinical phenotype:

Thiamine pyrophosphokinase deficiency (TPK1; #606370) is associated with episodic
encephalopathy triggered by infections or dehydration. Since the first description of five
individuals from three families reported by Mayr et al 2011, a total of fifteen patients

have been reported (Mayr et al 2011, Fraser et al 2014, Banka et al 2014, Mahajan and
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Sidiropoulos 2017, Invernizzi et al 2017, Huang et al 2018). All described patients had
onset of symptoms in childhood (range 1 month — 4 years and 8 months). Children may
exhibit a normal or delayed psychomotor development until they present with recurrent
episodes of encephalopathy, ataxia, dysarthria, dystonia, seizures, ophtalmoplegia,
nystagmus and psychomotor regression. A pair of sibs was reported manifesting
subacute onset generalized dystonia without episodes of encephalopathy (Mahajan and
Sidiropoulos 2017). One patient was initially misdiagnosed as acute disseminated
encephalomyelitis and received corticosteroid and intravenous gamma globulins.
However, this patient showed signal abnormalities within the putamina and dentate
nuclei and high lactate levels in plasma and CSF. Thiamine supplementation prevented

further encephalopathic episodes in this case (Invernizzi et al 2017).

Brain MRI abnormalities described in TPK1 deficient patients were localized in the
cerebellum and dentate nuclei (100%), striatum (75%), Globus pallidus (50%) and
spinal cord (25%) (Ortigoza-Escobar et al 2017, Invernizzi et al 2017, Mahajan and

Sidiropoulos 2017).

Biochemically, lactic acidosis (range: 2.3-6.2 mmol/l, reference values (RV) 0.5-2.2
mmol/l) and elevated CSF lactate (range 2.4-3.3 mmol/l, RV 1.1-2.4 mmol/l) can be
observed during episodes of encephalopathy. Likewise, there is a variable elevation of
multiple organic acids, such as 2-ketoglutaric acid, 3-hydroxyisovaleric acid, fumaric
acid, glutaric acid and 3, 4-dihydroybutryate. Plasma thiamine level can be normal
(Mayr et al 2011) or slightly reduced (32 ng/l, RV 38-122 ng/l) (Mahajan and

Sidiropoulos 2017), but characteristically, there is a decrease in blood TPP (range 46.6-
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96,9 mmol/l, RV: 132-271 mmol/l) and muscle TPP (8.8-9.5 nmol/g protein, RV: 41.6—

81.6 nmol/g protein) in TPK1 patients (Mayr et al 2011).

3.4.b. Treatment.

Thiamine supplementation (100-500 mg/day) in TPKI1 deficient patients has led to
clinical improvement and even normal neurodevelopment in early treated patients
(Mayr et al 2011). It has also proven to prevent further metabolic decompensations
(Invernizzi et al 2017) and ameliorate brain MRI lesions (Banka et al 2014, Invernizzi et
al 2017). Authors conclude that dosage of thiamine should be sufficient to provide
adequate substrate concentration for residual TPK activity and to prevent any depletion
of this vitamin. Recently, Huang et al 2018 reported a Chinese girl with a novel
homozygous 7PKI mutation (p.L28S) who was treated with thiamine early in disease
evolution. The patient experienced a significant clinical and radiological improvement
of brain MRI abnormalities, and blood TPP levels increased up to the lower limit of
reference range after thiamine supplementation. These authors associated the onset of
symptoms with TPP blood levels below 20% of healthy controls (Huang et al 2018).
Supplying excess thiamine could overcome decreased thiamine binding affinity of TPK
caused p.S160L (c.479C>T) and p.W202G (c.604T>G) mutations and allow normal

production of TPP (Huang et al 2018).

The implementation of a ketogenic diet has shown controversial results, with one
patient manifesting clinical improvement (Fraser et al 2014) and other patient

presenting clinical deterioration (Banka et al 2014). Deep pallidal stimulation in a
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patient with TPK1 deficiency and generalized dystonia had a minor beneficial effect

(Mahajan and Sidiropoulos 2017).
3.4.c. TPK1I: Genetic defects and functional studies.

Thiamine phosphokinase 1 is encoded by TPKI, a gene with 8 coding exons followed

by a large 3°’UTR region (Zhao et al 2001).

Recessive defects within 7PK/ sequence result in thiamine metabolism dysfunction due
to a thiamine pyrophosphokinase deficiency (Mayr et al 2011). Up to date, eleven
different variants have been reported (Mayr et al 2011, Fraser et al 2014, Banka et al
2014, Invernizzi et al 2017, Huang et al 2018). Most of them are missense variants but
there is also a frameshift variant which truncates the protein (c.179_182delGAGA), two
deletions of exon 3 and 4, and the splicing variant ¢.501+4A>T that results in a

complete deletion of exon 6 (Figure 5).

Different authors have performed functional studies to prove pathogenicity for reported
mutations and to better understand involved mechanisms causing the disease. Metabolic
flux, mitochondrial enzyme and cofactor levels analysis from muscle biopsies of the
first five patients described demonstrated a defect in mitochondrial pyruvate oxidation
route and thiamine metabolism. Moreover, protein level analysis from muscle extracts
showed a decrease of full-length TPP protein in affected individuals (Mayr et al 2011).
Banka et al 2014 showed a reduction in TPK activity in cells transfected with TPK/
mutants ¢.479C>T and ¢.664G>C compared to wild-type. Protein quantification from

patients muscle biopsies showed lower protein levels than controls in all patients except

This article is protected by copyright. All rights reserved.



those carrying the ¢.479C>T variant. These results suggest that a reduction in protein
levels is associated with a reduction of TPK activity in the majority of patients.
However, ¢.479C>T should be affecting the enzyme activity through a different novel

unknown mechanism (Banka et al 2014).

A crystal structure of TKP1 protein has been published recently (PDB 3S4Y), showing
two crucial domains: dimerization domain and thiamine binding domain with its active
site. In fact, binding site is constituted by the dimerization of two TPKI1 molecules.
Huang et al 2018 performed several studies to validate a new mutation (c.83A>G) and
further studies for previously reported variants. First of all, the comparison between
mutated protein models and wild-type crystal structure showed that Ser160 and Trp202
were crucial to allow TPP binding to TPK1. Then, thiamine binding assays confirmed
that variants c¢.479C>T (p.Ser160Leu) and ¢.604T>G (p.Trp202Gly) produce a partial
or total impairment, respectively, of thiamine binding and a reduced affinity to the
product TPP. The enzyme activity was also measured and, although most of the
mutants, especially c¢.148A>C (p.Asn50His), have a reduced activity compared to wild-
type, variants ¢.479C>T (p.Serl60Leu) and c.604T>G (p.Trp202Gly) resulted in a
higher enzymatic activity (Huang et al 2018). These experiments demonstrate that
pathogenicity can be caused by a reduction or gain of enzymatic TPK1 activity. Finally,
protein stability was assayed measuring the melting temperature with differential
scanning calorimetric method. A huge range of results were obtained, however more

instable mutants where those affecting residues within the C-terminus domain of TPK1:
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c.479C>T (p.Serl60Leu), c.604T>G (p.Trp202Gly), c.656A>G (p.Asn219Ser) and

¢.664G>C (p.Asp222His).

All the biochemical assays performed to date revealed that mutations in 7PK/ cause
thiamine metabolism dysfunction through three different mechanisms: enzymatic
activity alteration, thiamine affinity reduction and decreased protein stability (Huang et

al 2018).

4. Conclusion

Genetic defects of thiamin transport and metabolism should be considered in all patients
with episodes of recurrent encephalopathy and / or dystonia, increased blood lactate or
CSF or increased alpha-ketoglutarate in urine, and in patients with radiological injury of
basal ganglia and thalami. Rogers’ syndrome should be suspected in children with
megaloblastic anemia, non-immune diabetes mellitus and sensorial deafness. Suspicion
is essential since early treatment has been shown to improve prognosis in most patients.
Functional work will allow a better understanding of pathogenic mechanisms leading to
thiamine deficiency, which is essential to optimize treatment strategies and improve
prognosis. At the same time, the use of next generation sequencing will expand the

spectrum of genotypes and phenotypes of these genetic defects.
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Tables:

Table 1. Recommended dietary allowances (RDAs) of thiamine

Gender Age / Condition | Thiamine RDA
Female/Male 0-6 months 0.2mg
Female/Male 7-12 months 0.3mg
Female/Male 1-3 years 0.5mg
Female/Male 4-8 years 0.6mg
Female/Male 9-13 years 0.9mg
Male > 14 years 1.2mg
Female 14-18 years Img
Female > 18 years 1.1mg
Female Pregnancy 1.4mg
Female Breast feeding 1.5mg

Table 2. Thiamine metabolism dysfunction syndromes nomenclature

Gene Dysfunction syndrome Disorder

SLC1942 Thiamine metabolism dysfunction | Thiamine-responsive megaloblastic anemia

syndrome 1 syndrome

SLCI943 Thiamine metabolism dysfunction | Biotin- or thiamine-responsive

syndrome 2 encephalopathy type

SLC25419 | Thiamine metabolism dysfunction | Microcephaly Amish type

syndrome 3

Thiamine metabolism dysfunction | Bilateral striatal degeneration and

syndrome 4 progressive polyneuropathy type
TPK1 Thiamine metabolism dysfunction | Episodic encephalopathy type
syndrome 5
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Table 3. Suggested Criteria for the Diagnosis of Inherited Thiamine Defects With Prominent
Neurological Involvement (modified from Ortigoza-Escobar et al 2017)

Required

1. Clinical criteria

a. SLC19A43: Acute or recurrent episodes of encephalopathy (decreased consciousness,
irritability) with two or more of the following: (1) dystonia, (2) hypotonia, (3) bulbar
dysfunction, (4) ataxia, and (5) seizures. Of note, 16% of patients may have an insidious
onset of symptoms (psychomotor regression, clumsy or abnormal gait, and stiff limbs).

b. SLC25A419: Acute or recurrent episodes of encephalopathy with: (1) progressive
peripheral neuropathy or (2) severe congenital microcephaly with brain malformations.

c. TPK1I: Acute or recurrent episodes of encephalopathy, with two or more of the
following: (1) dystonia, (2) hypotonia, (3) ataxia, (4) seizures, and (5) developmental
delay. Of note, some patients may have a nonepisodic early-onset global developmental
delay.

2. Biochemical criteria

a. Normal total thiamine blood levels

b. Low free-thiamine in CSF and/or fibroblasts (SLC19A3)

c. Low TPP in blood, muscle, and/or fibroblasts (TPK1)

d. High excretion of alpha-ketoglutaric acid in urine (common in TPK1 and SLC25A19,
rare in SLC19A3).

