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1. Seqiienciacié de nova generacio (Next Generation Sequencing, NGS)

S’anomena seqienciacié de nova generacid, seqiienciacié de segona generacid, seqiienciacié d'alt
rendiment o seqlienciacid paral-lela massiva, a la tecnologia desenvolupada a partir del 2005 que
permet la seqlienciacié clonal (a partir de molecules aillades) d’acids nucleics en paral-lel amb un gran
rendiment. En els dltims deu anys, la seqlienciacid massiva s'ha desenvolupat de forma exponencial
aconseguint una relacié qualitat/preu per base excel-lent, permetent projectes més ambiciosos o a
major escala que la seqlienciacié Sanger i a un preu més reduit. L’aparicid de la NGS ha superat quasi
totes les limitacions de les estratégies per a la seqlienciacio utilitzades fins llavors en quant a capacitat,
tot i que es produeixen errors en la resolucié de seqiiencia que s'intenten pal-liar amb noves quimiques

en les reaccions i nous algoritmes bioinformatics i diagnostics.

1.1 Aplicacions de la NGS

La sequenciaci6 de nova generacidé és util en aplicacions gendmiques, epigenomiques i
transcriptomiques. En aquesta tesi s’utilitza la NGS per a la reseqlienciacié del genoma, és a dir, la
seqlenciacié de regions del genoma conegudes per a comparar la seqliéncia resultant amb la de
referéncia (Shankar 2011). A la seqlienciacié de gens, exomes i genomes complets se’n fa referencia
com a DNA-seq (seqlienciacidé a partir de DNA). En aquest camp es poden dissenyar diferents
experiments, la majoria d’ells enfocats a trobar variants en les mostres analitzades respecte a la
sequiencia coneguda de referéncia. En aquesta tesi s’aplica la DNA-Seq en projectes de diagnostic
genetic i de recerca relacionats amb cancer.

La NGS també s'utilitza per a la seqlienciacié de novo de genomes, especialment genomes bacterians i
virals. En aquests experiments es seqiiencia el DNA del genoma desconegut i s’alineen les lectures
sobreposant unes amb les altres per a formar una seqiiéncia consens, que en la majoria d’estudis sera la
nova seqliéncia d’interés (Harris et al. 2008).

Una altra de les aplicacions principals de la NGS és la sequienciacié d’'RNA, coneguda com a RNA-seq,
que permet caracteritzar el transcriptoma de cel-lules, teixits i organismes (Cloonan et al. 2008, Wang et
al. 2009).

Una altra de les aplicacions de la NGS és la seqiienciaciéo de |'epigenoma, que estudia tots aquells
processos que alteren I'expressié dels gens sense canviar la propia seqliencia de DNA. Entre aquests
processos es troben la modificacié de I'estructura de la cromatina, o de la metilacié del DNA. La NGS
permet estudiar aquests processos mitjancant experiments de ChIP-Seq (Chromatin
immunoprecipitation sequencing) (Kharchenko et al. 2008), Methil-Seq (Methylation Sequencing),
MedIP-Seq (Methylated DNA immunoprecipitation) (Weber et al. 2005), C3 (Chromosome conformation

capture) (Dekker et al. 2002) o C4 (Chromosome conformation capture-on-chip) (Simonis et al. 2006).
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1.2 Seqiienciaciéo de DNA amb la tecnologia NGS

Tot i que cada plataforma NGS té caracteristiques especifiques, el protocol general de seqiienciacié és
semblant en totes elles. Tal com s’esquematitza a la figura 1, els passos principals per a realitzar una
seqlienciacié massiva son: preparacié de la mostra, preparacié de la genoteca, fragmentacié del DNA,
afegint-li adaptadors i enriquint-lo en les regions d’interés (en anglés Region of Interest, ROI),

amplificacio clonal, immobilitzacio, i seqiienciacié (Metzker 2010).

Preparacié de Enriquiment Amplificacié

Immobilitzacié

Sequenciacio

la mostra ROI Clonal

Figura 1. Passos de la NGS.

A continuacié es comenten breument els passos de la seqiienciacié massiva:

- Preparacié de la mostra: Cal fragmentar, reparar i unir adaptadors al DNA o producte de PCR
(Polymerase Chain Reaction) de bona qualitat amb una concentracié mesurada amb precisio i
una quantitat de I'ordre de micrograms (1 a 5 pg). Darrerament la quantitat inicial de DNA
s’esta aconseguint reduir fins a 50-500 ng, tot i que aixo sol anar en detriment de la diversitat
de la genoteca.

- Enriguiment ROI: La seqiienciacié del genoma complet és molt costosa i per molts projectes és
innecessaria ja que la funcié de la majoria del genoma encara es desconeix. Per aix0, en molts
casos és important realitzar un enriquiment del DNA per tal de seleccionar aquella o aquelles
regions especifiques d’interes. En general hi ha quatre maneres d’enriquir aquestes regions: la
PCR, habitualment multiplex, la qual utilitza diverses parelles d’encebadors en una sola reaccié
generant multiples amplicons, la captura per circularitzacié, la seleccid per hibridacié en
solucid, i la seleccid per hibridacié en fase solida. Tot i que s’han descrit molts metodes per
capturar la regié d’interés per a seqiienciar, la més comuna per a capturar uns pocs gens
especifics sol ser la PCR multiplex, mentre que per capturar I'exoma huma, és a dir, totes les
regions codificants del genoma huma, basicament s’utilitzen métodes de captura per hibridacié

(Turner et al. 2009, Mamanova et al. 2010).
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- Amplificacié clonal: I'amplificacié clonal es pot realitzar per diferents métodes, aixi les
tecnologies Roche o lon Torrent realitzen una PCR en emulsié, mentre que Illumina realitza una
PCR en fase solida.

- Immobilitzacié: La immobilitzacid dels clons es pot realitzar en una superficie de cristall amino
revestida com es fa en la tecnologia Illumina, en pouets individuals en plaques picotiter com fa
Roche, o per altres métodes.

- Sequenciacié: la quimica de la seqlienciacié també varia segons la tecnologia, aixi en les
plataformes de Roche es realitza una piroseqlienciacio, en plataformes /llumina una
seqlienciacié per terminacio reversible, en plataformes de Life Technologies una seqienciacié
per deteccid de protons durant la polimeritzacid, o en Applied Biosystems una seqiienciacié per

lligacio.

1.3 Plataformes de NGS

Fins ara, diferents plataformes per a la seqlienciacié de nova generacié han sortit al mercat, les més
comunes son el Genome Sequencer FLX (454-Roche), el HiSeq (lllumina), el SOLID (Applied Biosystems),
I'HeliScope (Helicos Biosciences) i I'lon PGM (Life Technologies). Aquestes plataformes es diferencien en
diversos aspectes, com la tecnologia utilitzada, la llargada de les lectures de seqliéncia, o el nUmero de
molécules de DNA sequlenciades, entre d'altres (Shendure and Ji 2008). S'han desenvolupat també
plataformes de mitja rendiment que s’adapten millor a les necessitats dels dissenys experimentals de
laboratoris de diagnostic. Aixi per exemple, el GS Junior de Roche és un seqlienciador amb la mateixa
tecnologia que el GS FLX pero amb menys capacitat, o el MiSeq o MiniSeq d’lllumina també sén de
dimensions i produccio més petites que el HiSeq (Roche 2016) (lllumina 2016).

Seguint amb la comparacio de les diferents tecnologies, podem distingir sis criteris principals pels quals
es poden avaluar les plataformes de NGS i que estan molt relacionats entre ells (Mardis 2008, Shendure

and Ji 2008, Metzker 2010):

- Rendiment: determina la quantitat de bases que es poden seqiienciar en un determinat
temps i contempla el temps que requereix per a preparar i executar una carrera.

- Longitud de les lectures: La longitud mitjana dels fragments seqlienciats que determina la
utilitat de la seqléncia per a varies aplicacions. Lectures més llargues tenen una
probabilitat més alta de ser Uniques en el genoma i per tant, son més facils d’utilitzar en la
reconstrucciéd de DNA complet, especialment en les regions repetides. Les lectures llargues
també ajuden a detectar delecions de diverses bases.

Exactitud o qualitat: La qualitat de la seqiiencia generada es determina en funcid de la
freqliéncia d’errors. La qualitat té implicacions en la confianga per a la deteccié de variants
en el DNA i per tant, en la profunditat (en anglés coverage) requerida per a una analisi, aixo

és el numero de lectures que cobreix cada nucleotid de la regio desitjada.
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- Robustesa: L’habilitat de completar una carrera amb exit i que depén de la reproductibilitat
dels protocols de laboratori, la robustesa de la quimica i de l'instrument. Els primers
instruments amb els corresponents protocols fallaven bastant en aquest aspecte, i a base
de 'experiéncia adquirida es van anar perfeccionant.

- Aplicacions: La diversitat d’aplicacions que es poden executar en un sol instrument
determina la seva utilitat en estudis de recerca especifics. Per exemple, la possibilitat de
multiplexar, és a dir, de seqlenciar diferents mostres en una Unica carrera és un factor
important per a la reseqiienciacié de grups de gens.

- Cost: El cost per base de DNA, que en molt casos determina la possibilitat de la
reseqienciacié d’alguns gens o de tot el genoma. Els costos també estan disminuint
considerablement, i actualment ja es pot seqiienciar un genoma huma per $1000 (Illumina

2016).

Altres criteris a considerar son la disponibilitat de software per a I'analisi de les dades, la facilitat de
compensar o corregir els errors de seqiiencia produits i el cost computacional que aixo suposa, ja que
els errors de substitucid son més facils de detectar i corregir que les insercions o delecions. També cal
valorar el potencial de la tecnologia per millorar qualsevol dels criteris anteriors.

A la taula 1 es mostren les principals tecnologies de NGS, amb els respectius instruments i les

caracteristiques més destacades de cadascun d’ells (Metzker 2010, Henson et al. 2012, Ozsolak 2012).
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Taula 1. Comparaci6 de les diferents tecnologies de NGS amb els corresponents instruments principals*.

Temps

Tecnologia Quimica Instrument LIS ELT S U T aproximat de [Error principal Percentatge
de les lectures |per carrera error/base
carrera
454 G5 FLX 1000 700 Mb 23h Insercions i 0,50%
Titanium XL+ delecions
Roche 454 | Piroseqlienciacid
454 GS Junior 700 70 Mb 18h Insercions i 1%
delecions
HiSeq 2500 2x125 1000 Gb 11 dies Substitucions 0,02%
Sequenciacié per
lllumina terminaci6 MiSeq 2x300 15 Gb 27h Substitucions 0,02%
reversible
NextSeq500 2x150 120 Gb 11-29h Substitucions a
PGM amb xip 316 200 100 Mb 2h Insercions | 0,02%
o delecions
Seqlienciacio per
lon Torrent|  JStecci®de | o) amb xip 318 200 1Gb 2h Insercions i 0,02%
protons durant la delecions
polimeritzacié | .
Proton 200 >1Gb 2-4h nsercions | 0,02%
delecions
SOLiD 4 75 100 Gb 12 dies Biaix A-T 0,06%
SoLID Seqlienciacio per
lligacié SOLiD 4hq 75 300 Gb 14 dies Biaix A-T 0,01%
SOLID PI 75 77 Gb 8 dies Biaix A-T 0,01%

* Adaptacio de (Metzker 2010, Henson, Tischler et al. 2012) i actualitzada en base a les pagines webs (lllumina

2016, Roche 2016, Thermo Fisher Scientific 2016, Thermo Fisher Scientific 2016).

9l format d’especificacions per a aquest instrument és: més del 75% de les bases amb una qualitat major de 30.
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Dues de les tecnologies més utilitzades per a la seqiienciacié del DNA i que s’han utilitzat en aquesta tesi
sén la de 454/Roche i la d’lllumina. A continuacid s’explica amb més detall el seu funcionament:

- Piroseqtienciacié Roche/454: A |a tecnologia 454 es parteix de fragments de DNA que son amplificats
clonalment mitjangcant una PCR en emulsié sobre petites boles. Per a la piroseqiienciacié, aquestes boles
es dipositen individualment en pous separats per on iterativament flueixen els quatre nucleotids. Quan
un nucleotid s’incorpora a la cadena creixent, el pirofosfat alliberat desencadena una cascada de
reaccions que alliberen una quantitat de llum proporcional al nombre de nucleodtids incorporats.
Aguesta tecnologia déna la possibilitat de multiplexar, és a dir, seqiienciar diverses mostres juntes, les
lectures de les quals es distingeixen gracies a la incorporacié d’uns fragments de DNA com a codi de
barres, anomenats Multiplex Identifiers (MIDs), entre els extrems universals i el fragment a llegir. Un
dels desavantatges de la tecnologia és la poca precisiéo en determinar la llargada de les regions amb
homopolimers, aquests son petits fragments de seqliencia amb un sol nucleotid repetit. Quan es troba
un homopolimer, si el nimero de nucleotids és alt, a partir de 6 aproximadament, es perd la
proporcionalitat de la intensitat del senyal luminic detectat respecte el nimero de nucleotids repetits
(De Leeneer et al. 2011, Loman et al. 2012). Comparant amb altres tecnologies de NGS, una de les
fortaleses del sistema de Roche/454 és la longitud de les lectures seqiienciades. El Roche/454 GS FLX,
amb la quimica GS FLX Titanium, pot generar més d’un milié de lectures amb longituds superiors a 1000
bases. Tot i que el cost per base és bastant superior a altres tecnologies com SOLID o lllumina, el sistema
de Roche/454 és molt util en certes aplicacions com la seqlienciacié de novo per a determinar nous
genomes, o en la deteccid de variants viriques, ja que la major llargada de lectura permet alineaments
més robustos que toleren seqiiencies amb insercions o delecions mitjanes, on la llargada de les lectures
és un factor critic. També permet veure si diverses variants es troben o no en el mateix al-lel, molt util
en casos de DNA hipervariables com les regions de I'HLA o les seqliencies viriques. Aquestes
caracteristiques la converteixen en una eina eficient i sensible per a la deteccié de variants, amb
demostrades aplicacions en arees de recerca clinica i diagnostic (De Leeneer et al. 2011, Allard et al.
2012, Jiang et al. 2012, Danzer et al. 2013, Quer et al. 2015).

Els dos instruments que funcionen amb aquesta tecnologia sén el “GS FLX” que produeix
aproximadament 1.000.000 de lectures per carrera amb un rendiment de 700 Mb, i el “GS Junior” que
produeix unes 100.000 lectures per carrera amb un rendiment total d'unes 70 Mb. El GS Junior és
I'instrument amb tecnologia 454 per a la seqlienciacié massiva pensat per a laboratoris amb projectes
de mitjana escala, ja que els costos de maquinaria i manteniment sdn menors, i la seva capacitat
s’adapta millor a projectes que requereixen la seqlienciacio de multiples gens pero sense arribar a
exomes o genomes complets. El “GS Junior” va ser la primera plataforma de mitja rendiment que va
sortir al mercat I'lany 2007.

- Seqiienciacio lllumina: lllumina va treure al mercat la primera plataforma de seqlienciacio de lectures
curtes (Metzker 2010) i actualment domina el mercat de la NGS. La combinacié de la terminacié
reversible i la immobilitzacié en un pla permeten la seqlienciacié massiva i en paral-lel de milions de

fragments de DNA a un baix cost. Les mostres de DNA es fragmenten aleatoriament i els extrems dels
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fragments es reparen per a generar terminacions 5’ fosforilades per unir-hi adaptadors de PCR i de
sequenciacid. Després, el DNA es desnaturalitza i els fragments de cadena simple s’amplifiquen
immobilitzats sobre una superficie solida i transparent anomenada flow cell. Es tracta d’una PCR clonal
en pont (en anglés bridge PCR amplification), que genera un conjunt (en angles cluster)
d’aproximadament 1000 molecules idéntiques de DNA per tal d’obtenir suficient intensitat de senyal
lluminds per a una deteccid fiable. La bridge PCR genera centenars de milions de clusters, permetent
una densitat de seqilienciacié molt elevada. Finalment, aquests fragments es seqiliencien “per sintesi”,
mitjancant una reaccié que utilitza els encebadors, la polimerasa i els quatre nucleotids modificats com
a terminadors reversibles, cadascun marcat amb una molécula fluorescent diferent, que es van
incorporant en la flow cell. En cada cicle de seqiienciacio s’incorpora un nucleotid terminador reversible
marcat amb fluorescencia diferent, d’acord amb la complementarietat de bases de cada fragment de
DNA. Després de la incorporacid, la identitat i la posicié dels terminadors incorporats a la flow cell es
determinen d’acord amb la posicid i longitud d’ona de la llum emesa per la moléecula fluorescent. El
senyal es grava utilitzant una camera, i posteriorment es desxifra amb un software propi. Per poder
comengar el seglient cicle, una reaccié quimica modifica el nucleotid terminador desprenent-ne la
fluorescencia i tornant-lo apte per a unir-se al seglient nucleotid. Aixi es va allargant (sintetitzant) la
cadena fins la llargada propia de cada plataforma i kit.

Illumina té varies plataformes amb aquesta tecnologia, i poc a poc en van sortint de noves per adaptar-
se millor a les necessitats de cada aplicacio; fins ara les dues més utilitzades sén la HiSeq2500 i la MiSeq.
De la mateixa manera que les plataformes de la tecnologia 454, la plataforma HiSeq2500 esta pensada
per a projectes de gran escala, per a obtenir fins a 1000 Gb de dades de seqliéncia. En canvi, la
plataforma MiSeq esta pensada per a projectes de mitja rendiment, per a obtenir fins a 15 Gb de dades i
per seqlienciar amb lectures més llargues que el HiSeq2500. El MiSeq va sortir al mercat a finals de I'any

2011.

2. Analisi bioinformatica

El terme “bioinformatica” fa referéncia especificament a la creacié de teories, algoritmes, técniques
informatiques i tecniques estadistiques per a resoldre problemes derivats del processament i I'analisi de
dades biologiques. La disponibilitat de tecniques moleculars que generen grans quantitats de dades com
la NGS, i el desenvolupament d’estratégies bioinformatiques cada cop més complexes, han revolucionat
la recerca biomedica. La bioinformatica és indispensable per moltes aplicacions de biologia molecular
com poden ser: I'analisi de sequéncies, la identificacidé de gens, I'analisi de I'expressié genica, la biologia
evolutiva, o I'analisi de mutacions en el cancer, entre d'altres.

La seqlienciacio de nova generacié genera grans quantitats de dades que un ordinador convencional en
molts casos no pot processar (Richter and Sexton 2009). Tot i que hi ha instruments que inclouen
software d’analisi per a usuaris no especialitzats, en la majoria de casos aquest tipus de dades requereix
una persona amb coneixements d’informatica per processar-les. Poc a poc es van generant diferents

software comercials, cada cop més precisos, que permeten analitzar les dades de seqlienciacid, tot i que
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quan es tracta de fer analisis fora dels convencionals sén molt poc flexibles. A més, la interpretacié
biologica dels resultats requereix la integracié de dades de diversos experiments, aixi com d’informacié

disponible en bases de dades publiques que cal seleccionar.

2.1 Analisi bioinformatica de dades de NGS

En la majoria d’analisis de NGS, els fitxers d’imatges produits pels seqilienciadors es converteixen en
series de bases que cal processar. Aquestes lectures es processen mitjancant assemblatge o alineament,
i posteriorment una deteccié de variants o quantificacié de lectures, segons I'objectiu de I'experiment.
Al llarg dels processos es creen molts resultats intermedis. La gran magnitud de les dades obliga a
emmagatzemar només els resultats més necessaris i el codi d’analisi per si cal tornar a analitzar les
dades. En termes de computacid, I'analisi de les dades de NGS requereix una gran capacitat. Aquest fet
crea la necessitat de dividir els processos d’analisi en subprocessos i després tornar a unir els resultats.
Els algoritmes i programes s’han de modificar i es necessiten infraestructures informatiques molt
potents; els servidors amb diversos nodes per paral-lelitzar sén imprescindibles (Pop and Salzberg 2008).
L’analisi de les dades de NGS és molt similar en totes les plataformes, tot i que hi ha alguns aspectes
particulars de cadascuna, a més aquesta analisi també depén de I'experiment que es realitza i del seu
objectiu. A la figura 2 es representa un esquema simplificat dels processos principals en I'analisi
bioinformatica de les dades de DNA-Seq amb NGS, seguida d’una breu explicacid de cadascun dels

procediments.

Determinacio Control de VLIS e e Anotacid i

Alineament dels fitxers variants i

de les bases ualitat . . . .,
q d’alineament visualitzacio

interpretacio

Figura 2. Protocol d’analisi bioinformatica estandard de dades de NGS per a la deteccié de variants.
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Qualsevol analisi de DNA-Seq inclou basicament sis passos: (1) la determinacid de les bases, (2) el

control de qualitat, (3) I'alineament, (4) el processament dels fitxers d’alineament, (5) la deteccié de

variants i (6) la interpretacid funcional de les variants (Koboldt et al. 2010).

(1)

(3)

Determinaciéo de les bases: Es tracta d’una analisi automatica que té lloc en els propis
sequienciadors i es basa en la conversidé d’imatges digitals a dades significatives. Molt
resumidament, les imatges generades per la seqiienciacid s’alineen d’una manera determinada
segons les seqliéncies d’interés i es van llegint. En la tecnologia lllumina, cada color representa
un nucleotid diferent i les intensitats del senyal s’utilitzen per al calcul de les qualitats de les
bases, normalment les qualitats de les bases es calculen en base a unes dades de referéncia
obtingudes amb una seqliéncia coneguda que serveix per a calibrar. En el cas de Roche/454, les
intensitats del senyal s’utilitzen per estimar el nimero de nucleotids iguals contigus. Tant la
tecnologia Roche/454 com la lllumina, tenen incorporat un pas de filtratge on filtren lectures
molt curtes o amb mala qualitat abans de proporcionar el resultat definitiu. El format
estandard amb que s’extrauen les lectures amb les corresponents qualitats és el format “fastq”.
Les lectures resultants dels seqlienciadors Roche/454 també es poden obtenir en fitxers amb
format “.sff’, pero a partir dels “.sff’ es poden obtenir els fitxers “.fasta” (o també “.fna” i
“.qual”) equivalents.

Control de qualitat: és important realitzar un control de qualitat de les lectures obtingudes
després de la sequenciacid, en aquest pas s’obtenen unes estadistiques basiques sobre el
nombre de lectures, la distribucidé de la llargada de les lectures, la qualitat mitjana per base i
per seqiiencia, el contingut en GC, els nivells de duplicacié de les seqiiéncies, o el contingut
d’adaptadors en les seqliéncies. Tots aquests son parametres que podrien indicar un problema
en la sequenciacié i per tant, cal avaluar com poden afectar als resultats, i en alguns casos
extrems podria ser recomanable repetir la seqiienciacié.

Alineament: el procés d’alineament té com a finalitat localitzar cadascuna de les lectures en la
posicid correcta de la seqiiencia de referencia. Si no hi ha seqiiencia de referéencia perqué no es
coneix, el que s’intenta és col-locar les lectures una a continuacié de l'altra sobreposant les
bases coincidents i construint una seqiéncia consens. Amb la NGS ha sigut necessari el
desenvolupament de nous algoritmes que s’adaptessin millor als requeriments d’aquest tipus
de dades de gran volum. Els nous algoritmes d’alineament han de contemplar aspectes com la
capacitat d’alinear milions de seqiéncies, considerar que el mapatge pot no ser Unic quan les
lectures sén curtes, i també cal considerar que la seqlienciacié no és perfecta i existeix una
petita probabilitat de que una base sigui incorrecta, a més de les variants reals de seqiéncia
(Dohm et al. 2008). També cal tenir present que hi ha regions del DNA que sén dificils de
sequenciar, com els homopolimers o les regions amb alt contingut de nucleotids GC, i aixo pot
augmentar la probabilitat d’error en la seqlienciacid. Tot aixo fa que el procés d’alineament

sigui complex, i que segons I'objectiu de I'estudi calgui avaluar quins aspectes prioritzar per a
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triar I'algoritme més adient. En lI'apartat de software (2.2) es comenten els algoritmes
d’alineament que permeten processar dades de NGS amb un rendiment optim.

Tractament dels fitxers d’alineament: En general els software d’alineament generen un fitxer
en format SAM (Sequence Alignment Map), que té el format binari equivalent BAM (Li and
Durbin 2009). Es tracta d’'un format geneéric que conté les lectures i I'alineament corresponent
respecte a la seqliéncia de referéncia, els fitxers (SAM/BAM) contenen molta informacio, tant
de les lectures mapades com de les no mapades, i fins i tot es poden recuperar les lectures
originals a partir d’aquests fitxers. Les propietats de les lectures i del seu mapatge, és a dir, les
propietats que indiquen si la lectura s’"ha mapat correctament, si la seva parella ha mapat, o si
esta duplicada, entre d’altres, es descriuen amb una etiqueta (flag), aquesta etiqueta esta
formada per la suma de diversos nimeros binaris que amb un 1 indiquen si té la propietat i
amb un 0 si no la té. L'etiqueta és molt util per a filtrar o seleccionar les lectures que ens
interessa per a I'analisi. Aquest format s’ha estées entre els usuaris que analitzen dades de NGS.
Els arxius d’alineament BAM han d’estar acompanyats sempre d’un arxiu BAM.BAI que és un
index que permet treballar més eficientment. Els arxius BAM sén clau per a les analisis
posteriors i cal que estiguin ordenats. Cal realitzar un filtratge d’aquells alineaments que no ens
interessin segons |’objectiu de I'analisi, com per exemple lectures que mapen en més d’una
posicid pot ser que no ens interessin, o lectures la parella de les quals alineen en un altre
cromosoma, entre d’altres opcions que variaran segons I'experiment.

Deteccid de variants i visualitzacio: Aquest pas de I'analisi pretén detectar diferencies en la
sequencia d’un individu, formada per varies lectures en cada posicid, respecte a la seqliéncia de
referéncia que pot ser un gen, un grup de gens, un cromosoma, 0 un genoma complet. Els
resultats depenen molt de la qualitat de I'alineament, ja que errors en I'alineament donen lloc
a falsos positius, i lectures no alineades poden comportar falsos negatius. La utilitzacié de la
NGS permet identificar quasi tot tipus de variants de seqliéncia del genoma. Tot i que des de la
seva aparicid fins a l'actualitat hi ha hagut una clara evolucio, i tant les quimiques com els
software han millorat, encara cal evolucionar per detectar tots els tipus de mutacions amb una
alta precisid. En especial cal treballar en la deteccid de les variacions estructurals on els
meétodes d’analisi estan millorant pero els resultats encara no sén molt precisos. Aquests
meétodes depenen molt del promig i de la homogeneitat de la cobertura obtinguda de la
seqiienciacio per tal que els resultats siguin fiables (Koboldt et al. 2012, Lee et al. 2014).

En aquest procés de deteccid de variants, en molts casos interessa visualitzar I'alineament de
les lectures al voltant de les variants detectades, per tal d’observar la localitzacid i les regions
gue envolten a cada variant. Amb la visualitzacid es pot comprovar si les variants es troben en
regions amb bona cobertura i poc soroll, o bé les variants es troben en zones que no estan ben
seqlienciades per la proximitat a homopolimers o a regions de seqliéncia complicades, en

aquests ultims casos la variant identificada podria ser un fals positiu.
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(6) Anotacio i interpretacié funcional de les variants: En aquest pas és imprescindible utilitzar la
informacio disponible que contenen les bases de dades publiques per a classificar les variants,
aixo és, determinar si es tracta de polimorfismes coneguts (variants de seqiiéncia amb una
freqiiéncia igual o superior a I'1% de la poblacid), si les variants ja han estat reportades i s’han
descrit com a somatiques (en cas de cancer, variants només presents en les cél-lules tumorals),
o en el cas de ser variants no reportades préviament, com es poden classificar segons I'efecte

que puguin produir en la proteina en qlestid.

2.2 Software per a I'analisi de dades de NGS

Existeixen diferents programes enfocats a l'analisi de dades de NGS, algunes aplicacions sén comercials,
altres son lliures, algunes tenen una aplicacié web, o també hi ha llibreries especifiques de llenguatges
com R o programes lliures. Alguns estan preparats per a l'analisi de dades d'una tecnologia i tipus
d'experiment especifics, i s’adapten forca bé a les necessitats de la majoria dels usuaris, pero la millora
de l'analisi de les dades de NGS és encara un repte pels bioinformatics.

Hi ha programes comercials que permeten dur a terme molts tipus d’analisi diferents i acostumen a ser
d’Us relativament facil, uns exemples séon el CLC-Workbench (CLCbio QIAGEN 2016) o el SeqNext (JSI
Medical Systems 2016). Pero a més de l'inconvenient economic que implica adquirir software comercial,
també implica un desconeixement per part de l'usuari dels processos interns que s'empren per a
I'analisi. Aquest ultim fet és una limitacid important, ja que en molts casos cal coneéixer bé els
procediments que es realitzen per a assegurar una bona qualitat i fiabilitat dels resultats.

En canvi, el software lliure permet accedir al codi font i coneixer els procediments que se segueixen, a
més permet adaptar-lo a les necessitats dels usuaris. L'inconvenient en aquest cas és que el software
lliure per a I'analisi de dades de NGS requereix uns coneixements basics d’informatica que permetin
executar els procediments i adaptar els parametres a les necessitats de I'analisi. En aquesta tesi s’ha
treballat basicament amb software lliure, adaptant els parametres i desenvolupant funcions per a

obtenir uns resultats optims. Alguns dels programes Iliures més utilitzats es resumeixen a continuacioé:

-Software per al control de qualitat: Per aquesta primera analisi el software més utilitzat és el FastQC,
un software lliure que permet fer un control de qualitat exhaustiu mitjangant una interficie intuitiva i
facil per a tot tipus d’usuaris (Babraham Bioinformatics 2016). Alguns altres software que permeten
realitzar un control de qualitat sén el FaQCs (Lo and Chain 2014) que optimitza la velocitat paral-lelitzant
els processos, o el NGS QC Toolkit (Patel and Jain 2012) que a més del control de qualitat, també inclou

alguna eina per a retallar seqliencies d’adaptadors o convertir els formats de les seqiiéncies.

-Software per a I'alineament: Com s’ha comentat a I'apartat anterior, el primer pas clau en I'analisi de
dades de resequlienciacido amb NGS és |'alineament de les lectures sobre la seqiiéncia de referencia. Els

primers algoritmes d’alineament van sortir als anys vuitanta. Alguns com I'algoritme Smith-Waterman,
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el FASTA o el BLAST, entre d’altres, es podien utilitzar en pagines web i permetien alinear seqiéncies
contra grans bases de dades. El nombre de seqliéncies va anar augmentant fins a tenir la necessitat
d’alinear milers de sequiéncies. Va ser llavors que W. James Kent el 2002 va publicar una nova eina
anomenada BLAT, que millorava BLAST especialment en la velocitat d’alineament, gracies principalment
a la indexacid sobre la base de dades de referéncia enlloc d’indexar la seqliéncia per alinear (Kent 2002).
El BLAT produeix uns alineaments molt especifics i alinea lectures de llargades molt diverses, de fins a
200.000 bases, pero el temps és una limitacid quan la quantitat de lectures és de milions, ja que
requereix dies i fins i tot setmanes de computacié. En aquests ultims anys s’han desenvolupat molts
algoritmes per a millorar el rendiment en I'alineament de lectures curtes (menors de 70 bases). Els dos
més utilitzats son el Bowtie2 (Langmead and Salzberg 2012) i el BWA (Li and Durbin 2009), que es basen
en l'algoritme de Burrows-Wheeler i redueixen significativament el temps de processament. Degut a la
rapida evolucié de les tecnologies, i en vista que la llargada de les lectures va en augment, els algoritmes
han anat millorant per adaptar-se a lectures més llargues, aixi el BWA-MEM (Burrows-Wheeler Aligner
2016) permet alinear lectures de més de 70 bases de manera Optima i, a més dels alineaments globals
del BWA, realitza també alineaments locals. Aixo fa que sigui lleugerament més lent que el BWA pero
més precis. Quan els "forats" (en angles, gaps) sén freqiients, es recomana I'algoritme BWA-SW (Li and
Durbin 2010) que pot tenir una sensibilitat més alta perd que es veu penalitzat amb el temps. Existeixen
altres software per a I'alineament com el SHRIMP (Rumble et al. 2009) que es basa en I'algoritme de
Smith-Waterman i permet alinear dades de SOLiD, o també I'alineador BFAST (Homer et al. 2009) que
utilitza el mateix algoritme que BLAT pero és més rapid i permet forats en I'alineament. El Genome
Multitool o GEM (Marco-Sola et al. 2012) és una de les Ultimes eines publicades que permet alinear
dades de NGS, és molt potent i conté eines molt optimitzades per indexar i analitzar grans genomes.
Pero una gran limitacidé del GEM és el format amb qué proporciona els resultats ja que és un format

propi i aixo fa que el seu Us no sigui tan estes per incompatibilitats amb altres programes.