3. Radiological criteria

a. MRI pattern compatible with Leigh’s syndrome (SLC19A3, SLC25A19, TPK1) or
Wernicke’s encephalopathy (SLC19A3)

i. SLC19A43: Symmetrical T2W hyperintensity of caudate, putamen, cortico/subcortical
areas, and/or ventromedial thalamus. No involvement of mammillary bodies. Diffuse
T2W hyperintensity of brain white matter (single adult patient reported).

ii. SLC25A419: Symmetrical T2W hyperintensity in the caudate and putamen.

iii. TPK1: Symmetrical T2W hyperintensity in basal ganglia and cerebellum (dentate
nuclei).

4. Therapeutic criteria

a. Clinical improvement after thiamine supplementation.

Supportive

1. Consanguinity

2. Trigger event (infection, vaccination, trauma, intense physical activity, etc.).

3. Absence of predisposing factors of beriberi or Wernicke’s encephalopathy.
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4. Absence of systemic features of mitochondrial disease (cardiomyopathy,
arrhythmia/conduction defects, renal tubulopathy, or dysmorphic features).

5. Increased lactate in blood and/or CSF, or presence of a lactate peak on MRS.

6. Normal OXPHOS and PDHc activity in muscle and fibroblast.

CSF = cerebrospinal fluid; TPP = thiamine pyrophosphate; MRI = magnetic resonance imaging; T2W =
T2 weighted; OXPHOS = oxidative phosphorylation; PDHc = pyruvate dehydrogenase complex; MRS =
magnetic resonance spectroscopy.

Figure Legends:

Figure 1: Thiamine transport and metabolism pathways. Three of the four
thiamine vitamers are  represented: free thiamine (T, blue balls), thiamine
monophosphate (TMP, purple balls), thiamine pyrophosphate (TPP, green balls) and
thiamine triphosphate (TTP, brown balls). Thiamine absorption takes place through
passive diffusion, at high concentration, or through different carriers: SLC19A2
(thiamine transporter-1); SLC19A3 (thiamine transporter-2); SLC19A1 (folate carrier);
SLC22A1 (OCTI1, organic cation transporter 1); SLC35F3 (solute carrier) and
SLC44A44 (human TPP carrier). In the cytosol, T is phosphorylated by TPKI1
(thiamine pyrophosphokinase) into TPP. There, TPP enters the mitochondrial through
SLC25A19 carrier. TPP, as the active thiamine species, acts as a cofactor in multiple
enzyme reactions in cytosol: TK (transketolase); in the
mitochondria: PDHc (pyruvate dehydrogenase complex), OGDHC
(oxoglutarate dehydrogenase complex), BCQDC (branched chain 2-0X0
acid dehydrogenasecomplex); and  inperoxisome: HACL1  (2-hydroxyacyl-

CoA lyase 1). G=glucose; G-6P=glucose-6-phosphate;
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NADPH=nicotinamide adenine dinucleotide phosphate; TCA cycle=tricarboxylic acid

cycle; =-CG=alpha-ketoglutarate; GABA=gamma-aminobutiric acid.

Figure 2: SLCI19A42 structure including all described TRMA patients’ variants.
Homozygous variants in black, compound heterozygous variants in blue and variants
reported both homozygous and compound heterozygous in green. Variants which have
been studied functionally in vitro or computationally appear in bold. Variants
represented with * are those variants only reported as a protein change for which the
cDNA variant is currently unknown due to different nucleotide combination

possibilities (in order from 5’ to 3°: p.Trp30*, p.Trp302* and p.Trp387%*).

Figure 3: SLCI943 gene structure including all described patients’ variants.
Homozygous variants in black, compound heterozygous variants in blue and variants
reported both homozygous and compound heterozygous in green. Variants which have

been studied functionally in vitro appear in bold.

Figure 4: SLC25419 gene structure including all described patients’ variants.
Homozygous variants causing THMD4 in black and homozygous variant in orange
cause a different phenotype (MCPHA). Variants which have been studied functionally

in vitro appear in bold.
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Figure S: TPK1 gene structure including all described patients’ variants. Homozygous
variants in black and compound heterozygous variants in blue. Variants which have

been studied functionally in vitro appear in bold.
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Resumen:

Los genes SLC39A14, SLC30A10 y SLC39A8 estan involucrados en la homeostasis del
manganeso (Mn) en humanos. Los niveles de Mn en plasma y orina son herramientas
utiles para el reconocimiento temprano de estos trastornos. En este estudio, hemos
analizado varios biomarcadores de deposicion de Mn en el sistema nervioso central en
dos hermanos que se presentan con distonia aguda e hipermanganesemia debido a
mutaciones en SLC39Al14. Estos biomarcadores pueden ayudar a establecer un
diagnostico mas rapido y preciso y a monitorizar la progresion de la enfermedad tras la
administracion de una terapia con agentes quelantes. Estos pacientes portaban el cambio
€.311G> T (p.Ser104lle) en homozigosis y presentaron a la edad de 10 meses una distonia
aguda y regresion motora. Las concentraciones de Mn revelaron niveles elevados de Mn
en plasma, orina 'y LCR en el caso indice en comparacion con los pacientes control. Los
valores de Mn fueron 3 veces mayores en LCR que en plasma. Por otro lado, se cuantifico
el indice palidal del paciente mediante resonancia magnética cerebral encontrando valores
significativamente mas altos comparado con los controles. Estos valores aumentaron
durante un periodo de 10 afos, lo que sugiere la incesante acumulacion palidal de Mn a
nivel de sistema nervioso central. Tras la confirmacion genética, un ensayo con el

quelante de Mn Na,CaEDTA redujo los niveles plasmaticos de Mn, zinc y selenio. Sin
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embargo, los padres informaron sobre un empeoramiento de la distonia cervical,
irritabilidad y dificultades para dormir y se suspendié la terapia de quelacion. Con este
estudio se amplid las pocas descripciones de pacientes con mutaciones en SLC39A14.
Reportamos por primera vez la elevacién de Mn en el LCR de pacientes con mutaciones
SLC39A14, lo que respalda la hipotesis de que el cerebro es un érgano importante de
deposicién de Mn en la enfermedad relacionada con este gen. El indice palidal es un
método indirecto y no invasivo que se puede utilizar para evaluar la progresion de la
enfermedad en las RMC de seguimiento. Finalmente, se propuso que los pacientes con
defectos hereditarios del transporte de manganeso se traten inicialmente con dosis bajas
de Na2CaEDTA seguido de una escalada gradual de la dosis, junto con una
monitorizacién de los oligoelementos sanguineos, para evitar efectos secundarios

identificados en nuestro caso.
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Abstract

Background: The SLC39A714, SLC30A10 and SLC39A8 are considered to be key genes involved in manganese (Mn)
homeostasis in humans. Mn levels in plasma and urine are useful tools for early recognition of these disorders. We
aimed to explore further biomarkers of Mn deposition in the central nervous system in two siblings presenting with
acute dystonia and hypermanganesemia due to mutations in SLC39A74. These biomarkers may help clinicians to
establish faster and accurate diagnosis and to monitor disease progression after chelation therapy is administered.

Results: A customized gene panel for movement disorders revealed a novel missense variant (c.311G > T; p.Ser104lle)
in SLC39A14 gene in two siblings presenting at the age of 10 months with acute dystonia and motor regression. Mn
concentrations were analyzed using inductively coupled mass spectrometry in plasma and cerebrospinal fluid, disclosing
elevated Mn levels in the index case compared to control patients. Surprisingly, Mn values were 3-fold higher in CSF than
in plasma. We quantified the pallidal index, defined as the ratio between the signal intensity in the globus pallidus and
the subcortical frontal white matter in axial T1-weighted MRI, and found significantly higher values in the
SLC39A14 patient than in controls. These values increased over a period of 10 years, suggesting the relentless pallidal
accumulation of Mn. Following genetic confirmation, a trial with the Mn chelator Na,CaEDTA led to a reduction in
plasma Mn, zinc and selenium levels. However, parents reported worsening of cervical dystonia, irritability and sleep

difficulties and chelation therapy was discontinued.

Conclusions: Our study expands the very few descriptions of patients with SLC39A74 mutations. We report for the first
time the elevation of Mn in CSF of SLC39A74 mutated patients, supporting the hypothesis that brain is an important
organ of Mn deposition in SLC39A14-related disease. The pallidal index is an indirect and non-invasive method that
can be used to rate disease progression on follow-up MRIs. Finally, we propose that patients with inherited defects of
manganese transport should be initially treated with low doses of Na,CaEDTA followed by gradual dose escalation,
together with a close monitoring of blood trace elements in order to avoid side effects.

Keywords: Manganese homeostasis, SLC39A14; SLC30A10, Dystonia, Pallidum, Hypermanganesemia

Background

Manganese (Mn) is a trace metal with a key role as a co-
factor of multiple enzymes, including hydrolases, lyases,
glycosyltransferases, arginase, glutamine synthase and
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superoxide dismutase (SOD), in the synthesis of hor-
mones and neurotransmitters [1] and during inflamma-
tory events of the central nervous system [2].

Mn deposition in the brain can occur due to acquired
causes (such as environmental exposure), as well as inher-
ited defects in Mn transport and metabolism. Mn intoxi-
cation has been described in miners, welders, individuals
working or living near ferro-alloy factories or in those
drinking contaminated water, as well as in patients receiv-
ing total parenteral nutrition or those with acquired
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hepatocerebral degeneration [3]. Patients with severe Mn
exposure may develop an extrapyramidal syndrome
termed manganism, with rigidity, bradykinesia and dys-
tonia [3]. Mn dyshomoeostasis may also result from inher-
ited genetic defects in one of the transporters implicated
in Mn homeostasis, namely SLC39A8, SLC30A10 and
SLC39A14. Recently, several in vitro and in vivo models
have elucidated their role in the transport of Mn and other
divalent metals [2, 4—10]. SLC39A48 (MIM608732) encodes
ZIP8, a Mn and Zn transporter that localizes to the hep-
atocyte canalicular membrane and reclaims Mn from bile
[7]. Knock out ZIP8 mice showed markedly decreased Mn
levels in multiple organs and whole blood, increased bile
levels, and decreased activity of Mn-dependent enzymes,
such as arginase and -1, 4-galactosyltransferase [7]. Bialle-
lic mutations in this gene lead to severe Mn depletion and
a secondary congenital disorder of glycosylation (CDG)
syndrome. Patients manifest developmental delay and
intellectual disability, dwarfism, craniosynostosis, cerebellar
atrophy, seizures and Leigh-like syndrome [11, 12].

SLC30A10 (also known as ZnT10) (MIM611146) and
SLC39A14 (also known as ZIP14) (MIM608736) are ef-
flux and influx transporters, respectively, that coopera-
tively regulate Mn homeostasis in humans. Recently, Liu
et al. 2017 generated knockout (KO) mice models lack-
ing SLC30A10, SLC39A14 and both transporters (double
knockouts) demonstrating high blood and brain Mn
levels in the three mice models, but only high liver Mn
levels in the single SLC30A10 KO model. These findings
are in agreement with those observed in patients with
recessive mutations in SLC30A10 and SLC39A14, show-
ing cerebral Mn deposition as a consequence of in-
creased systemic Mn load in both disorders [13], but
only polycythemia and liver cirrhosis in SLC30A10 [14].

Animal models demonstrated that SLC30A10 and
SLC39A14 localized to the canalicular and basolateral
domains of hepatocytes, respectively, thereby mediating
Mn biliary excretion synergistically [8]. Moreover,
SLC39A14 KO mice showed reduce Mn transport into
enterocytes at the basolateral membrane, thereby de-
creasing Mn excretion via the gastrointestinal tract [4].

Patients with SLC30A10 and SLC39A14 defects show a
progressive dystonia-parkinsonism syndrome as a conse-
quence of Mn toxicity to the basal ganglia. Chelation
therapy in both disorders increases Mn urinary excretion
and decreases plasma Mn concentrations with variable
clinical improvement [14-17]. SLC39A14 KO mice suf-
fer from Mn brain deposition and motor dysfunction,
thus recapitulating the disease in humans [4, 10].

In this study, we present two siblings with homozy-
gous SLC39A14 mutations causing hypermanganesemia,
progressive dystonia, severe disability and early death.
Our study reports a likely novel pathogenic variant in
SLC39A14, thereby expanding the reported mutations in
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this gene. We examine the levels of Mn and other trace
elements in plasma and cerebrospinal fluid (CSF), as po-
tential biomarkers for diagnosis and treatment monitor-
ing. We also describe serial magnetic resonance imaging
(MRI) abnormalities over time, confirming progressive
changes with pallidal Mn deposition.

Methods

The index case was born to healthy consanguineous
Senegalese parents. Detailed delineation of the patient’s
history, disease course and clinical examination was
undertaken, as well as molecular genetics, radiological
and biochemical studies. Family history revealed a simi-
larly affected older brother for whom a stored DNA
sample was available. Parental DNA was also obtained.
The study was approved by the ethics committee at Sant
Joan de Déu Hospital and parents gave written informed
consent for study participation.

We also performed a literature review on genetic causes
of Mn dysregulation, by searching MEDLINE (through
PubMed) the following keywords: #1 SLC30A10, #2
SLC39A14, #3 SLC39A8, #4 hypermanganesemia and #5
manganese homeostasis. A total of 12 clinical studies were
finally selected (Table 1) [11, 12, 15-25].

Biochemical studies

CSF and plasma samples were analyzed with an Agilent
7500ce inductively coupled plasma mass spectrometer
(Agilent Technologies, Waldbronn, Germany). The instru-
ment uses a collision/reaction cell with hydrogen for sel-
enium (Se) determination, and helium for zinc (Zn) and
Mn. Briefly, after ionization of plasma or CSF samples in
the plasma torch and elimination of interference in the
collision/reaction cells, element concentrations were de-
termined by mass spectrometry, as previously reported
[26, 27]. Hemolysed plasma samples were excluded to
avoid blood contamination that can significantly increase
Zn and Mn values.

Plasma samples preparation: 25 pL of plasma samples
were diluted (1:40; V:V) in 25 pL of distilled water and
950 pL of a solution containing 0.7 mmol/L EDTA
(Merck, Darmstadt, Germany), 0.07% Triton-X-100
(Merck), 2% butanol, 0.5% ammoniac (Merck) and germa-
nium as internal standard (Merck).

CSF samples preparation: 50 pL of CSF samples were
diluted (1:20; V: V) in a 2% nitric solution and 10 pg/L
of germanium as internal standard (Merck).

MRI studies

The pallidal index (PI), defined as the ratio between the
signal intensity in the globus pallidus (SIGP) and the sub-
cortical frontal white matter (SIFW) in axial T1-weighted
MRI [28] was calculated in our patient on MRIs under-
taken at age 11 months, 8 and 10 years. Values were
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Table 1 Characteristics of patients with SLC30A10, SLC39A14, and SLC39A8 mutations
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Phenotypes

SLC30A10

Early-onset dystonia, polycythemia
and hepatopathy, adult-onset
parkinsonism and spastic paraparesis

SLC39A14

Rapidly progressive childhood-
onset parkinsonism-dystonia

SLC39A8

Type Il congenital disorder of
glycosylation with Leigh syndrome
and autosomal recessive intellectual
disability with cerebellar atrophy

Number of patients reported
References

First described in

Age at onset, median (IQR)
Sex

Death and cause
Parental Consanguinity (N)
Main neurological signs and

symptoms

Other neurological signs and
symptoms

Abnormal head growth / skull
deformity

Blood Mn levels (nmol/L)

Urinary Mn levels

Systemic involvement and
others biochemical abnormalities

Brain MRI

Genetics findings

Chelation therapy

39

[16-24]

2000

7.1 (1-57 years)
20F/19M

4 death (3 cirrhosis-related
complications and 1 pneumonia)

34

Focal and generalized dystonia, gait
disturbances “cock-walk gait” and
Parkinsonism

Central hypotonia, behavioral changes,
developmental delay, dysphagia, ataxia,
spastic paraparesis and sensory motor
axonal polyneuropathy

Normal head circumference

Increased
3345.7 £ 25753 (RV: <320)

Increased
11.3+£4.8 mcg/L (RV: 0.5-4)

Hepatopathy: Hepatomegaly in 14
patients, liver cirrhosis in 8 patients
and increased transaminases in 41%:
ALT: 107.1 £50.7 (RV <55)
Polycythemia in 21% of patients:
haematocrit 52.8 + 6.4% (RV: 34-40)

T1 W hyperintensity
Basal ganglia 38
Thalamus 20
Brainstem 13
Cerebellum 21
Pituitary gland 6

Brainstem atrophy 1

Missense 5
Stop gained 3
Deletion 11
Splicing 1

Homozygous 37
Heterozygous 0

Disodium calcium edetate, calcium
ethylenediaminetetra-acetic acid,
D-penicilamina and 2,3
mercaptosuccinic acid

10

[15] current paper
2016

15.8 (7-36 months)
6F/4M

4 death (2 respiratory infections
and 2 unknown cause)

10

Generalized dystonia and
Parkinsonism

Spasticity, developmental delay,
bulbar dysfunction

Microcephaly (N =4),
macrocephaly (N =1),
Craniosynostosis (N=1)

Increased
2898 + 2532(RV: <320)

Not reported (increased in our
patient: 8.2 mcg/L; RV:04-0.9)

Not reported

T1 W hyperintensity
Basal ganglia 10
Pituitary gland 8
Cerebral white matter 10

Diffuse cerebral and cerebellar
atrophy 4

Missense 8
Stop gain 1
Deletion 1

Homozygous 10
Heterozygous 0

Disodium calcium edetate

12

(11,12, 25]

2015

Birth to 1 year of age
8F/4M

1 death (infection)

10

Profound hypotonia

Dystonia, opisthotonus, severe
intellectual disability, strabismus,
nystagmus, hearing impairment,
apnea/hypopnea episodes, axonal
neuropathy, generalized and
myoclonic seizures and infantile spasm

Normal head circumference,
craniosynostosis in 1 patient

Decreased
164 +£58 (RV: 53-40.8)

Increased
56.5+73.2 nmol/L (RV: 1.3-9.1)

Dysmorphic features®, dwarfism with
short limbs and scoliosis

Increased transaminases in 2 patient
(AST: 441 UI/L (RV < 80), ALT: 102 and
113 UI/L (RV < 55)) and impaired blood
coagulation 1 patient

High blood lactate (8.7 mmol/L) and CSF
lactate (4.2 mmol/L) in 1 patient (RV: <1.9)
Abnormal glycosylation pattern in 7
patients

T2 W hyperintensity
Basal ganglia 2

Diffuse cerebellar atrophy 10
Frontal lobes atrophy 1

Missense 14

Homozygous 10
Heterozygous 2
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Table 1 Characteristics of patients with SLC30A10, SLC39A14, and SLC39A8 mutations (Continued)

SLC30A10

Early-onset dystonia, polycythemia
and hepatopathy, adult-onset
parkinsonism and spastic paraparesis

Phenotypes

SLC39A14

Rapidly progressive childhood-
onset parkinsonism-dystonia

SLC39A8

Type Il congenital disorder of
glycosylation with Leigh syndrome
and autosomal recessive intellectual
disability with cerebellar atrophy

Other Treatments Iron oral supplementation 19
Zinc, vitamins C and D supplementation,
manganese free-diet, L-dopa, pramiprexole

and intratechal baclofen

Galactose, manganese, CoQ10, thiamine,
pyridoxine and glucocorticoid

F Female, M Male, Mn Manganese, IQR Interquartile range, RV Reference values
“Dysmorphic features include a broad forehead, mid-face hypoplasia, small jaw,

compared to nine age-matched control patients. The
MRIs in control patients were obtained as part of a diag-
nostic protocol for patients with chronic headache, and
were classified as normal by expert neuroradiologists.

Genetic analysis

A customized gene panel for movement disorders was de-
sign by Sure Design Tool (Agilent Technologies, Santa
Clara, CA, USA). This panel included 78 genes causing
basal ganglia disease which were classified in four groups:
Aicardi-Goutieres syndrome, thiamine metabolism, mito-
chondrial disorders and other neurometabolic disorders,
including SLC30A10 and SLC39A 14 related to Mn dysreg-
ulation. Library construction was performed according to
manufacturer’s protocol using HaloPlex technology. Se-
quencing was carried out on MiSeq sequencer (Illumina,
San Diego, CA, USA). Data processing, variant calling and
variant annotation were done by DNAnexus platform and
Variant Studio software. The average of mean-coverage in
the sample gene panel was 95% for a read depth of 20X.
Filtering was performed by minor allele frequency < 1%
and possible pathogenicity based on mutation effects
(frameshift, insertions deletions, missense, stop gain and
splice site regions). Variant validation and segregation
studies were done by PCR with Sanger sequencing using
the Big Dye Terminator Cycle Sequencing System (Ap-
plied Biosystems). Primers for validation of the identified
change in SLC39A14 were forward primer 5-GAAGGCT-
GAGTAGGTTGCTG- 3’ and reverse primer 5-CTCCT
CGTTTTCCTGGTTCT-3".