-Software per al tractament dels fitxers d’alineaments: Com s’ha comentat préviament, és important
tractar els fitxers d’alineament per a obtenir els formats i alineaments optims, hi ha un software lliure
anomenat SAMtools (Li et al. 2009) que té les eines necessaries per a manipular aquests tipus de fitxers,
i permet ordenar, combinar, indexar, mostrar o crear arxius SAM/BAM . Altres eines com Picard (Broad
Institute 2016) també permeten manipular aquest tipus de fitxers, aixi com adaptar el format als

requeriments d’altres programes.

-Software per a la deteccid6 de variants: S’han descrit nombrosos algoritmes per a detectar
substitucions o insercions i delecions. Alguns utilitzen métodes Bayesians com I’Atlas-SNP2 (Shen et al.
2010) o el SOAPsnp (Li et al. 2009), que estimen el genotip més probable basant-se en models de
regressio logistica entrenats a partir de molts grups de dades, i calculen la probabilitat que la substitucio
estimada sigui un error basats en la informacié prévia disponible sobre els errors de seqiiencia. Altres

paquets com SAMtools (Li 2011), GATK (McKenna et al. 2010, DePristo et al. 2011), o VarScan2 (Koboldt
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et al. 2012) inclouen utilitats per a detectar i filtrar variants basant-se en models heuristics i
probabilistics, reforcats amb el coneixement empiric de les diferents plataformes de seqlienciacio, i
filtrant les variants en base a parametres com la cobertura, la qualitat de la base o de I'alineament, o la
freqiiéncia. Per a qualsevol dels programes anteriors, la deteccié d’insercions i delecions és més costosa
i produeix més falsos positius, aixo s’explica basicament perqué a nivell de computacié és més facil
alinear lectures amb substitucions que lectures amb insercions o delecions. En teoria, amb lectures
llargues com les que generen tecnologies com 454 no seria tan problema detectar insercions i delecions,
pero aquestes tecnologies presenten la dificultat al voltant dels homopolimers, on s’acumulen la
majoria de falsos positius en forma de delecions i insercions. Tot i aix0, software com VarScan2 , GATK o
Pindel (Ye et al. 2009) sén cada vegada més precisos detectant insercions i delecions a partir
d’alineaments amb forats (Xu et al. 2014). La majoria de software que detecta variants genera els
resultats en format .VCF (en angles Variant Calling Format)(Danecek et al. 2011). Aquest format conté
una capgalera amb la informacid de tots els parametres utilitzats per a descriure les variants, i després
cada linia correspon a una variant on s’indica, amb diferents variables, la posicid, el canvi de nucleotid o
insercié/delecid, la cobertura, o nombre de lectures en aquella posicié amb la base de referéncia i amb
I'alternativa, també desglossat segons el sentit de les lectures, i la qualitat del mapatge i de les bases,
entre d’altres parametres. No tots els software generen els resultats amb les variants en format .vcf, un
exemple és el VarScan, que reporta les variants en un fitxer de text seguint un esquema similar al VCF.
La sensibilitat i especificitat en la deteccid de variants encara sén millorables, en part degut als errors de
seqliéncia, i és necessari un filtratge acurat de les variants, amb parametres especifics segons la

tecnologia utilitzada i el poder estadistic requerit, per a obtenir uns resultats optims.

-Software per a la visualitzacié: Com hem comentat préviament, en molts casos és util visualitzar els
alineaments i les variants per a determinar a cop d’ull si es tracta d’una variant probablement real, o si
clarament sembla un fals positiu degut a la proximitat d’homopolimers o a un alineament confus. Hi ha
software que permet carregar els alineaments en format SAM/BAM i dirigir-se a la posicié d’interés a
visualitzar. Dos dels programes no comercials més utilitzats sén I'lGV (Integrative Genomics Viewer)
(Robinson et al. 2011, Thorvaldsdottir et al. 2013) (Figura 3) i el LookSeq (Manske and Kwiatkowski
2009). Altres programes com I'Ugene (Okonechnikov et al. 2012) permeten visualitzar els alineaments, a

més de tenir altres eines per a I'analisi de seqliéncies.
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Figura 3. Visualitzacié d’una substitucié A>G mitjangant I'lGV. En la imatge s’indica la localitzacié del gen i la variant
en el cromosoma, la cobertura, el gen i els aminoacid on esta situada la variant, i la substitucié en diferents colors
que esta present aproximadament en el 50% de les lectures.

-Software per a I’anotacio de variants: Un cop tenim els llistats de variants candidates és imprescindible
anotar-les, és a dir, identificar el gen on estan, en quina posicié es troben, el canvi de codd que
produeixen en casos de variants exoniques, o reportar si les variants ja han estat descrites previament
com a polimorfismes o com a variants somatiques, entre d’altres. Anotar les variants és un procés
laborids, ja que hi ha molta informacié a les bases de dades publiques i és necessari filtrar alld que ens
interessa. L’anotacio es pot fer variant a variant, pero també hi ha programes que permeten anotar les
variants de forma sistematica, un exemple és I’eina Annovar (Wang et al. 2010). També hi ha eines en
format web que fan aquesta tasca com el SeattleSegAnnotation (Ng et al. 2009, SeattleSeq Annotation
137 2016). Tot i aix0, un cop anotades les variants, és necessari seleccionar la informacié més adequada,
com per exemple el transcrit d’interes, per a concloure els resultats biologics més rellevants.

A la taula 2 es resumeix el software lliure més utilitzat per a I'analisi de NGS amb una breu descripcid.
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Taula 2. Alguns dels programes lliures més utilitzats per a I'analisi de dades de NGS segons la seva funcid.

Funcio Nom Descripcio URL
Analitza la qualitat de les dades de NGS. Proporciona
FastQC els resultats organitzats en moduls que indiquen de http://www.bioinformatics.bab
manera rapida els aspectes on les dades podrien tenir raham.ac.uk/projects/fastqc/
algun problema.
Processa grans quantitats de dades de NGS i
proporciona resultats sobre la qualitat de les dades,
Control de R . ; http://faqcs.readthedocs.org/e
., FaQCs pero també permet convertir formats FASTQ. Una de p://faq g/
qualitat , . n/latest/
les seves fortaleses és la capacitat de processar les
dades en paral-lel en diversos nodes.
Inclou eines amigables per a I'usuari per al control de
NGS QC Toolkit quailltat de les dades de Roche 454 i d IIIurr.una\ ‘ http://www.nl!ogr.res.ln/ngsqct
proporcionant els resultats en forma de taules i grafics, oolkit.html
i filtrant les dades amb bona qualitat.
Eina per a I'alineament local de sequeéencies de fins a
200000 bases. BLAST és una versi6 millorada de BLAT http://genome.ucsc.edu/cgi-
BLAT/BLAST/BFAST més sensible i més rapida que permet alinear major ) P://8 ) ’ g
. ) ., bin/hgBlat?’command=start
nombre de seqliéncies, i BFAST és la versid adaptada a
dades de NGS.
Molt rapida i eficient en I'Gs d ori li
olt rapida i eficien erl‘ us. e memorla Per alinear http://bowtie-
. lectures sobre una seqiiéncia de referencia. Permet . s
Bowtie2 . . . bio.sourceforge.net/bowtie2/in
alineaments amb forats, alineaments locals i
) dex.shtml
alineaments amb lectures aparellades.
Alineament BWA és un software per a alinear seqliéncies poc
divergents contra un genoma de referéncia gran com
BWA/BWA- I'huma. Conté tres algoritmes diferents, el BWA per a http://bio-
SW/BWA-MEM lectures de fins a 70 bases, el BWA-SW per a lectures bwa.sourceforge.net/
llargues i amb forats, i el BWA-MEM per a lectures
llargues i amb alineament local.
Alinea lectures genomiques contra un genoma de
SHRIMP referéncia. Es va desenvolupar per a lectures curtes de | http://compbio.cs.toronto.edu/
NGS i per a lectures de la tecnologia SOLID en format shrimp/
d'espai-color (colorspace).
Permet buscar el millor alineament jugant amb la
GEM precisid, ja que reporta totes les possibles opcions http://big.crg.cat/services/gem
segons els parametres requerits. Es més rapid que _genome_multi_tool_library
altres alineadors com Bowtie2 o BWA.
Conjunt d'eines per a manipular els alineaments en http://samtools.sourceforge.ne
Tractament SAMTools format SAM, |.ncloent'llordenau‘o, la combinacié o la t/
de fitxers indexacid, entre d'altres.
d'alineament Programat en Java, permet manipular els fitxers SAM i
Picard permet crear nous programes que escriguin i llegeixin | http://picard.sourceforge.net/

fitxers SAM.
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Conjunt d'eines per a manipular els alineaments en

http://samtools.sourceforge.net

SAMTools format SAM, que entre d'altres funcions també /
permet detectar variants a partir de I'alineament.
Desenvolupat al Broad Institute per analitzar dades de
GATK resequenciacié de NGS. Enfocat principalment a http://www.broadinstitute.org/
detectar variants i a genotipar, aixi com al control de gatk/
L qualitat de les dades de NGS.
Detecci6 de
variants Detecta variants en dades de NGS. Utilitza un model
heuristic i estadistic molt robust reportant parametres
VARScan X . http://varscan.sourceforge.net/
com el coverage, la qualitat de les bases i la
significacio estadistica.
. Identifica insercions, delecions i variacions http://gmt.genome.wustl.edu/p
Pindel .
estructurals en dades de NGS. indel/current/
Eina de visualitzacid per a I'exploracio interactiva de
GV grans bases de dades gendomiques. Permet visualitzar | http://www.broadinstitute.org/i
dades de diversos tipus, entre elles dades d'arrays, gv/
Visualitzacié dades de NGS i dades d'anotacions genomiques.
Aplicacié web que permet la visualitzacié
e P T ‘q. . P L, http://www.sanger.ac.uk/resour
LookSeq d'alineaments i I'analisi de dades de sequienciacié de
ces/software/lookseq/
genomes.
Utilitza eficientment informacié actualitzada de
diverses bases de dades per a anotar variants
Anotacio de L R http://www.openbioinformatics
Annovar genetiques detectades en diferents genomes com p:// P

variants

I'huma, el de ratoli, el de cuc o el de mosca, entre
molts altres.

.org/annovar/
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2.3 Requeriments computacionals per a I’analisi de dades de NGS

Com hem comentat préviament, el procés computacional de I'analisi de dades de NGS és intensiu. La
guantitat de memoria que ocupen els arxius, i el temps d’analisi depén principalment de la regid del
genoma seqtlienciada i de la cobertura amb qué s’ha sequlenciat, també depén de la llargada de les
lectures. Per tal d’estalviar espai en els discos s’acostumen a emmagatzemar els arxius d’alineament
BAM, ja que a partir d’aquests, es poden recuperar les dades originals aixi com reproduir totes les
analisis posteriors. A la taula 3 es mostren alguns exemples de la mida que tenen els arxius BAM

d’alguns experiments en funcié de diferents parametres.

Taula 3. Relacio de les mides dels arxius d’alineament per a diferents experiments.

Proporcio del genoma Numero de Llargada de les Mida de I'arxiu
seqiienciada Cobertura lectures lectures d'alineament
Tot el genoma 28x 3200000000 75 88 Gb
Exoma 40x 65000000 75 8 Gb
Gens BRCA1 i BRCA2 500x 114300 400 97 Mb

De la mateixa manera, el temps per a analitzar les dades d’un experiment depéen de la mida, pero també
depeén del tipus de processador de I'ordinador, del software que s’utilitzi, i de si és possible paral-lelitzar
la tasca en diferents processadors.

Aixi, els factors més limitants a I’hora d’analitzar dades de NGS sén: la capacitat del processador que fa
variar el temps d’analisi, la memoria RAM que permet analitzar més o menys quantitat de dades, i la
capacitat d’emmagatzematge. Tot i que aquests factors sén més o menys limitants depenent del tipus
d’experiment que es vulgui analitzar. Si I'objectiu és analitzar un genoma sencer, el processador i la
memoria RAM haura de ser molt superior que si es volen analitzar un conjunt de pocs gens, de la
mateixa manera, el temps d’analisi no sera el mateix. Tampoc s'utilitza el mateix temps si es volen
analitzar 10 mostres o 1000, ja que el temps es multiplica. Per tal d’emmagatzemar les dades, és
important disposar de discos amb prou capacitat per guardar especialment les dades generades pels
seqlienciadors. A més, és important que aquests discos d’emmagatzematge tinguin copies de seguretat i
estiguin protegits ja que el contingut sén dades genétiques susceptibles i confidencials en la majoria de

casos. Abans de realitzar experiments cal plantejar bé quins requeriments informatics seran necessaris.

3. Analisi de variants i cancer

Les variants en la seqiiencia de DNA implicades en I'oncogénesi poden ser somatiques, germinals o
ambdues (Futreal et al. 2004). Les mutacions somatiques en el cas de tumors sén aquelles que estan
presents només a les cel-lules canceroses, aquestes mutacions no es transmeten a la descendéncia. En
canvi, les mutacions germinals sén aquelles que afecten a les cel-lules productores dels gametes, de
manera que aquestes mutacions si que es transmeten a la seglient generacio, que les portara a totes les

cél-lules. Aproximadament s’estima que el 80% dels gens relacionats amb el cancer presenten
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mutacions somatiques, el 10% presenten mutacions germinals, i el 10% restant presenten mutacions

tant somatiques com germinals (Futreal et al. 2004).

3.1 Tipus de variants genétiques

Existeixen diferents tipus de variants de seqliéncia, i malgrat encara no existeix una metodologia de
deteccid Unica que pugui cobrir tot I'espectre mutacional en un gen concret, actualment la NGS permet
detectar la majoria dels tipus de variants.

Les variants de sequencia es poden classificar en funcid del tipus de canvi en la seqiiéncia segons siguin:

substitucions d’un Unic nucleotid, petites insercions i delecions, o variacions estructurals.

- Substitucions d’un tnic nucleotid: canvis d’'una sola base (en anglés single nucleotide
substitution, SNS), es reemplaca un nucleotid per una altre de diferent.

- Petites insercions i delecions: A més de les substitucions, un nucleotid també pot estar
deleccionat, aix0 és que desapareix, o bé es pot insertar en el DNA. Les insercions o
delecions afegeixen o treuen un o més nucleotids al DNA. A les petites insercions i
delecions acostuma a fer-se’n referéncia com a INDELs.

- Variacions estructurals: els genomes no només varien per aquestes diferencies d’un o pocs
nucleotids, també hi poden haver insercions i delecions de centenars de milions de bases
consecutives, inversions o translocacions. Les grans duplicacions o insercions de més d’una
kilobase es coneixen com a Variacions en el Nombre de Copies (Copy Number Variations,
CNV). Estudis recents estimen que les CNV composen fins el 20% de totes les variants
genetiques en humans. Aixi, per a un individu qualsevol, les variacions estructurals poden
constituir del 0,5 a I'1% del genoma, aixo és entre 9 i 25Mb (Redon et al. 2006). A més
podem trobar inversions genomiques, un tipus de variant estructural que fa canviar el
sentit d’un segment en el cromosoma, o també les translocacions, que intercanvien parts

de cromosomes no homolegs.

Les variants poden estar en zona intronica o en zona codificant, quan estan en zona codificant, si el canvi
que produeixen en la seqliencia de DNA del gen fa variar I'aminoacid codificat reben el nom de no-
sinonimes (en anglés nonsynonimous). Les substitucions no-sinonimes poden ser mutacions amb error
de sentit (en angles missense mutations) si el canvi fa que el DNA resultant codifiqui per un altre
aminoacid, o poden ser mutacions sense sentit (en angles nonsense mutations) si codifica per a un codé
stop que truncara la proteina. Les petites insercions o delecions no multiples de tres provoquen canvis
en la pauta de lectura (frameshift) provocant la generacié d'un codd de terminacié prematur (stop

codon) que donara lloc a una proteina truncant.

Les variants de sequencia identificades en qualsevol gen també es poden classificar segons la seva

significacio clinica en: Polimorfismes, Variants Patogeniques i Variants de Significat Desconegut.
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- Polimorfisme: A nivell general es considera que una variant de seqiiencia de DNA amb una
freqliéncia igual o superior a I’'1% de la poblacié és un polimorfisme genetic. En la majoria
de sindromes de cancer hereditari, els polimorfismes en gens d’alt risc sén considerats
sense significacid clinica. També es poden considerar com a variants sense efecte clinic les
variants amb una freqliéncia inferior a I'1% pero on estudis clinics, genétics o bioquimics
descarten la seva significacid clinica. Si un polimorfisme només afecta a una base
s’anomena polimorfisme d’un Unic nucleotid (Single Nucleotide Polymorphism, SNP) i és la
classe de variacions genetiques més prevalent entre els humans (Frazer et al. 2009). El
genoma huma conté uns 15 milions d’'SNP amb una freqiiencia de I'al-lel menor (Minor
Allele Frequency, MAF) per sobre de I'1%. Aix0 significa que dos genomes humans
qualssevol es diferencien aproximadament en 1 nucleotid per cada 1331 pb (Kruglyak and
Nickerson 2001), tot i que el nombre de variacions és diferent segons la poblacié.

- Variants Patogeniques: Es classifiguen com a patogeniques les variants que afecten a la
funcionalitat de la proteina codificada.

- Variants de Significat Desconegut: En general quan un canvi genétic no esta present en
més de I'1% de la poblacié i no existeix prou evidencia per a determinar el seu efecte a
nivell proteic i funcional, aquest canvi es classifica com una variant de significat desconegut
(VSD). La rellevancia clinica de les VSD és un dels grans reptes que presenta la realitzacio
d’estudis genetics. Normalment, per a classificar aquest grup de variants, s’utilitzen
algoritmes que integren diferents graus d’informacié sobre la variant en qliestid, com
estudis de cosegregacio de la variant, analisi en poblacié general o estudis funcionals, entre

d’altres.

3.2 Analisi genética del cancer hereditari

Es considera que la majoria dels casos de cancer son esporadics degut a factors ambientals i mutacions
somatiques. Tanmateix, en un petit percentatge de casos s’observa un cert grau d'agregacié familiar i
se’n fa referencia com a cancer familiar; en una petita fraccié d'aquests casos familiars s’observa una
herencia clarament mendeliana, aquest casos es classifiquen com casos de cancer hereditari. Els casos
de cancer hereditari solen presentar una série de criteris clinics i/o moleculars especifics com sén: edat
d’aparicid primerenca, multifocalitat de les lesions o lesions bilaterals, aparici6 de més d’un tumor
primari en el mateix individu, antecedents familiars de la mateixa neoplasia, alta incidencia de cancer
dins de la mateixa familia, o associacid de tumors amb malformacions congénites o retard mental.
Qualsevol d’aquestes situacions pot alertar sobre la possibilitat de trobar-se davant d’un cas de cancer
hereditari i sobre la conveniéencia de dirigir el pacient i la seva familia a una unitat de consell genétic

(Lemke et al. 2012). La Societat Americana d’Oncologia Clinica (American Society of Clinical Oncology,
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ASCO) recomana que la determinacid genética en el cancer hereditari s’ofereixi quan els resultats del
test geneétic es puguin interpretar amb fiabilitat i puguin tenir repercussié en el seguiment i tractament
del pacient o dels seus familiars (American Society of Clinical Oncology 2016).

Les mutacions responsables del cancer hereditari sén generalment mutacions germinals (existeixen
alguns casos de mosaicisme genetic), afecten a les cél-lules productores dels gametes transmetent-se a
la seglient generacid, i estan presents a totes les cél-lules de I'individu. Aixi, per exemple, mutacions
germinals en BRCA1 i BRCA2 son la principal causa hereditaria del cancer de mama i donen lloc a la
sindrome de cancer de mama i ovari hereditari (en anglés Hereditary Breast and Ovarian Cancer, HBOC),
caracteritzada per la preséncia de casos de cancer de mama i ovari en una mateixa familia, o de
multiples casos de cancer de mama precog. De la mateixa manera, mutacions germinals en els gens APC
o0 MUTYH estan relacionades amb la poliposi adenomatosa familiar (en angles, Familial Adenomatous
Polyposis, FAP), o amb la poliposi associada a MUTYH (en angles MUTYH associated polyposis, MAP),
respectivament, que tenen associat un alt risc de desenvolupar cancer colorectal. El cancer colorectal
hereditari no poliposic (Hereditary non-polyposis colorectal cancer, HNPCC) normalment s’associa a la
identificacié de mutacions germinals en els gens reparadors MLH1, MSH2, MISH6 o PMS2.

En general, els tipus de cancer associats a mutacions germinals en un gen particular sén similars a
aquells cancers causats per mutacions somatiques en el mateix gen. Tot i aix0 hi ha excepcions, com per
exemple, el gen TP53, les mutacions somatiques del qual es troben en la meitat dels cancers colorectals,
pero on les mutacions germinals no sembla que causin predisposicié hereditaria al cancer colorectal.
També hi ha gens amb mutacions germinals que predisposen al cancer i que gairebé no presenten
mutacions somatiques en cancers esporadics del mateix tipus, un exemple sén els gens BRCA1 i BRCA2
en cancer de mama (Futreal et al. 2004).

Tot i que les sindromes de cancer hereditari es consideren malalties rares (afecten a menys d’'un
individu de cada 2000), suposen el 5-10% dels casos de cancer i el seu estudi ha permés grans avengos

en el coneixement de I'etiologia de formes més comunes de cancer (Figura 4).

Cancer
familiar;

~15% Cancer
hereditari;
~10%

Cancer
esporadic;
~75%

Figura 4. Distribucio dels tipus de cancer segons el seu origen.
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Fins ara, les unitats de diagnostic de cancer hereditari a Catalunya solen oferir I'analisi mutacional en
alguns gens concrets, dels que se’n coneix una clara associacié entre mutacié i probabilitat de
desenvolupar cancer. Amb els rapids avengos de les tecnologies i la reduccié de costos de la NGS,
s’estan implementant panells de gens més extensos, del voltant de 100 gens, que permetran analitzar

més quantitat de gens i associacions a costos similars (LaDuca et al. 2014, Petric et al. 2015).

3.3 Genomes i exomes per a la recerca del cancer

Com s’ha comentat previament, la majoria dels cancers en humans sorgeixen de tumors esporadics on
s’acumulen alteracions somatiques en el DNA. Per tant, la identificacié d’aquests canvis genetics que
condueixen al desenvolupament del cancer donen coneixement de la malaltia i acceleren el
descobriment de noves técniques per al diagnostic o la prediccid de risc, o fins i tot de noves dianes

|u

terapeutiques. Projectes com el “Human Genome Project”, que el 2003 va proporcionar una seqiéencia
consens del genoma huma, han facilitat molt I’estudi de la biologia del cancer. Amb la seqlienciacié de
nova generacio ha sigut possible seqlienciar genomes sencers de teixits normals i tumorals aparellats, i
caracteritzar la malaltia en trobar les diferéncies. Per exemple, el projecte “The Cancer Genome Atlas”
(TCGA) (NIH 2016), entre d’altres tasques, esta seqlienciant centenars de genomes de tumors diferents
per a identificar gens relacionats amb diferents tipus de cancer. En molts casos no cal reseqiienciar tot el
genoma, doncs malgrat que les regions codificants constitueixen només 1'1-2% del genoma huma,
s’estima que contenen el 85% de les mutacions implicades en malalties (Choil et al. 2009). Per tant,
combinant les tecnologies de seqilienciaci6 amb la captura de regions especifiques com I'exoma, es
redueix molt el cost i es poden descobrir eficientment mutacions relacionades amb la malaltia

|lll

(Thompson et al. 2012). Actualment hi ha grans consorcis internacionals, com |'“International Cancer
Genome Consortium” (ICGC 2016), que tenen I'objectiu de crear un cataleg amb els gens responsables
del desenvolupament i la progressid del cancer. El principal projecte espanyol d’aquest consorci esta
relacionat amb la recerca d'un grup de leucémies anomenat “Chronic Lymphocytic Leukemia - CLL with
mutated and unmutated IgVH” (Puente et al. 2011). Aquest consorci ha pogut identificar mutacions

recurrents en leucémies limfatiques croniques mitjancant la seqlienciacié de genomes i exomes.
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Objectiu general

L’objectiu principal d’aquesta tesi és el desenvolupament i I'aplicacié d’estrategies bioinformatiques per
a I'analisi de dades de NGS en el diagnostic molecular del cancer hereditari i en la recerca de les bases

genetiques del cancer colorectal esporadic.

Objectius especifics

- Dissenyar un algoritme d’analisi de les dades provinents de la seqilienciacié de diferents gens amb la

plataforma de NGS anomenada GS Junior i realitzar una prova de concepte. (Article 1)

- Crear una aplicacié per a I'analisi de les dades provinents del GS Junior per detectar variacions, amb la
nomenclatura de la HGVS (Human Genome Variation Society) i la posterior interpretacié de les variants,
en els gens de susceptibilitat al cancer hereditari que s'estudien a la Unitat de Diagnostic Molecular del

Programa de Cancer Hereditari de I'lCO (BRCAs, APC, MUTYH, MLH1, MSH2, MSH6 i PMS2). (Article 2)

-Avaluar el rendiment dels panells de multiples gens com a estratégia en el diagnostic del cancer

hereditari. (Apartat Altres contribucions)

- Aplicar les técniques d’analisi bioinformatiques a les dades de seqlienciacié d’exomes per a la recerca

de les bases genetiques del cancer colorectal esporadic. (Article 3)
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RESULTATS

Els resultats obtinguts del treball realitzat en aquesta tesi estan inclosos en diversos articles cientifics. En

aquesta memoria els resultats es descriuen breument i seguidament s’adjunten els articles.

NGS per al diagnostic genétic del cancer hereditari

Article 1

“Next-generation sequencing meets genetic diagnostics: development of a comprehensive workflow for

the analysis of BRCA1 and BRCAZ2 genes”

Article 2

“ICO Amplicon NGS Data Analysis: A Web Tool for Variant Detection in common High-Risk Hereditary

Cancer Genes Analyzed by Amplicon GS Junior Next-Generation Sequencing”

Altres contribucions

“Avaluacié de I'eficiencia del panell de gens Trusight Cancer d’lllumina com a eina de diagnostic genetic”

NGS per a la recerca del CCR esporadic
Article 3

“Exome sequencing reveals AMER1 as a frequently mutated gene in colorectal cancer”
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ARTICLE 1

Next-generation sequencing meets genetic diagnostics: development of a comprehensive workflow

for the analysis of BRCA1 and BRCA2 genes

Lidia Feliubadal6*, Adriana Lopez-Doriga*, Ester Castellsague*, Jesus del Valle, Mireia Menéndez, Eva Tornero, Eva
Montes, Raquel Cuesta, Carolina Gémez, Olga Campos, Marta Pineda, Sara Gonzalez, Victor Moreno, Joan Brunet,

Ignacio Blanco, Eduard Serra, Gabriel Capelld and Conxi Lazaro

(*) Aquests autors han contribuit equitativament a aquest treball

Resum del treball: La seqlienciacio de nova generacié (Next Generation Sequencing, NGS) esta canviant
el diagnostic genétic gracies a la gran capacitat de sequenciacié i el seu cost-eficiencia. L'objectiu
d’aquest estudi ha estat desenvolupar un protocol basat en la NGS per al diagnostic rutinari de la
sindrome de cancer de mama i ovari hereditari (Hereditary Breast and Ovarian Cancer Syndrome,
HBOCS), per millorar el diagnostic genetic dels gens BRCA1 i BRCA2. Es va dissenyar un protocol basat en
NGS utilitzant les llibreries d’amplicons del MASTR kit de Multiplicom, seguit de la piroseqiienciacié amb
el GS Junior. Per a 'analisi de les dades s’utilitzava un software lliure, el Variant Identificantion Pipeline
(VIP), combinat amb funcions propies programades en R, on es passaven un seguit de filtres i es
generaven informes de la cobertura i de les variants. En paral-lel es realitzava un assaig per als
homopolimers dels BRCA. Es va utilitzar un grup d’entrenament amb 28 mostres de DNA que contenien
23 mutacions Uniques patogeniques i 204 variants (33 uniques) d’altres tipus. El protocol es va validar en
un grup de 14 mostres de families amb HBOCS que es van analitzar en paral-lel juntament amb el
protocol utilitzat en aquell moment. El nou protocol desenvolupat basat en NGS va permetre identificar
totes les mutacions patogeniques i totes les altres variants genétiques, incloses les variants contingudes
o properes a homopolimers. El nou protocol demostra una sensibilitat i especificitat maximes,

necessaries per al diagnostic genétic de HBOCS i millora el protocol utilitzat fins ara en cost-eficacia.

Contribucié de la doctoranda: En aquest estudi la doctoranda ha participat realitzant les analisis
bioinformatiques, des de I'estudi dels diferents programes disponibles fent les proves pertinents amb
cadascun d’ells per a I'analisi de les dades, fins a triar el VIP com al millor software i realitzar les analisis
bioinformatiques de totes les carreres. Ha realitzat un estudi molt acurat dels filtres més adients per a
descartar falsos positius i per a determinar els passos del protocol d’analisi. Ha programat unes funcions
amb R per tal de recollir la informacié que genera el VIP i crear els informes, un informe amb els

resultats de la cobertura i amb els grafics associats, i un altre amb el llistat de variants amb la
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nomenclatura en CDS corresponent. Finalment ha participat en I'escriptura de I'article i la preparacid de

les taules i figures.
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Next-generation sequencing meets genetic
diagnostics: development of a comprehensive workflow
for the analysis of BRCAI and BRCAZ2 genes

Lidia Feliubadal6®, Adriana Lopez—Dorigaz’ﬁ, Ester Castellsaguél’ﬁ, Jesus del Valle!, Mireia Menéndez!,
Eva Tornero!, Eva Montes!, Raquel Cuesta!, Carolina Gémez!, Olga Camposl, Marta Pineda!, Sara Gonzalez!,
Victor Moreno?, Joan Brunet?, Ignacio Blanco!, Eduard Serra®, Gabriel Capellei1 and Conxi Lazaro*!

Next-generation sequencing (NGS) is changing genetic diagnosis due to its huge sequencing capacity and cost-effectiveness.
The aim of this study was to develop an NGS-based workflow for routine diagnostics for hereditary breast and ovarian cancer
syndrome (HBOCS), to improve genetic testing for BRCA1 and BRCA2. A NGS-based workflow was designed using BRCA
MASTR kit amplicon libraries followed by GS Junior pyrosequencing. Data analysis combined Variant Identification Pipeline
freely available software and ad hoc R scripts, including a cascade of filters to generate coverage and variant calling reports.