Results

Clinical presentation

The proband was born from consanguineous healthy
Senegalese parents, after an uneventful pregnancy and de-
livery. He had a normal perinatal period and early neuro-
developmental milestones were on average. At 11 months
he developed acute generalized dystonia and neurological
regression following an intercurrent viral respiratory infec-
tion. On neurological examination there was evidence of
skull deformity with normal head circumference, dystonic
tetraparesis, oromandibular dystonia and opisthotonos. A

hirsutism, anteverted nostrils, thin lips and a smooth philtrum

plain skull radiogram revealed multiple-suture craniosyn-
ostosis. Metabolic investigations in blood, CSF and urine
were normal at that moment, except for a mild decrease
in 5-hydroxyindolacetic acid concentrations (104 nmol/L,
reference values (RV): 170-490). The family moved to
Senegal and they returned to our hospital at the age
of 9 years. At this time, the patient had developed
microcephaly (head circumference 51 cm, 6th per-
centile), severe dystonic tetraparesis, anarthria, dys-
phagia and malnutrition. He required enteral tube
feeding and received baclofen, diazepam and gabapen-
tin for symptomatic control of dystonia.

On reviewing the family history, it became apparent that
there was a similarly affected older brother, born in 1997,
who developed acute dystonic tetraparesis associated with
rigidity, hypokinesia and pyramidal signs, following a viral
illness at the age of 10 months. Brain MRI revealed bilat-
eral pallidal T2-hypointensity and pallidal and cerebral
and cerebellar white matter T1-hyperintensity. His clinical
status remained unchanged until age 21 months, when he
died in Senegal of unknown cause.

The clinical picture of these siblings was analyzed in
the context of the existing literature on 46 patients pre-
viously identified with genetic defects leading to Mn dys-
regulation (Table 1).

Biochemical studies

Biochemical studies in the proband detected normal full
blood count, liver function, Fe metabolism, Zn, Se and
copper (Cu) concentrations in plasma. We also found el-
evated plasma Mn (10.5 pg/L, RV: 0.4—0.9 pg/L) and ex-
tremely elevated CSF Mn concentrations (34 pg/L, RV:
0.5-1.7 pg/L).

MRI analysis

Brain MRI of the patient at 11 months showed a symmet-
rical high-T1 and low T2 signal in both the pallidum and
dentate nuclei. White matter signal intensity of the cere-
brum, cerebellum and brainstem was also very high in T1
(Fig. 1a). Follow-up MRI at 10 years showed persistent
T1-hyperintensity of the globi pallidi, volume loss, gliosis
and atrophy of the dentate nuclei and moderate atrophy
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Fig. 1 Radiological findings from the patient. a: Brain MRI of the patient at 11 months (first line) shows a high-T1 and low T2 signal in the pallidi
and dentate nuclei. MRI at 10 years (second line) shows persistent T1-hyperintensity of the globi pallidi, volume loss, gliosis and atrophy of the
dentate nuclei and moderate atrophy of cerebellar folia. b: Distribution of individual Pl scores in patient and controls
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of cerebellar folia. Moreover, quantitative assessments of
the PI was significantly higher in the patient at age
11 months, 8 and 10 years as compared to nine age-
matched controls (U = 0.000; p = 0.009, Mann-Whitney U
test). We also observed slightly increased signal intensity
over time (Fig. 1b).

Genetic analysis

We identified a homozygous missense variant (c.311G > T;
p.Serl04lle) in exon 3 of SLC39A14 (NM_001128431),
which was confirmed by Sanger sequencing in both the pa-
tient and his affected brother. Both parents were heterozy-
gous carriers of this variant (Fig. 2). Unfortunately, DNA
samples from three unaffected siblings were not available
for the analysis. This novel variant was not found in
HGMD, dbSNP, 1000 Genome project, EXAC database or
CIBERER Spanish Variant Server. This variant affected a
highly conserved amino acid residue, located in the
N-terminus extracellular loop, studied by UCSC
browser and Clustal Omega software and it was cate-
gorized as pathogenic by SIFT (0.002), PROVEAN
(-3.03) and Mutation Taster (142), and as possibly
damaging by PolyPhen-2 (0.664).

Treatment
Following genetic confirmation, we instigated com-
passionate treatment with the Mn chelator,

Na,CaEDTA, 1 g/m2/day in two divided oral doses
for a five-day course. This protocol was initially
proposed for lead intoxication and has more
recently been used in patients with SLC30410 and
SLC39A14 deficiency [14, 15]. No clinical side
effects were recorded during the administration. On
the fifth day, we observed a reduction of plasma
Mn (from 10.5 to 4.5 pg/L, 57% reduction, RV: 0.4—
0.9 pg/L), Zn (from 1260 to 381 ng/L, 69.8% reduc-
tion, RV: 628-1200 ng/L) and Se (from 84 to 58 ng/
L, 31.5% reduction, RV: 67-104 ng/L) (Fig. 3), and
therefore he was supplemented with Zn acetate
(10 mg/day) and Se (50 mg every 2 days). There
was also a mild decrease in plasma Cu and Fe but
values remained within the normal range. Two
weeks after treatment, the family referred worsening
of cervical dystonia, irritability and sleep difficulties,
which improved with incremental doses of diaze-
pam. The family decided to discontinue chelation
therapy. Neurological examination 3 weeks later was
comparable to baseline.
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respectively. The parents are represented as a carrier status

c.311G>T E= =
(p.Ser104lle) |

Fig. 2 The figure shows segregation of the novel variant by Sanger sequencing in the index case and family members. Footnote: The proband is
marked with an arrow. The consanguinity is represented by a double line. Filled and unfilled symbols indicate affected and unaffected individuals,

Discussion

We present two siblings with a homozygous missense
variant in SLC39A14, manifesting a rapidly progressive
generalized dystonia in infancy and hypermanganese-
mia, similar to a cohort of eight SLC39A14 mutated
children reported [15]. Our patient did not show poly-
cythemia or liver disease, as observed in SLC30A10-
deficient patients (Table 1). We measured plasma and
CSF Mn, both showing very high values comparing to
our control patients and literature reference ranges
[29]. Importantly, Mn values were 3-fold higher in CSF
than in plasma; in keeping with the finding that brain
Mn levels are four to 20-fold higher in slc39a14 mutant
zebra fish [15] and knockout mice [4, 6] compared to

wild-type. Our findings support the hypothesis that
brain is likely to be the main organ of Mn deposition in
SLC39A14 deficiency.

Previously, Chang et al, 2009 reported a correlation
between pallidal index (PI) and plasma Mn concentra-
tions of 43 manganese-exposed welders and concluded
that high PI might be attributed to Mn brain deposition
[30]. We used PI to quantify pallidal Mn accumulation
in our patient, and observed significantly higher values
than in controls. Furthermore, our patient had higher PI
values compared to occupationally Mn exposed workers
[31]. These values slightly increased over time, suggest-
ing the relentless pallidal accumulation of Mn in
SLC39A14 deficiency.
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Fig. 3 Biochemical analysis before and after treatment. Footnote: Graph shows a reduction of plasma Mn, Zn and Se five days after Na,CaEDTA therapy
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Na,CaEDTA is a chelating agent that combines with
metal ions to form stable and soluble complexes that are
excreted in the urine. It ameliorated dystonia and parkin-
sonism in SLC30A10 mutated patients [18, 22], and its
efficacy proved to be persistent over time is some cases
with long-term follow-up [22, 32]. More recently, two
SLC39A14 patients received Na,CaEDTA, one, given
chelation early in the disease course showed clinical im-
provement, whereas the other (older) patient continued to
deteriorate despite treatment [15]. Interestingly, two
SLC39A14 KO mice models recently demonstrated a
positive effect with two different chelators: a zinc-
supplemented diet significantly decreased brain Mn
uptake [4], and the metal chelator Na2CaEDTA reduced
serum Mn levels and rescued motor deficits [10].

The administration of Na,CaEDTA in our patient led
to the reduction of not only plasma Mn values, but also
Se and Zn, which are cofactors of important enzymes
such as SOD and selenoproteins, and hence, they were
supplemented in our patient. Even though Se is not a
cation, the decrease might be an effect of EDTA on renal
tubules during chelation therapy [33]. Unfortunately,
worsening of dystonia resulted in discontinuation of
Na,CaEDTA and the long-term efficacy of this treatment
could not be tested in this patient.

Conclusions

In this study we present two infants presenting with dys-
tonia and hypermanganesemia caused by a homozygous
missense variant in SLC39A14, a recently recognized
gene involved in Mn homeostasis in humans, thus
expanding the very few descriptions of this disorder. We
also report for the first time the elevation of Mn in CSF
of SLC39A14 mutated patients, supporting the hypoth-
esis that brain is an important organ of Mn deposition
in SLC39A14-related disease. The measurement of PI
values on MRI is a non-invasive method that may help
monitor Mn pallidal deposition over time. Finally, we
propose that patients with inherited defects of manga-
nese transport should be initially treated with low doses
of Na,CaEDTA followed by gradual dose escalation,
together with a close monitoring of blood trace elements
in order to avoid side effects.
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Discusién
Esta tesis es el resultado de un proyecto traslacional ligado al &mbito clinico cuya
prioridad es el diagndstico genético de los pacientes con alteraciones en los ganglios
basales con el fin de personalizar el tratamiento y obtener una mejora clinica, radioldgica
y bioquimica. Por ello, el objetivo general de la tesis es el diagnostico molecular de estos

pacientes y la busqueda de biomarcadores especificos.

Para el estudio genético de los pacientes de esta cohorte, se han utilizado distintas
tecnologias. En lo referente a paneles de genes, mediante el panel HaloPlex se ha obtenido
un porcentaje de diagndstico (39%, 7/18) elevado respecto a estudios previos reportados,
como un estudio de epilepsia que utiliza la misma tecnologia en 87 pacientes obteniendo
una tasa diagnostica del 19.5% (17 pacientes)*33. Estos estudios son comparables ya que
ambas enfermedades son desdrdenes clinica y genéticamente heterogéneos de inicio
precoz. A pesar de las limitaciones de la tecnologia de este panel, en concreto en este
proyecto nos permitié diagnosticar obtener un porcentaje diagnostico mayor de lo
esperado, teniendo en cuenta la heterogeneidad de la enfermedad y el bajo nimero de
genes incluidos en el panel (76 genes). Esto puede ser debido a una buena seleccion
fenotipica de los pacientes. EI cambio a tecnologia SureSelect, a pesar de ser la tecnologia
mejor valorada principalmente por su uniformidad de captura en estudios previos'?, no
conllevo un incremento en la tasa diagnostica (33%, 3/9). Este porcentaje es similar a
estudios reportados anteriormente'3*. Esto puede ser debido a la limitacion de los paneles
en cuanto a numero de genes nucleares y la falta de genes mitocondriales. A posteriori se
incorpord a la estrategia de diagndstico la secuenciacion completa del ADN mitocondrial
en los pacientes con patologias en ganglios basales donde cuatro de los nueve (44%)

pacientes estudiados con este panel portaban cambios patoldgicos mitocondriales.

La tasa de diagndstico obtenida mediante WES (45.2%) es comparable a la reportada en
la literatura®>!3, pero no es tan elevada como se esperaba. Esto puede ser debido a que
parte de los pacientes estudiados por WES (26%, 8/31) habian tenido un resultado
negativo previo por los paneles. La secuenciacion mediante WES trio (paciente y
progenitores) facilita el analisis gracias a la posibilidad de afiadir datos de segregacion
familiar que contribuyen a filtrar segin la posible herencia. En este proyecto 12 de los
pacientes estudiados por WES fueron trio, pero, a pesar de facilitar el filtrado y rebajar
mucho el coste de las validaciones de variantes candidatas, en este proyecto no ha
resultado en una tasa diagnostica mayor. Aproximadamente, la mitad de los pacientes

estudiados por las estrategias de NGS quedan sin diagndstico genético especifico’*®. En
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nuestro caso, esto puede ser debido a la falta de medios para estudiar variantes candidatas
en nuevos genes no asociados previamente a enfermedad y a la limitacion del WES para
analizar variantes intronicas profundas, en zonas reguladoras o variantes estructurales
CNV!'3, Hasta 2016 se habia reportado un total de 185 mutaciones intronicas localizadas
como minimo a 100 pares de bases del sitio de splicing mas cercano, en 77 genes distintos
causantes de patologia, que conducen a un pseudo-exon debido a la
activacion/inactivacion de sitios de splicing no canonicos o cambios en los elementos

reguladores de splicing?’.

En el andlisis de ADN mitocondrial, el porcentaje de éxito obtenido en este proyecto
(28.6%) concuerda con estudios previos de pacientes con sindrome de Leigh donde el

29% de los pacientes portaban mutaciones en el ADN mitocondrial?°.

En nuestra cohorte, despueés de las subunidades estructurales o de ensamblaje de la cadena
respiratoria mitocondrial, dos genes (ECHS1 y HIBCH) que codifican para enzimas
encargadas del catabolismo de la valina constituyeron por si solas el segundo grupo mas
representativo de esta serie de pacientes con sindrome de Leigh (Figura 4). En un estudio
publicado recientemente en 106 pacientes con sindrome de Leigh, los genes mas
representativos fueron SURF1 (5 pacientes), NDUFAF6 (5 pacientes) y ECHS1 (4
pacientes)?’. A pesar de no coincidir con nuestros datos, en su cohorte también hay una
gran representacion de genes que codifican factores de ensamblaje de complejos de la
cadena respiratoria mitocondrial. Cabe destacar, tanto en nuestra cohorte como en
publicadas anteriormente?®, la alta representacion de los genes implicados en el

catabolismo de la valina.
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Oftros genes no
relacionados con el
metabolismo
mitocondrial
18%

Subunidades
estructurales o de
ensamblaje de
cadena respiratoria
41%

Catabolismo de la
valina
18%

Figura 4: Porcentaje de genes de los 38 pacientes de nuestra serie con sindrome de Leigh

clasificados segun su funcién.

Este proyecto de tesis ha permitido reportar 19 nuevos pacientes con defectos en el
catabolismo de la valina. Con este estudio se ha podido definir unos criterios clinicos,
radioldgicos y bioquimicos de estas patologias a fin de tener en cuenta estos dos genes en
el diagnostico de pacientes con sindrome de Leigh, debido a su prevalencia. En estos
defectos destaca una gran heterogeneidad genética. En el caso del gen HIBCH, la variante
c.913A>G se encuentra representada con una frecuencia alélica del 23% mientras que el
resto de mutaciones estan entre 2-9%, por lo que podemos considerarla una mutacion
prevalente en este gen. Por otro lado, en el gen ECHS1 el 72% de las mutaciones

reportadas estan presentes inicamente en uno o dos alelos.

En este proyecto se ha estudiado en profundidad sobre el metabolismo de la tiamina, solo
encontrando una paciente con mutaciones en el gen SLC25A19. Curiosamente, este es el
gen menos representado de los pertenecientes al transporte y metabolismo de la tiamina,
unicamente hay ocho pacientes reportados en la literatura hasta el momento, todos ellos
con cambios en homozigosis. Desde el primer caso reportado en 20023 hasta el 2019
unicamente habian reportadas tres mutaciones, dos de ellas asociadas al sindrome de
Leigh y la otra asociada a microcefalia Amish. Después de la publicacion de la revision

incluida en esta tesis*, en 2019, se ampli6 el espectro genético con tres cambios missense,
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en tres pacientes con sindrome de Leigh®*"1%, EI cambio ¢.530G>C, el tnico asociado a
microcefalia Amish hasta el momento, es una mutacién missense que se encuentra en el
mismo exon que otras dos mutaciones asociadas a sindrome de Leigh, una de ellas en el
mismo dominio transmembranatt**”138  El mecanismo por el cual causa un fenotipo
distinto es desconocido, pero no se ha podido asociar ni a la localizacion ni al tipo de
mutacién. Por otro lado, la mutacion mas frecuente c.1264A>G (p.Thr422Ala) del
SLC19A3 se ha reportado como mutacion fundadora de la poblacion saudita en un estudio
con 3000 recién nacidos sanos'*°. Todos los pacientes reportados con este defecto
provenientes de Arabia Saudi (52% del total de casos), portan esta variante patogénica®°.
Curiosamente, otro estudio similar con 7101 individuos de este mismo pais reporta una
alta frecuencia de portadores de cambios patoldgicos en CYP1B1 y HBB, pero en su
cohorte no hay ningun portador del cambio patoldgico en SLC19A3%, Estos estudios son
de gran utilidad desde el punto de vista de personalizar en cada pais el cribado neonatal,
sobretodo en enfermedades con clinica tratable como el déficit de SLC19A3 donde un
tratamiento precoz con cofactores como la tiamina y la biotina pueden evitar una clinica

y radiologia grave en el paciente.

En el caso de los 25 pacientes diagnosticados con mutaciones nucleares, todas esas
variables se encontraban en una region bien cubierta en el WES, incluyendo aquellos
cambios diagnosticados por panel. Todos ellos hubiesen sido detectados por WES, no
siendo asi en el caso de los paneles por falta de genes y cobertura. Ademas, actualmente
es posible analizar conjuntamente el exoma completo y el ADN mitocondrial**?. La
tecnologia dptima para estos pacientes seria esta opcion, englobando los casos con
mutaciones en genes nucleares y mitocondriales, en este proyecto se habrian
diagnosticado 31 de los 53 pacientes (58.5%) con una solo técnica. Por otro lado, a nivel
de coste-beneficio esta opcidn seria mas rentable. Hoy en dia, un WES que cubra al 99%
todos los genes mas ADN mitocondrial a una cobertura de 90X tiene un coste menor a
400€. En su momento, con el tamafo de los genes afiadidos, el coste de los paneles por
paciente era mayor, y algunos de esos pacientes hay que afadirles el coste de un WES 'y
de la secuenciacion completa del ADN mitocondrial. El avance de las tecnologias de NGS
y el abaratamiento de costes tan competitivo que esta habiendo estos Gltimos afios en estas

técnicas agilizara el diagnostico de estos pacientes en el futuro.
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1. Retos de la NGS

A pesar de haber diagnosticado mas de la mitad de los pacientes de nuestra cohorte, hay
un 41% de ellos que han quedado sin diagnostico definitivo. Uno de los principales retos
que existen en la NGS es como considerar las variantes de significado incierto*, es decir,
como valorar el efecto que producen en la proteina aquellos cambios que no han sido
descritos anteriormente y no esta clara su patogenicidad. Otro de los retos de la NGS

seran las distintas aproximaciones que podemos utilizar para poder diagnosticarlos.

1.1 Variantes de significado incierto

La posibilidad de estudiar un gran nimero de genes mediante las nuevas técnicas de NGS
ha permitido aumentar el nimero de genes asociados al sindrome de Leigh?°. Por
consiguiente, con estas técnicas se analizan muchos cambios genéticos para valorar su

patogenicidad.

De las 38 mutaciones encontradas en los 22 genes en este proyecto, 10 de ellas (26.3%)
eran noveles, incluyendo los cuatro cambios reportados por nuestro grupo® o
colaboraciones!?°, Los cambios noveles suelen ser comunes en la secuenciacion de
WES, con publicaciones con mas de la mitad de cambios reportados noveles (50.5%) en
patologias mitocondriales*>. Con las herramientas basicas in silico, junto con el estudio
y correlacion clinica, hemos podido considerar patoldgicas de acuerdo con los criterios
de la ACMG el 90% de los cambios noveles de este proyecto. En el resto se ha podido
estudiar su patogenicidad con estudios funcionales, estudiando el patrén de splicing y los
niveles de proteina en fibroblastos, analizando su localizacién en la proteina a partir de

una cristalografia de rayos X**, o mediante estudios bioquimicos y radiolégicos®’.

En el analisis de NGS de los pacientes, en ocasiones, se encuentran cambios patoldgicos
que explican parcialmente el fenotipo. En estos casos se puede optar por dar el caso como
resuelto (si explica el fenotipo principal que presenta el paciente) o como no resuelto (si
explica un fenotipo secundario). Recientemente, se ha reportado un paciente que porta
dos cambios patoldgicos en el gen SLC19A2 y otro en el gen SAMD?9, siendo el primer
caso gque comparte el sindrome de anemia megaloblastica sensible a tiamina (TRMA,
siglas en inglés) provocado por las mutaciones en SLC19A2 junto con el sindrome
MIRAGE provocado por los cambios en SAMD9. No es comdn encontrar dos
enfermedades mendelianas en un mismo paciente, pero es una situacion que habria que

tener en cuenta a la hora de diagnosticar a los pacientes.
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El estudio de mosaicismos también podria servir para valorar la patogenicidad de un
cambio. En los ultimos 10 afios se han reportado una media de 417 casos al afio de
mosaicismos relacionados con enfermedades (Pubmed, acceso en agosto del 2020). En
este proyecto, analizamos una familia con dos hijos afectos y padres sanos, donde
encontramos una mutacion ya reportada (c.3086T>G; p.Met1029Arg) en el gen ADCY5
en heterozigosis. Este cambio se encontraba en ambos pacientes y en la madre. En el gen
ADCY5 se han reportado varios casos de mosaicismo?#4’ por lo que analizamos la
muestra de la madre mediante una PCR alelo especifica en sangre periférica.
Desafortunadamente, no encontramos cambios en la carga alélica de madre comparada
con la de los hijos y no fue posible estudiar otros tejidos, por lo que no pudimos
determinar la presencia de mosaicismos. Se debe tener en cuenta la presencia de
mosaicismos frente a WES negativos, con la limitacion de tener que estudiar varios

tejidos para su validacion.