A BRCA homopolymer assay was performed in parallel. A research scheme was designed in two parts. A Training Set of 28 DNA
samples containing 23 unique pathogenic mutations and 213 other variants (33 unique) was used. The workflow was validated
in a set of 14 samples from HBOCS families in parallel with the current diagnostic workflow (Validation Set). The NGS-based
workflow developed permitted the identification of all pathogenic mutations and genetic variants, including those located in or
close to homopolymers. The use of NGS for detecting copy-number alterations was also investigated. The workflow meets the
sensitivity and specificity requirements for the genetic diagnosis of HBOCS and improves on the cost-effectiveness of current

approaches.
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INTRODUCTION

Next-generation sequencing (NGS) is an increasingly used technology
that generates up to gigabases of DNA reads at high speed and with
low cost per base. This high-throughput technology, based on
massively parallel sequencing of spatially separated DNA molecules,
is currently used with several available platforms, such as the Genome
Sequencer (Roche-454 Life Sciences, Indianapolis, IN, USA),
the Genome Analyzer/HiSeq/MiSeq (Illumina-Solexa, San Diego,
CA, USA), the SOLID System, Ion PGM/Ion Proton (Ion Torrent-
Invitrogen, Carlsbad, CA, USA), and the HeliScope from Helicos
BioSciences (Cambridge, MA, USA).12 In Roche-454 technology,
bead-attached DNA fragments clonally amplified in a water-in-oil
emulsion (emulsion PCR) are deposited in single-bead capacity
wells of a plate over which nucleotides flow sequentially, releasing
chemiluminescence only when a nucleotide is correctly incorporated
(pyrosequencing). In molecular diagnostics, targeted genomic
resequencing of pooled samples from different individuals benefits
from the high throughput achieved by using NGS technology. To
enrich the target fragments to be resequenced in this type of gene-
centric approach, PCR-based methods are generally used.>* BRCAI

and BRCA?2 are the two main highly penetrant genes that predispose
to hereditary breast and ovarian cancer syndrome (HBOCS).
Molecular diagnosis of HBOCS is essential for the provision of
genetic counseling and to establish preventive screening and
therapeutic strategies.® Although direct Sanger sequencing is
considered the gold standard for the analysis of BRCAI and BRCA2
mutations, their large size (5592bp and 10257bp, respectively),
and lack of mutation hot spots (see Breast Cancer Information
Core database: http://www.research.nhgri.nih.gov/bic/) mean useful
prescreening strategies.” Moreover, large genomic rearrangements
(LGRs) of these genes require the use of other complementary
techniques.!®!! The development of cost-effective. BRCA mutation
detection workflows will not only benefit the genetic counseling
process for patients with HBOCS but will also enhance the process of
selecting patients for personalized treatments, as could be the case of
PARP inhibitors, for example. Mutation analyses of BRCAI and
BRCA2 using NGS have been already performed for high-capacity
NGS platforms, such as the 454 FLX (Roche),'?> the Helicos
(Heliscope),'® the Genome Analyzer (Illumina)* and, very recently,
the GS Junior instrument.!* Most of these studies used large-capacity
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platforms that generally exceed the demand of most mid-sized genetic
testing laboratories and whose approaches are difficult to translate to
benchtop next-generation sequencers. Only one of the studies used
small-scale equipment, the GS Junior, but the number of samples
tested is very small and no discussion is offered regarding how to
overcome the main problem associated with pyrosequencing, that is,
DNA lectures in homopolymeric regions.!* Here, we present a
rigorous sensitivity and specificity analysis of our newly established
HBOCS workflow for genetic testing of BRCA genes using a small-
capacity next-generation instrument. We present data from a Training
Set and from a Validation Set of samples. We demonstrate that a
combined approach using the GS Junior platform and an specific
assay for homopolymeric tracts with a custom bioinformatics pipeline
provides accurate results that can be used for genetic diagnosis.

MATERIALS AND METHODS

Samples analyzed

In our unit, a multistep workflow including conformation-sensitive capillary
electrophoresis’ as a prescreening method for analysis of BRCA mutations was
used (Supplementary Figure 1). A total of 28 DNA samples previously
characterized by this workflow were used as a Training Set to setup our
NGS workflow, and 14 new DNAs were used as a Validation Set (see
Experimental design in the Results section). To properly compare NGS with
our workflow, only variants in heterozygosity were considered (as homozygous
variants are not detected by conformation-sensitive capillary electrophoresis).
This study was approved by our Institutional Review Board.

Multiplex PCR-based target amplification and resequencing

Target amplification of BRCAI and BRCA2 was achieved using BRCA MASTR
assays following manufacturer’s instructions (http://www.multiplicom.com).
Several versions of the kit were used as they were released. Briefly, the assay
generates a library of specific amplicons in two rounds of PCR: a first
multiplex PCR that amplifies the target sequences; and a second PCR to attach
MID (Multiplex Identifier) barcodes and 454 adapters to each amplicon. The
barcoded multiplex products were assessed by fluorescent labeling and
capillary electrophoresis, and quantified using Quant-iT PicoGreen (Invitro-
gen). Then, PCRs from different individuals were equimolarly pooled and
purified using AgencourtAMPure XP (Beckman Coulter, Beverly, MA, USA)
and PicoGreen quantified. Emulsion PCR of the combined purified libraries
was carried out using the GS Junior Titanium emPCR Kit (Lib-A) and
pyrosequenced on GS Junior following manufacturer’s instructions (Roche).

Data analysis

Reads from the GS Junior sequencer were analyzed with the open source
software Variant Identification Pipeline (VIP) version 1.4.1> Using VIP, the
reads from each sample were demultiplexed and then aligned against BRCAI
NG_005905.2 and BRCA2 NG_012772.1 reference sequences using the BLAT
algorithm.® Results from VIP were then processed using R (A Language and
Environment for Statistical Computing) commands. Specific primers from
each amplicon were trimmed and identified variants were annotated according
to the Human Genome Variation Society (HGVS) nomenclature
recommendations  version 2.0  (http://www.hgvs.org/mutnomen/). Two
reports were obtained: a coverage report, listing low-coverage fragments
indicated for further Sanger sequencing; and a variant report. Intronic
variants located deep inside introns (after position + 20 of the donor site
and before position —50 of the acceptor site) were not included in the variant
report. Multiple alignments of reads for each MID and amplicon were
visualized with the GS Amplicon Variant Analyzer v2.7 (AVA) software
(Roche). Scripts are available upon request (Lopez-Doriga et al, manuscript
in preparation).

We also evaluated the capacity to detect LGRs. Eight samples with known
rearrangements were tested in three different runs. One of the samples was
included in the Validation Set, and the other seven were added later. The
known LGRs consist of: deletion of exons 1-2, deletion of exons 1-13, deletion
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of exon 14, deletion of exon 20, deletion of exon 22, and duplication of exons
9-24 in BRCA1, and deletion of exons 1-24 and deletion of exon 2 in BRCA2.
To assess copy number for each amplicon, a methodology described elsewhere
was applied.® Briefly, the relative read count of an amplicon was determined
as the ratio of the read count for that amplicon over the sum of
all gene amplicons for the other gene in the specific multiplex to which the
amplicon belongs. Hence, to analyze BRCAI amplicons, we used the sum of
BRCA2 amplicons from the same multiplex, and vice versa. Next, intersample
normalization was performed, dividing each ratio by the average of the control
samples in the same experiment (at least three controls were used).

Homopolymer analysis

To treat homopolymers, the BRCA HP v2.0 (Multiplicom, Niel, Belgium) assay
was used. This kit targets all BRCAI- and BRCA2-coding homopolymer
stretches of 6bp or longer by producing 29 PCR products in two multiplex
reactions. Fragment length was assessed by capillary electrophoresis (3730 ABi
sequencer, Applied Biosystems, Foster City, CA, USA) and visualized with the
MAQ-S software (Multiplicom).

Sanger sequencing
All fragments with coverage under 38 x and all non-polymorphic DNA
variants identified were sequenced by Sanger.

RESULTS

Experimental design

The Training Set (28 samples analyzed in two experiments) contained
23 unique pathogenic mutations and 204 (33 unique) non-pathogenic
mutations or mutations with unknown significance DNA variants
(Supplementary Table 1) (Figure 1). In the Validation Set, 14 samples
were blindly sequenced together with a sample containing a multi-
exon duplication in BRCAI (Figure 1). To better assess the usefulness
of this approach to detect LGR, a set of seven positive samples
showing LGRs were also analyzed.

Workflow setup

In experiment 1, 28 samples were amplified with the BRCA MASTR
v1.2 kit (170 amplicons, Multiplicom) in four GS Junior runs (R1-R4)
(7 patients per run). Only 0.5% of the passed reads was lost, due to
short length, low quality or incorrect MIDs or primer sequences, and
did not map in the reference sequence. While experiment 1 was being
conducted, Multiplicom released a new kit (v2.0, 94 amplicons),
which was used in experiment 2 to reanalyze 14 samples from
experiment 1 in two runs (R5-R6).

Coverage analysis of the Training Set

The coverage of each run was evaluated (Table 1). In experiment 1,
the average mean base coverage was 69+ 27. The coverage for
the various MIDs used (MID1-MID15) did not exhibit any sig-
nificant difference (data not shown). The number of mapped reads
in R5 and R6 was similar to the runs in experiment 1, but coverage
was substantially increased (127 %53) due to the lower number
of amplicons. Of the 24 undercovered amplicons (coverage <38),
14 belonged to amplicon BRCAI_exon7 from different patients
(Supplementary Figure 2A).

Filters and variant calling in the Training Set

Next, identification of all the variants was investigated. First, each
experiment was analyzed alone (data not shown), then the results
were combined as the Training Set, incorporating into experiment 2
samples not repeated from experiment 1 (to avoid bias due to
duplication of samples). In total, 4260 variants were identified, of
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Figure 1 Experimental design. Our study was divided into two parts: the Training Set and the Validation Set. In the Training Set, 28 HBOCS samples,
already analyzed by our current diagnostic workflow, were assessed (Supplementary Figure 1). Of this group, 23 samples contained a variety of pathogenic
mutations, including challenging insertions and deletions, inside and outside homopolymeric regions, as well as a subset of non-pathogenic variants. The
remaining 5 samples belonged to affected individuals from high-risk HBOCS families, in whom no pathogenic mutation had been found after applying our
current multistep protocol. In total, this subset of 28 samples contained 23 unique pathogenic mutations and 213 (33 unique) non-pathogenic DNA
variants (Supplementary Table 1). The Training Set was subjected to two different experiments: in experiment 1, all 28 samples were amplified using BRCA
MASTR v1.2 and sequences in 4 runs; in experiment 2, 14 of the DNAs from experiment 1 were used but they were amplified with the newly released kit
(v2.0) and sequenced in two runs. In parallel, homopolymeric regions of all samples were studied with the BRCA HP kit. Thanks to the Training Set
experiment, we were able to define an NGS workflow for the genetic analysis of BRCA genes in the HBOCS diagnostic routine. In the Validation Set, we
assessed a total of 15 HBOC samples, 14 not previously tested and the remaining 1 containing a multi-exon duplication. These samples were analyzed in
parallel with our current diagnostic workflow and with the newly designed NGS workflow. In this case, experiment 3 was carried out using the most recent
version (v2.1) of the BRCA MASTR kit and samples were sequenced in three runs.

Table 1 Overall coverage results

Experiment 1
(BRCA MASTR v1.2)

Experiment 2
(BRCA MASTR v2.0)

Experiment 3
(BRCA MASTR v2.1)

Run R1 R2 R3 R4 R5 R6 R7 R8 R9
Samples 7 7 7 7 7 7 5 5 5
Passed reads 106 699 71391 77696 98227 76860 91653 89102 111668 83076
BRCA-mapped reads 106 303 70953 77339 97778 76559 91421 88699 110724 82718
(% of passed) (99.6%) (99.4%) (99.54%) (99.54%) (99.6%) (99.75%) (99.5%) (99.15%) (99.5%)
Coverage, mean 81.8 50.9 62.7 81.6 115 138 216 269 202
[min, max] [5,201] [0,133] [8,1571 [0,200] [5,498] [6,494] [43,595] [51,8071] [47,610]
Coverage SD 31.3 21.6 23.77 31.7 49.5 55.8 91.36 107.8 85.26
Coverage fold difference to mean 1.98/2.77 1.95/2.39 1.86/2.34 1.91/2.23 1.81/2.11 1.82/2.43 1.68/2.09 1.49/1.74 1.69/2.04
ratio 90%/95%

No. of bases< 38 9430 28947 15238 5680 2895 3696 0 0 0

(% of mapped) (8.2%) (25.2%) (13.3%) (4.9%) (1.78%) (2.28%)

No. of fragments< 38 106 318 178 74 10 14 0 0 0

- |6

which 223 were true positives (TP) and 4037 were false positives (FP).
The high proportion (95%) of FPs identified by the NGS platform
after alignment and raw variant calling means that filters are required.
To discard false positives, six filters were assessed as follows (Table 2):

(1) Insertions and deletions covered by the BRCA HP assay. This
filter is used to reduce the number of FP of insertions or deletions,
caused by HP of 6bp or longer (targetted by the assay), but also by
HP of 5bp (many of them covered by the BRCA HP assay PCRs).
This filter discarded 1730 FP and 11 TP. All these 11 TP, plus one

variant not detected by VIP (BRCAI c.1961delA, in a homopolymer
of 8 As), were found by the HP kit, which demonstrated to be clear
and completely reliable detecting length changes.

(2) Variants in regions with coverage below 38 x were considered
undercovered and thus Sanger sequenced. This coverage threshold
was based on De Leeneer’s calculations, according to which this
number of reads would allow to find an heterozygous variant for a
minimum frequency of 25% with a power of 99.9%. This sensitivity is
equivalent to a Phred score of 30.17 This filter discarded 97 FP and 10
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Table 2 Cumulative application of filters

12: 1-520; (1+2)-3: (1+2+3)—49: (1+2+3)-5¢: (1+2+3)-6:
Ins/del BRCA HP Cov< 38 VAF<0.25 Fcov= 0 or Rcov=0 FQ<30 & RQ< 30 Total Q <30
Before filters In Out In Out In Out In Out In Out In Out
Training Set
FP 4037 2307 1730 2210 97 512 1698 9 503 228 284 227 285
TP 223 212 11 202 10 202 0 200 2 201 1 200 2
Sensitivity 0.951 0.953 1.000 0.990 0.995 0.990
Specificity 0.429 0.042 0.769 0.982 0.555 0.557
Validation Set
FP 1471 872 599 872 0 168 704 3 165 59 109 59 109
TP 123 122 1 122 0 122 0 121 1 122 0 122 0
Sensitivity 0.992 1.000 1.000 0.992 1.000 1.000
Specificity 0.407 0.000 0.807 0.982 0.649 0.649

Variants retained (In) and discarded (Out) by the application of:

efilter 1: insertion or deletion covered by the BRCA HP assay.

bfilter 2: coverage below 38, to variants retained by filter 1.

filter 3: variant allele frequency below 0.25, to variants retained by filters 1 and 2.

dfilter 4: variant forward coverage or variant reverse coverage equal to O, to variants retained by filters 1, 2, and 3.
®filter 5: variant forward quality and variant reverse quality below 30, to variants retained by filters 1, 2, and 3.

ffilter 6: total variant quality below 30, to variants retained by filters 1, 2, and 3.

TP in the Training Set, all of them were confirmed by the subsequent
Sanger sequencing.

(3) Variants with an allele frequency <25% were disregarded. This
filter discarded 1698 additional FP for the Training Set but not any TP.

(4) Variants detected in only one strand. This filter, indicated by
VIP as the variant having forward coverage or reverse coverage equal
to 0, discarded 503 FP and 2 TP (additionally to filters 1+ 2+ 3).

(5) Variants with forward and reverse variant mean qualities below
30.12 This filter discarded 284 FP and 1 TP (additionally to filters
14+243).

(6) Variants with total quality below 30. This filter was very similar to
filter 5 but differed in some variants, so it was tested to compare with filters
4 and 5. Tt discarded 285 FP and 2 TP (additionally to filters 1+ 2+ 3).

We observed that the application of the first three filters did not lead
to the loss of any true mutation. These filters also lowered the number
of FP from 4037 to 512 (Supplementary Figure 3). Filters 46 (variants
detected in only one strand; variants with variant mean quality in
forward and reverse below 30; variants with total quality below 30)
resulted in the loss of 1 or 2 TP out of 28 samples, which is not
acceptable in a BRCA diagnostic setting. If these filters were not used,
Sanger sequencing of 512 FP and the 29 TP (23 pathogenic and 6
unknown significance variants, see Supplementary Table 1)
would be needed to provide robust results, considerably increasing
the cost and time of the workflow. Consequently, we opted for an
intermediate strategy that consisted in using filter 4 (variants detected
in only one strand) to generate a list of variants for which visual
inspection of the aligned region was required. Filter 4 was
chosen because it filtered most of the remaining FP (Table 2).
Supplementary Figure 4 uses Venn diagrams to show the common
and different FP and TP that filters 4, 5 and 6 would discard.
Visualization was performed using the Amplicon Variant Analysis
(AVA, Roche) software, permiting to discard artifactual variants
present only in one strand, while keeping real variants that were
wrongly aligned in different positions in both strands. This manual
analysis discarded 501 FP and 0 TP, leaving 2FP and 2TP for Sanger
sequence analysis (Supplementary Figure 3). Analysis of the HP assay
detected all of the insertions and deletions that fall between its
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primers. Sanger sequencing confirmed that all FPs were pyrosequen-
cing errors.

To summarize, in the Training Set we expected to find 227
heterozygous variants. Considering only the variant calling results
from GS Junior with the application of 3 filters, we found 202 TP
(none of which were discarded by the blind visual inspection); the HP
assay detected 12 more, and Sanger sequencing of low-coverage
regions identified the remaining 13 TP variants. As expected, FPs
decreased with the correlative application of filters and visualization
in our workflow design. Only 11 FP required Sanger sequencing to be
discarded. These numbers would correspond to an experimental
sensitivity and specificity for point mutations of 100% at the last step
of our workflow (Table 3). Consequently, complete analysis of the
Training Set enabled us to generate a new NGS-based workflow for
genetic testing of BRCA genes (Figure 2).

Variants in homopolymer sequences

Pyrosequencing of homopolymers presented a technical limitation, as
it was difficult to distinguish FP from TP deletions in homopolymer
stretches of 6bp or longer. Therefore, an HP assay is needed.
Examples of homopolymer difficulties are shown in Supplementary
Figure 5. Some variants in HP of 6bp or longer are also detected by
VIP but the BRCA HP assay is more reliable.

Validation Set
To validate the usefulness and readiness of the pipeline, 14 consecutive
samples received for diagnosis of HBOCS were simultaneously
analyzed by separate teams using NGS and our current workflow. A
fifteenth sample, which bears a pathogenic BRCAI mutation as well as
a duplication of exons 9-24 of BRCAI, was added to test whether
copy-number variation could be detected at this coverage. The library
for this Validation Set was created using a new version of the BRCA
MASTR kit (v2.1), in which the problem of coverage of BRCAI exon
7 was solved. To increase coverage, the 15 samples were sequenced in
3 GS Junior runs (R7-R9), 5 samples per run.

The average mean base coverage was 229 +95. The average fold
difference to mean ratio was 1.62 at the 10th percentile and 1.96 at the

38



Table 3 Variant calling results
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Training Set Validation Set

GS Juniort + Visual review + HP Kit + Sanger GS Juniort + Visual review + HP Kit + Sanger
True + 202 202 214 227 122 122 123 123
True — 613161 613662 613662 613673 347619 347783 347783 347787
False + 512 11 11 0 168 4 4 0
False — 12 12 0 0 1 1 0 0
Variants in low coverage 13 13 13 0 0 0 0 0
Sensitivity 0.88987 0.88987 0.94273 1.00000 0.99187 0.99187 1.00000 1.00000
Specificity 0.99917 0.99998 0.99998 1.00000 0.99952 0.99999 0.99999 1.00000

2After applying filters 1 +2+ 3.

DNA

/\

( NEXT GENERATION SEQUENCING
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(BRCA HP Assay -Multiplicom)

|

Target enrichment (BRCA MASTR -Multiplicom)
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Figure 2 Proposed workflow for analyzing BRCAI and BRCAZ using NGS. A
screening using the BRCA HP kit (Multiplicom) allows detection of
insertions or deletions located in homopolymers of 6 bp or longer and their
surroundings. Sanger sequencing confirms any aberrant pattern found.
Simultaneously, DNA samples are analyzed by NGS. BRCAI and BRCAZ2
coding regions and their intron—exon boundaries are amplified using the
BRCA MASTR kit (Multiplicom), adding specific identifiers (MIDs) for each
sample to pool them. Sequencing of the enriched regions from pooled
samples is performed by using 454 Titanium chemistry in a GS Junior
platform (Roche). Data generated by the sequencer are analyzed using the
public software VIP and R instructions, which allows us to align all of the
sequences generated, trim the surrounding regions of each amplicon
(adapters, MIDs and primers) and call putative variants. After filtering the
initial variants with filters 1, 2, 3 and 4, a subset (variants with null
forward or reverse coverage) is selected for visual inspection of their
alignment with AVA, which will discard obvious FPs. All remaining variants
are confirmed by Sanger sequencing. As our aim was to integrate this
approach into the diagnostic routine, this revision was performed
independently by two qualified technicians to generate a common list
indicating the decision for any variant under analysis. If a discrepancy arose
between the two referees, the most conservative decision was adopted.
Regions with low coverage (<38 x ) are also Sanger sequenced.

5th percentile (Table 1). No bases with coverage under 38 x were
observed, meaning that Sanger resequencing was unnecessary for low
coverage. For example, in experiment R7, all amplicons produced
coverage over 50X except amplicon BRCAI_ex20.1 in MIDI1
(Supplementary Figure 2B).

Our analysis algorithm detected 123 heterozygous variants in this
set of samples (2 of which were pathogenic). In all, 122 TP (none of
which were discarded by the blind visual inspection) were identified
by NGS plus filtering, and the remaining TP were detected by the
BRCA HP assay. The first three filters reduced FP from 1471 to 168.
After the visual alignment review, four FP remained, which were
adequately classified after Sanger sequencing. Also for the Validation
Set, an experimental sensitivity and an experimental specificity of
100% were achieved by the workflow (Table 3). However, as explained
thoroughly in Mattocks ef al,'8 when the measured sensitivity in the
validation of a qualitative test is 100%, a good estimation of the 95%
confidence interval should be calculated by the rule of three. As our
sample size consists in 123 mutations tested in the Validation Set, our
statistical power corresponds to a confidence interval >97.5%.

Large rearrangements detection

A large genomic duplication comprising exons 9-24 of BRCA
was included in the Validation Set in run R9. A total of 27 out of
30 amplicons involved in the duplication yielded a dosage quotient
value above 1.35, similar to the MLPA results. In addition, the borders
of the duplication were quite well defined. To explore the limitations
of this analysis in greater depth, we decided to add seven previously
identified LGRs showing different deletions and duplications.!*?0
These samples were analyzed in subsequent runs mixed with
samples without LGRs. In summary, all LGRs were detected
(Figure 3 and Supplementary Figure 6B), duplications showed
normalized amplicon values above 1.3 and deletions showed values
below 0.7. However, many other amplicons showed values outside
these limits (0.7-1.3) representing FPs, which were identified both in
control samples (Supplementary Figure 6A) and in other regions of
samples showing LGRs. In addition, when very large rearrangements
were present in one gene, amplicons from the other gene were
affected in the opposite direction due to a bias produced in the
normalization process, making it difficult to discriminate real dele-
tions/duplications from FP amplicons.

119

Cost efficiency
A study of all the consumables and time used, from DNA extraction
to obtain the final report, was performed with the aim of comparing

)
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Figure 3 Detection of LGRs using NGS results. Bar plots of the dose of NGS amplicons after normalization. X-axis: NGS amplicons. Y-axis: Count ratio
minus 1. Fragments with normalized ratios above 1.3 and below 0.7 are highlighted in black, indicating putative duplications and deletions, respectively.
(a) Control sample with no alterations. (b) Sample with a duplication of the region comprising BRCAI exons 9-24. (c) Sample with a deletion comprising

BRCAZ exon 2. (d) Sample with a deletion comprising exon 20 of BRCAL.

our former genetic testing strategy with the new strategy. We found
that the overall price of consumables was similar for both approaches
(conformation-sensitive capillary electrophoresis 4 Sanger sequencing
vs NGS + HP assay + Sanger sequencing), with an estimated cost of
€325 in each case. However, the hands-on time and turnaround time
were substantially different. By using our proposed NGS workflow, we
save 57% of the time cost per technician (down from 14 h/sample to
6h/sample) and obtain a reduction of ~25% in turnaround time
(down from 20 days for 13 samples to 15 days for 14 samples).

DISCUSSION

Here we present a complete workflow for the analysis of the BRCAI
and BRCA2 genes, based on the use of a multiplex PCR strategy
(Multiplicom) to generate the patient’s DNA library followed by
pyrosequencing using a benchtop NGS platform (GS Junior) and
subsequent bioinformatic analysis based on a combination of three
software (VIP, R, and AVA). The analysis of insertions and duplica-
tions in homopolymeric regions was performed by an HP assay
(Multiplicom). Our results indicate that this workflow achieves an
excellent performance for point mutations, with a specificity of 100%
and a sensitivity >97.5% (95% CI) (Figure 2, Table 2).

Our approach improves previous studies using NGS for BRCA genetic
testing in different aspects including: 1) the combination of a Training
and a Validation Set, which is the best way to accurately assess the
sensitivity of a given approach; 2) the development of a complete
algorithm, incorporating the use of the BRCA HP kit, allows us to reach
a sensitivity of 100% (>97.5% with a 95% confidence interval), keeping
with an excellent specificity (100%; >99.9991% with a 95% confidence
interval); and 3) the cost-effective analysis for BRCA analysis in a benchtop
NGS platform. Although it seems that improvements on analysis are still
needed, the presented results open the door to the identification of large
rearrangements, especially those affecting several exons.

The first step when using any NGS platform is to obtain the
patient’s DNA library for the region/s of interest. We selected a
commercial multiplex PCR assay (Multiplicom) because it offers
better reproducibility, more straightforward setup and better perfor-
mance than in-house methods. This assay showed increased efficiency
and homogeneity in the amplification of BRCA fragments with every
new version of the kit released. A crucial step in preparing a DNA
library for sequencing is to obtain equimolar proportions of all
studied fragments to prevent undercovered regions and avoid the
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need for high mean coverage, which would generate higher costs. The
latest version of the kit achieves an excellent ratio (1.96) between
mean coverage and the 5th percentile of coverage (Table 1). This
result outperforms the homogeneity previously reported by other
groups describing next-generation BRCA testing using either long-
range PCR,* primer-specific direct capture for single-molecule
sequencing,'® or in-house single/multiplex PCR.'>!* It is also
important to note that all of the MIDs used in the present study
showed similar coverage results. Overall, this commercial assay allows
the generation of a robust library for all the patients under study,
maximizing the number of samples analyzed in a run.

Pyrosequencing performance with the GS Junior has been found to
be similar to that of the GS FLX sys'[em,12 which also uses Roche-454
technology. The GS Junior offers a more convenient scale for a mid-
sized genetic testing laboratory, where the need to pool a large
number of samples to use the whole capacity of a GS FLX device
would increase waiting lists and, as a result, diagnostic turnaround
times. GS Junior offers low entry and operating costs, providing
conventional molecular diagnostics laboratories with a means of using
NGS. Compared with other NGS technologies, Roche pyrosequen-
cing currently offers the longest reads. This is advantageous for
aligning possible mid-size insertions and deletions. In this study, the
longest deletion tested (19 bp) was detected without a decrease in the
expected allele frequency. The main disadvantage of pyrosequencing
relative to other NGS technologies is the accuracy of length
determination in homopolymers.!»172! In pyrosequencing, the
light-intensity signal observed in each cycle is proportional to the
actual number of incorporated nucleotides, which is the base for
homopolymer length calling. The accuracy of this method decreases
with homopolymer length, which may eventually generate artefactual
insertions and deletions in long homopolymers.?>?* Our workflow
circumvents this problem by using the BRCA HP assay.

To analyze the results we designed our own bioinformatic analysis
pipeline using a combination of different software. VIP proved to find
every variant, when enough coverage, but one deletion in a HP of 8
and has the advantage of being open source, making it preferable to
other commercial software packages, which have only a limited
capacity for adaptation to particular genes or laboratory needs. The
generation of a reliable variant list is one of the most complex parts
of the analysis and a key stage in the implementation of all
next-generation platforms. The systematic application of a set of
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evaluated filters is needed.!> Ours is a four-filter approach: three run
automatically and a fourth filter generates a list of variants that require
visual examination or Sanger confirmation. Visual examination took
about 3 h per run per revisor, and both revisions provided concordant
results. Application of this four-filter approach left 16 fragments per
patient requiring visual inspection, after which only 1% of them
required Sanger confirmation. The fourth filter was able to remove a
substantial proportion of the FPs without losing any TP when
compared with other series.!”> The use of the commercial homo-
polymer kit was paramount for correctly reading sequences containing
homopolymer stretches, which often require visual inspection and/or
Sanger sequencing. Nevertheless, further development of tools for
analysis of HP regions in NGS is needed to improve performance and
to reduce the number of results requiring visual inspection.

In relation to the number of samples to be placed in each run, our
results indicate that 5-7 is optimal with the new version of the kit. The
latest version was experimentally tested using five samples and none of
the fragments required resequencing for low coverage. We also carried
out an in silico simulation of the same test with seven samples in each
run instead of the five samples tested experimentally. The simulation was
performed by randomly selecting 71% (five sevenths) of reads from each
run and following the same analysis pipeline as for the Validation Set.
The simulation results indicate that four fragments would have required
Sanger sequencing due to low coverage (2 for R7, 0 for R8 and 2 for R9;
that is, ~0.2 fragments per sample), maintaining the same specificity
and sensitivity as observed in the Validation Set (data not shown).

Although we have been able to detect LGRs, FPs have also been
identified both in control and in patient samples, indicating that the
specificity is too low for this method to be considered as an
alternative strategy for detecting this type of mutations with the
current software, kit protocol, and normalization procedures. Hope-
fully, in the near future, improvements to methodologies will lead to
better specificity, allowing this approach to be used for the identifica-
tion of LGRs in a diagnostic setting.