Por ultimo, podria ocurrir que un paciente portase cambios patoldgicos en una proteina
que no se relacione con su clinica, pero esté afectando otra proteina cuya funcion si se
hay relacionado con la enfermedad presente en el paciente. Una herramienta Gtil en estos
casos es el programa STRING*®, que te permite ver las interacciones entre proteinas.
Hoy en dia, son muy utilizados como herramientas de diagndstico softwares que te
permiten comparar la clinica de tu paciente con otros pacientes que tengan mutaciones en
el mismo gen. Una de las mas utilizadas es la plataforma GeneMatcher?*®. A nivel de
Catalufia, desde el 2016 se impulso el proyecto URDCat que ha permitido obtener una
plataforma con estas caracteristicas. Estas herramientas son muy utiles en las
enfermedades raras ya que te permiten conectar con otros investigadores y médicos para
poder identificar nuevos genes asociados a una enfermedad, que de otra forma seria

complicado debido al reducido nimero de pacientes.

A pesar de lo util que puede resultar todas las herramientas anteriores, las variantes de
significado incierto, para ser clasificadas como patoldgicas, deberian ser validadas

funcionalmente a fin de comprobar su contribucién real.

1.2. Casos neqativos

El reanélisis de los datos cada cierto tiempo es importante ya que se van mejorando los
algoritmos de anotacion y se van asociado nuevos genes y mutaciones a patologias. El

reanalisis consiste en volver a anotar las variables con la informacion de las bases de
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datos geneticas, deteccion de deleciones e inserciones y las clasificaciones fenotipicas
actualizadas. La posibilidad de realizar un reanalisis es una de las ventajas del WES y
WGSH3114 Recientemente, se ha reportado que el reanalisis de los datos puede aumentar
el diagnostico un 6% mas frente a los datos iniciales'®. El hecho de reanalizar los datos
clinicamente y radioldgicamente también puede aumentar el porcentaje de éxito. Este
reandlisis conllevaria el seguimiento y revision de la historia clinica del paciente teniendo
en cuenta los nuevos fenotipos que se van asociando a distintos genes. En este proyecto
este fenotipado ha permitido dar diagnostico definitivo a ocho pacientes al comprobar
que la causa de las alteraciones en los ganglios basales era adquirida. Tres de estos
pacientes habian presentado una lesion en los ganglios basales asociada al tratamiento
con vigabatrina, dos de ellos presentaban las alteraciones tras una infeccion y los otros
tres pacientes habian presentado una encefalopatia, encefalopatia hipdxico-isquémica y
Kernicterus. Por ello, es imprescindible un equipo multidisciplinar formado por clinicos,
radiologos, bioquimicos, genetistas y bioinforméaticos para mejorar la tasa de diagndstico
total. El desarrollo de una sospecha clinica clara implicara un mejor enfoque a la hora de

buscar genes causantes a través del analisis bioinformatico.

Una primera aproximacion para abordar las limitaciones de la WES y diagnosticar los
casos negativos seria el WGS, ya que te permite analizar los cambios intrénicos profundos
que pierdes con el WES. Ademas, es una herramienta mas certera a la hora de analizar
aberraciones cromosomicas, pequefias deleciones o inserciones o CNVs, ya que la
cobertura es mas homogénea. El analisis de mosaicismos podria abordarse mediante WES
0 WGS™2, Otras técnicas que complementan el WES en casos negativos serian el analisis
del ARN mediante RNA-seq o el array CGh. El RNA-seq nos permitiria estudiar los
patrones de expresion de los genes, pudiendo detectar cambios en el patron de splicing.
En un estudio reciente se han diagnosticado un 7.5% de los pacientes de su cohorte con
esta técnica, teniendo candidatos en genes asociados al fenotipo de los pacientes en un
16.5% de los casos!®. Por otro lado, el array CGH permite detectar grandes
deleciones/inserciones que con las técnicas de NGS pasarian inadvertidas. En estudios
anteriores con 1280 pacientes con sospecha de enfermedad mitocondrial o metabolica se
diagnosticaron 40 pacientes (3%) mediante esta técnica. La combinacién de diferentes
“Omicas” mejorara ain mas el diagnostico de los pacientes con enfermedades raras no

resueltos en un futuro.
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Los casos que se han quedado como no resueltos en este proyecto siguen analizandose
utilizando estas herramientas que hemos nombrado de forma que puedan llegar a ser

positivos.

2. Estudio de biomarcadores
En esta tesis, se han estudiado posibles biomarcadores para las deficiencias de SCEH y
HIBCH implicadas en el catabolismo de la valina, las deficiencias del transporte y

metabolismo de la tiamina y en la hipermanganesia por mutaciones en el gen SLC39A14.

2.1. Deficiencias de SCEH y HIBCH implicadas en el catabolismo de la valina

En estas deficiencias se han estudiado tres posibles biomarcadores: el cido 2,3-dihidroxi-
2-metilbutirato, los metabolitos del metacrilato y la carnitina 3-hidroxi-

isobutirilcarnitinal#4.

El acido 2,3-dihidroxi-2-metilbutirato se ha relacionado sobre todo con pacientes con
déficit de SCEH, ya que su elevaciéon ha sido reportada en un 41% de los pacientes
mientras que solo tres pacientes (11%) con deficiencia en HIBCH presentaban esa
anomalia. Un articulo con pacientes con desordenes de deplecion de ADN mitocondrial
reporta una elevacion de este metabolito en el 85% de los pacientes estudiados con
sindrome de Pearson y el 29% de los pacientes con sindrome de Kearns-Sayre!®*. Este
hecho y contando que mas de la mitad de los pacientes con deficiencias de SCEH no
presenten elevacién de este &cido hace que no podamos considerarlo como buen

biomarcador para estas patologias.

Los metabolitos del metacrilato (S-2-carboxypropyl cysteamine, S-2-carboxypropyl
cysteine y N-acetyl-S-2-carboxypropyl) solo han sido reportados para pacientes con
déficit de SCEH, encontrandose elevados en el 83% de los pacientes'®-20.162-171,88,172,155-
161 incluyendo las formas mas leves con fenotipo de distonia paroxistica®®. Solo un
paciente HIBCH presentaba esta elevacion'#4, ademas de no haber sido reportados en
ninguna otra patologia. Podriamos considerar estos metabolitos como buenos
biomarcadores para la deteccion de una deficiencia de SCEH, pero, se debe destacar que
estos metabolitos se analizan con el estudio de aminoacidos en orina. Este analisis no se
realiza en los laboratorios de forma rutinaria por lo que podria ser que otras patologias
también tuvieran estos metabolitos elevados y no estuviese reportado y que no fuese tan

especifico, y se necesitaria una sospecha previa de estas patologias para su analisis.
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La 3-hidroxi-isobutiril carnitina estd presente en un 75% de los pacientes con
H|BCH173,174,183—186,175—182 y un 21% en pacientes con SCEH16’20’162_171'88’172'155_161.
Tampoco se ha reportado elevacion de esta carnitina en ninguna otra patologia y, a
contrario del caso anterior, si se analiza en el perfil de carnitinas. Este andlisis se realiza
a aquellos pacientes con sospecha de enfermedad metabdlica, que englobaria estos
pacientes. Podria considerarse un biomarcador para estas patologias, pero no diferenciaria
entre una deficiencia de HIBCH y una deficiencia de SCEH ya que el porcentaje de los
pacientes con déficit de SCEH y una elevacion de la carnitina 3-hidroxi-isobutiril es

considerable.

2.2. Deficiencias del transporte y metabolismo de la tiamina

Se han reportado patrones especificos de la alteracion de las distintas isoformas de tiamina
en los diferentes defectos!t18718 excepto en los pacientes con mutaciones en el
SLC25A19. En este caso, una deficiencia de este transportador disminuye la actividad de
las enzimas que utilizan como cofactor la TPP, por lo que se esperaria una disminucion
de esta isoforma en sangre total. El estudio de las distintas isoformas en varias matrices
puede llegar a ser un biomarcador eficaz para estas deficiencias que, junto con la clinica,
dirigiera los genes a estudiar. Hay que tener en cuenta que se han reportado otras
enfermedades que cursan con déficit de tiamina como es la ataxia de Friedrich'® y
enfermedades cardiovasculares'®, siendo esta deficiencia un hallazgo comin en estos
pacientes, la clinica difiere mucho a los déficits de tiamina. Por otro lado, destacar la
importancia de mantener unos niveles de tiamina adecuados. Un déficit de tiamina se ha
asociado a cancer’®® y produce una disminucion del nimero de neuronas®, lo que
conlleva una mayor probabilidad de padecer enfermedades neurodegenerativas como son

la demencia o el Alzheimer®®2,

2.3. Hipermanganesemia por mutaciones en el gen SLC39A14

El gen SLC39A14 se asocid por primera vez a una patologia en 20162, En este proyecto
se diagnostico el segundo grupo de pacientes (dos hermanos)®’ con mutaciones en este
gen. Actualmente, Unicamente hay dos publicaciones mas con pacientes con esta
deficiencial®®*%, Para validar la mutacion novel ¢.311G>T presente en los dos hermanos
de este proyecto se realizé el anlisis de manganeso en orina, plasma y LCR en uno de
ellos, poniendo a punto esta Gltima determinacion. Los niveles de manganeso en LCR en
este paciente eran treinta veces mayores comparado con pacientes control. Unicamente

se ha reportado un aumento de manganeso en LCR en pacientes con esclerosis lateral
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amiotréficall®

, cuya clinica es distinta de los pacientes con hipermanganesemia. Estos
hechos validan la elevacion de manganeso en LCR como buen biomarcador para detectar
pacientes con estas deficiencias. Hay que destacar que el analisis en LCR realizado en
nuestro laboratorio se ha realizado mayormente de forma cualitativa, ya que los valores
de manganeso en controles sanos es muy bajo (en torno a 1 pg/L)*®, por lo que una

deficiencia de manganeso no se detectaria.

La realizacion de una puncion lumbar es un procedimiento invasivo y hay que tratar de
minimizar su uso sobretodo en poblacion pediatrica ya que existen complicaciones
asociadas importantes: dolor local, cefalea, vomito, hematomas epidural o subdural,
radiculitis, fistula de LCR, deterioro rostrocaudal por herniacion o infecciones'®. Por
ello, se ha validado un método no invasivo como biomarcador para esta enfermedad, el
indice palidal. En nuestro estudio, el paciente presentaba un indice palidal 1.6 veces
mayor que los controles sanos. Estos datos, junto con ya reportados en trabajadores
expuestos a altos niveles de manganeso®, sugieren el indice palidal como posible
biomarcador de enfermedades de acimulo de manganeso. Para su validacion, habria que
estudiar mas casos ya que se este estudio incluye Gnicamente un paciente®’. Por otro lado,
ademas de ser una técnica no invasiva y de no estar reportado hasta el momento, podria
utilizarse en otras enfermedades de acumulo de metales como las enfermedades
neurodegenerativas con acumulo cerebral de hierro que crean una hiperintensidad en

secuencia T2 por los dep6sitos de hierro en el palido®.