In a typical clinical setting, it is necessary to study a small number of
genes comprehensively with the certainty of covering the whole coding
region without any exception, with a sensitivity equal to or greater than
that of conventional Sanger sequencing. Few studies have tackled a
comprehensive assessment of specificity and sensitivity of NGS in the
context of the requirements needed for a clinical diagnosis laboratory.
To our knowledge, this is the first time that a NGS-based approach has
been developed to perform comprehensive genetic testing of BRCA
genes, including homopolymer regions, in a benchtop platform. We
propose here a workflow that, using the GS Junior platform, allowed
the identification of all DNA variants previously detected. A complete
methodological process together with a detailed bioinformatic pipeline
and validation of filters using open access programs has been critical to
this achievement. Our custom-designed NGS workflow for genetic
testing of BRCA genes meets the sensitivity and specificity requirements
for the genetic diagnosis of HBOCS, making it feasible and cost-
effective in comparison to current standards.
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Resultats

Supplemental Data Table 1. List of variants analyzed

Gene Mutation Pathog. RUN MID DetectionStep RUN MID DetectionStep
BRCA1  ¢.68_69delAG PAT 1 1 NGS 5 1 NGS
BRCA1  ¢.2082C>T POL 1 1 NGS 5 1 NGS
BRCA1  ¢.2311T>C POL 1 1 NGS 5 1 NGS
BRCA1 C.2612C>T POL 1 1 NGS 5 1 NGS
BRCA1  ¢.3113A>G POL 1 1 NGS 5 1 NGS
BRCA1  ¢.3548A>G POL 1 1 NGS 5 1 NGS
BRCA1  ¢.4308T>C POL 1 1 NGS 5 1 NGS
BRCA1  ¢.4837A>G POL 1 1 NGS 5 1 NGS
BRCA2 c.1114A>C POL 1 1 Sanger 5 1 NGS
BRCA2  ¢.3807T>C POL 1 1 NGS 5 1 NGS
BRCA1 C.212+1G>A PAT 1 2 NGS
BRCA2  c.-26G>A POL 1 2 NGS
BRCA2  ¢.3396A>G POL 1 2 NGS
BRCA2  ¢.3807T>C POL 1 2 NGS
BRCA2  ¢.7242A>G POL 1 2 NGS
BRCA2 €.7806-14T>C POL 1 2 NGS
BRCA1  c.431dupA PAT 1 3 NGS-Visual 5 3 Sanger
BRCA1  ¢.442-34T>C POL 1 3 NGS 5 3 NGS
BRCA1  ¢.2082C>T POL 1 3 NGS 5 3 NGS
BRCA1  ¢.2311T>C POL 1 3 NGS 5 3 NGS
BRCA1 C.2612C>T POL 1 3 NGS 5 3 NGS
BRCA1  ¢.3113A>G POL 1 3 NGS 5 3 NGS
BRCA1 C.3548A>G POL 1 3 NGS 5 3 NGS
BRCA1  ¢.4308T>C POL 1 3 NGS 5 3 NGS
BRCA1  ¢.4837A>G POL 1 3 NGS 5 3 NGS
BRCA1  ¢.5124G>A usv 1 3 Sanger 5 3 NGS
BRCA2  c.1114A>C POL 1 3 Sanger 5 3 NGS
BRCA1 C.2077G>A POL 1 4 NGS 5 4 NGS
BRCA2  ¢.956dupA PAT 1 4 HP Assay 5 4 HP Assay
BRCA1 c.2077G>A POL 1 5 NGS 5 5 NGS
BRCA1  ¢.2082C>T POL 1 5 NGS 5 5 NGS
BRCA1  ¢.2311T>C POL 1 5 NGS 5 5 NGS
BRCA1 C.2612C>T POL 1 5 NGS 5 5 NGS
BRCA1  ¢.3113A>G POL 1 5 NGS 5 5 NGS
BRCA1 C.3548A>G POL 1 5 NGS 5 5 NGS
BRCA1  ¢.4308T>C POL 1 5 NGS 5 5 NGS
BRCA1  ¢.4837A>G POL 1 5 NGS 5 5 NGS
BRCA2  c¢.2402_2420del PAT 1 5 NGS 5 5 NGS
BRCA1  ¢.2082C>T POL 1 6 NGS 5 6 NGS
BRCA1 €.2311T>C POL 1 6 NGS 5 6 NGS
BRCA1  ¢.2612C>T POL 1 6 NGS 5 6 NGS
BRCA1  ¢.3113A>G POL 1 6 NGS 5 6 NGS
BRCA1  ¢.3548A>G POL 1 6 NGS 5 6 NGS
BRCA1  ¢.4308T>C POL 1 6 NGS 5 6 NGS
BRCA1  c.4837A>G POL 1 6 NGS 5 6 NGS
BRCA2  c.6405_6409delCTTAA PAT 1 6 HP Assay 5 6 HP Assay
BRCA1  c.442-34T>C POL 1 7 Sanger
BRCA1  ¢.2082C>T POL 1 7 NGS
BRCA1  ¢.2311T>C POL 1 7 NGS
BRCA1  ¢.2612C>T POL 1 7 NGS
BRCA1  ¢.3113A>G POL 1 7 NGS
BRCA1 C.3119G>A POL 1 7 NGS
BRCA1  ¢.3548A>G POL 1 7 NGS
BRCA1  ¢.4308T>C POL 1 7 NGS
BRCA1  c.4837A>G POL 1 7 NGS
BRCA2 C.-26G>A POL 1 7 NGS
BRCA2 c.1114A>C POL 1 7 Sanger
BRCA2  ¢.3396A>G POL 1 7 NGS
BRCA2 C.5744C>T POL 1 7 NGS
BRCA2  c.7242A>G POL 1 7 NGS
BRCA2 €.7806-14T>C POL 1 7 NGS
BRCA2  ¢.9026_9030delATCAT PAT 1 7 HP Assay
BRCA2  c.-26G>A POL 2 1 NGS 6 9 NGS
BRCA2 c.1114A>C POL 2 1 Sanger 6 9 NGS
BRCA2  ¢.3396A>G POL 2 1 NGS-Visual 6 9 NGS
BRCA2  ¢.6275_6276delTT PAT 2 1 HP Assay 6 9 HP Assay
BRCA2  c.7242A>G POL 2 1 NGS 6 9 NGS
BRCA2 €.7806-14T>C POL 2 1 NGS 6 9 NGS
BRCA2 €.9257-16T>C POL 2 1 NGS 6 9 NGS
BRCA2  c.9976A>T POL 2 1 Sanger 6 9 NGS
BRCA1 c.591C>T POL 2 2 NGS 5 2 NGS
BRCA1  ¢.2082C>T POL 2 2 NGS 5 2 NGS
BRCA1  ¢.2311T>C POL 2 2 NGS 5 2 NGS
BRCA1  ¢.2612C>T POL 2 2 NGS 5 2 NGS
BRCA1  ¢.3113A>G POL 2 2 NGS 5 2 NGS
BRCA1 C.3548A>G POL 2 2 NGS 5 2 NGS
BRCA1  ¢.4308T>C POL 2 2 NGS 5 2 NGS
BRCA1  ¢.4837A>G POL 2 2 NGS 5 2 NGS
BRCA1  ¢.5123C>A PAT 2 2 Sanger 5 2 NGS
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BRCA2  c.1114A>C POL 2 2 Sanger 5 2 NGS
BRCA1 €.3770_3771delAG PAT 2 4 Sanger

BRCA1  ¢.5467+9C>A usv 2 4 NGS

BRCA2 c.1114A>C POL 2 4 Sanger

BRCA2  ¢.3807T>C POL 2 4 NGS

BRCA1 €.4107_4110dupATCT PAT 2 5 NGS

BRCA1  c.1961delA PAT 2 6 HP Assay

BRCA1  ¢c.2077G>A POL 2 6 NGS

BRCA1 C.2612C>T POL 2 7 NGS 5 7 NGS
BRCA2  c.-26G>A POL 2 7 NGS 5 7 NGS
BRCA2 c.1114A>C POL 2 7 Sanger 5 7 NGS
BRCA2  ¢.2803G>A POL 2 7 NGS 5 7 NGS
BRCA2  ¢.3396A>G POL 2 7 Sanger 5 7 NGS
BRCA2  ¢.5350_5351delAAinsT PAT 2 7 HP Assay 5 7 HP Assay
BRCA2  ¢.7242A>G POL 2 7 NGS 5 7 NGS
BRCA2 €.7806-14T>C POL 2 7 NGS 5 7 NGS
BRCA1  ¢.442-34T>C POL 2 8 Sanger

BRCA1  ¢.1121_1123delCACinsT PAT 2 8 HP Assay

BRCA1  ¢.2077G>A POL 2 8 NGS

BRCA1  ¢.2082C>T POL 2 8 NGS

BRCA1 €.2311T>C POL 2 8 NGS

BRCA1  ¢.2612C>T POL 2 8 NGS

BRCA1  ¢.3113A>G POL 2 8 NGS

BRCA1  ¢.3548A>G POL 2 8 NGS

BRCA1  ¢.4308T>C POL 2 8 NGS

BRCA1 C.4837A>G POL 2 8 NGS

BRCA2  c.1114A>C POL 2 8 Sanger

BRCA2 c.1128delT PAT 3 1 Sanger 6 10 NGS
BRCA2  ¢.3807T>C POL 3 1 NGS 6 10 NGS
BRCA2  ¢.7806-14T>C POL 3 1 NGS 6 10 NGS
BRCA2  ¢.10131_10133delAGA Usv 3 1 HP Assay 6 10 HP Assay
BRCA1  ¢.2082C>T POL 3 2 NGS

BRCA1 €.2311T>C POL 3 2 NGS

BRCA1  ¢.2612C>T POL 3 2 NGS

BRCA1  ¢.3113A>G POL 3 2 NGS

BRCA1  ¢.3548A>G POL 3 2 Sanger

BRCA1  ¢.4308T>C POL 3 2 NGS

BRCA1  c.4837A>G POL 3 2 NGS

BRCA2  ¢.2808_2811delACAA PAT 3 2 HP Assay

BRCA1  c.442-34T>C POL 3 3 NGS

BRCA1  c.1067A>G POL 3 3 NGS

BRCA2  c.-26G>A POL 3 3 NGS

BRCA2  ¢.3264dupT PAT 3 3 NGS

BRCA2  ¢.3396A>G POL 3 3 NGS

BRCA2  c.7242A>G POL 3 3 NGS

BRCA1  ¢.2082C>T POL 3 4 NGS

BRCA1  ¢.2311T>C POL 3 4 NGS

BRCA1  c.2397T>A usv 3 4 NGS-Visual

BRCAl  ¢.2612C>T POL 3 4 NGS

BRCA1 c.3113A>G POL 3 4 NGS

BRCA1  ¢.3548A>G POL 3 4 NGS

BRCA1  c.4308T>C POL 3 4 NGS

BRCA1  c.4837A>G POL 3 4 NGS

BRCA1  c.5144G>A PAT 3 4 Sanger

BRCA2  c.865A>C POL 3 4 NGS

BRCA2  ¢.1365A>G POL 3 4 NGS

BRCA2  ¢.2229T>C POL 3 4 NGS-Visual

BRCA2  ¢.2971A>G POL 3 4 NGS

BRCA1  ¢.442-34T>C POL 3 5 NGS

BRCA1  ¢.2082C>T POL 3 5 NGS

BRCA1  ¢.2311T>C POL 3 5 NGS

BRCA1 C.2612C>T POL 3 5 NGS

BRCA1  ¢.3113A>G POL 3 5 NGS

BRCA1  c.3548A>G POL 3 5 NGS

BRCA1  c.4226A>T usv 3 5 NGS

BRCA1  ¢.4308T>C POL 3 5 NGS

BRCA1  c.4837A>G POL 3 5 NGS

BRCA2  c.1114A>C POL 3 5 Sanger

BRCA2 ¢.5720_5723delCTCT PAT 3 5 HP Assay

BRCA2  ¢.7806-14T>C POL 3 5 NGS

BRCA1 €.1953_1956delGAAA PAT 3 6 HP Assay 6 11 HP Assay
BRCA2  c.-26G>A POL 3 6 NGS 6 11 NGS
BRCA2  ¢.865A>C POL 3 6 NGS 6 11 NGS
BRCA2  c.1365A>G POL 3 6 NGS 6 11 NGS
BRCA2  ¢.2229T>C POL 3 6 Sanger 6 11 NGS
BRCA2  c.2971A>G POL 3 6 NGS 6 11 NGS
BRCA2  ¢.3396A>G POL 3 6 Sanger 6 11 NGS
BRCA2  ¢.7806-14T>C POL 3 6 NGS 6 11 NGS
BRCA1  ¢.2082C>T POL 3 7 NGS

BRCA1  ¢.2311T>C POL 3 7 NGS

BRCA1 c.3113A>G POL 3 7 NGS

BRCA1  ¢.3418A>G POL 3 7 NGS
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BRCA1  ¢.3548A>G POL 3 7 NGS

BRCA1  ¢.4308T>C POL 3 7 NGS

BRCA1  c.4837A>G POL 3 7 NGS

BRCA2 C.-26G>A POL 3 7 NGS

BRCA2  c.1114A>C POL 3 7 Sanger

BRCA2  ¢.3396A>G POL 3 7 Sanger

BRCA2  c.7242A>G POL 3 7 NGS

BRCA2  c.8946delA PAT 3 7 HP Assay

BRCA1 c.1571C>T usv 4 1 NGS

BRCA1  ¢.2082C>T POL 4 1 NGS

BRCA1  ¢.2311T>C POL 4 1 NGS

BRCA1  ¢.2612C>T POL 4 1 NGS

BRCA1  ¢.3113A>G POL 4 1 NGS

BRCA1 €.3257T>G PAT 4 1 NGS

BRCA1  ¢.3548A>G POL 4 1 NGS

BRCA1 €.4308T>C POL 4 1 NGS

BRCA1  c.4837A>G POL 4 1 NGS

BRCA2  ¢.3807T>C POL 4 1 NGS

BRCA2  ¢.7806-14T>C POL 4 1 NGS

BRCA2  ¢.3807T>C POL 4 2 NGS

BRCA2 €.7806-14T>C POL 4 2 NGS

BRCA2  ¢.7977-1G>A PAT 4 2 NGS

BRCA2  c.1114A>C POL 4 3 Sanger

BRCA2  c.3396A>G POL 4 3 NGS

BRCA2  c.7242A>G POL 4 3 NGS

BRCA2  ¢.7806-14T>C POL 4 3 NGS

BRCA1  ¢.2082C>T POL 4 4 NGS 6 12 NGS
BRCA1 €.2311T>C POL 4 4 NGS 6 12 NGS
BRCA1  ¢.2612C>T POL 4 4 NGS 6 12 NGS
BRCA1  ¢.3113A>G POL 4 4 NGS 6 12 NGS
BRCA1  c.3548A>G POL 4 4 NGS 6 12 NGS
BRCA1  ¢.4308T>C POL 4 4 NGS 6 12 NGS
BRCA1 C.4837A>G POL 4 4 NGS 6 12 NGS
BRCA2  c.-26G>A POL 4 4 NGS 6 12 NGS
BRCA2  c.7242A>G POL 4 4 NGS 6 12 NGS
BRCA2  ¢.7806-14T>C POL 4 4 NGS 6 12 NGS
BRCA1 C.442-34T>C POL 4 5 NGS 6 13 NGS
BRCAl1  c.1067A>G POL 4 5 NGS 6 13 NGS
BRCA1  ¢.2077G>A POL 4 5 NGS 6 13 NGS
BRCA1 €.2082C>T POL 4 5 NGS 6 13 NGS
BRCA1  ¢.2311T>C POL 4 5 NGS 6 13 NGS
BRCA1 €.2612C>T POL 4 5 NGS 6 13 NGS
BRCA1  c.3113A>G POL 4 5 NGS 6 13 NGS
BRCA1  ¢.3548A>G POL 4 5 NGS 6 13 NGS
BRCA1  ¢.4308T>C POL 4 5 NGS 6 13 NGS
BRCA1  c.4837A>G POL 4 5 NGS 6 13 NGS
BRCA2 c.1114A>C POL 4 5 NGS 6 13 NGS
BRCA2  ¢.3807T>C POL 4 5 NGS 6 13 NGS
BRCA1 C.442-34T>C POL 4 6 NGS 6 14 NGS
BRCA1 C.3119G>A POL 4 6 NGS 6 14 NGS
BRCA2  ¢.3807T>C POL 4 6 NGS 6 14 NGS
BRCA2 €.7806-14T>C POL 4 6 NGS 6 14 NGS
BRCA1  c.2077G>A POL 4 7 NGS 6 15 NGS
BRCA1 €.2082C>T POL 4 7 NGS 6 15 NGS
BRCA1  ¢.2311T>C POL 4 7 NGS 6 15 NGS
BRCA1  ¢.2612C>T POL 4 7 NGS 6 15 NGS
BRCA1 c.3113A>G POL 4 7 NGS 6 15 NGS
BRCA1  ¢.3548A>G POL 4 7 NGS 6 15 NGS
BRCA1  ¢.4308T>C POL 4 7 NGS 6 15 NGS
BRCA1  c.4837A>G POL 4 7 NGS 6 15 NGS
BRCA2 C.-26G>A POL 4 7 NGS 6 15 NGS
BRCA2  ¢.3396A>G POL 4 7 NGS 6 15 NGS
BRCA2  ¢.3807T>C POL 4 7 NGS 6 15 NGS
BRCA2 C.5744C>T POL 4 7 NGS 6 15 NGS
BRCA2  c.7242A>G POL 4 7 NGS 6 15 NGS
BRCA2 €.7806-14T>C POL 4 7 NGS 6 15 NGS
BRCA1  c.442-34C>T POL 7 1 NGS

BRCA1  ¢.2082C>T POL 7 1 NGS

BRCA1 €.2311T>C POL 7 1 NGS

BRCA1  ¢.2612C>T POL 7 1 NGS

BRCA1  ¢.3113A>G POL 7 1 NGS

BRCA1  c.3548A>G POL 7 1 NGS

BRCA1  ¢.4308T>C POL 7 1 NGS

BRCA1 C.4837A>G POL 7 1 NGS

BRCA2  c.-26G>A POL 7 1 NGS

BRCA2 C.7242A>G POL 7 1 NGS

BRCA2  ¢.7806-14T>C POL 7 1 NGS

BRCA1 C.442-34C>T POL 7 2 NGS

BRCA1  c.1067A>G POL 7 2 NGS

BRCA2  c.1114A>C POL 7 2 NGS

BRCA2 €.3807T>C POL 7 2 NGS

BRCA2  ¢.9257-16T>C POL 7 2 NGS
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BRCA2  c.9976A>T POL 7 2 NGS
BRCA1 €.2082C>T POL 7 3 NGS
BRCA1  ¢.2311T>C POL 7 3 NGS
BRCA1 C.2612C>T POL 7 3 NGS
BRCA1  c.3113A>G POL 7 3 NGS
BRCA1  ¢.3548A>G POL 7 3 NGS
BRCA1  ¢.4308T>C POL 7 3 NGS
BRCA1  c.4837A>G POL 7 3 NGS
BRCA2 c.1114A>C POL 7 3 NGS
BRCA2  ¢.2803G>A POL 7 3 NGS
BRCA2  ¢.3807T>C POL 7 3 NGS
BRCA1  ¢.2077G>A POL 7 4 NGS
BRCA2 C.-26G>A POL 7 4 NGS
BRCA2  c.68-7T>A usv 7 4 NGS-Visual
BRCA1  ¢.2082C>T POL 7 5 NGS
BRCA1 €.2311T>C POL 7 5 NGS
BRCA1  ¢.2612C>T POL 7 5 NGS
BRCA1  ¢.3113A>G POL 7 5 NGS
BRCA1  c.3548A>G POL 7 5 NGS
BRCA1  ¢.4308T>C POL 7 5 NGS
BRCA1 C.4837A>G POL 7 5 NGS
BRCA2  c.-26G>A POL 7 5 NGS
BRCA2  ¢.1938C>T POL 7 5 NGS
BRCA2  c.3396A>G POL 7 5 NGS
BRCA2  c.7242A>G POL 7 5 NGS
BRCA1 €.2082C>T POL 8 1 NGS
BRCA1  ¢.2311T>C POL 8 1 NGS
BRCA1 C.2612C>T POL 8 1 NGS
BRCA1  c.3113A>G POL 8 1 NGS
BRCA1  ¢.3548A>G POL 8 1 NGS
BRCA1  ¢.4308T>C POL 8 1 NGS
BRCA1  c.4837A>G POL 8 1 NGS
BRCA2  ¢.865A>C POL 8 1 NGS
BRCA2  c.1114A>C POL 8 1 NGS
BRCA2  c.1365A>G POL 8 1 NGS
BRCA2  ¢.2229T>C POL 8 1 NGS
BRCA2  c.2971A>G POL 8 1 NGS
BRCA2 €.3847_3848delGT PAT 8 1 HP Assay
BRCA1  c.442-34C>T POL 8 2 NGS
BRCA2 C.-26G>A POL 8 2 NGS
BRCA2  ¢.3396A>G POL 8 2 NGS
BRCA2  ¢.3807T>C POL 8 2 NGS
BRCA2  c.5744C>T POL 8 2 NGS
BRCA2  c.7242A>G POL 8 2 NGS
BRCA2  ¢.7806-14T>C POL 8 2 NGS
BRCA1  c.442-34C>T POL 8 6 NGS
BRCA1  c.1067A>G POL 8 6 NGS
BRCA1  ¢.2082C>T POL 8 6 NGS
BRCA1  ¢.2311T>C POL 8 6 NGS
BRCA1 C.2612C>T POL 8 6 NGS
BRCA1  ¢.3113A>G POL 8 6 NGS
BRCA1  ¢.3548A>G POL 8 6 NGS
BRCA1  ¢.4308T>C POL 8 6 NGS
BRCA1  c.4837A>G POL 8 6 NGS
BRCA2  c.1114A>C POL 8 6 NGS
BRCA2  ¢.7806-14T>C POL 8 6 NGS
BRCA1 C.442-34C>T POL 8 7 NGS
BRCA1  c.1067A>G POL 8 7 NGS
BRCA1  ¢.2082C>T POL 8 7 NGS
BRCA1  ¢.2311T>C POL 8 7 NGS
BRCA1  ¢.2612C>T POL 8 7 NGS
BRCA1 c.3113A>G POL 8 7 NGS
BRCA1  ¢.3548A>G POL 8 7 NGS
BRCA1  ¢.4308T>C POL 8 7 NGS
BRCA1  c.4837A>G POL 8 7 NGS
BRCA2  c.865A>C POL 8 7 NGS
BRCA2  c.1114A>C POL 8 7 NGS
BRCA2  c.1365A>G POL 8 7 NGS
BRCA2  ¢.2229T>C POL 8 7 NGS
BRCA2  c.2971A>G POL 8 7 NGS
BRCA2  ¢.7806-14T>C POL 8 7 NGS
BRCA2  ¢.8851G>A POL 8 7 NGS
BRCA2  ¢.7806-14T>C POL 8 8 NGS
BRCA1 €.2082C>T POL 9 3 NGS
BRCA1  ¢.2311T>C POL 9 3 NGS
BRCA1 C.2612C>T POL 9 3 NGS
BRCA1  c.3113A>G POL 9 3 NGS
BRCA1  ¢.3548A>G POL 9 3 NGS
BRCA1  ¢.4308T>C POL 9 3 NGS
BRCA1  c.4837A>G POL 9 3 NGS
BRCA2  ¢.865A>C POL 9 3 NGS
BRCA2  c.1365A>G POL 9 3 NGS
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BRCA2  ¢.2229T>C POL 9 3 NGS
BRCA2  ¢.2971A>G POL 9 3 NGS
BRCA2  c.-26G>A POL 9 4 NGS
BRCA2  ¢.3396A>G POL 9 4 NGS
BRCA2  ¢.3807T>C POL 9 4 NGS
BRCA2  c.-26G>A POL 9 5 NGS
BRCA2  ¢.3396A>G POL 9 5 NGS
BRCA2  c.7242A>G POL 9 5 NGS
BRCA1  ¢.2082C>T POL 9 6 NGS
BRCA1  ¢.2311T>C POL 9 6 NGS
BRCA1  c.2612C>T POL 9 6 NGS
BRCA1  ¢.3113A>G POL 9 6 NGS
BRCA1  ¢.3548A>G POL 9 6 NGS
BRCA1  ¢.4308T>C POL 9 6 NGS
BRCAL1  c.4837A>G POL 9 6 NGS
BRCA2  c.1114A>C POL 9 6 NGS
BRCA2  ¢.3396A>G POL 9 6 NGS
BRCA2  c.7242A>G POL 9 6 NGS
BRCA2  ¢.7806-14T>C POL 9 6 NGS
BRCA2  ¢.9257-16T>C POL 9 6 NGS
BRCA2  c.9976A>T POL 9 6 NGS
BRCAL1  ¢.68_69delAG PAT 9 7 NGS
BRCA2  c.-26G>A POL 9 7 NGS
BRCA2  c.1114A>C POL 9 7 NGS
BRCA2  ¢.3396A>G POL 9 7 NGS

Comprehensive list of all variants analyzed in the present study. Variant names are based on HGVS
nomenclature v2.0. Pathogenicity of variants is described according to our mutation database (PAT:
pathogenic; USV: unknown significance variant; POL: polymorphism). Run number refers to the run in
which the sample was first run, the MID assigned to the sample in this run, the step at which the variant
was detected in this run (NGS: after analyzing the NGS run and applying the 4 filters of our pipeline; NGS-
Visual: after analyzing the NGS run, applying the 4 filters of our pipeline and passing the visual inspection
and Sanger sequencing; HP Assay: in the BRCA HP v2.0 assay (note that although 13 variants appear as
found by the HP assay, all but one, have been found by VIP and filtered out by filter 1); Sanger: by Sanger
Sequencing of low coverage regions (most of them were identified by VIP but discarded by filter 2). When
a sample was run twice, the last 3 columns were repeated, with the information corresponding to the
second run, MID and step at which the variant was found for the second time.
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Supplementary Figure 1. Workflow used to screen for BRCA1 and BRCA2 mutations in our
Molecular Diagnostics Unit

A cascade workflow for mutational analysis of BRCA1 and BRCA2 is used. Briefly, MLPA (Multiplex
ligation-dependent probe amplification, MRC-Holland) is performed to detect large rearrangements
followed by analysis of recurrent mutations using an in-house designed Sequenom assay (data not
shown). If negative, Conformation Sensitive Capillary Electrophoresis (CSCE) analysis and sequencing of
aberrant patterns is performed. CSCE is a method based on heteroduplex analysis and has shown
sensitivity for heterozygous variants comparable to that of Sanger sequencing, with a lower cost. The
limitation of this technique is that only heterozygous DNA changes are found, although this is not a
drawback when searching for DNA mutations responsible for autosomal dominant syndromes. Hence, for
the present study only variants in heterozygosity covered by both CSCE and Multiplicom kits were
considered. However, Sequenom genotyping of the common polymorphisms included in our previous
pipeline detected 99 homozygous polymorphisms, all of which were confirmed in the new NGS workflow.
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47



Resultats

Supplementary Figure 2. Coverage distribution

Coverage distribution for each amplicon of BRCA1 and BRCA2 in 5 MIDs of Runs R5 and R7, from

Experiments 2 (A) and 3 (B), respectively. The red line indicates the minimum coverage threshold of 38x.
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Supplementary Figure 3. NGS workflow showing true and false positives resulting from each step
Proposed workflow for BRCA1 and BRCAZ2analysis, indicating the number of true positives (TP) and false
positives (FP) resulting from each technique, filtering or inspection step. Results from the Training Set are
marked with green labels, results from the Validation Set are marked with blue labels. True positives
filtered out by filters 1 and 2 are recovered by the homopolymer testing and Sanger sequencing,
respectively, of regions indicated by the coverage report. The Sanger sequencing load is decreased
thanks to the bypass of visual classification of variants detected in only one strand, indicated by VIP as
having forward coverage or reverse coverage of zero (Fcov=0 or Rcov=0). Thanks to this workflow, all
variants detected in our previous workflow (227 in the Training Set and 123 Validation Set) were identified
by the NGS workflow and only 11 FP in the Training Set and four FP in the Validation Set needed Sanger
sequencing to be discarded.
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Supplementary Figure 4. Venn diagrams showing similarities between filters 4, 5 and 6

Venn diagrams showing the common and different false positives (A) and true positives (B) that filters 4
(green circle), 5 (blue circle) and 6 (red circle) would discard. Drawn with the Venn diagram generator
available at the Chris Seidel web page: http://www.pangloss.com/seidel/Protocols/venn.cgi.
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Supplementary Figure 5. Examples of variants in homopolymers and usefulness of the HP kit

Three scenarios in which homopolymers cause confusion and the HP assay or the visual inspection of
alignment are needed to correctly classify the variant. For each of them, a portion (the window cannot
accommodate all the reads) of the AVA alignment is shown, followed by a relevant portion of the MAQ-S
graph for the analysis of the corresponding HP assay. A) BRCA2 c.956dupA, a duplication in a
homopolymer of 6 nucleotides, found by VIP and confirmed by the HP assay. B) BRCA1 c.1961delA, a
deletion in a homopolymer of 8 nucleotides, not found by VIP in the correct MID (MIDB6, to the left) but
found in some other MIDs (one of them shown to the right) and correctly detected by the HP assay. C)
BRCAZ2 c.8946delA, a deletion in a homopolymer of five nucleotides, covered by the HP assay due to its
proximity to a homopolymer of 7 nucleotides, compared to the same region in another MID, shown to the
right. Note that the sample to the right without the BRCA2 ¢.8946delA presents a double peak in a different
amplicon of the HP assay, due to the true positive BRCA2 ¢.2802_2811delACAA, not in a homopolymer
but also covered by the kit.

A
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Supplementary Figure 6A. Detection of large genomic rearrangements (LGRs) using NGS results
Bar plots of the dose of NGS amplicons after normalization. X-axis: NGS amplicons. Y-axis: Count ratio
minus 1. Fragments with normalized ratios over 1.3 are highlighted in green, indicating putative
duplications. Fragments with ratios below 0.7 are shown in red, indicating putative deletions. A) 11 plots
from control samples with no alterations, plots 1, 2, 3 and 7 show false positive alterations.

10

11

15=08 @5 15-085 Ob

15=-08 95 165-08 05 1.5-08 05 0505 05 E05 05 W5-05 05
i i i i i J

13-05% 035

15-085 G5

=08 Qb

i i F & 4 J i1 & i

#:—WW—WMJ—

f—ﬂmﬁrf—-ﬂw‘mﬁ—&—LJ—'—aL#‘hm—&ul‘uﬂ

BRCA1 BRCAZ

52



Resultats

Supplementary Figure 6B. Detection of large genomic rearrangements (LGRs) using NGS results

Bar plots of the dose of NGS amplicons after normalization. X-axis: NGS amplicons. Y-axis: Count ratio
minus 1. Fragments with normalized ratios over 1.3 are highlighted in green, indicating putative
duplications. Fragments with ratios below 0.7 are shown in red, indicating putative deletions. B) 8 plots
representing 8 samples with LGRs: (1) Sample with a deletion of the region comprising BRCA2 exons 1-24
; (2) Sample with a deletion comprising BRCA1 exons 1-13 ; (3) Sample with a deletion comprising exon
20 of BRCA1,; (4) Sample with a deletion comprising BRCA1 exon 2; (5) Sample with a deletion comprising
BRCA2 exon 2; (6) Sample with a deletion comprising BRCA1 exon 14; (7) Sample with a deletion
comprising BRCAL exon 22; (8) Sample with a duplication of the region comprising BRCA1 exons 9-24.
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ARTICLE 2

ICO Amplicon NGS Data Analysis: A Web Tool for Variant Detection in Common High-Risk Hereditary

Cancer Genes Analyzed by Amplicon GS Junior Next-Generation Sequencing

Adriana Lopez-Doriga, Lidia Feliubadald, Mireia Menéndez, Sergio Lopez-Doriga, Francisco D. Morén-Duran, Jesus
del Valle, Eva Tornero, Eva Montes, Raquel Cuesta, Olga Campos, Carolina Gdmez, Marta Pineda, Sara Gonzalez,

Victor Moreno, Gabriel Capelld, and Conxi Lazaro

Resum del treball: La seqiienciaci6 de nova generacié (Next Generation Sequencing, NGS) ha
revolucionat la recerca genomica, i va en cami de tenir un major impacte en el diagnostic genétic gracies
a I'arribada de sequienciadors de capacitat moderada i de desenvolpaments flexibles per analitzar les
regions d’interés determinades per a cada malaltia. Entre les dificultats principals de la NGS es troba la
realitzacidé de I'analisi bioinformatica, pel gran volum de dades que genera, i per la dificultat d’abordar
la gran quantitat de falsos positius que es poden obtenir segons la tecnologia de NGS utilitzada i el
protocol d’analisi seguit. En aquest article es presenta el desenvolupament d’una eina oberta executable
via web, per a detectar i filtrar variants, i per a proporcionar informacié de la cobertura, permetent a
I"'usuari personalitzar alguns parametres basics. Aquesta eina s’ha desenvolupat per a realitzar les
analisis genétiques de la resequlienciacié per amplicons d’alguns gens especifics d’alt risc per a cancer
hereditari, utilitzant el seqlienciador GS Junior. La web esta vinculada a la base de dades de mutacions
de la nostra institucié per ajudar a la classificacié clinica de les variants identificades. Creiem que

aquesta eina pot facilitar I’Us de la NGS en la rutina d’alguns laboratoris.

A més de |'eina oberta publicada a I'article, s’ha desenvolupat una eina web més personalitzada per a
I’Gs rutinari de la Unitat de Diagnostic Molecular, dins del Programa de Cancer Hereditari de I'Institut
Catala d'Oncologia, on s’han adaptat els formats dels resultats i s’ha afegit un modul que permet indicar
els encebadors necessaris per a validar per seqlienciacié Sanger les variants detectades, d’acord amb els

oligonucleotids disponibles al laboratori.

Contribucié de la doctoranda: En aquest article la doctoranda ha realizat I'estudi del nou software
disponible per a I'analisi de les dades i ha fet les proves pertinents amb cadascun d’ells. Un cop triats els
software per a I'alineament i la deteccid de variants, ha realitzat un estudi dels parametres més adients
per a les dades del GS Junior i les llibreries de Multiplicom. A continuacid ha programat les funcions en R
per a la generacié dels informes amb els resultats de cobertura i de variants. També ha programat el

protocol unint cada procés de I'analisi (lectura i transformacié de les dades, alineament, deteccié de
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variants i generacid d’informes) relacionant-lo amb la pagina web. Ha dissenyat la pagina web per a que
altres investigadors la poguessin programar. Finalment, ha realitzat la major part de I'escriptura de

I'article i la preparacié de les figures i de tot el material suplementari de la pagina web.
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ABSTRACT: Next-generation sequencing (NGS) has rev-
olutionized genomic research and is set to have a major
impact on genetic diagnostics thanks to the advent of
benchtop sequencers and flexible kits for targeted libraries.
Among the main hurdles in NGS are the difficulty of per-
forming bioinformatic analysis of the huge volume of data
generated and the high number of false positive calls that
could be obtained, depending on the NGS technology and
the analysis pipeline. Here, we present the development
of a free and user-friendly Web data analysis tool that
detects and filters sequence variants, provides coverage
information, and allows the user to customize some basic
parameters. The tool has been developed to provide ac-
curate genetic analysis of targeted sequencing of common
high-risk hereditary cancer genes using amplicon libraries
run in a GS Junior System. The Web resource is linked to
our own mutation database, to assist in the clinical classifi-
cation of identified variants. We believe that this tool will
greatly facilitate the use of the NGS approach in routine
laboratories.
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Introduction

In the past 2 years, an enormous shift in the field of genetic testing
has begun, mainly due to the implementation of next-generation
sequencing (NGS) methodologies in medium scale or benchtop se-
quencers. The development of these instruments, together with the
launch of commercial kits to enrich for a few genes, has permitted
the use of NGS for mutational analysis of a small number of genes,
in a small number of samples, in a short period of time and in a cost-
effective manner, with the quality required for diagnosis purposes
[Ku et al.,, 2013]. Although laboratory protocols for the different
platforms are available, analytical expertise is needed to obtain re-
sults that can be used for clinical purposes. One of the critical steps
when using these instruments is the interpretation of the enormous
quantity of data, which underlines the need for bioinformatic tools
to better interpret results and to facilitate the implementation of
NGS in routine laboratories.

Mutational analysis of high-risk cancer susceptibility genes is
mandatory to better determine the familial and individual risk of
developing cancer and to personalize surveillance measures and im-
prove genetic counseling [Lynch et al., 2008; Shannon and Chitten-
den, 2012]. The main genetic analyses performed in hereditary can-
cer molecular diagnostics units comprise genetic testing of BRCAI
and BRCA?2 in patients suspected of hereditary breast and ovarian
cancer (HBOC) Syndrome, analysis of APC,and MUTYHin patients
suspected of classical or attenuated familial adenomatous polyposis
(FAP), and sequencing of mismatch repair genes (MLHI, MLH2,
MSHS6, and PMS2) in patients suspected of hereditary nonpolyposis
colorectal cancer (HNPCC) or Lynch syndrome. Mutation analysis
of these eight genes allows the identification of germline muta-
tions in a significant number of patients. To sequence these genes,
recent medium-throughput sequencing platforms are perfect for
small- or medium-sized laboratories as they provide high-resolution
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results in a short time at a moderate price [Ku et al., 2012]. Among
these platforms, 454 GS Junior from Roche AG (Basel, Switzerland)
provides the longest reads and allows users to combine targeted li-
braries of several genes from different bar-coded samples in a single
run. Multiplicom (Niel, Belgium) has developed a set of different
targeted library generation kits for the analysis of several hereditary
cancer syndromes using multiplex amplification, which have proved
to be useful for genetic testing [Feliubadald et al., 2013]. One of the
critical points in NGS protocols is the bioinformatic analysis of the
huge quantity of data obtained in each run. Some commercial appli-
cations are available for pyrosequencing data analysis, such as AVA
(Roche), CLC-Bio Genomic Workbench (CLC bio, Aahrus, Den-
mark), and SeqNext (JSI medical systems GmbH, Kippenheim, Ger-
many). However, the code of these applications is secret and closed,
which prevents users from controlling the processes being executed
and restricts the parameters that can be customized. Open-source
applications like VIP [De Schrijver et al., 2010], BWA alignment al-
gorithm [Li and Durbin, 2009], and R (a language and environment
for statistical computing) [R Core Team, 2012] are not user friendly
and require users to have some degree of bioinformatics skills.

Here, we present a free, accurate, and user-friendly Web-based
tool to perform the bioinformatic analysis of data obtained using
the GS Junior sequencer. Our algorithm detects and filters sequence
variants, providing coverage information, and allowing the user to
customize some of the basic parameters. We hope that this tool will
provide invaluable support to users of this platform for hereditary
cancer gene analysis.

Overview of the ICO Amplicon NGS Data Analysis
Web Tool

Our Web tool combines different open-source applications for
the comprehensive analysis of NGS data. These applications are:
(1) BWA-MEM (Li, 2013. Aligning sequence reads, clone se-
quences, and assembly contigs with BWA-MEM, submitted. URL:
arXiv:1303.3997 [q-bio.GN]), a recent alignment algorithm opti-
mized for long reads, which is faster and produces more homo-
geneous multialignments than BLAT, particularly in regions con-
taining runs of identical bases (homopolymers, HPs); (2) Cutadapt
[Martin, 2011], a flexible trimming tool; (3) VarScan [Koboldt et al.,
2009], a variant-calling software package that produces an exhaus-
tive text file listing all of the variants detected in the alignment
(other variant callers like GATK [McKenna et al., 2010] also pro-
vide accurate callings, but results in .vcf format are more difficult
to process); and (4) a series of functions and filters that we have
programmed in R. These functions include: (1) the supplemen-
tary coverage descriptive ratio (CDR) variant caller, (2) the Human
Genome Variation Society (HGVS) coding sequence nomenclature
application, (3) filters based on coverage, allele frequency, and posi-
tion relative to the coding sequence or the HP assay-covered bases,
and (4) the link to our ICO mutation database, which provides a
preliminary pathogenicity classification of variants. The Web-based
tool presented here is currently available for the BRCA, HNPCC,
and FAP MASTR assays. However, the analysis of PMS2 should be
treated with caution due to the high homology of the different pseu-
dogenes aligned to this gene in several regions, which produces a
large number of false positive and false negative results. An overview
of the complete workflow is presented in Figure 1.

Bioinformatics Data Analysis

The bioinformatics pipeline includes different steps that are au-
tomatically combined as represented in Figure 2. Reads in FASTA
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format and their corresponding qualities in QUAL format are gen-
erated by the GS Junior platform after the sequence run. They
are analyzed with the following pipeline: (1) reads from two files
(.fna and .qual) are merged into a FASTQ file and demultiplexed
in different FASTQ files, one for each multiplex identifier (MID);
(2) MIDs, tags, and specific primers are trimmed using the Cutadapt
code; (3) trimmed reads are aligned by the BWA-MEM algorithm
over the human genome hgl9 reference sequence; (4) VarScan is
used for variant calling; (5) raw variants from VarScan are treated
with R and different variables are retrieved or created to describe
them (the variables are detailed in Table 1); (6) R commands and
in-house functions are implemented to generate coverage informa-
tion reported in two files: (a) a base coverage report, indicating the
bases that do not reach the expected coverage (by default 38x), and
(b) an amplicon-MID coverage report, containing the mean cover-
age for each amplicon within each MID. Amplicon-MID coverage
information is also used to generate a bar graph showing putative
Large Genomic Rearrangements, gains or losses, after normalizing
by MID, gene and plex (i.e., the group of amplicons that are ampli-
fied in the same multiplex PCR). It is important to highlight that this
graph is only approximate and has not been validated due to a high
number of false positives. An extra R function is implemented to
calculate CDRs, to detect positions where the experimental coverage
is significantly different from the expected coverage. The expected
coverage is calculated as the median of the base coverage in each
fragment, and a fragment is defined as each group of contiguous
bases targeted by the same single amplicon or by two overlapping
amplicons. Positions with a CDR < 0.6 indicate putative deletions
and are included in the variant report. Most of these deletions
are also reported by VarScan, but some insertions or deletions at
the very end of an amplicon can be missed by VarScan when the
BWA-MEM fails to anchor the short arm of the gap, or when the
deletion locates exactly at the end of the trimmed sequence. In
those cases, the aligner does not show a gap but rather a shorter
sequence, which variant-calling applications cannot identify as a
deletion. This phenomenon is common to most aligners and vari-
ant callers. However, in these situations, the decrease in coverage
of the deleted bases is detected by the CDR function because the
limits of the reference fragments preloaded into it do not match the
limits of a proportion of the detected reads, thus the ratio (CDR) is
<0.6.

A training set of 28 HBOC DNA samples (223 variants) pre-
viously characterized by conformation-sensitive capillary elec-
trophoresis (CSCE) and Sanger sequencing was used to set up
our NGS workflow. The validation was performed with an in-
dependent set of 15 HBOC DNA samples (123 variants) that
were analyzed blindly by NGS in parallel with CSCE plus Sanger
sequencing, showing a sensitivity of 100% (=97.5% at a confi-
dence interval of 95%) and a specificity of 100% [Feliubadald
et al., 2013]. Since its publication, this workflow has been rou-
tinely applied for the genetic testing of over 200 HBOC patients,
and has recently started to be used for the routine diagnosis of
FAP and HNPCC patients. This experience has allowed us to re-
fine the bioinformatic analysis for better alignment and visual-
ization. The new bioinformatic analysis presented here has been
tested on the same 43 samples (346 variants) and, when embed-
ded in the analysis workflow depicted in Figure 1 and explained in
the Supporting Information, has also shown a sensitivity of 100%
and a specificity of 100%. The Supporting Information contains
an extensive laboratory protocol for library preparation and se-
quencing. All steps are described in detail, with annotations pro-
vided for the most critical, and a useful troubleshooting table is
included.
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Figure 1. Workflow for analyzing hereditary cancer susceptibility genes using NGS. Starting from genomic DNA patient samples, bar-coded
amplicon libraries are prepared using MASTR kits (Multiplicom). Individual libraries are pooled and sequenced using 454 Titanium chemistry in a
GS Junior platform (Roche). Data generated by the sequencer are analyzed by the ICO Amplicon NGS Data Analysis Web tool, which processes
reads, aligns them to the hg19 reference sequence, calls variants, and generates three kinds of output: variant reports, alignments, and coverage
reports. The first two are used to discard some of the remaining false positives by visual inspection in IGV, generating the supervised variant
report. Simultaneous screening using the HP kit (Multiplicom) identifies some insertions or deletions located in HPs longer than 5 bp and their
surroundings. Any detected aberrant pattern is confirmed by Sanger sequencing, as are all pathogenic and unknown significance variants from
the supervised variant report. Regions with low coverage (<38x), if any, are also Sanger sequenced.

Step-by-Step Guidelines for Using the
Application

After performing the targeted NGS experiment (see Supporting
Information for a detailed laboratory protocol), the user can con-
nect to the Web application at the address http://bioinfo.iconcologia.
net/aplicNGS/, select the gene analysis required (i.e., BRCAI-
BRCA2, APC-MUTYH, or MLHI-MSH2-MSH6—-PMS2-EPCAM)
and follow the instructions to upload parameters and data (summa-
rized in Fig. 3). The steps that the user must complete are as follows:
(1) fill in the “run name,” as all results will contain this name as
an identifier, (2) upload the MID names and the corresponding
DNA sequences used in the experiment as a tab-delimited text file
(a template can be downloaded from the Web), (3) indicate the
commercial kit used. The application is currently built to analyze
reads from experiments using Multiplicom kits BRCA MASTRv2.1
kit, FAP MASTRv.1,and HNPCC MASTRuv.1. If new kit versions are
released settings will be updated. (4) Choose thresholds for the cov-

erage reportand variant filtering. By default, the application suggests
thresholds of 38x for coverage to detect heterozygous alleles with a
minimum 25% allele frequency and a sensitivity of 99.9% (these cal-
culations are based on De Leeneer et al. (2011), (5) upload raw read
data from GS Junior results in two files, a FASTA file (.fna), and the
corresponding reads quality file (.qual), (6) enter the email address
to receive the results notification or an email alert if the process has
failed, (7) press the “run” button and wait to receive the email.

Data analysis will take between 20 min and 2 hr. For a GS Junior
run (about 100,000 reads), the analysis will usually take less than
30 min. The processing time will only increase if many runs are
submitted at the same time. If the user receives a failure notification,
the process should be resubmitted or the user should contact with
the Web application helpdesk.

If any parameter is missing or incorrect, an alert will appear and
the user will be requested to upload the files and fill in the parameters
again. If all of the resubmitted information is correct, a confirmation
message will appear when the “run” button is pressed.
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Figure 2. Bioinformatics data analysis pipeline. This bioinformatics pipeline is executed to analyze sequence data submitted to the Web tool for
any of the three experiments. Once the user has uploaded data, various applications are used to process reads and generate a FASTQ file for each
MID with trimmed reads. Reads are then mapped using the BWA-MEM algorithm, and SAMtools is used to modify the alignment format to allow
the user to load and visualize the alignments with IGV, for example. Alignments are also used by VarScan software to call variants and by SAMtools
to extract base coverage information. Finally, R-commands are used for variant filtering and nomenclature and for coverage data manipulation, to
extract variant and coverage reports. All generated files are zipped and uploaded to a server, and the user is sent an e-mail containing the link for

downloading the results.

Results Download and Interpretation

Once the data have been processed, the user will receive an
email that contains a link for downloading the results in a .zip
file (~12 MB). It is important to check the spam and unwanted
email folders as the email system may classify the message wrongly.

In the variant report file, the user will find a filtered list of the
detected variants and several associated variables (Table 1). Briefly,
variants are defined by technical variables including chromosome,
position, variant type, reference and variant alleles, coverage and
frequency in each strand, proximity to HPs, and intronic localiza-
tion. Finally, variants are classified according to our ICO Mutation
Database, which is updated every 3 months by adding new variants
or reclassifying them at the pace that they are found in our routine

4 HUMAN MUTATION, Vol. 0, No. 0, 1-10, 2013

diagnostics pipeline. The ICO Mutation Database contains most of
the variants detected in the analysis of more than 3,000 probands of
HBOC, HNPCC, and FAP over a period of 15 years. The analytical
tool provides a putative pathogenicity classification of all variants
previously found in our cohort of patients, so it is not necessary to
further confirm polymorphisms and neutral variants. In addition,
in our diagnostic setting unknown significance variants and putative
pathogenic variants, together with undercovered fragments (listed
in file “Run_Name_fragments_low_coverage.csv”), if any, are Sanger
sequenced before the final report is generated.

In the raw variants report file, the user will find a list of all
detected variants without the application of any filter after VarScan
calling. This report can be useful for the user willing to customize
filtering.
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Table 1.

Description of Variables in the Variant Report

Variable Values Description

Run Text Run name uploaded by the user.

MID Text (MID1,MID?2,...) MID name for the samples included in the experiment run.

Chrom Text (chrl,chr2,...) Chromosome.

Position Number Chromosome position, according to hg19.

Specific_gene_ref_pos Number Position in a genomic sequence of the corresponding gene. This genomic sequence
is the same as used by AVA (Roche) when the corresponding Multiplicom script
is uploaded. This position allows the mutations to be checked in AVA.

CDSpos Text cDNA position. Variant position according to the HGVS nomenclature guidelines
http://www.hgvs.org/mutnomen/.

Variant type Factor (SNV, INDEL, CDR) Single-nucleotide substitution variant, insertion or deletion, and CDR.

Reference Text (A, T,C,G,-) Nucleotide in the reference sequence.

Alternative Text (A, T,C,G,N +/- A,T,C,G,N) Alternative nucleotide found on the reads.

F_Coverage Number Number of forward reads covering the variant position.

R_Coverage Number Number of reverse reads covering the variant position.

T_Coverage Number Number of total reads covering the variant position.

F_Variant_A_Freq Number Number of forward reads containing the alternative allele.

R_Variant_A_Freq Number Number of reverse reads containing the alternative allele.

T_Variant_A_Freq Number Number of total reads (forward + reverse) containing the alternative allele.

T_Variant_R_Freq Number Total variant allele relative frequency. Fraction of total (forward + reverse) reads

ForwRev0
HP_situation

Factor (no, yes)
Factor (no HP, HP4, HP5, HP = 6, Next_HP = 6)

Pos_covered_HP_assay Factor (no, yes)

Coding-and_intron_boundaries Factor (no, yes)

HGVS_ICO-DB Text

Pathogen_ICO_DB Factor (POL,PAT,USV,NA)

Variant_predictor_filters Factor (TP,Not_clear,FP)

containing the alternative allele versus total reads covering the variant position.

Indicates whether the alternative allele is only found in one strand.

Indicates whether the variant belongs to a HP of 4, 5, 6, or more nucleotides, if it is
located in a position next to HP > 6, or if it is not related to a HP sequence.

Indicates whether the variant position is covered by the HP assay. This includes the
targeted HPs and also all the bases amplified by the HP assay PCRs, as an
insertion or deletion in any of these will cause a mobility shift in the assay.

Yes indicates that the variant position is in or close to the coding region (50 bp
before and 20 bp after it, to cover donor, acceptor, and branch splice sites). No
indicates deep intronic. In our lab, deep intronic variants are filtered, as they
contain lots of long HPs and unknown significance variants.

Most detected variants (mainly polymorphisms but also a significant proportion
of pathogenic, neutral, and unknown significance variants) have been
previously found in our laboratory, and are assembled and classified in the ICO
Mutation Database (unpublished results). A link between the variant found and
a variant (if existing) described in the ICO Mutation Database for the same
position allows the user to confirm (when the nucleotide change is the same, or
the reverse complement change for genes located in the minus strand) if the
corresponding mutation has already been detected.

Pathogenicity classification (POLymorphism/neutral, PAThogenic, unknown
significance variant, not present) of the variant using the information from the
ICO Mutation Database. If the nucleotide change matches a variant classified in
our database, the tool provides a suggested clinical classification, based on the
reported frequency of the variant, cosegregation, colocalization in trans with
pathogenic variants and clinical data, in silico predictions and/or functional
(RNA and protein) internal or published data.

Indicates whether the variant passes all filters and is a putative true positive, if it is
not clear because the variant is present only in the forward or reverse strand
(Not_clear), or if the variant does not pass standard filters and is a putative false
positive, only present in the raw variant report.

To visualize the reported variants, the user can open IGV
[Robinson et al., 2011] and load the obtained alignments. By load-
ing the .bam file from the selected MID, the corresponding .bam.bai
index file (which should be in the same folder as the .bam file) will
be loaded automatically. More than one MID can be loaded at the
same time (for more options, the user can consult the IGV help).
The user can visualize the desired variant by introducing its chro-
mosome position; IGV will zoom in on the position and display
the reads for the variant. The visualization step is highly recom-
mendable as it allows the user to discard most of the remaining false
positive variants, the vast majority of which are sequencing artifacts
in or next to HPs that are common to all MIDs. The user will quickly
learn to identify and discard these artifacts by comparing variant
frequencies from different MIDs or by checking the proportion of
variants in the forward or the reverse strand. Other variant callers
ignore most variants in HPs to increase the variant-calling specificity
at the expense of sensitivity. Indeed, long HPs are fairly common in
some of these genes, but reaching or improving on the sensitivity

of Sanger sequencing screening requires taking into account the not
uncommon deleterious mutations in such regions. For diagnostic
purposes, we strongly recommend a visual inspection of these more
difficult variants by two independent and highly trained technicians.

The coverage reports contain information about the depth, com-
pleteness, and uniformity of the sequencing. The amplicon-MID
coverage report allows the user to verify that all MIDs and ampli-
cons have been sequenced evenly. The low-coverage file indicates
which bases, if any, have been covered below the selected thresh-
old. In addition, in analyses of BRCA genes, the user can display a
normalized amplicon—-MID coverage bar graph to identify any sus-
pected large genomic copy-number alteration. This option is not
yet available for colorectal cancer genes.

Our tool has been designed to analyze data from the three
hereditary cancer MASTR libraries described above. The analysis
alignment and variant-calling applications are compatible with any
kind of amplicon data, but exon positions, primer sequences, and
variant pathogenicity information are preloaded to allow trimming,
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Figure 3. Input and output files for the ICO Amplicon NGS Data Analysis Web tool. Flowgram representing the input files that the user should
upload to the Web application and the output files containing the analysis results that user will download. The user must upload reads in FASTA
format and the corresponding qualities, a text file with the DNA sequences of the MIDs used for each sample. Coverage and variant allele frequency
thresholds can be set for variant filtering. Finally, the user must provide an e-mail address to receive the notification e-mail containing the link for
downloading the results. When the user unzips the compressed file with the results, several reports will appear: two .csv files for the coverage
report and a plot with amplicon—MID normalized coverage, two more .csv files for the variant report, and two alignment files (.bam, containing the
alignment, and .bam.bai, containing the index) for each MID.
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Figure 4. Anticipated results. An example of the main results files is shown. A: Extract of a filtered variant report, with variants in rows and
descriptive variables in columns. B: Amplicon—MID coverage report, with amplicons in rows and coverage for the different MIDs in columns. C:
Low coverage base report, with each low coverage base in a row, described by MID, position and coverage in columns. D: Example of a bar graph
representing normalized amplicon—-MID coverage, adapted from Feliubadald et al. (2013). E: Screen shot representing the visualization in IGV of a

specific position that corresponds to a deletion to the left and a substitution to the right for the alignments of two different MIDs.
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HGVS-compliant variant nomenclature, amplicon coverage calcu-
lations, deep-intronic variant filtering, and HP variant management
through additional user-friendly input steps. The tool has been im-
plemented to analyze GS Junior runs.

Example of Anticipated Results

As an example of the processed bioinformatic results that the
application returns, a model BRCA experiment with eight samples
is depicted. Detailed information for the different result files is
provided, and a snapshot of each output is shown in Figure 4.

— Raw variants from VarScan file: a comma-separated file (Run_
Name_raw_variants_VarScan.csv) listing all of the variants de-
tected by VarScan and the informative variables described in
Table 1, before any filter is applied. This file allows new users to
check which variants are filtered out, tune the thresholds, and
even apply their own favorite filters to the detected variants.

— Variant report file: a comma-separated file (Run_Name_
variant_report.csv) listing the variants that remain after fil-
tering (Fig. 4A). Variants discarded by filters are: (1) variants
with total coverage lower than the coverage threshold (38 by
default), (2) variants with total variant allele frequency lower
than the frequency threshold (25% by default), (3) insertions
and deletions located in regions covered by the corresponding
HP assay (Multiplicom; see Supporting Information for de-
tails), and (4) variants located deep in intronic regions (after
position +20 bp from the donor site and before position -50 bp
from the acceptor site) [Feliubadalé et al., 2013]. Variants are
ordered by MID, gene, and position.

— Amplicon-MID coverage file: a comma-separated file (Run_
Name_amplicon_MID_coverage.csv) listing the mean coverage
for each amplicon and each MID, that is, the number of reads
mapping over each amplicon for each different MID, shown in
a table format with amplicons in rows and MIDs in columns
(Fig. 4B).

— Fragment coverage file: a comma-separated file (Run_Name_
fragments_low_coverage.csv) listing the bases that do not reach
the coverage threshold. This file is useful in diagnostic set-
tings where the few undercovered regions are usually Sanger
sequenced, to ensure maximal sensitivity. If no low coverage
bases are present, the file will only contain the message: “no
fragment under the required coverage” (Fig. 4C).

— Bar graph indicating putative large rearrangements: a visual
representation of each amplicon of the analyzed genes is pre-
sented. Amplicon coverage is normalized by the plex mean, the
mean of other gene/s in the kit and the MID mean, to detect
dose changes suggestive of structural variations. Green bars
indicate putative duplications (normalized coverage > 1.3) and
red bars indicate putative deletions (normalized coverage < 0.7)
(Fig. 4B). At the time of writing this manuscript, the bar graph
is only available for BRCA experiments (Fig. 4D).

— Alignments over hgl9 reference sequence: a binary alignment
file (MIDX.fq_hg19.sam_o.bam) and the corresponding index
(MIDX.fq_hg19.sam_o.bam.bai) for each MID. These files can
be easily uploaded to the IGV visualizer [Robinson et al., 2011]
to check the alignments for variants of interest (Fig. 4E).

Conclusions

We present the development of ICO Amplicon NGS Data Anal-
ysis, a user-friendly Web tool for the bioinformatic analysis of se-
quencing data from GS Junior technology that works in any browser

and provides tabulated results in comma-delimited files. This tool
combines BWA-MEM alignment and VarScan variant calling, com-
plemented by a series of functions and filters programmed in R that
provide reports for coverage and for variant identification.

In the near future, our intention is to add the possibility of run-
ning the analysis for the same genes but with custom primers. This
will make the application useful for more users. Moreover, Roche
FLX will be run upon request (due to the larger amount of memory
needed). Lastly, we are also studying the possibility of adapting the
pipeline to analyze data from PGM Ion Torrent platforms. In sum-
mary, we anticipate continuous updates of our ICO Amplicon NGS
Data Analysis tool as new developments emerge or upon requests
from our users. All updates will be documented on the Web page.
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Material suplementari disponible a I’aplicacié web

Material suplementari 1: Pagina principal de I’aplicacié web

DIBELLYD

Insstue imengacio Bioméctca oe Baige

,1CO

Home Documentation Terms of use Contact
Institut Catala d'Oncologia

ICO Amplicon NGS Data Analysis

Application to analyze reads from GS Junior (454-Roche) experiments using amplicon MASTR libraries (Multipicom). Coverage and Variant reports

will be produced

BRCA1 + BRCA2

BRCAI and BRCAZ are human tumor
suppressor genes. Heterozygous deleterious
mutations in these genes cause Hereditary

Breast and Ovarian Cancer (HBOC) syndrome.

APC + MUTYH

APC and MUTYH are human tumor suppressor
genes. Heterozygous (APC) or homozygous
(MUTYH) deleterious mutations of these genes
cause classical or attenuated Familial
Adenomatous Polyposis (FAP).a highly
penetrant inherited colorectal cancer

syndrome.

HNPCC

MLHI1, MLH2, MSH6, EPCAM and PM52 are
human tumer suppressor genes. Heterozygous
deleterious mutations of these genes cause
Hereditary Nonpolyposis Colorectal Cancer
(HNPCC) syndrome, or Lynch syndrome,
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Material suplementari 2: Pagina de I'aplicacio web per a entrar les dades en I’analisi dels gens
BRCA1i BRCA2.

o |CO 1D|BEL_|_%

fsiemitonth o Home Documentation Terms of use Contact
Institut Catala d'Oncologia

Data analysis BRCA1 - BRCAZ2

Al and BRC:

.2 are human tumor suppressor genes. H gous deleterious mutations in th

ry Breast and Ovarian
Cancer E-\"H[lﬁ

Run name The output will contain the run name specified
MIDs and N° DNA MIDs used in this run as a barcode to identify reads from different pooled %
Select file to upload samples. Prepare a tab-gelimited text-file called "MIDS.txt" with 2 columns
Navega... (MID name, DNA sequence) as shown in the following template file:

CAUTION: For privacy reasons, alphanumeric anonymous identifiers Download example. It is important to leave the cursor at the end of the last

are recomended in any uploaded file PN sk K oo nar press e otey
Primers BRCA1 and BRCAZ2 primers used. Only Multiplicom BRCAMASTR v2.1

= Multiplicom BRCA MASTR v2.1 primers primers available at this moment

Other primers - Select file to upload

e

Other parameters Coverage, minimum coverage to report a variant, by default 38x. Variant
Coverage allele frequency. by default 25%. Please, check the Documentation for
38 reference table

Variant allele frequency

25
Data Reads and quality files (.fna and .qual) with the name "1.tca 454reads.fna”
Select .fna file to upload: and "1.ica.454reads.qual” respectively.
Navega...
Select .qual file to upload
Navega
Contact email A link with the experiment results will be sent to this email address. Please

be sure it is correct and you have access to it

When submitting the form, please remember that file uploading may take a while for big files. Don't press any other button, you will be redirected to the next step as soon
as the process finishes.

- IDIBELL
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Material suplementari 3: Pagina de I'aplicacié web per a entrar les dades en I'analisi dels gens APC
i MUTYH.

o ICO iDIBELLYD

G Home Documentation Terms of use Contact
Institut Catala d'Oncologia

Data analysis APC - MUTYH

APC and MUTYH are human tumor suppressor genes. Hi

rozygous (APC) or |

nozygous (MUTYH) deleterious mutations of these

classical or attenuated Familial Adenomatous Polyposis (FAP),a highly penetrant inherit

tal cancer syndrome.

Run name The output will contain the fun name specified

MIDs and N° DNA MIDs used in this run as a barcode to identify reads from different pooled

Select file to upload samples. Prepare a tab-delimited text-file called "MIDs. txt" with 2 columns

Navega... (MID name, DNA sequence) as shown in the following template file

CAUTION: For privacy reasons, alphanumeric anonymous identifiers Download example. It is important to leave the cursor at the end of the last
are recomended in any uploaded file Dieseruonce el o pot press citer

Primers APC and MUTYH primers used. Only Multiplicom FAP MASTR v1 primers
= Multiplicom FAP MASTR v1 primers available at this moment.

Other primers - Select file to upload

o e e

Other parameters Coverage, minimum coverage to report a variant, by default 38x. Variant
Coverage allele frequency, by default 25%. Please, check the Documentation for
38 reference (De Leener, K. et al)

Variant allele frequency
25

Data Reads and quality files (.fna and .qual) with the name "1.tca 454reads.fna"
Select .fna file to upload and "1.tca.454reads.qual” respectively

Navega...

Select .qual file to upload

Navega...

Contact em

Results will be sent to this email address. Please be sure it is correct and
you have access to it

When submitting the form, please remember that file uploading may take a while for big files. Don't press any other button, you will be redirected to the next step as soon

as the process finishes.