Un diagndstico precoz es importante para ofrecer al paciente un tratamiento con quelantes
de metales antes de que la clinica se agrave, ya que podria ser eficaz pero no revierte los
dafios'®’. La utilizacion del quelante CazNaEDTA estudiado en este proyecto, a pesar de
que la familia reportaba un empeoramiento de la clinica del paciente, bioquimicamente
fue muy eficaz ya que disminuyd la cantidad de manganeso en plasma un 62%.
Posteriormente a la publicacion del articulo, se volvié a pautar una dosis del tratamiento,
sin mejoria clinica. Este quelante ha sido utilizado en otros pacientes con mutaciones en
el SLC39A14 con mejoria clinica en un paciene!® y sin ella en dos casos!®. También
presento una mejoria de la distonia y una disminucion de manganeso en suero un paciente
con cambios en el gen SLC30A10, asociado también a defectos de acumulo de
manganeso'®. Recientemente, se ha reportado que unas posibles causas de la ineficacia
del tratamiento en el caso de pacientes con mutaciones en SLC39A14 pueden ser la

severidad de la enfermedad o su genotipo. Es probable que el tratamiento no sea eficaz
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en aquellos pacientes donde la neurodegeneracion haya progresado y sea irreversible. Por
otro lado, el Unico caso con excelente respuesta al tratamiento es portador de mutaciones
que solo afectan a una isoforma de la proteina transportadora, por lo que el genotipo
podria desempefiar un papel en la eficacia del tratamiento!®’. Tanto en nuestro paciente
como en otros pacientes esta reportado la disminucion de otros metales®®, consecuencia
directa del tratamiento. La orina es un medio eficaz para la monitorizacién de metales
durante el tratamiento, ademéas de ser un metodo no invasivo y fécil de recoger. Esto
ayudara a llevar un seguimiento de los niveles de metales adaptando las suplementaciones
segun el requerimiento del paciente y confirmando su eficacia con la disminucion de

manganeso.

3. Correlaciones fenotipo-genotipo en pacientes con lesiones en los ganglios
basales
Los resultados de esta tesis han permitido establecer nuevas correlaciones entre el

genotipo y el fenotipo de los pacientes.

3.1. Correlaciones fenotipo-genotipo v estudios de historia natural en los defectos del

metabolismo de valina

Las correlaciones fenotipo-genotipo realizadas en esta tesis en pacientes con defectos en
el metabolismo de valina pueden ser de gran utilidad a la hora de predecir el progreso de
la enfermedad y por lo tanto de dar tratamiento y seguimiento al paciente. Por un lado, se
ha estudiado la relacién entre el cambio ¢.518C>T en el gen ECHS1 y el fenotipo distonia
paroxistica obteniendo una correlacion muy significatival44. Este fenotipo es mucho mas
leve que los otros dos fenotipos presentados en dicha deficiencia, por lo que diagnosticar
precozmente un paciente con este cambio podria indicar un buen pronostico de la

enfermedad y un fenotipo de distonia paroxistica.

Por otro lado, se ha hecho un estudio de supervivencia comparando pacientes con
mutaciones situadas cerca del centro catalitico y variantes que se encuentran en la
superficie en homozigosis de la proteina HIBCH encontrando que los pacientes con
mutaciones en el centro catalitico tienen una menor supervivencia. Datos similares se
habian sugerido en articulos reportados previamente®2. Esto es muy relevante ya que un
diagnostico temprano podria predecir el progreso de la enfermedad. Gracias a estos

resultados en las correlaciones fenotipo-genotipo, segun la variante genética que porte el
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paciente podemos predecir el progreso de la enfermedad, por lo que es muy importante

el diagnostico precoz para poder dirigirlo de la mejor forma posible para el paciente.

3.2. Correlacion entre bioguimica y genética para el diagndstico de pacientes con lesiones

en los ganglios basales

La disponibilidad de biomarcadores en las enfermedades ayuda a incrementar la tasa de
éxito en el diagnostico molecular. Un estudio con 146 pacientes con errores congénitos
del metabolismo reporté que en los pacientes con enfermedades con un biomarcadores
especifico el porcentaje diagndstico aumentaba a un 78% frente al 15.4% en

enfermedades sin biomarcador?®,

En este proyecto, en cuatro pacientes con lesiones en los ganglios basales, a pesar de
presentar un fenotipo de sindrome de Leigh de acuerdo con los criterios diagnosticos
actuales®?®!, se identificaron variantes en genes no relacionados con dicho sindrome
(SCN2A y GNAOL1 asociados con encefalopatia epiléptica de debut precoz; PRKRA
asociado con distonia-parkinsonismo, y ADAR relacionado con el sindrome de Aicardi-
Goutiéres). Por este motivo, se clasificaron finalmente como genocopias de sindrome de
Leigh. Las proteinas codificadas por estos genes se han estudiado utilizando el programa
STRING (Figura 5). Mediante el estudio de sus vias metabdlicas y las proteinas
relacionadas hemos encontrado una asociacion de dichos genes con la patologia presente
en estos pacientes. Se ha reportado previamente pacientes con enfermedad mitocondrial
y mutaciones en el gen SCN2A, donde se relaciona este gen con lesiones en los ganglios
de la base®®. Ademas, el gen SCN4B, que tiene una relacion directa con el SCN2A, se
localiza y tiene una funcion en los ganglios basales?®
metab6lica?® (Figura 5A).

y actla en la misma ruta

En el caso de los genes relacionados con GNAOL, se ha observado que algunos de ellos
realizan su funcion en los ganglios basales (GNB1%%4, GNB32%, GNB42%, GNB5%" y
OPRM12%), ademas las proteinas codificadas por GNB1 y GNAO1 acttian ambas en la
via del AMP vy regulando la fusion de vesiculas sinapticas y neurotransmisores,
interaccionando entre ellas (Figura 5B). Varios genes (DICER, AGOl, AGO2)
relacionados directamente con PRKRA (Figura 5C) tienen funciones en los ganglios
basales?®. Por otro lado, regula directamente la proteina DICER en la via de micro
ARNs? y EIF2AK2 en la respuesta a estrés y la regulacion del ciclo celular?'?, actuando

conjuntamente en las mismas vias metabdlicas. Por Gltimo, el gen ADAR esté asociado
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previamente a una necrosis estriatal bilateral?!?, presente en los tres pacientes de este

proyecto que presentaban un sindrome de Leigh y mutaciones en este gen.

Estos estudios in silico han permitido asociar los cambios patoldgicos encontrados en el
paciente a su enfermedad ya que, aunque la proteina no esté asociada actualmente con el
sindrome de Leigh, puede estar modificando otra proteina que se encuentre en la misma

via metabodlica y con la que conecta directamente y ésta realizar una funcion erronea en

los ganglios basales.

Figura 5: Redes de proteinas relacionadas directamente entre si de los distintos genes que se
asocian por primera vez enfermedades mitocondriales: (A) SCN2A, once nodos, enriquecimiento
PPI p_valor= 3.46e-13; (B) GNAOL, once nodos, enriquecimiento PPl p_valor= 1.13e-10; y (C)
PRKRA; diez nodos, enriquecimiento PPl p_valor= 7.17e-12. Se ha considerado que los nodos
no son al azar cuando p_valor<0.01. Leyenda de los colores de las lineas, origen de la informacion
para realizar esas relaciones: azul claro: bases de datos, morado: determinado experimentalmente,
azul oscuro: genes co-ocurrentes, negro: coexpresion, amarillo (en el caso de GNAOL):
extraccion de textos. *: Proteinas asociadas con una clinica o funcién en los ganglios de la base

(ver texto).
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Para agilizar y asegurar un diagnéstico genético en un paciente es importante poder contar
con un equipo interdisciplinar. El hecho realizar esta tesis en un laboratorio de un hospital,
y en concreto, en un laboratorio de bioquimica, ha permitido abordar tanto una
aproximacion genética como bioguimica. Esta ventaja ha sido beneficiosa a la hora de
diagnosticar a los pacientes, ya que ha permitido integrar los distintos resultados de los
pacientes correlacionando la genética y la bioquimica. Por otro lado, la cercania de
profesiones clinicos y radiélogos también ha sido una gran ventaja. Una sinergia entre la
bioquimica, genética, clinica y radioldgica robusta, como ha permitido esta tesis
mantener, mejora los resultados y permite formarse en aspectos importantes a la hora de

analizar y realizar un diagndstico a un paciente.

Como conclusion general, los resultados mas relevantes de esta tesis han sido la
asociacion de distintos genes y nuevas mutaciones en los pacientes pediatricos con
patologias de los ganglios basales, los estudios que han podido correlacionar el fenotipo
y el genotipo en pacientes con cambios en HIBCH y ECHS1 vy, los avances en cuanto a

biomarcadores con el analisis de metales y tiamina en LCR.
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1. Los pacientes pediatricos con trastornos del movimiento y alteraciones en los
ganglios basales presentan una gran heterogeneidad clinica, radioldgica y
genética, lo que dificulta su diagnostico.

2. La secuenciacion de exoma completo junto con la secuenciacion del ADN
mitocondrial ha resultado la herramienta mas eficaz para diagnosticar pacientes
con alteraciones en los ganglios basales.

3. La secuenciacion por paneles genicos puede ser una herramienta eficaz en
pacientes con fenotipos y genotipos bien definidos como aquellos que presentan
calcificaciones en los ganglios basales.

4. Las deficiencias de SCEH y HIBCH, enzimas de la via del catabolismo de la
valina, son una de las causas genéticas mas comunes en los pacientes con
sindrome de Leigh. Los pacientes con un déficit en el SCEH presentan un gran
rango de severidad, incluyendo pacientes con un fenotipo leve de distonia
paroxistica, relacionados estadisticamente con el cambio genético ¢.518C>T. Los
estudios de expresion proteica han resultado de gran utilidad a la hora de
diagnosticar pacientes con mutaciones en el gen ECHS1 que presentan este
fenotipo mas leve.

5. La visualizacion in silico de las mutaciones missense en un modelo virtual de la
proteina HIBCH ha permitido realizar una posible correlacion genotipo-fenotipo,
hecho que posibilitara el conocimiento de la prognosis del paciente y ayudara a
realizar un mejor seguimiento.

6. EIl analisis de manganeso en liquido cefalorraquideo ha permitido verificar el
diagnostico y reforzar la hipotesis del acimulo de manganeso en cerebro en un
paciente con mutaciones en el gen SLC39A14. Asimismo, la medida del indice

palidal en la resonancia magnética cerebral ha facilitado la monitorizacion de los
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efectos en cuanto al depdsito de manganeso cerebral del tratamiento con el
quelante Na,CaEDTA. Este tratamiento ha resultado ser eficaz a nivel
bioquimico, debe suministrarse empezando con dosis bajas, asi como tener un
seguimiento tanto de manganeso como de otros elementos traza.