13 ICO - IDIBELL
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Material suplementari 4: Pagina de I'aplicacio web per a entrar les dades en I’analisi dels gens
reparadors (d’alt risc per HNPCC) MLH1, MLH2, MSH6, EPCAM i PMS2.

o ICO iDIBELLYD

e Home Documentation Terms of use Contact
Institut Catala d'Oncologia

Data analysis HNPCC

LH1

ILH2, MSH6, EPCAM and PMS2 are human mor suppressor genes. Heterozygous deleterious muta

ons of these genes cause Hereditary

Nonpolyposis Colorectal Cancer (HNPCC) syndrome, or Lynch syndrome

The existence of several high homology

dogenes that align in several regions to PMS2 makes the analysis of this gene inaccurate. Authors do not assume any

sonsibility for those results. Please, refer to our Terms of Use for more information

Run name The output will contain the run name specified

MIDs and N° DNA MIDs used in this run as a barcode to identify reads from different pooled

Select file to upload samples. Prepare a tab-delimited text-file called "MIDs.txt" with 2 columns

| Navega.. (MID name, DNA sequence) as shown in the following template file:
CAUTION: Fix priviicy fitmiors: sl a0 soonyiriots idseiTiess Downioad example. It is important to leave the cursor at the end of the last
are recomended in any uploaded file B seqiehce and doToLiEss enter
Primers HNPCC primers used. Only Multiplicom HNPCC v1 primers available at this
150 Muttiplicom HNPCC MASTR v1 primers moment

Other primers - Select file to upload

[ S

Other para

Coverage, minimum coverage to report a variant, by default 38x. Variant
Coverage

38
Variant allele frequency

allele frequency, by default 25%. Please, check the Documentation for
reference (De Leener, K. et al.)

25
Data Reads and quality files (.fna and .qual) with the name "1.ica.454reads.fna"
Select .fna file to upload. and "1.tca.454reads.qual” respectively.

Navega..
Select .qual file to upload:

Nave

Contact email Results wil

be sent to this email address. Please be sure it is correct and
you have access to it

for big files. Don' press any other button, y

en submitting the form, please remember that file uploading may take a wi

1 will be redirected to the next step as soon
as the process finishes

13 ICO - IDIBELL
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Material suplementari 5: Apéndix de la documentacié de I’aplicacié web amb el codi font del
protocol d’analisi, exemple per a un analisi dels gens BRCA1 i BRCA2.

R R R R R B R R R R B i B s R R
HHH R R R
R R R R R R R R R R

#!/bin/bash

#Input Variables
run_name="$1"
coverage_in=$2
var_freg_in=$3
email_adress="$4"

path_data="/home/junior454/Aplic_J454 _DA/DATA_454"
path_results="/home/junior454/Aplic_J454 DA/RESULTS_454"
path_Aplic="/home/junior454/Aplic_J454_DA"

r_program_1="r_program_Aplic_J454 coverage_ BRCAs.R"
r_program_2="r_program_Aplic_J454 variants_BRCAs.R"

# STEP 1: Load data

# copy files reads.fna, reads.qual and MIDs.txt to “/home/junior454/Aplic_J454 DA/DATA_454/$run_name " folder.

# STEP 2: Create directories for intermediate and final results

mkdir ${path_results}/$run_name

mkdir ${path_results}/$run_name/Demultiplexed
mkdir ${path_results}/$run_name/temp

mkdir ${path_results}/$run_name/Trimmed
mkdir ${path_results}/$run_name/Alignments
mkdir ${path_results}/$run_name/Base_coverage
mkdir ${path_results}/$run_name/Variants

mkdir ${path_results}/$run_name/Variants/snps
mkdir ${path_results}/$run_name/Variants/indels
mkdir ${path_results}/$run_name/Report_files

# STEP 3: Make fastq file format

code_fastq=${path_Aplic}/soft
raw_data=${path_data}/$run_name

cd ${raw_data}
/share/apps/Perl/bin/perl ${code_fastq}/perl_fna_qual_to_fastq.pl 1. TCA.454Reads.fna

# STEP 4: Demultiplexing

eautils=${path_Aplic}/soft/ea_utils/bin
raw_data=${path_data}/$run_name
demultiplexed=${path_results}/$run_name/Demultiplexed

${eautils}/fastg-multx -bx ${raw_data}/MIDs.txt ${raw_data}/1. TCA.454Reads.fastq -0 ${demultiplexed}/%.fq
#Remove unmatched.fq

rm ${demultiplexed}/unmatched.fq

# STEP 5: Trimming

cutadapt=${path_Aplic}/soft/cutadapt-1.2.1/bin
demultiplexed=${path_results}/$run_name/Demultiplexed
temp=${path_results}/$run_name/temp
trimmed=${path_results}/$run_name/Trimmed
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# First trimming forward MID+TAG+specific_primer and then trimming reverse MID+TAG+specific_primer

cd ${demultiplexed}

for fl in *.fq; do

${cutadapt}/cutadapt $(<${path_Aplic}/soft/BRCAsTAGsPrimers_Forw_cutadaptconfig.conf) ${demultiplexed}/${fl} >
$(International Cancer Genome, Hudson et al.)/${fl}

done

cd $(International Cancer Genome, Hudson et al.)

for fl in *.fq; do

${cutadapt}/cutadapt $(<${path_Aplic}/soft/BRCASTAGsPrimers_Rev_cutadaptconfig.conf) $(International Cancer Genome,
Hudson et al.)/${fl} > ${trimmed}/${fl}

done

# STEP 6: Alignment over hg19 using BWA-MEM
H.

bwa=/share/apps/bwa
ref=${path_Aplic}/soft/ref_bwa/hg19ref
trimmed=${path_results}/$run_name/Trimmed
alignments=${path_results}/$run_name/Alignments

cd ${trimmed}

for fl in *.fq; do

cd $hwa

Jbwa mem ${ref} ${trimmed}/${f1} > ${alignments}/${fl}_hg19.sam
done

# STEP 7: Alignment manipulation using samtools, .sam to binary .bam, order and create index for IGV visualization
#.

samtools=/share/apps/samtools/samtools
alignments=${path_results}/$run_name/Alignments

cd ${alignments}

for fl in *.sam; do

$samtools view -bS ${alignments}/${fl} -o ${alignments}/${fl}.bam
$samtools sort ${alignments}/${fl}.bam ${alignments}/${fl}_o
$samtools index ${alignments}/${fl}_o.bam

done

for fl in *hg19.sam; do
rm ${fl}
done

for fl in *hg19.sam.bam; do

rm ${fl}
done

# STEP 8: Extract base coverage from alignments

samtools=/share/apps/samtools
alignments=${path_results}/$run_name/Alignments
base_cov=${path_results}/$run_name/Base_coverage
samtools=/share/apps/samtools

cd ${alignments}

for fl in *.bam; do

$samtools/samtools depth ${alignments}/${fl} > ${base_cov}/${fl}.txt
done

# STEP 9: Variant calling using VarScan

varscan=${path_Aplic}/soft/\VVarScan
samtools=/share/apps/samtools/samtools
ref=${path_Aplic}/soft/ref_hg19_fasta
alignments=${path_results}/$run_name/Alignments
variants=${path_results}/$run_name/Variants

cd ${alignments}
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for fl in *_o.bam; do

#snps

$samtools mpileup -f ${ref}/ucsc.hg19.fasta ${alignments}/${fl} | /usr/java/latest/bin/java -jar ${varscan}/VarScan.v2.3.3.jar
pileup2snp --min-avg-qual 0 >${variants}/snps/snps_varscan_${fl}.txt

#indels

$samtools mpileup -f ${ref}/ucsc.hg19.fasta ${alignments}/${fl} | /usr/java/latest/bin/java -jar ${varscan}/VarScan.v2.3.3.jar
pileup2indel --min-avg-qual 0 >${variants}/indels/indels_varscan_${fl}.txt

done

# STEP 10: Read base coverage and report low coverage bases or fragments, amplicon-MID distribution, and CDRs as a putative
indels

cd $path_Aplic
[share/apps/R --no-save --args "${run_name} ${coverage_in} ${var_freq_in}" < $r_program_1

# STEP 11: Read variants from VarScan, filtering, add putative CDR indels ,add nomenclature in CDS, and add ICO-Database
information

cd $path_Aplic
/share/apps/R --no-save --args "${run_name} ${coverage_in} ${var_freq_in}" < $r_program_2

# STEP 12: Compress results in a zip file, make a code and a link for download results

cd ${path_results}/$run_name
zip -r results_$run_name Report_files Alignments

codimd5="md5sum results_$run_name.zip|cut -d' ' -f1°

cp results_$run_name.zip ../${codimd5}.zip

codibase64=$(echo -n $codimd5 | base64)
link="http://bioinfo.iconcologia.net/aplicNGS/downloads.php?task=$codibase64"

# STEP 13: Send the email with the link to download results

code_mail=${path_Aplic}/soft
/share/apps/Perl/bin/perl ${code_mail}/mail.pl $email_adress ${link}

R T T R R T R B R B T R R R T R
R R R R e R R R R R R S b e B s R
R R R R R R R R R R

Note: code for R-functions are not publicly available as it contains implicit information about primers positions which is property of
Multiplicom. However, it is not difficult for an R user to process raw results and get the optimal information. We provide steps to
process the information in appendix 2 and 3. If user has troubles reproducing those steps, do not hesitate to contact us by the web
contact desk and we will try to give specific help.

R R R B R S R R R R S B e B s R
HHH R R R
T R T R B R A B T R R R T R R
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Steps of r_program_1=""r_program_Aplic_J454 coverage_ BRCAs.R"

R R R R R R R R R A R
T R T R B R B T R R R T R
R R R S R A R R B i B s R R

#
# STEP 1: Pass parameters and load homemade functions

# 1.1: Pass parameters (run name, coverage and variant allele frequency)

# 1.2: Load base coverage reference sequence positions and functions: a function indicating all positions covered by the MASTR
assay, a function indicating fragment positions (a fragment is defined as each group of contiguous bases targeted by the same

single amplicon or by two overlapping amplicons), amplicon names and chromosome positions where the are mapped.

# 1.3: Load functions for CDS nomenclature, HP positions, amplicon positions and HP assay: a function that makes the conversion
from chromosome position to CDS nomenclature based on ensemble exon positions from the specific transcript (attached there is an
excel sheet with these positions correspondences), chromosome positions covered by the MASTR assay, a function that indicates
the homopolymer situation of a specific position and also if it is covered by the corresponding HP assay.

#

# STEP 2: Read base coverage from all MIDs

#.

# 2.1: Read base coverage from all MIDs in folder

“/home/junior454/Aplic_J454 DA/RESULTS_454/",run_name,"/Base_coverage” and save it in a matrix. Matrix has 4 variables
("Chrom","position","base_cov","MID")

#
# STEP 3: Define low base coverage fragments

# 3.1: From the matrix with all MIDs, select only bases that are suppose to be covered, some reads could be mapped out of the target
genes and could produce wrong results. Also check that all target region is covered, if not, insert positions with coverage 0 to report
them later as uncovered fragment.

# 3.2: Filter out bases with coverage < defined coverage

# 3.3: Add CDS nomenclature, HP situation and HP assay information, and intronic indication if it is (< ¢.-50 or > ¢.+20)

# 3.4: Filter out intronic regions (< ¢.-50 or > ¢.+20)

# 3.5: Select variables, and order. At the end we obtain a data frame with all positions with low coverage in rows and variables
("MID", "Chrom", "position", "CDSpos", "base coverage", "Homopolymer situation”, “pos covered by HP assay") in columns,

ordered by MID, chromosome and position.

# 3.6: Print results if the number of rows is >1, or print a message ("No fragments under coverage defined") if there is no bases with
low coverage.

#
# STEP 4: Indels detector based on base coverage (Coverage Descriptive Ratio, CDR)

# 4.1: Recover the matrix with coverage from all target bases and all MIDs from the STEP 3.

# 4.2: Make a function to detect all positions where the coverage is different from coverage of the surrounding bases, but it is not
due to amplicon overlapping.

# 4.3: Estimate the median for each fragment, fragments are defined in loaded functions. Then calculate the ratio between the
coverage from each position and the corresponding fragment coverage median. (We used the fuction “tapply” for these calculations)

# 4.4: Select positions where ratio is <=0.6 as a putative indel, we call them CDRs.

# 4.5: In order to avoid repetitive False Positives due to indels next to HP, we discard CDRs that are present in 3 or more MIDs in
the analyzed run.

# 4.6: Print results in a temporally file to later include CDRs in the variant report.

#
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# STEP 5: Amplicon-MID coverage report
H.

#5.1: Recover the matrix with coverage from all target bases and all MIDs from the STEP 3.

#5.2: Select only positions that are not in overlapping amplicons.

# 5.3: Calculate the median for each amplicon (only bases previously selected)

# 5.4: Print Amplicon-MID coverage results in a data frame where amplicons from the MASTR assay are in rows and different

MIDs in columns, the matrix contains the median coverage for each amplicon and MID.

#
# STEP 6: Coverage Graph normalized by plex, MID and gene

# 6.1: Recover matrix from Amplicon-MID coverage in step 5

#6.2: Add plex and gene information to each amplicon

# 6.3: Normalize coverages by plex and by gene

# 6.4: Divide normalized coverages by the mean of all samples except the one analyzed to normalize by sample

# 6.5: Order amplicons

# 6.6: Substract 1 from the normalized ratios

# 6.7: Barplot showing differences to 1 (red <-0.3, grey -0.3t00.3, green>0.3).
R

R T R R T R B R B T T R R R T R R
R R R B R R R R R R R S B e B et R
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Steps of r_program_2=""r_program_Aplic_J454 variants BRCAs.R"

R R R R R S R R R R S B i B s R R
HHH R R R
R R R R R R R R R R

#
# STEP 1: Pass parameters and load homemade functions

# 1.1: Pass parameters (run name, coverage and variant allele frequency)

# 1.2: Load functions for CDS nomenclature, HP positions, amplicon positions and HP assay: a function that makes the conversion
from chromosome position to CDS nomenclature based on ensemble exon positions from the specific transcript (in appendix 4 there
is a table with these positions correspondences), chromosome positions covered by the MASTR assay, a function that indicates the
homopolymer situation of a specific position and also if it is covered by the corresponding HP assay.

# 1.3: Load variants from ICO Mutation Database

#

# STEP 2: Read variants from VarScan calling for all MIDs
#.

#

# 21: Read separately snps and indels from VarScan results from all MIDs reported in folder
“/RESULTS_454/",run_name,"/Variants/” and save them in a matrix.

# 2.2: Join SNPs and INDELSs in the same matrix with a veriable indicating if it is a snp or an indel, and create variables of
Total_coverage and Total_variant_allele_frequency.

#
# STEP 3: Add coverage descriptive ratios (CDR) as a putative indels from the file created in step 4 in coverage code.

# 4.1: Add gene name depending on chromosome and positions
# 4.2: Add a variable indicating if variant coverage in forward or reverse is 0.

# 4.3: Add CDS nomenclature, information about HP situation and HPassay, and intronic position indication if it is (< c.-50 or >
c.+20)

# 4.4: Add information about known variants from ICO Mutation Database

#
# STEP 5: Print raw variants report

#5.1: Select variables and print variants in a data frame with no filters applied.

#
# STEP 6: Filtering

#6.1: Filter out variants with T_Covearge<defined coverage (default=38)

# 6.2: Filter out variants with T_Variant_Rel_Freg<defined variant allele frequency (default=0.25)
# 6.3: Annotate as “Not Clear” those variants that are only in forward or revers strand.

# 6.4: Filter out indels covered by HP assay but not CDRs

# 6.5: Filter out intronic variants further than c.-50 or ¢.+20 from the exon.
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# STEP 7: Order, name variables and print

# 7.1: Order variants by CDS position and MID

# 7.2: Name variables for a correct interpretation

# 7.3: Print variant report with remaining variants and selected variables for visualization and interpretation.

R T R T R R R R R

HHH R R R
R R R R R R R R A R
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ALTRES CONTRIBUCIONS

AVALUACIO DE L’EFICIENCIA DEL PANELL TRUSIGHT CANCER D’ILLUMINA EN EL
DIAGNOSTIC GENETIC DEL CANCER HEREDITARI
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Introduccié

Amb els avengos tecnologics de la seqlienciacid massiva es fa més factible seqiienciar més gens de
manera més cost-efectiva. Aix0 esta donant peu a |'aparici6 de panells de multiples gens per al
diagnostic genétic. Els panells permeten analitzar multiples mutacions en multiples gens a la vegada.

A dia d’avui ja s’han utilitzat panells de gens per al diagnostic d’un gran nombre de condicions
genetiques com cardiomiopaties, epilepsia o distrofia muscular congénita, entre d’altres (Tarpey et al.
2009, Voelkerding et al. 2010, Lemke et al. 2012). Estudis com el del primer article d’aquesta tesi,
confirmen les avantatges de la utilitzacié de la NGS en el diagnostic del cancer hereditari. Aixi, varies
cases comercials estan apostant per la generacié de panells de multiples gens associats al cancer
(LaDuca et al. 2014).

El diagnostic genétic a la nostra unitat esta evolucionant cap a I'Gs dels panells. Per aquest motiu el
nostre equip va decidir avaluar el rendiment del panell comercial d’lllumina “Trusight Cancer Panel”
(http://www.illumina.com/products/trusight_cancer.html) per tal de valorar la seva efectivitat en la
rutina diagnostica del Cancer Hereditari. Aquest panell inclou 94 gens associats a cancer hereditari més

un grup de 284 SNPs correlacionats amb cancer en diferents estudis d’associacid.

Metodes

S’han seqiienciat els 94 gens i 284 SNPs que formen el Trusight Cancer Panel, en 24 pacients de families
procedents de la Unitat de Consell Genetic. Deu mostres tenien una mutacié coneguda (série Training), i
catorze mostres eren de persones amb families amb una elevada incidéncia de cancer pero sense
mutacié patogenica coneguda (série Discovery). La generacid de la llibreria es va fer amb la tecnologia
Nextera que es basa en una captura amb transposomes (Nextera Rapid Capture) i un enriquiment amb
sondes. La seqienciacid es va fer en un MiSeq (lllumina). La regié d’interes esta formada per tots els
exons codificants descrits, les zones introniques adjacents (+/- 20 pb) en general estan cobertes pero
Illumina no ddna garanties de que arribin a la cobertura suficient per a una confianga acceptable per al
diagnostic (30x). A les taules 1 i 2 es troben els gens i SNPs que inclou el panell. Dels 94 gens, es van
seleccionar un conjunt de 20 gens principals que s’analitzarien amb més cura, gens Core, aquest conjunt
de gens principals es caracteritza per tenir implicacions cliniques en cas d’estar alterats, ja sigui prenent
mesures de prevencid, de seguiment, o de tractament, i presenten risc de cancer amb una prevalenca
important a la nostra poblacié. Concretament sén 20 gens rellevants per al diagnostic del Cancer de
Mama i Ovari Hereditari (CMOH), el Cancer Colorectal Hereditari No Poliposic (CCHNP) i la Poliposis
Adenomatosa Familiar (FAP).

L’analisi bioinformatica es va realitzar mitjangant dos protocols per comprovar-ne la robustesa. En
primer lloc es va realitzar un control de qualitat de les lectures amb el FastQC. Posteriorment, d’una
banda es van analitzar les dades mitjangant I'alineament i la deteccid de variants seguint el protocol
proposat per la casa comercial Illumina i disponibles al BaseSpace (lllumina BaseSpace 2016) (“BWA-

MEM” per a I'alineament + “GATK” per a la deteccid de variants + “Variant Studio” per a I'anotacié de
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les variants + “IGV” per a la visualitzacio dels alineaments), amb els parametres per defecte i filtrant les
variants amb cobertura menor de 30x i freqliencia menor del 25%. D’altra banda, es van analitzar les
dades amb el software comercial SeqNext (JSI), el SeqNext permet realitzar tots els passos de I'analisi.
En aquest cas es van optimitzar els parametres de I'alineament per a que permetés detectar insercions i
delecions majors de 30 nucleotids. Per al filtratge de les variants, el propi software reporta un nivell de
confianga per a cada variant indicant aquelles amb alta probabilitat de ser falsos positius, tot i aixi es va
considerar tot el llistat de variants reportades.

Després de la crida general de variants es va realitzar un filtratge més acurat on es va tenir en compte el
filtratge de les variants en zones introniques, les variants de PMS2 descartades per ser potencials falsos
positius a causa dels pseudogens d’alta homologia, les variants presents en varies mostres, classificant
aquelles variants presents en tres o més mostres com a polimorfismes si estan presents al doSNP, o com
a falsos positius deguts a errors en la seqilienciacid, i per ultim, descartant aquelles variants situades en
regions on I'alineament no és acurat.

Paral-lelament, amb els alineaments resultants de cadascun dels protocols d’analisi, es va analitzar la
cobertura dels gens en totes les mostres, avaluant la capacitat del panell d’arribar a una cobertura de
30x en la regié d'interes, estimant la quantitat de fragments que quedarien baixos de cobertura i en
seria necessaria la seqiienciacié Sanger.

Resultats

La qualitat de la seqilienciacié va ser homogeénia en totes los mostres, amb una mitjana del 45% de
lectures alineades en la regié d’interés, i amb un 95% de les bases amb una qualitat de 30 o superior. A
la Taula 3 es mostren els parametres principals de la qualitat de la seqlenciacié amb el Trusight Cancer
Panel d’lllumina per a les 24 mostres.

En relacié a la cobertura, s’han estudiat en detall la seleccié dels 20 gens Core (Taula 1). La majoria
d’exons queden ben coberts, excepte alguns com els primers exons d’MSH6 o EPCAM, que fallen en
quasi totes les mostres i aproximacions. A la figura 1 s’observa com la majoria d’exons més 20 pb de
regions introniques adjacents queden ben coberts.

Pel que fa a la crida de variants, després dels filtres de cobertura (>30x) i frequéencia al-lelica (>25%) els
dos protocols donaven un nombre molt alt i diferent de variants. Després d’un filtratge més acurat
descartant regions intronques més profundes, variants del gen PMS2, variants presents en més d’una
mostra o variants classificades com a polimorfismes al dbSNP, es va reduint el nombre de variants
progressivament tal com es mostra a la figura 2, fins a arribar al mateix nombre de variants i ser
coincidents pels dos protocols. A la figura 3 s’il-lustra com es presenten els resultats de les variants i dels
alineaments els dos protocols d’analisi utilitzats.

Cal destacar que totes les mutacions patogeniques conegudes en les deu mostres de la série Training es
van detectar mitjangant els dos protocols d’analisi, excepte una. La mutacié no identificada es troba a
I'exd 1 de MSH6 i no va ser cridada ja que es localitzava en una de les regions amb baixa cobertura

citades anteriorment. Aixi, aquesta mutacié s’hagués cridat posteriorment en la seqlienciacio per Sanger
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de les regions amb baixa cobertura. A la taula 3 es mostren de forma resumida les variants conegudes i
si es van trobar o no després de I'analisi bioinformatica per ambdéds protocols.

En I'estudi de les mostres Discovery es van trobar 88 variants candidates, i entre elles 6 es podien
classificar com a potencialment patogeniques, a la Taula 5 es descriuen les mutacions i els gens on es
troben.

Discussio

Els dos protocols d’analisi bioinformatica utilitzats sén eficients i robustos per donar els resultats de
forma acurada. Una de les diferéncies entre els dos protocols és la seqliencia de referencia que utilitzen
per alinear, I'opcié que s’ha utilitzat en el SeqNext només considera la regié d’interés, de manera que
totes les lectures s’alineen contra els gens seqiienciats, en canvi el BWA-MEM d’lllumina considera tot el
genoma huma com a referencia. Aquest fet sembla ser la causa de que el nombre de variants a PMS2
detectades pel SeqNext sigui molt superior, ja que lectures que pertanyin a altres pseudogens s’alineen
sobre la regidé d’interes de PMS2 indicant variants falses, i el mateix succeeix amb altres regions,
incrementant el nombre de falsos positius. EI SeqNext té una opcid més avancada que permet
considerar les seqiiencies de pseudogens perd per implementar aquesta funcié es requereix una major
formacio de la que disposavem. Una altra de les diferencies entre els dos protocols és la classificacid de
les variants a priori, el SeqNext classifica les variants amb un indicador del nivell de confianga de ser
falsos positius. En aquesta analisi es van considerar totes les variants reportades tot i que el classificador
indiqués alta probabilitat de fals positiu, la majoria d’aquestes variants sén posteriorment descartades
per estar en 3 0 més mostres i no ser polimorfismes. La petita variacio en el nombre de polimorfismes és
deguda a les diferents bases de dades que utilitzen el SeqNext o el VariantStudio per a la classificacio de
les variants.

En definitiva, el panell Trusight Cancer d’lllumina mostra un bon rendiment en la rutina del diagnostic de
cancer hereditari. S’esta realitzant un estudi sobre el rendiment d’un altre panell amb disseny propi per
comparar-ne els resultats. També s’estan estudiant les avantatges i els inconvenients que suposaria
seqienciar tot 'exoma en la rutina del diagnostic genetic, considerant els costos, les connotacions

etiques i el coneixement genétic.
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Taula 1. Els 94 gens inclosos en el panell Trusight Cancer destacant en taronja els 20 Core per al
diagnostic del Cancer de Mama i Ovari Hereditari (CMOH), el Cancer Colorectal Hereditari No Polipdsic
(CCHNP) i la Poliposis Adenomatosa Familiar (FAP).

BRCA1
BRCA2
MLH1
MSH2
MSHG6
PMS2
EPCAM
APC
MUTYH
TP53
PMS1
PTEN
STK11
CDH1
BMPR1A
SMAD4
PALB2
CHEK2
RAD51C
RAD51D

AIP
ALK
ATM
BAP1
BLM
BRIP1
BUB1B
CDC73
CDK4
CDKN1C
CDKNZ2A
CEBPA
CEPS57
CYLD
DDB2
DICER1
DIS3L2
EGFR
ERCC2
ERCC3

ERCC4
ERCC5
EXT1
EXT2
EZH2
FANCA
FANCB
FANCC
FANCD2
FANCE
FANCF
FANCG
FANCI
FANCL
FANCM
FH
FLCN
GATA2
GPC3
HNF1A

HRAS
KIT
MAX
MEN1
MET
NBN
NF1
NF2
NSD1
PHOX2B
PRF1
PRKAR1A
PTCH1
RB1
RECQL4
RET
RHBDF?2
RUNX1
SBDS
SDHAF2

SDHB
SDHC
SDHD
SLX4
SMARCB1
SUFU
TMEM127
TSC1
TSC2
VHL
WRN
WT1
XPA
XPC
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Taula 2. Llistat dels 284 SNPs associats amb risc de cancer inclosos en el panell TrusightCancer.

284 SNPs
rs17401966 | rs7584330 rs971074 rs4324798 | rs2180341 rs7014346
rs9430161 | rs2292884 rs7679673 rs29232 rs9485372 rs1447295
rs7538876 rs757978 rs10069690 | rs3129055 | rs2046210 rs4242382
rs11249433 | rs4973768 rs2242652 rs2860580 rs651164 rs4242384
rs7412746 | rs1052501 rs2736100 rs2517713 | rs9364554 rs7837688
rs3790844 | rs2660753 rs2853676 rs6457327 | rs7758229 rs9642880
rs6691170 | rs9284813 rs4635969 rs130067 rs4487645 rs2019960
rs6687758 |rs17181170 | rs4975616 rs2894207 |rs11978267 | rs10088218
rs801114 | rs9841504 rs401681 rs2596542 | rs4132601 rs891835
rs1465618 |rs10934853 rs31489 rs2248462 | rs6465657 rs4295627
rs7579899 | rs6763931 | rs12653946 | rs3117582 | rs1495741 rs2294008
rs1432295 | rs6774494 rs2255280 rs204999 rs1512268 rs7040024
rs721048 |rs10936599 | rs13361707 | rs9268542 | rs2439302 rs755383
rs10187424 | rs10936632 | rs2121875 rs6903608 | rs16892766 | rs3814113
rs17483466 | rs4488809 rs4415084 rs2395185 | rs1016343 rs7023329
rs12621278 | rs10937405 rs889312 rs2858870 | rs1456315 rs2157719
rs2072590 |rs17505102 | rs10052657 rs674313 | rs16901979 | rs1412829
rs13016963 | rs710521 rs20541 rs28421666 | rs2456449 rs1011970
rs13393577 | rs2131877 rs4624820 rs2647012 | rs16902094 | rs4977756
rs3768716 rs798766 rs10058728 | rs10484561 | rs445114 rs965513
rs6435862 | rs1494961 rs872071 rs9275572 | rs13281615 rs865686
rs13387042 | rs12500426 | rs12210050 rs210138 rs1562430 rs505922
rs966423 |rs17021918 | rs4712653 |rs10484761 | rs10505477 | rs10795668
rs13397985 | rs1229984 rs6939340 rs339331 rs6983267 | rs11012732
rs3123078 |rs10896449 | rs9510787 rs4785763 rs738722 rs7584993
rs10993994 | rs7130881 rs753955 rs4795519 rs36600 rsl7272796
rs10821936 | rs7105934 rs9600079 rs4430796 | rs2284063 rs1155741
rs7089424 rs614367 rs9573163 rs7501939 | rs1014971 rs161792
rs10822013 | rs1393350 rs9543325 rs7210100 | rs5759167 | rs11940551
rs10995190 | rs1801516 rs7335046 rs1859962 | rs5768709 rs9293511
rs224278 | rs3802842 rs944289 rs17674580 | rs1327301 rs9352613
rs704010 rs498872 | rs116909374 | rs7238033 | rs5945572 rs685449
rs3765524 rs735665 rs4444235 rs4939827 | rs5945619 rs7808249
rs2274223 | rs2900333 rs4779584 rs8170 rs5919432 rs1106334
rs3781264 rs718314 rs4924410 rs8102137 | rs1321311 | rs11017876
rs17119461 | rs10875943 | rs4775302 |rs10411210 | rs3824999 rs9572094
rs12413624 | rs11169552 | rs8030672 rs8102476 | rs5934683 rs4905366
rs11199874 | rs902774 rs7176508 | rs11083846 | rs2283873 rs4775699
rs2981579 rs995030 rs8034191 rs2735839 rs807624 rs1528601
rs2981575 | rs3782181 rs1051730 rs961253 rs1027643 | rs11655512
rs1219648 | rs4474514 rs8042374 rs910873 rs3755132 rs4793172
rs2981582 | rs11066015 | rs3803662 rs4925386 rs790356 rs242076
rs3817198 rs671 rs4784227 rs6010620 | rs5955543 rs6603251
rs7127900 | rs4767364 rs3112612 rs4809324 | rs10974944 | AMG_mid100
rs110419 | rs2074356 rs9929218 rs372883 rs1210110 | rs149617956
rs1945213 | rs11066280 rs391525 rs2014300 | rs7555566 ATM_SNP
rs11228565 | rs4765623 rs258322 rs45430 rs1364054 | rs138213197
rs7931342 | rs1572072 rs1805007 rs1547374 | rs6734275

82



Resultats

Taula 3. Parametres de qualitat de la sequienciacio

Qualitat de la seqiienciacio

Percentatge de lectures

Percentatge de bases

Mostra | Numero de lectures alineades amb qualitat >30
9508 1078238 45,31 95,16
9249 567086 46,93 94,38
10737 95954 45,35 94,82
7359 1021616 46,30 94,80
7272 114395 46,59 95,50
14010 1146242 45,16 93,32
12111 1057048 45,49 94,60
12856 1080798 44,48 94,89
11497 102991 46,02 93,30
11147 106374 44,67 94,84
5097 1252286 45,75 94,91
5029 2087782 44,85 95,52
15302 165769 44,23 94,51
12051 709374 46,88 94,54
13177 1117538 43,19 95,00
11978 73146 46,81 94,07
3202 1256498 43,30 94,56
14290 1038974 38,91 94,74
7508 730242 46,50 94,62
14560 717384 45,40 94,61
9569 1395808 45,49 93,82
15263 1107138 45,09 95,19
8449 105105 45,23 95,01
14290 1038974 38,91 94,74

Mitjana 798615 44,87 94,64

83



Resultats

Taula 4. Variants conegudes trobades segons els dos protocols d’analisi.