7. En aquellos pacientes con episodios recurrentes de encefalopatias y/o distonia,
lactato elevado en sangre y/o liquido cefalorraquideo o incremento de alfa-
cetoglutarato en orina y lesiones en el tdlamo y los ganglios basales hay que tener
en cuenta una deficiencia en el transporte o metabolismo de tiamina. El
diagnostico precoz en estos pacientes es importante ya que el tratamiento
temprano mejora notablemente la prognosis de muchos de ellos.

8. La deteccion de las distintas isoformas de tiamina en sangre total y/o liquido
cefalorraquideo permite tanto el diagndstico como la monitorizacién del
tratamiento en pacientes con alteraciones en el transporte 0 metabolismo de la
tiamina.

9. Un equipo interdisciplinar con clinicos, radidlogos, bioquimicos y genetistas ha
sido fundamental a la hora del diagndstico de los pacientes con alteraciones en los

ganglios basales.
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Tabla Al: Numeros MIM de los distintos fenotipos y genes relacionados con las alteraciones de los ganglios basales

Numeros MIM de los genes

Gen MIM Gen MIM Gen MIM Gen MIM
ABCD1 300371 FOXRED1 613622 NDP 300658 RNASEH2C 610330
ADAR 146920 FTL1 NR NDUFA1 300078 RNF213 613768
AIFM1 300169 GALC 606890 NDUFA10 603835 RRM2B 604712
AQP2 107777 GCDH 608801 NDUFA12 614530 RTEL1 608833
ARSA 607574 GCM2 603716 NDUFA2 602137 SAMHD1 606754
ATN1 607462 GFAP 137780 NDUFA4 603833 SLC25A19 606521
ATP13A2 610513 GFM1 606639 NDUFA9 603834 SCO2 604272
ATP7B 606882 GFM2 606544 NDUFAF2 609653 SDHA 600857
AVP 192340 GJAL 121014 NDUFAF4 611776 SDHAF1 612848
AVPR2 300538 GNA11 139313 NDUFAF5 612360 SDHB 185470
BCS1L 603647 GNAS 139320 NDUFAF6 612392 SERACI1 614725

NDUFAF8
BOLA3 613183 GTF2H5 608780 (C170RF89) 618461 SLC12A3 600968
BTD 609019 GTPBP3 608536 NDUFBS8 602140 SLC19A2 603941
C120RF65 613541 HEXA 606869 NDUFS1 157655 SLC19A3 606152
C190RF12 614297 HEXB 606873 NDUFS2 602985 SLC20A2 158378
Cc10B 120570 HIBCH 610690 NDUFS3 603846 SLC25A4 103220
CA2 611492 IARS2 612801 NDUFS4 602694 SLC25A46 610826
CASR 601199 IFIH1 606951 NDUFS6 603848 SLC30A10 611146
CLPB 616254 ISG15 147571 NDUFS7 601825 SLC39A14 608736
COASY 609855 JAM?2 606870 NDUFS8 602141 SLC39A8 608732
COL4A1 120130 JAM3 606871 NDUFV1 161015 SLC46A1 611672
COL4A2 120090 LIAS 607031 NDUFV2 600532 SMARCAL1 606622
C0Q9 612837 LIPT1 610284 NF1 613113 SPG7 602783
COX10 602125 LRPPRC 607544 NF2 607379 SQUOR NR

COX15 603646 MFN2 608507 NHP2 (NOLA) 606470 STX16 603666
COX8A 123870 MGP 154870 NOP10 (NOLA3) 224230 SUCLA2 603921

soxauy



80¢

Gen MIM Gen MIM Gen MIM Gen MIM
CpP 117700 MPLKIP 609188 NUBPL 613621 SUCLG1 611224
CTC1 613129 MPV17 137960 NUP62 605815 SUOX 606887
CYP2U1 610670 MRPS34 611994 NUP62 605815 SURF1 185620
DCAF17 612515 MRPS39 NR OCLN 602876 SYNE1 608441
DDB2 600811 MTATP6 516060 PAH 612349 TACO1 612958
DHFR 126060 MTCO3 516050 PANK?2 606157 TBCE 604934
DKC1 300126 MTFD1 NR PCDH12 605622 TBX1 602054
DLAT 608770 MTFMT 611766 PDGFB 190040 TERC 602322
DLD 238331 MTHFR 607093 PDGFRB 173410 TERT 187270
DNM1L 603850 MTND1 516000 PDHA1 600502 TINF2 604319
EARS2 612799 MTND2 516001 PDHB 179060 TPK1 606370
ECHS1 602292 MTND3 516002 PDHX 608769 TREM2 605086
ERCC1 126380 MTND4 516003 PDSS2 610564 TREX1 606609
ERCC2 126340 MTND5 516005 PET100 614770 TRMU 610230
ERCC3 133510 MTNDG6 516006 PLA2G6 603604 TSC1 605284
ERCC4 133520 MTTC 590020 PNPT1 610316 TSC2 191092
ERCC5 133530 MTTH 590040 POLG 174763 TSFM 604723
ERCC6 609413 MTTI 590045 POLG2 604983 TTC19 613814
ERCCS8 609412 MTTK 590060 POLH 603968 TUBB4A 602662
ETHE1 608451 MTTL1 590050 POLR3A 614258 TWNK 606075
FA2H 611026 MTTL2 590055 POLR3B 614366 TYROBP 604142
FAM111A 615292 MTTQ 590030 PSMB8 177046 UQCRQ 612080
FAM20C 611061 MTTS1 590080 PTH 168450 WDR45 300526
FARS2 611592 MTTS2 590085 QDPR 612676 WFS1 606201
FBXL4 605654 MTTV 590105 RANBP2 601181 WRAP53 612661
FGF23 605380 MTTW 590095 RNASEH1 604123 XPA 611153
FLVCR2 610865 MYORG 618255 RNASEH2A 606034 XPC 613208
FOLR1 136430 NARS?2 612803 RNASEH2B 610326 XPR1 605237

soxauy



60¢

NUmeros MIM de los fenotipos

Fenotipo MIM Fenotipo MIM
Sindrome de Aicardi-Goutieres 1 255750 Hypermanganesemia con distonia 2 617013
Sindrome de Aicardi-Goutieres 2 610181 Enfermedad de Krabbe 245200
Sindrome de Aicardi-Goutieres 3 610329 Sindrome de Leigh 256000
Sindrome de Aicardi-Goutieres 4 610333 Microcefalia, tipo Amish 607196
Sindrome de Aicardi-Goutieres 5 612952 Enfermedad MoyaMoya 252350
Sindrome de Aicardi-Goutieres 6 615010 NBIA 1 234200
Sindrome de Aicardi-Goutieres 7 615846 NBIA 2A 256600
BGC, idiopatica, 1 213600 NBIA 2B 610217
BGC, idiopatica, 4 615007 NBIA 3 606159
BGC, idiopatica, 5 615483 NBIA 4 614298
BGC, idiopatica, 6 616413 NBIA 5 300894
BGC, idiopatica, 7 618317 NBIA 6 615643
BGC, idiopética, 8 618824 Fenilcetonuria 261600
Enfermedad de Coat 300216 Deficiencia de sulfito oxidase 272300
Sindrome de Cockayne A 216400 Sindrome de disfuncion del metabolismo de tiamina 2 607483
Sindrome de Cockayne B 133540 Sindrome de disfuncion del metabolismo de tiamina 4 613710
Sindrome de DiGeorge 188400 Sindrome de disfuncion del metabolismo de tiamina 5 614458
Glutaricaciduria, type | 231670 Sindrome de TRMA 249270
Hypermanganesemia con distonia 1 613280 Enfermedad de Wilson 277900

Abreviaturas utilizadas: BGC: calcificacion de los ganglios basales; NBIA: Neurodegeneracién con acumulos cerebrales de hierro; TRMA: Anemia

megaloblastica con respuesta a tiamina

soxauy
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Tabla A2: Correlacion entre los sintomas clinicos y los HPO (Human Phenotype Oncology)

Sintoma clinico HPO Sintoma clinico HPO
Ausencia de reflejos HP:0001284 Enfermedad del higado HP: 0001392
Ataxia HP: 0001251 Anemia megaloblastica HP: 0001889
Polineuropatia axonal HP:0007327 Microcefalia HP: 0000252
Bradiquinesia HP: 0002067 Neutropenia HP: 0001875
Signos bulbares HP: 0002483 Nistagmo HP: 0000639
Cardiomegalia HP: 0001640 Oftalmoplegia HP: 0000602
Cardiovascular HP: 0001626 Opisthotonus HP: 0002179
Atrofia cerebral HP: 0002054 Parkinsonismo HP: 0001300
Corea HP: 0002072 Neuropatia periférica HP: 0009830
Deterioro cognitivo HP: 0000543 Retraso psicomotor HP: 0001263
Contracturas HP: 0001371 Regresidn psicomotora HP: 0002376
Criptorquidia HP: 0000028 Ptosis HP: 0000508
Retraso del desarrollo global HP:0001263 Dificultad respiratoria HP: 0002098
Diplopia HP: 0000651 Insuficiencia respiratoria HP: 0002878
Disartria HP: 0001260 Rabdomiolisis HP: 0003201
Disfagia HP: 0002015 Rigidez HP: 0002063
Distonia HP: 0001332 Convulsiones HP: 0001250
Encefalopatia HP: 0001298 Sordera neurosensoria HP: 0000407
Epilepsia HP: 0001250 Baja estatura HP: 0004322
Dificultades de la marcha HP: 0001288 Habla arrastrada HP: 0001350
Reflujo gastroesofagico HP: 0002020 Cuadriplegia espastica HP: 0002510
Dolor de cabeza HP: 0002315 Espasticidad HP: 0001257
Hepatomegalia HP: 0002240 Estrabismo HP: 0000486
Hiperquinesia HP: 0002487 Apoplejia HP: 0002401
Hiperreflexia HP: 0001347 Taquicardia HP: 0001649

soxauy



TT¢

Sintoma clinico HPO Sintoma clinico HPO
Hipomimia HP: 0000338 Taquipnea HP: 0002789
Hipotension HP: 0002615 Talipes HP: 0001883
Hipotermia HP: 0002045 Trombocitopenia HP: 0001873

Hipotonia HP: 0001290 Temblor HP: 0001337
Tiroiditis autoinmune HP:0011771 Marcha inestable HP:0006962
Irritabilidad HP: 0000737 Vértigo HP: 0002321
Ictericia HP: 0000952 Pérdida de peso HP: 0001824
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Figura Al: Algoritmo general del proyecto.
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