Mostra Mutacié coneguda SeqNext BWA-GATK-V.Studio
9249 APC c.2344A>T Si Si
9249 APC ¢.730-22G>C Si Si
10737 MSH6 c.255dupC No No
11147 APC c.1548+1G>C Si Si
11147 APC c.1744-37A>G Si Si
11497 MLH1 ¢.1590_1598dupCGTGGGCTG Si Si
12111 MUTYH c.1187G>A Si Si
5029 BRCAL c.1961delA Si Si
5097 BRCA1 c.1953_1956delGAAA Si Si
7359 BRCAZ2 c.8946delA Si Si
9508 BRCA1 c.68_69delAG Si Si
14010 BRCAL1 ¢.3869_3870delAA Si Si
14010 BRCAL c.2584A>G Si Si

Taula 5. Variants potencialment patogéniques trobades a les mostres de la série Discovery.

Gene Mutation

ATM c.4776+2_4776+13delTAATAAAAATTT
CHEK2 €.792+42T>C

ERCC3 c.325C>T

FANCL c.1111_1114dupATTA

FANCM c.5791C>T

MSH2 c.2785C>T
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Figura 1. Cobertura dels exons més les 20 bases introniques flanquejants per als 20 gens Core en el
diagnostic de cancer hereditari en 12 mostres, 10 mostres de la serie Training i dues de la série

Discovery.
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Figura 3. Presentaci6 dels resultats mitjancant els protocols d’analisi basats en SegNext i en el conjunt
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ARTICLE 3

Exome sequencing reveals AMER1 as a frequently mutated gene in colorectal cancer

Rebeca Sanz-Pamplona, Adriana Lopez-Doriga, Laia Paré-Brunet, Kira Lazaro, Fernando Bellido, M. Henar Alonso,
Susanna Auss0, Elisabet Guino, Sergi Beltran, Francesc Castro-Giner, Marta Gut, Xavier Sanjuan, Adria Closa, David

Cordero, Francisco D. Mordn-Duran, Antonio Soriano, Ramon Salazar, Laura Valle, Victor Moreno

Resum del treball: En la progressié del Cancer Colorectal (CCR), les mutacions somatiques apareixen en
els estadiatges inicials dels adenomes i es van acumulant a mesura que progressa cap a CCR. L'objectiu
d’aquest treball és caracteritzar I'estat mutacional dels tumors estadiatge Il i trobar noves mutacions
recurrents que puguin estar implicades en la tumorigenesis del CCR.

Es va seqlienciar I'exoma de 42 mostres de tumors de CCR estadi Il i amb estabilitat de microsatel-lits,
aixi com de les mucoses normals aparellades. A més del DNA obtingut, altres dades moleculars
disponibles en aquest grup de mostres (expressié genica, metilacié i CNV) també es van utilitzar per tal
de caracteritzar aquests tumors. Per a la validacio de les troballes mutacionals es van utilitzar les dades
d’un conjunt de 553 mostres adicionals de CCR.

Com a resultat, es van trobar 4886 SNV somatiques. La gran majoria de les variants eren Uniques, només
unes poques eren compartides per més d’un tumor, el que reflecteix un panorama mutacional especific
de cada tumor. Tot i aix0, aquesta diversitat de mutacions convergia en vies metaboliques comunes com
el cicle cel-lular o I'apoptosi. Enmig d’aquesta heterogeneitat mutacional, ressaltaven les variants
truncants al gen AMER1 (també anomenat FAM123 o WTX) que apareixien de forma recurrent en el
casos de CCR. A més, també es van trobar perdues del gen AMER1 per altres mecanismes com sén la
metilacié i les CNV. Els tumors amb deficiencia d’aquest gen supressor mostraren un fenotip
mesenquimal caracteritzat per la inhibicié de la via metabolica de Wnt.

Validacions in silico i experimentals en grups de dades independents confirmaven I’existéncia de
mutacions amb alta probabilitat d’afectar la funcié en AMER1 en aproximadament el 10% dels tumors

de CCR analitzats. A més, aquests tumors mostraven un fenotip caracteristic.

Contribucid de la doctoranda: En aquest treball la doctoranda ha realitzat les analisis bioinformatiques
de les dades de seqlienciacio per a totes les mostres de I'estudi, els 84 exomes de la série principal, i els
239 de la serie de validacié del TCGA. Ha realitzat un estudi minucids dels filtres de les variants per a
aconseguir maxima sensibilitat i especificitat. Ha realitzat les analisis estadistiques amb R. Ha participat

en la redaccié de I'article i en la preparacio de taules i figures.
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Exome Sequencing Reveals AMERT as a Frequently
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Mutated Gene in Colorectal Cancer

Rebeca Sanz-Pamplona', Adriana Lopez-Doriga', Laia Paré-Brunet', Kira Lazaro',
Fernando Bellido?, M. Henar Alonso', Susanna Aussé', Elisabet Guind', Sergi Beltran?,
Francesc Castro-Giner®, Marta Gut®, Xavier Sanjuan®, Adria Closa', David Cordero',
Francisco D. Morén-Duran', Antonio Soriano®, Ramén Salazar®’, Laura Valle?, and

Victor Moreno™®

Abstract

Purpose: Somatic mutations occur at early stages of adenoma
and accumulate throughout colorectal cancer progression. The
aim of this study was to characterize the mutational landscape of
stage II tumors and to search for novel recurrent mutations likely
implicated in colorectal cancer tumorigenesis.

Experimental Design: The exomic DNA of 42 stage II, micro-
satellite-stable colon tumors and their paired mucosae were
sequenced. Other molecular data available in the discovery data-
set [gene expression, methylation, and copy number variations
(CNV)] were used to further characterize these tumors. Additional
datasets comprising 553 colorectal cancer samples were used to
validate the discovered mutations.

Results: As a result, 4,886 somatic single-nucleotide variants
(SNV) were found. Almost all SNVs were private changes, with few
mutations shared by more than one tumor, thus revealing tumor-

Introduction

Colorectal cancer is the third most common cancer and the
second leading cause of cancer death in the world (1). The classic
adenoma-to-carcinoma model postulates that colorectal cancer
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specific mutational landscapes. Nevertheless, these diverse muta-
tions converged into common cellular pathways, such as cell cycle
or apoptosis. Among this mutational heterogeneity, variants
resulting in early stop codons in the AMERI (also known as
FAM123B or WTX) gene emerged as recurrent mutations in
colorectal cancer. Losses of AMER] by other mechanisms apart
from mutations such as methylation and copy number aberra-
tions were also found. Tumors lacking this tumor suppressor gene
exhibited a mesenchymal phenotype characterized by inhibition
of the canonical Wnt pathway.

Conclusion: In silico and experimental validation in indepen-
dent datasets confirmed the existence of functional mutations in
AMERI1 in approximately 10% of analyzed colorectal cancer
tumors. Moreover, these tumors exhibited a characteristic phe-
notype. Clin Cancer Res; 1-10. ©2015 AACR.

tumorigenesis proceeds through a progressive accumulation of
genetic alterations in oncogenes and tumor suppressors genes (2).
However, colorectal cancer is currently considered a heteroge-
neous disease. While tumors fitting into the classic progression
model (or chromosomal instability model, CIN) are the most
frequent, other tumor phenotypes have been described, such as
microsatellite instability (MSI) and CpG island methylator phe-
notypes (CIMP; ref. 3). Recent studies based on high-throughput
technologies have addressed the issue of colorectal cancer molec-
ular complexity, revealing high level of heterogeneity among
tumors (4).

Among other biologic mechanisms, it is widely accepted that
somatic mutations lead to tumor development in colorectal
cancer. It is postulated that most mutations within a tumor are
undamaging byproducts of tumorigenesis (passenger mutations)
whereas only a few are responsible for driving the initiation and
progression of the tumor (driver mutations; ref. 5). In colorectal
cancer, a number of mutations have been proposed as drivers,
such as those in the KRAS and BRAF oncogenes, or in the tumor
suppressor genes APC and TP53 (6). However, the seminal study
by Wood and colleagues revealed that the mutational landscapes
of colorectal cancer genomes are composed of a few frequently
mutated genes across patients, "mountains," but are dominated
by a much larger number of infrequently mutated genes, "hills"
(7). Although still controversial, these rarely mutated genes may
also contribute to tumor development, thus accounting for inter-
tumor variability (8).

AACR
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Translational Relevance

Exome sequencing analysis in colorectal cancer samples
reveals that variants resulting in stop codons in AMER1 (also
known as FAM123B or WTX) gene appeared in approximately
10% of the analyzed tumors. Moreover, although less com-
monly, AMERI1 function may also be lost by other mechanisms
different from mutations such as promoter hypermethylation
and chromosome deletions. The subset of tumors lacking
AMER1 expression showed Wnt pathway inhibition and,
regarding molecular subtyping, could belong to type-C
tumors. These results may enlighten about the mechanisms
of carcinogenesis and biomarker discovery in those patients
lacking AMERI.

Next-generation sequencing technologies have revolutionized
cancer genomics research by providing fast and accurate infor-
mation about individual tumors, bringing us closer to personal-
ized medicine (9). It has been reported that approximately 85% of
cancer-associated mutations are located in protein-coding regions
(10). In consequence, exome sequencing has been revealed as a
useful technique for mutation discovery in cancer tissues. Indeed,
several studies have successfully described the mutational back-
ground of different types of tumors by using this approach (11,
12). Here, we have performed an exome sequencing analysis
aimed to explore the somatic genomic landscape of microsatel-
lite-stable (MSS) stage II colorectal tumors.

Materials and Methods

Patients and samples

This study included a subset of 42 paired adjacent normal and
tumor tissues (84 samples) from a previously described set of 100
patients with colon cancer diagnosed at stage IT and MSS tumors
(ref. 13; colonomics project, CLX-: www.colonomics.org; NCBI
BioProject PRINA188510; Supplementary Table S1). All patients
were recruited at the Bellvitge University Hospital (Barcelona,
Spain). Written informed consent was obtained from all patients
and the Institution's Ethics Committee approved the protocol.
Prior to DNA extraction, purity of the sample was assessed by a
pathologist to ensure that at least 80% was tumoral. DNA was
extracted using a standard phenol-chloroform protocol. To
ensure that adjacent and tumor tissues were paired, dynamic
arrays were used to genotype 13 SNPs in the 84 samples (see
Validation of KRAS and TP53 point mutations). All 42 adjacent
normal tissues correctly matched with their corresponding tumor
(Supplementary Fig. S1). Tumor DNA from an additional series of
227 colorectal cancer patients from the same hospital was used for
validation purposes (Supplementary Table S1). This extended
series was not restricted regarding site, stage, and MSI phenotype.

Inaddition, raw exome sequencing data from 513 samples were
downloaded from The Cancer Genome Atlas (TCGA) repository.
TCGA discovery dataset comprised 239 colorectal cancer tumors
and 100 adjacent mucosae and was used to expand the exome
sequencing analysis. These are public samples available in TCGA
repository but had not been used in the published work charac-
terizing colorectal cancer exomes (14). Moreover, 87 matched
nontumoral and tumoral colorectal samples, herein named TCGA
validation dataset, were used as a validation cohort for AMER]1

OF2 Clin Cancer Res; 2015

mutations (Supplementary Table S1). These second set of samples
included 44 that already had been analyzed by the TCGA con-
sortium (14), not all of available samples because we requested a
paired germline sample to ensure that mutations were somatic.
Finally, 224 tumors from the TCGA published work with suitable
information about molecular characteristic of the samples were
used to assess the relationship between AMERI mutations and
colorectal cancer molecular subtypes (MSS and CIMP status;
ref. 14).

Exome sequencing pipeline

Genomic DNA from the set of 42 adjacent tumor paired
samples was sequenced in the National Center of Genomic
Analysis (Barcelona, Spain; CNAG) using the Illumina HiSeq-
2000 platform. Exome capture was performed with the commer-
cial kit Sure Select XT Human All Exon 50MB (Agilent). Tumor
exomes were sequenced at 60x coverage (2 x 75 bp reads),
and exomes from adjacent tissues were sequenced at 40x (2 x
75 bp reads). FastQ software was used to assess the quality of
the sequences (http://www.bioinformatics.bbsrc.ac.uk/projects/
fastqc). Bowtie 2.0 software was used to align sequences over the
human reference genome HG19 (15). To refine data, reads
unmapped, reads with unmapped mate, nonprimary alignments,
and reads that were PCR or optical duplicates were discarded
(http://picard.sourceforge.net/). We also executed a local realign-
ment around indels defined in dbSNP (16) and 1000G (17) and
also for the indels detected in this particular study. Variant calling
was executed with GATK software, and low-quality variants
(mapping quality below 30, read depth below 10 or frequency
< 10%) were discarded (18). GATK has been proved to achieve
higher sensitivity and specificity in exome variant calling than
other softwares (19). Germline variants were also removed, that
is, variants that were present in normal adjacent paired sequence
for each tumor and variants reported in the 1000G project.
Because of the high frequency of indels that were later considered
as false-positive results, only single-nucleotide variants (SNV)
were taken into account in this study. Finally, variants were
annotated using the SeattleSeq Variant Annotation web tool
(20). The same pipeline was applied to analyze exome data
downloaded from TCGA repository. No correlation was observed
between the number of mutations found per sample and the
quality parameters "number of reads," "number of no matched
reads," "percentage of unique aligned reads," "number of dupli-
cate reads," and "coverage," reinforcing the robustness of the
analytic pipeline (Supplementary Fig. S2).

Raw exome sequencing data were also used to search for copy
number variations (CNV). Coverage data were used to compare
the amount of DNA in adjacent versus tumor samples. The
Varscan2 copynumber algorithm was run on adjacent and tumor
mpileup obtained from Samtools (21). Next, the copyCaller com-
mand was run to adjust raw copy number values for GC content.
Finally, R-GADA package was used to perform the segmentation
analysis (22). A region was considered lost if the log, tumor to
adjacent mucosa ratio was less than —0.5.

Functional and pathways analysis

Databases containing function and pathway information
"KEGG," "Biocarta," "Reactome," and "GO" were downloaded
from MSigDB in gene set enrichment analysis (GSEA; ref. 23).
Only the potentially functional SNVs, that is, coding nonsy-
nonymous, stop gain, stop lost, splice-5’, splice-3/, coding
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synonymous near splice site, 3’-untranslated region (UTR), and
5'-UTR variants, were analyzed. For each gene set in each
database, a score was calculated by dividing the number of
mutations mapping into genes constituting the dataset by the
number of genes in such dataset. The score was corrected by
dividing the number of samples and multiplying by 100. A P
value was calculated by randomly permuting the original
matrix of SNVs. The number of permutations was calculated
in each case to ensure that the minimum P value was at least as
small as required by the Bonferroni correction at nominal 0.05
significance level.

Validation of KRAS and TP53 point mutations

KASPar genotyping assays (KASP-By-Design; LGC Group) on
the Fluidigm genotyping platform (48.48 Dynamic Array IFG,
Fluidigm) were used to validate 6 mutations in KRAS and 8
mutations in TP53. The same methodology was applied to geno-
type 13 SNPs used to ensure that adjacent and tumor tissues were
matched (Supplementary Table S2). Each genotyping assay was
previously validated and optimized on the Light-Cycler 480 real-
time PCR detection system (Roche Diagnostics GmbH).

Functional prediction of mutations

MutSig software was used to identify the more likely cancer-
associated genes from other less suspicious genes. Mutated genes
were ranked using 3 criteria: (i) abundance of mutations relative
to the background mutation rate; (ii) clustering of mutations in
hotspots within the gene; and (iii) evolutionary conservation of
the mutated positions (24). In addition, protein damage predic-
tions of missense mutations in AMER1 were performed by using
the in silico algorithms SIFT (25), PolyPhen-2 (26), and PMut
(27). Possible alterations of the protein structure were evaluated
using the Hope software (28).

Sanger sequencing

Sanger sequencing was used to perform a technical valida-
tion of exome sequencing. Mutations in KRAS, APC, and TP53
genes were sequenced using a standard protocol. Sanger
sequencing was also used to validate the recurrent mutations
found in AMER]1. Two regions in exon 1 (covering 335 and 236,
respectively) were sequenced. Sequencing was performed on an
ABI Sequencer 3730 and data analyzed using Mutation Sur-
veyor v.3.10. Primer sequences are shown in Supplementary
Table S2.

Expression data

Gene expression data from GSE44076 dataset (deposited in
GEO repository), which includes the 42 sequenced tumors, were
used to search for phenotypic similarities among tumors exhibit-
ingloss of AMERT functionality. "Sub-type B score" and "Sub-type
C score" were calculated for each tumor as the mean of absolute
expression of those genes described in Roepman and colleagues
(29) as B-type characteristic (53 genes) or C-type characteristic
(102 genes). Supplementary Fig. S3 showed all molecular data
used in this study.

AMER1 methylation and CIMP phenotype assessment

Tumor methylation in our discovery dataset (CLX data) was
analyzed with the Illumina Infinium HumanMethylation450
BeadChip assay covering approximately 20,000 genes (99% of
RefSeq genes). AMERI promoter methylation was extracted
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from this large dataset. Also, this information has been used
to asses CIMP phenotype by interrogating MLH1, RUNX3,
CACNAIG, IGF2, NEUROGI1, SOCS1, CRABP1, and CDKN2A
promoters, as previously reported (30). A tumor was consid-
ered to be CIMP-high (CIMP-H) if at least 6 of these 8 genes
were hypermethylated.

Immunohistochemistry

Xylene-dewaxed paraffin tissue sections (4-pm thick) were
obtained from 4 AMERI-mutated tumors and from 3 wild-type
AMER1 tumors. For antigen retrieval, the slides were boiled
after deparaffinization in a pressure cooker for 2 minutes in
sodium citrate buffer (10 mmol/L sodium citrate, 2 mmol/L
citric acid, pH = 6). Endogen peroxidase was blocked by
sample immersion in 3% H,0, during 15 minutes. Blocking
was carried out by applying goat serum 1:10 diluted in PBS for
60 minutes at room temperature (RT). Subsequently, the pri-
mary antibody against AMER1 (OAAB03558, Aviva Systems
Biology, diluted 1:100 in blocking solution) was added and
incubated overnight at 4°C in a humidified chamber. After
rinsing, EnVision system-Goat secondary antibody (Dako) was
applied for 60 minutes at RT and subsequently revealed with
DAB substrate (Dako) exposed for 4 minutes. Slides were
counterstained with hematoxylin.

Results

Somatic mutational landscape in stage II colon tumors

Exome analysis revealed a total of 11,122 somatic SNVs
within the 42 analyzed tumors (Supplementary Table S3).
Many were intergenic and intronic mutations (most of them
likely to be false-positives due to the lower coverage). Indeed,
approximately 50% of SNVs were located in intronic regions
(away from canonical splice sites). As expected, all the tumors
showed enrichment in C:G > T:A nucleotide changes (Fig. 1A).
There was no concordance between the number of mutations
and the age of the patients, even if only C>T nucleotide
changes were taken into account (Supplementary Fig. S4). The
number of SNVs identified in coding regions and flanking
sequences was 4,725. The average number of mutations in
coding regions per sample was 117 (range, 6-185; Fig. 1B).
From those, 9.6% were coding synonymous, thus a priori not
affecting the protein structure. Considering only potentially
functional mutations, 22.4% of SNVs were missense, 5.9% in
UTR, 2.1% stop gain or stop lost, and 0.7% splice-site variants
(Supplementary Fig. S5).

Remarkably, the vast majority of the identified somatic SNVs
(10,985 of 11,122 total and 4,699 of 4,725 located in coding
regions—more than 99%-) were private events, whereas only 137
SNVs were shared by two or more tumors. Of those, 112 were
intronic or intergenic. As expected, the KRAS G12D mutation was
the most recurrent change, occurring in 8 of 42 samples (19%;
Supplementary Table S4). As a methodologic validation of the
overall discovery pipeline of SNVs, 6 mutations in KRAS (Q61H,
Al146T, G12V, G12D, G12S, G13D) and 7 in TP53 (G245D,
R248Q, R237H, R273C, R175H, R282W, R213*, G245S) were
tested using KASPar genotyping assays in the Fluidigm Biomark
platform (dynamic arrays), achieving 65% concordance. Of note,
10 of 11 nonconcordant mutations were only found by exome
sequencing confirming the better performance and higher sensi-
tivity of this technique (Supplementary Table S5). To further
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validate the sensitivity of our mutation calling pipeline, 9 point
mutations (including 4 not previously validated by dynamic
arrays) in APC (1), KRAS (4), and TP53 (4) were validated by
Sanger sequencing (the gold standard technique) in all the CLX
tumor samples, achieving a 100% concordance (Supplementary
Table S5).

After removal of intergenic SNVs (n = 962), the remaining
10,160 variants were located in 6,433 genes and 174 of them
mapped to more than one gene. Across samples, a total of 723
genes were mutated in more than one tumor. TTN (the largest
gene in the human genome) was the most frequently mutated,
followed by APC, KRAS, and TP53. If only potentially func-
tional mutations were taken into account, APC (22 tumors),
KRAS (21 tumors), and TP53 (20 tumors) were the most
mutated genes (Fig. 2). MutSig software was also used to rank
mutated genes on the basis of recurrence and functional effect
of mutations. As expected, spurious genes (like the well-known
TTN) noticeably went down in the list whereas APC, KRAS, and
TP53 continued standing out (Supplementary Table S6). These
findings were in agreement with previous studies performed to
discover mutated genes in colorectal cancer (Supplementary
Fig. S6; refs. 14, 31, 32).

Next, a pathway analysis was performed, including 2,856
genes harboring 3,595 potentially functional SNVs. SNVs with
putative functional impact accumulated in pathways and func-
tions classically related to cancer such as cell cycle (P < 0.001),
apoptosis (P < 0.001), or cell signaling (P < 0.001). Moreover,
pathways and functions specifically related to colorectal cancer
tumors, such as the Wnt pathway (P < 0.001), the NOTCH
expression and translation (P < 0.001), the VEGF pathway (P <
0.001), or the TGFB pathway (P < 0.001); among others, also
appeared enriched in mutated genes. The complete list of
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statistically significant functions is shown in Supplementary
Table S7.

SNV analysis in TCGA data

Exome sequencing data from 239 tumors and 100 adjacent
mucosae from TCGA (TCGA discovery) that had not been
included in the TCGA Consortium analysis (14) were ana-
lyzed using the same pipeline. Only 3.6% of somatic SNVs
discovered in our 42 tumors were also found in TCGA
discovery data confirming the high heterogeneity of the colo-
rectal cancer mutational landscape. On the other hand, 20 of
137 recurrent SNVs (15%) were present in the TCGA tumors
analyzed (Table 1). Of these, 11 were intronic, 1 intergenic,
and 1 occurred in the 5'-UTR of the MASPI gene. Only 6 of
these 20 recurrent mutations were predicted to have a func-
tional effect at the protein level; 5 of them being the well-
known KRAS G12C, KRAS G12D, TP53 R282W, APC R232%,
and APC E1353*. A stop gain mutation in AMER]I ¢.1489C>T
(R497*) was identified in 4 tumors, 2 from our series and 2
from the TCGA discovery subset, thus deserving further con-
sideration. If only stage II tumors were taken into account,
barely 1.8% of somatic SNVs discovered in our 42 tumors
were validated, but these included 13 of 137 recurrent ones.

Somatic mutations in AMER1

In addition to the recurrent mutation R497*, 2 more tumors
from our series showed stop gain mutations in AMER1 (also
known as FAM123B or WTX): c.1891C>T (R631*) and ¢.1876C>T
(R626*), with 31%, 64%, 58%, and 55% of allelic frequency,
respectively. All 4 mutations were validated by Sanger sequencing
(Supplementary Fig. S7A). In the TCGA discovery dataset, 25 of
239 tumors (10.5%) accumulated 26 different somatic mutations
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Figure 2.

Mutational map representing top mutated genes. Each column corresponds to
each analyzed tumor (n = 42), and each line corresponds to genes recurrently
mutated. Black hits indicate a functional mutation in such tumor and gene.

OncoPrinter tool from cBioPortal has been used to generate this figure (33).
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in AMERI, including the recurrent R497* (Supplementary
Fig. S7B). From these, 10 were stop codon, 10 missense, 3 coding
synonymous, and 3 were located in the UTR of the gene (Fig. 3;
Supplementary Table S8).

Additional validation of AMERI mutations was performed in
independent series of colorectal cancer, including 87 TCGA cases
(TCGA validation subset) and 227 colorectal cancer tumors
recruited at the Bellvitge University Hospital. Exome sequencing
data analysis of TCGA validation revealed that 15% (13 of 87) of
the tumors carried somatic variants in AMER]. In all, 2 variants
were stop gain, 4 missense, 2 synonymous, and 5 were located in
the 3’-UTR (Supplementary Table S8). The most recurrently
mutated regions of AMERI were Sanger-sequenced in the 227
colon tumors from the Bellvitge University Hospital. In this series,
3 previously identified recurrent stop gain mutations, R497%,
R631%, and R626%, were detected in 5 tumors (Supplementary
Fig. S7C). In all mutated cases, adjacent mucosa exhibited a wild-
type genotype supporting the somatic origin of the mutations
(Supplementary Fig. S7A and S7C). Regarding the functional
effect of the identified missense mutations, 10 of the 14 were
predicted to be damaging by at least one of the prediction
algorithms used (Supplementary Table S8).

Under the hypothesis that chromosome deletions can also
cause the somatic loss of AMER1, exome sequencing data were
used to detect CNVs in chromosome X. One of the 42
analyzed tumors exhibited the complete loss of one copy of
such chromosome (Supplementary Fig. S8). Actually, the
patient was a female whose tumor also carried a truncating
mutation in AMER1, suggesting the complete inactivation of
AMER].

To assess whether other molecular mechanisms, apart from
mutation or CNV, could inactivate AMERI, its methylation
status was evaluated in 96 samples (including the 42 sequenced
tumors, NCBI BioProject PRJNA188510). In females, several
tumors were found to be hypo- and hypermethylated in the
promoter region when compared with their paired adjacent
samples. As expected, a negative correlation (Pearson r =
—0.22, P = 0.03) between the level of methylation and AMER1
expression was found in this subset of patients. This trend
suggests that some tumors may have AMERI-inactive by an
epigenetic regulatory mechanism (Supplementary Fig. S9).
Nevertheless, nor CNV neither methylation was as frequent
inactivating events as mutations in our data.

Phenotypic features associated with AMER]1 inactivation

To confirm the effect of AMERI truncating mutations at the
protein level, immunohistochemical staining was performed in
the 4 (stop gain) mutated samples of the original series. As
expected, no protein expression or reduction in expression was
detected in 3 of 4 analyzed tumors, whereas strong staining was
detected in all adjacent samples and tumors not harboring muta-
tions in AMER1 (Supplementary Fig. S10). To decipher whether
AMER1 mutational inactivation confers a characteristic tumor
phenotype, we used expression data from the same tumors to
assess whether AMERI-silenced tumors showed characteristic
patterns of expression of related pathways and functions (data
deposited in GEO repository with access code GSE44076 and
project code PRINA188510). In addition to AMER1-mutated and
hypermethylated tumors, one male patient from the GSE44076
set showing the complete loss of chromosome X was included in
this analysis (data not shown). As expected, tumors with altered
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Table 1. Validated recurrent mutations

Gene Variant rs identifier Function/location CLX samples, n TCGA samples, n
TP53 chr17:7577094; G>A rs28934574 Missense n=4 n=16
AF = 0.64; 0.6; 0.59; 0.63 AF = 0.63; 0.87; 0.51;
0.84; 0.58; 0.73; 0.57; 0.48;
0.39; 0.93; 1
KRAS chr12:25398284; C>A rs121913529 Missense n=>5 n=25
AF = 0.67; 0.46; 0.4; 0.43; 0.46 AF = 0.6; 0.41; 0.45; 0.46;
0.67; 0.45; 0.29; 0.43; 0.48; 0.3;
0.49; 0.67; 0.2; 0.21; 0.43; 0.37;
0.7; 0.44; 0.45; 0.31; 0.36; 0.35;
0.48; 0.33; 0.4
KRAS chr12:25398284; C>T rs121913529 Missense n=2=8 n=17
AF = 0.19; 0.46; 0.35; 0.33; 0.31; AF = 0.35; 0.29; 0.6; 0.25;
0.24; 0.46; 0.49 0.22; 0.3; 0.29; 0.32; 0.27; 0.76;
0.26; 0.35; 0.35; 0.42; 0.48; 0.35;
0.52; 0.49; 0.31
APC chr5:112128191; C>T rsO Stop gained n=4 n=3
AF = 0.71; 0.33; 0.29; 0.23 AF = 0.24; 0.34; 0.18; 0.8
APC chr5:112175348; G>T rsO Stop gained n=2 n=4
AF = 0.71; 0.57 AF = 0.24; 0.34; 0.18; 0.81
AMERIT chrX:63411678; G>A rsO Stop gained n=2 n=2
AF = 0.31; 0.64 AF = 0.76; 0.65
MASPI chr3:187009800; A>T rsO 5-UTR n=3 n=1
AF = 0.38; 0.54; 0.41 AF = 0.64
MS4A2 chr11:59861311; A>G rs113221333 Intronic n=3 n=3
AF = 0.20; 0.25; 0.2 AF = 0.31; 0.21; 0.31
KIF7 chr15:90173735; G>A rsO Intronic n=3 n=1
AF = 0.21; 0.25; 0.2 AF = 0.25
KIFI3A chr6:17787892; C>A rs62394104 Intronic n=3 n=1
AF = 0.21; 0.16; 0.27 AF = 0.19
EMC2 chr8:109468234; T>A rs111255731 Intronic n=3 n=1
AF = 0.17; 0.27; 0.18 AF = 0.38
HOXDI10 chr2:176983604; C>A rs73974643 Intronic n=2 n=3
AF =0.21; 0.5 AF = 0.34; 0.21; 0.19
SETD2 chr3:47143125; C>T rs200952697 Intronic n=2 n=3
AF = 0.22; 0.22 AF = 0.16; 0.44; 0.29
PDS5B chr13:33253144; A>C rs199860513 Intronic n=2 n=3
AF = 0.18; 0.18 AF = 0.23; 0.74; 0.80
AGBLT chr15:87474796; T>G rsO Intronic n=2 n=1
AF = 0.23; 0.36 AF = 0.36
NUPI33 chr:229623415; A>T rsO Intronic n=2 n=1
AF = 0.2, 0.19 AF =0.3
DPP9 chr19:4720039; A>C rsO Intronic n=2 n=1
AF = 0.23; 0.35 AF = 0.54
PARL chr3:183584713; C>T rs199558489 Intronic n=2 n=1
AF = 0.25; 0.3 AF = 0.23
VCL chr10:75874194; T>C rsO Intronic n=2 n=1
AF = 0.23; 0.19 AF = 0.35
Intergenic chr3:195433152; G>A rs76183393 Intergenic n=2 n=3
AF = 0.52; 0.33 AF = 0.42; 0.41; 0.66

NOTE: Reference genome: hg19.
Abbreviation: AF, allelic frequency.

AMER1 tended to cluster together when analyzing the genes
related to B-catenin binding (Fig. 4A) and to the Wnt pathway
(Fig. 4B). Regarding the latter, overall Wnt-related genes were
underexpressed in cluster 1, grouping 7 of 9 tumors with aberrant
AMERI. In fact, overexpressed genes in this cluster included Wnt
inhibitors such as PRICKLEI, PRICKLE2, and DAAM2, Wnt
antagonists such as the SFRP family and SOX17, and noncanon-
ical Wnt pathway activators such as WNT5A. Moreover, the
potential prognostic value of AMERI was assessed, but no asso-
ciation was found with disease-free survival (Cox proportional
hazards: P = 0.58).

We also evaluated the co-occurrence of AMERT mutations with
mutations in genes related to the Wnt pathway as described (14).
Within 266 tumors (discovery dataset and TCGA), 72% of
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AMERI1-mutated samples had also APC mutated. However,
co-occurrence of AMER] mutations with other Wnt genes were
rare (i.e, CTNNBI, 1 of 12; DKK2, 1 of 7; TCF7L2, 3 of 19) or
even mutually exclusive (i.e., LRP5; Supplementary Fig. S11).

We next assessed the relationship between AMERT mutational
status and MSI-MSS-CIMP molecular subtypes, as well as KRAS
and BRAF mutational status. Samples from CLX and TCGA were
used (n = 322). We found that the majority of AMERI-lacking
tumors were MSS (70%), BRAF wild-type (91%), and CIMP-H-
negative (88%; Supplementary Fig. S12). We also wanted to assess
if AMER1-deficient tumors belong to any of the recently described
molecular subtypes of colorectal cancer. We used the gene lists
reported by Roepman and colleagues (29) to construct a score
able to rank tumors according to subtype B or subtype C gene

Clinical Cancer Research

95
Downloaded from clincancerres.aacrjournals.org on September 4, 2015. © 2015 American Association for
Cancer Research.


http://clincancerres.aacrjournals.org/

Published OnlineFirst June 12, 2015; DOI: 10.1158/1078-0432.CCR-15-0159

AMERI Is a Frequently Mutated Gene in Colorectal Cancer

AMER1 R631%Q
5 | o
192}
c
2 o
8
; A [ ] -
H ° ®oAeo & [} | ] [ ] omm o A ® o0
0
WTX
[ T T T T T T T T T T T 1
0 200 400 600 800 1000 1135 aa
Figure 3.

AMERT mutations. Lollipop plot showing the distribution of AMERT mutations across the coding protein. The y-axis represents the number of mutations. Circles
indicate missense mutations, squares truncating mutations, and triangles synonym mutations. Pentagon indicates residues affected by different mutation types.
MutationMapper tool from cBioPortal has been used to generate this figure (33).

expression. Because our study only included MSS tumors, subtype
A (which mainly comprises MSI tumors) was not included in the
analysis. Subtype B mainly comprises epithelial tumors with
active Wnt and better prognosis whereas those subtype C were
mesenchymal tumors exhibiting worse prognosis. We observed
that AMER1-deficient tumors tend to score higher in the C than in
the B subtype (also if only mutated tumors were taking into
account; Supplementary Fig. S13). This trend was even more
marked when tumors from the 2 main clusters defined in Fig.
4B were compared. The lower score in B subtype shown by
AMERI-mutant tumors was also validated in 224 tumors from
published TCGA data (Fig. 4C). This result was supported by the
level of expression of molecular markers associated with the C
subtype: a decrease in proliferation markers and an increase in
EMT, NOTCH, and VEGF markers (Supplementary Fig. S14).

Public data from cBio Cancer Genomics Portal was used to
compare mutations and deletions of AMER1 gene across different
cancer types (33). Colorectal was the tumor that accumulated
more mutations (more than 10%) followed by lung, endometrial,
and melanoma. On the contrary, other tumors such as leukemia,
medulloblastoma, breast, or ovary showed none or low levels of
AMERT mutations. One study in prostate cancer found more than
20% of tumors with amplifications in this locus. However, 6 more
prostate studies showed neither mutations nor CNV in AMER]1
(Supplementary Fig. S15).

Discussion

In an attempt to better understand the colorectal cancer patho-
biology at a genomic level, 42 colon tumors were profiled by
means of exome sequencing. Despite the high mutational het-
erogeneity among tumors, mutations in AMER] emerged as a
recurrent feature in colorectal cancer. Reinforcing its putative role
as a driver gene, MutSig software scored AMER] between the top
10 functional genes (P = 0.018) along with TP53, APC, and KRAS.
Although mutations in AMERI have been observed in other
studies, this gene has not received proper attention as a potential
driver for colorectal cancer.

AMERI (also known as FAM123B or WTX) is a gene located in
chromosome X that codifies a highly conserved membrane pro-
tein that acts as scaffold for B-catenin degradation. AMERI is
associated with the plasma membrane via 2 N-terminal domains
and forms complexes with APC, B-catenin, Axin, and B-TrCP. It
can recruit APC from microtubules to the plasma membrane and
it is also involved in stimulating LRP6 phosphorylation (34). In

www.aacrjournals.org

tumors, AMER1 is a negative regulator of the Wnt/B-catenin
pathway by promoting 3-catenin ubiquitination and degradation
(35). Also, it has been reported as a repressor of Wnt signaling
when cells establish cell-cell contacts. AMER]1 maintains the
integrity of cellular junctions by mediating the membrane local-
ization of APC (36).

Truncating mutations in the AMER1 gene are frequent in Wilm
tumors (30%), which are pediatric tumors of the kidney (37). Yoo
and colleagues performed a mutational analysis of AMERI in
gastric, colorectal, and hepatocellular carcinomas and found no
mutations in colorectal cancer tumors (0 of 141; ref. 38). How-
ever, the TCGA consortium reported AMER] as a frequently
mutated gene in colorectal cancer (14). Seshagiri and colleagues
also found functional mutations in AMER1 gene in colorectal
cancer tumors: R177C, E384*, G105D, and E244* (39). Recently,
mutations in AMERI have also been described in metastatic
colorectal cancer samples and their paired primary tumors
(40). Interestingly, somatic mutations affecting an X chromosome
gene raise the possibility of one-hit inactivation of a tumor
suppressor gene. Indeed, 6 of 7 mutations in our set occurred in
male tumors, and the loss of the AMERI wild-type copy of
chromosome X was observed in the AMERI-mutated tumor
developed by a female. Interestingly, Han and colleagues previ-
ously reported the deletion of the AMERT locus (Xq11) in Wilm
tumors, providing evidence of the inactivation of the gene via
copy number changes (41). Regarding our analysis of the TCGA
data, 10 of the 14 stop gain mutations were found in males as well
as 10 of the 14 missense mutations. AMERI has been classically
catalogued as a Wnt signaling inhibitor due to its belonging to the
[-catenin complex. In this scenario, loss of AMERT would lead to
activation of canonical Wnt pathway by B-catenin translocation
into the nucleus. However, our results point to the inactivation of
Wnt signaling or to the activation of a noncanonical Wnt pathway
in AMERI1-mutated tumors. These findings suggest that AMER1
has an alternative function to its role in the canonical Wnt
signaling pathway in colorectal cancer tumors, as has been pro-
posed by other authors (42). Indeed, it has been described that
AMER1 inhibits or activates the Wnt pathway in Wilm disease,
depending on the mesenchymal or epithelial origin of the tumor.
AMER1 mutations in the mesenchymal lineage lead to nuclear
accumulation of B-catenin and subsequent upregulation of Wnt
targets. On the other hand, AMERI mutations in the epithelial
lineage are not associated with active Wnt (42). This observation
agrees with our findings, where AMER1-mutated colorectal cancer
(epithelial) tumors show inactive Wnt. Interestingly, more than
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Figure 4.

Phenotypic features associated with AMERT inactivation. Heatmap showing gene expression profile of genes implicated in B-catenin-binding function (A) and
Whnt pathway (B). Those tumors with loss of AMER] tend to aggregate in the same cluster. Color bars represent AMER]-mutated tumors (in red from exome
sequencing and in orange from Sanger sequencing), a tumor from a male patient with loss of chromosome X by CNV (violet), and a tumor with hypermethylation in
AMERI (dark pink). Underexpression is painted in yellow whereas downexpression is painted in blue. C, boxplots showing differences in score B subtype and
score C subtype between tumors lacking and nonlacking AMERT gene (named as AMERT1), between the 2 main clusters defined in B (named as Clusters) and between

tumors with and without mutations in AMERT in TCGA data (named as TCGA mutations). P value is based on the nonparametric Mann-Whitney test.

50% of tumors harboring AMERI mutations were also APC
mutants whereas they rarely co-occurred with CTNNBI1 and
other genes in the Wnt pathway, probably indicating a char-
acteristic and exclusive pathway activation of AMER1 tumors.
Regarding molecular classification, our results pointed to
AMERI1-mutant tumors as mainly MSS and in rare co-occur-
rence with the CIMP phenotype and BRAF mutations. Recently,
molecular subtyping of colorectal cancer that takes into account
different molecular features of the tumors has been proposed
(4, 29). Our results suggested that the subset of tumors lacking
AMER]1 expression could belong to type C tumors. This subtype
is characterized by the expression of EMT markers and shows
lower proliferative ratio. Clinically, type C tumors exhibit poor
prognosis and are chemotherapy-resistant. However, our
results showed no association between mutational status of
AMERT1 and tumor relapse.

OF8 Clin Cancer Res; 2015

In concordance with previous observations (43, 44), the muta-
tional patterns of colon tumors are highly heterogeneous. Our
results indicate that the vast majority of SNVs were private (non
recurrent). Indeed, an independent validation only found 3% of
SNVs shared by more than one tumor, confirming the high
heterogeneity of the colorectal cancer mutational landscape.
Nevertheless, 15% of the small fraction of recurrent mutations
found in our study were also observed in the TCGA tumors, the
well-known driver mutation being KRAS G12D, the most recur-
rent one (14). Also in consistence with previous colorectal cancer
genomic studies, mutational changes in colorectal cancer are
predominated by C:G > T:A transitions (14, 32, 45). The back-
ground rate of somatic mutations in colorectal cancer has been
reported to be approximately 1 mutation per megabase (46).
However, mutation frequencies in colorectal cancer tumors are
not homogeneous due to differences in the status of the mismatch
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repair machinery (MSI vs. MSS) or to the presence or absence of
POLE mutations (14, 47). Because our sample did not include
MSI tumors, the observed mutation rate and number of SNVs are
similar to those previously reported in MSS colorectal tumors.

In our series, APC appeared as the most mutated gene followed
by KRAS, TP53, and TTN. TTN mutations have been previously
identified in colorectal cancer (14) and in other tumors (48),
probably due to the fact that it codes for the longest human
protein, increasing the likelihood of passenger mutations, most
probably unrelated to cancer (24). Other recurrently mutated
genes deserve further consideration: mutations in FBXW7, a gene
encoding a protein implicated in Notch signaling, were identified
in 12% of the tumors. Similar results have been reported in a
recent colorectal cancer study comparing primary and metastatic
colorectal tumors (49). Also, 9.5% of tumors showed mutations
in CSMD1, which have been associated with poor prognosis in
colorectal cancer (50, 51). Interestingly, in our study, all func-
tional CSMD1 mutations occurred in patients who relapsed.
Recently described as recurrently mutated genes in colorectal
cancer, SYNE1, FAT4, ATM, and USH2A, (32), were also found
in our study with more than one tumor mutated (Fig. 2).

The mutational patterns of colorectal cancer are highly
heterogeneous among patients. However, mutations tend to
accumulate in common pathways and functions crucial for
tumorigenesis (i.e., apoptosis, cell cycle). This suggests that a
broad range of equivalent genetic aberrations could deregulate
key pathways in carcinogenesis, as has already been postulated
(52). In other words, diverse molecular alterations could con-
verge in similar phenotypes.

Exome sequencing is a useful technique to discover still
unknown mutations that can lead us to a better understanding
of the mechanisms underlying colorectal carcinogenesis. Howev-
er, it also has technical limitations. Mutations are more easily
detected in high-coverage regions, so regions at the extremes of the
captured exons many suffer from smaller sensitivity. Also, capture
kits do not cover equally all exons in the genome. Moreover,
tumor heterogeneity and stromal contamination must be taken
into account, as it may lead to difficulties in differentiating low-
frequency mutations from technical artifacts. Our mutation-call-
ing algorithm required a minimum number of reads with the
mutation and total coverage to increase the likelihood of a correct
mutation calling.

In conclusion, our exome sequencing approach has revealed
that MSS stage II colon tumors exhibit a highly heterogeneous
somatic mutational landscape. In concordance with previous
studies, this finding clearly suggests that colorectal cancer is not
a single disease and supports the necessity of pathway-directed
treatments. We have also described that approximately 10% of
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Resultats

Material suplementari:

Supplementary Table 1: Baseline characteristics of CRC patients

CRC patients exome
sequencing (n=42)

Gender
Male 31(73,8 %)
Female 11 (26,2 %)
rongoyears) 7014384
Site
Right 12 (28,6 %)
Left 30(71,4 %)
Stage
INA 38 (90,5 %)
1B 4(9,5 %)
Recurrence

No relapse 21 (50 %)

Relapse 21 (50 %)
Recurrence-
free median 60,9 (6,8 —
time 127,8)
(range,months)

CRC patients Sanger
validation cohort (n=56)

TCGA-discovery (n=239)

Gender
Male 138 (58%)
Female 101 (42%)
Median age
(range,years) 66
Location
Colon 173 (73%)
Rectum 64 (27%)
Site
Right 96 (40)
Left 128 (54)
Transverse 14 (6%)
Stage
Stage | 36 (15%)
Stage Il 90 (40%)
Stage llI 75 (32)
Stage IV 31 (13%)

Gender
Male 40 (71,4 %)
Female 16 (28,6 %)
e 720
Site
Right 26 (46,4 %)
Left 30 (53,6 %)
Stage
A 52 (92,8 %)
B 4(7,1%)

TCGA-validation (n=87)

Gender

Male 46 (53%)

Female 41 (47%)
Median age
(range,years) 1
Location

Colon 87 (100%)

Rectum 0
Site

Right 38 (44%)

Left 39 (45%)
Transverse 10 (11%)
Stage

Stage | 15 (18%)

Stage Il 28 (33%)

Stage Il 25 (31%)

Stage IV 15 (18%)
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Resultats

Supplementary Table 2: List of primers used in Sanger sequencing and SNPs used to
genotype normal adjacent and tumor samples

Tm GC

PRIMERS Sequence Length| . content
O )

Primer F1 [ CGGTGGGAAATCTGAGAGGT| 20 61.4 55

Primer R1| TTGTTGTATTGGGAGCTTCG 20 |[58.8 45

Primer F2 | AAGGCTGTCATCTGGCTCAT 20 59.8 50

Primer R2 | TGCTCCTTGACCCAGTTAGG 20 60.2 55

SNPs rs

rs6983267, rs4939827, rs16892766, rs10795668,
rs9929218, rs961253, rs11169552, rs4444235,
rs10411210, rs3802842, rs6691170, rs10936599,
rs4925386
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Supplementary Figure 1
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Supplementary Figure 3:

DISCOVERY & TECHNICAL
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VALIDATION [ 42 paired T-N ] co %Ec'l)' CS
INDEPENDENT VALIDATION [ 56 paired T-N ] (n =98 T-N)

(n =553 tumors)

TCGA- discovery SET
Exome (n =239 tumors
sequencing and 100 normal)

Gene expression, CNV

and methylation TCGA-validation SET (n = 87 paired T-N)
Sanger
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L'objectiu de la present tesi doctoral ha estat la implementacié a nivell d'analisi bioinformatica de les
noves tecnologies de seqiienciacié massiva en dos camps concrets: el diagnostic genétic del cancer

hereditari i la recerca translacional centrada en I’estudi mutacional tumoral en cancer colorectal.

1. Algoritme d’analisi bioinformatica per al diagnostic de cancer hereditari mitjangant NGS

En els inicis de les tecnologies NGS, aquestes van estar pensades per a I'estudi de genomes, exomes o
transcriptomes complets. Les primeres plataformes tenien una gran capacitat i un elevat cost, cosa que
les feia poc convenients per a la rutina d'un laboratori clinic de diagnostic genetic, on se solen analitzar
un nombre escas de gens, en un grup de mostres no massa gran i on cal un retorn dels resultats rapid.
Actualment aix0 ha canviat i la majoria de les companyies del sector han desenvolupat equips de
capacitat mitjana per abordar aquest tipus d'analisi. La Unitat de Diagnostic Molecular del Programa de
Cancer Hereditari de I''CO va adquirir a finals de 2010 el primer seqiienciador massiu d'aquestes
caracteristiques llancat al mercat: el GS Junior de Roche. L'objectiu del grup era adaptar les possibilitats
d’aquest instrument a I'estudi de mutacions germinals realitzat a la Unitat.

Els dos primers articles de la tesi descriuen el procés de desenvolupament d’un protocol de laboratori i
d’un algoritme bioinformatic per analitzar les dades de seqienciacié provinents del GS Junior, pel
diagnostic de cancer de mama i ovari hereditari i pel diagnostic de cancer de colon hereditari, des de la
prova de concepte fins al desenvolupament d’una eina de lliure accés que permet analitzar aquest tipus

de dades.

1.1 Prova de concepte

Com hem vist al primer article i a altres estudis publicats, s’han fet moltes proves de concepte per
avaluar la validesa de la tecnologia de NGS i de la seva analisi bioinformatica, especialment per arribar a
I'especificitat i sobretot, a la sensibilitat que requereix el diagnostic genétic (Choi et al. 2009, Shearer et
al. 2010, Hansen et al. 2014, Swanson et al. 2014).

El primer pas per a posar en marxa nous protocols d’analisi és decidir per quina tecnologia apostar, és a
dir, quin instrument pot ser més cost-eficient, tenint en compte la quantitat de mostres que cal
sequenciar, les particularitats dels gens que es pretenen sequenciar, i quin tipus de variants s’espera
identificar. En la nostra unitat de diagnostic es va apostar per la plataforma 454 GS Junior perqué va ser
la primera plataforma de mitja rendiment en sortir al mercat, per la longitud de les lectures, ja que en
aquell moment Roche produia les lectures més llargues, i perquée a més aportava la capacitat de
multiplexar i introduir varies mostres en una mateixa carrera.

Van ser crucials els estudis de poténcia estadistica per a determinar el nombre de mostres que
s’introduirien en una carrera per tal d’obtenir una cobertura minima de 38x, acceptant un marge
d’error, i trobant les variants amb una freqiiéncia minima del 25% (De Leeneer et al. 2011). Durant la
prova de concepte van sorgir petites dificultats tant en la posada a punt dels protocols de laboratori,
com en la determinacié del software per a realitzar les analisis bioinformatiques. L'eleccid dels

programes és complexa i en la majoria de casos no hi ha un software optim per a un experiment
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especific. Es per aixo que cal realitzar proves de concepte i anar avaluant avantatges i inconvenients de
cada software per tal d'implementar el protocol d’analisi més adient a la tecnologia i experiment que es

realitza.

1.2 Analisi bioinformatica en la prova de concepte. El perqué de [lalgoritme “VIP+R amb

visualitzacions a 'AVA”

En el moment d’analitzar les primeres carreres del GS Junior només hi havia un software no comercial
disponible, el VIP (De Schrijver et al. 2010), especific per a les lectures llargues de la tecnologia 454, per
a retallar els adaptadors, per a I'alineament, i per a la deteccié de variants. Altres software d’alineament
i deteccié de variants no comercials com el Bowtie, el BWA o el GATK ja s’havien publicat i podien
adaptar-se a les lectures de 454 mitjancant el canvi d’alguns parametres, pero tenien algunes
limitacions. L’alineador Bowtie per exemple, no permetia forats en l'alineament i aix0 descartava la
possibilitat de detectar insercions i delecions, la versid posterior Bowtie2 ja ho permet (Langmead and
Salzberg 2012, John Hopkings University 2016). A més, aquests programes estaven més enfocats a
I'analisi de lectures de fins a 70 bases i només permetien alinear lectures amb poques bases discordants,
també, per a lectures llargues eren molt menys eficients en termes de bases alineades per unitat de
temps (Li and Durbin 2010). Amb tot, I’avantatge principal del VIP era que ja tenia programat de manera
eficient el processament de les lectures per a demultiplexar i tallar els adaptadors de les lectures
seqiienciades amb la tecnologia 454, i a més, reportava correctament tot tipus de variacions, el que
proporcionava una analisi més robusta. Tot i aix0, el VIP també presentava algunes limitacions, per
exemple, no permetia visualitzar els alineaments facilment, i en les zones properes a homopolimers les
bases de les lectures en cadena positiva i negativa s’alineaven diferent, deixant algunes variants
reportades en cada cadena en posicions diferents. Aquest problema produeix molts falsos positius que

cal visualitzar abans de descartar-los.

D’altra banda, els programes comercials tampoc no resolien les analisis bioinformatiques correctament i
fallaven en la deteccié d’algunes variants patogéniques en la prova de concepte, especialment
insercions i delecions, tal com es va provar amb el CLC-Workbench, actualment modificat i millorat.
L’AVA (Roche 454 sequencing 2016), el software comercial de Roche incorporat en el GS Junior, tampoc
no proporcionava uns resultats acurats, fallava en la deteccié de delecions d’una base, i tampoc no
proporcionava un metode clar per controlar les zones que podien haver quedat amb baixa cobertura.
Actualment Roche ha modificat i solventat en gran part aquestes limitacions de I'AVA, pero encara és
poc customitzable a I’hora de controlar les zones de baixa cobertura. A favor de I’AVA pero, una de les
seves fortaleses és el visualitzador dels alineaments, que permet veure clarament les zones que

envolten les variants i comparar-les amb altres mostres per tal de descartar possibles falsos positius.

A fi d’arribar a la sensibilitat i especificitat requerides pel diagnostic, vam posar en marxa el protocol

d’analisi amb NGS complementant les analisis bioinformatiques del VIP amb metodes de visualitzacié i
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confirmacié més manuals mitjangant 'AVA, i amb un kit de seqlienciacido d’homopolimers, que cobrien

les limitacions corresponents.

1.3 Limitacions de I'algoritme “VIP+R amb visualitzacions a I’'AVA”

Malgrat I'assoliment d’una sensibilitat del 100% per a variants d’alta dificultat técnica en la prova de
concepte (article 1), durant I’Gs de I'algoritme en rutina es va detectar un fals negatiu. Aquest fou causat
per I'alineament erroni del VIP d’una delecié GT, degut a la proximitat d’'un homopolimer i a la simetria
de la seqliéncia on es troba (T-GT o TG-T), que situa en la delecié en diferents posicions a les lectures
forward i reverse. Aquest fals negatiu va ser detectat en I'analisi especifica d’homopolimers. Tal com es
mostra a la taula 5, el VIP reporta la variant de BRCA2 c.3847_3848delGT com una delecié de TGT a
baixa frequéncia, la qual cosa fa que posteriorment es descarti pels filtres. Per aquesta rad ens vam
centrar en millorar I'analisi bioinformatica i aixi evitar aquest tipus d’errors que es podrien repetir. A la
figura 5 es pot veure com I'algoritme de la Web tool, explicat posteriorment, que utilitza un alineador i
detector de variants diferents (BWA-MEM i VarScan), alineen les delecions sempre el maxim a I'esquerra

possible de ’lhomopolimer.

Taula 5. Delecié reportada erroniament pel VIP i correctament pel VarScan utilitzat a I'aplicacié web.

Chrom | Position | Ref [Real| F_Cov| R_Cov|T Cov| F Var|R Var| T Var|[T_Var R_Freq| F_Surround | R_Surround

VIP__ | chri3 [32912337] tgt | —— ] 140 | O ] 140 | 33 | O | 33 | 0.235/1 | ATGATAAAAC TGT AAGTGAAAAA | TTTTTCACTT ACA GTTTTATCAT

Web tool | chr13 [32912337] C [-TG] 215 | 203 [ 418 | 110 | 112 [ 222 | 053110 | ATGATAAAACT GT AAGTGAAAAA [TTTTTCACTT AC AGTTTTATCAT

chrid -
B e o S T E—— — o Em e R
P17 pIiZ  all alZiZ  aiZ3 ' al33 aidll  aiaz a2 a3l aa3 azmzd @l @iz a3 @3kl 333 a3d
L 43bp N
(17400 by 32907 M0 bp 2907 410 by 32507 430 by 32907 430 bp
I 1 I 1 1 | | | 1

Figura 5. Visualitzacié de la delecié d’un nucleotid en un homopolimer després de I'alineament amb BWA-MEM.
Tant en les lectures en forward (color blau), com les lectures en reverse (color vermell), alineen la deleci6 a
I'esquerra de I’homopolimer.
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1.4 Evolucié de I'algoritme bioinformatic a “BWA-MEM + VarScan amb CDR + R” i desenvolupament
de I'aplicacié web

Alineador BWA-MEM

En poc temps s’havien publicat alineadors nous que permetien alinear lectures llargues amb un alt
rendiment, un d’ells era el BWA-SW, algoritme eficient per alinear lectures llargues perd que falla en
I'alineament dels extrems de les lectures. Aixo representa un problema important en les genoteques
d’amplicons, on en la majoria de casos totes les lectures acaben en el mateix punt, doncs facilment pot
provocar falsos negatius als extrems dels amplicons. El BWA-MEM, versid publicada poc després, a més
de I'alineament global estandard del BWA i I'adaptacio a lectures llargues del BWA-SW, implementa un
algoritme d’alineament local que permet alinear correctament els extrems dels amplicons tot i haver
alguna variant en les primeres o Ultimes bases de I'amplicé. A la figura 6 es pot observar la diferéncia
d’alineament entre el BWA-SW i el BWA-MEM a I'extrem d’un amplicé que conté una variant: el BWA-
MEM alinea correctament I'extrem de I'amplicé detectant la variant mentre que el BWA-SW realitza un

alineament global on es perden les primeres dues bases de les lectures amb la variant.

(== aiais aila3 azi.l azi.Z q21.31 azl.33 az22.d azz3 CEE) a3i.z C
133 bp
22,390,550 bp 22,390,580 bp 22,390,800 bp
1 1 1 1 1 1
||

BWA-SW

[ = < (=] cTT TTT (= =] oo TTGG L=<} T TCGT GGT TGCCT TTGG T
[= | [=]

] O

BRGAZ

Figura 6. Visualitzacié de I'alineament d’un amplicé que conté una variant en la segona base. S’observa com el
BWA-MEM alinea correctament la primera base i marca la variant, en canvi, el BWA-SW retalla les primeres bases
dels amplicons amb la variant i aparenta una baixada de cobertura, caracteristica que la majoria de detectors de
variants no tenen en compte.
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Després de comprovar la robustesa de I'alineador BWA-MEM, es va canviar |'algoritme d’alineament en

el protocol d’analisi, passant del BLAT que utilitza el VIP a I’algoritme BWA-MEM.

Detector de variants VarScan

Després de canviar 'algoritme d’alineament, el software per a la deteccié de variants també convenia
actualitzar-lo per facilitar la compatibilitat de formats i per adaptar els parametres als nous alineaments.
Les aplicacions per a la deteccié de variants basades en metodes Bayesians permeten eliminar molts
falsos positius, pero també descarten algun veritable positiu, ja que les probabilitats es veuen afectades
per cobertures molt altes, o per contaminacid en les mostres (Koboldt et al. 2012). Tot i estar basat en
models probabilistics, el programa de deteccié de variants GATK donava bons resultats, arribant a
sensibilitats altes properes al 100%. GATK, pero, és un software més enfocat a I'analisi d’exomes
sequenciats amb lllumina, i tot i que és possible adaptar les funcions al format de les lectures de 454, és
molt exigent amb el format d’entrada i aquestes restriccions fan que la seva execucio sigui complicada
(McKenna et al. 2010, DePristo et al. 2011). Degut a que pel diagnostic clinic la sensibilitat ha de ser el
més alta possible, no es pot permetre cap font confirmada de falsos negatius. Es per aixo que es va triar
un metode de deteccid de variants empiric, el VarScan2 (Koboldt et al. 2012), que reporta totes les
variants presents. Aixi, s’ha focalitzat més I'analisi en el filtratge posterior basat en parametres com la
cobertura, la qualitat de les bases o la freqiiencia de la variant. En relacié amb altres detectors de
variants, Xu et al. en la seva comparativa situen I'algoritme de VarScan2 amb una alta sensibilitat en
I’analisi de deteccid de variants en amplicons on la puresa de les mostres és alta, la millora de VarScan2
respecte la primera versié de VarScan recau principalment en la possibilitat d’executar-se en qualsevol
sistema operatiu i en un algoritme més eficient per a la deteccié de variants somatiques i estructurals.
Altres software com MuTect o Strelka també mostren una alta precisid, pero aquests tenen en compte
la correlacié amb els controls normals quan es tracta de cercar mutacions somatiques en teixit tumorals.
En aquest cas de deteccid de variants en linia germinal, aquesta correccid no s’aplica i, per tant,

I’algoritme de VarScan2 ddna resultats molt satisfactoris per al nostre objectiu (Xu et al. 2014).

Coverage Difference Ratio (CDR)

Quan l'alineament no es realitza sobre cada amplicd, on es pot forcar I'alineament del encebadors i
tallar-los després, sino sobre tot el gen tal com fa el BWA-MEM en el nostre protocol d’analisi, es déna
el cas que delecions llargues situades al final o al principi d’amplicons no es detecten amb el VarScan, ja
que es considera com si I'amplicé fos més curt (Figura 7), és per aixo que es va treballar un algoritme
programat en R per a detectar canvis de cobertura considerables en posicions on no acaba ni comenga
un amplicd i aixi detectar possibles delecions o insercions als extrems de les regions seqienciades.
L'algoritme, que vam anomenar CDR (Coverage Difference Ratio), ha mostrat ser consistent amb les
carreres que s’han anat analitzant de rutina. Tot i que reporta els mateixos falsos positius que Varscan
en zones d’homopolimers llargs o properes a aquests (sén les propies lectures les que porten les falses

delecions, degut a les limitacions de la técnica), confirma veritables delecions també detectades pel
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VarScan. Fins a dia d’avui el CDR no ha detectat cap delecid en el diagnostic de rutina que no hagués
reportat el VarScan, pero s’espera que en cas d’aparéixer en alguna mostra la reporti correctament tal

com va fer amb la delecié trobada a la prova de concepte.

Figura 7. Visualitzacié de I'alineament d’una mostra amb una delecié de 19 nucleotids (adalt) i d’'una mostra sense
delecié. En la figura s’aprecia com es tallen els amplicons en diferents punts i com la funcié CDR pot detectar-la per
la diferéncia no esperada de cobertura.

R per a presentar els resultats

L'entorn i llenguatge R és una eina molt potent que permet programar les funcions que requereixi
I’analisi per anotar els resultats amb un format personalitzat. Amb R s’han pogut programar les funcions
per generar els diagrames de barres normalitzats en base a la cobertura dels amplicons (Figura 3D de
I'article 2), les funcions per al filtratge de les variants, aixi com per a I'anotacio de les variants segons la
nomenclatura en cDNA requerida per la Human Genome Variation Society (HGVS 2016), amb significat
biologic i directament exportable als informes genétics.

.

Pagina web

La pagina web es va desenvolupar amb PHP i HTML, que sén els llenguatges de programacié més
utilitzats per a aquest context. Amb el desenvolupament de I'eina a través de la pagina web es permet
I'accés i execucio a altres usuaris de tot el mén.

L'aplicacié esta programada amb software lliure, aguest mostra com evolucionen els algoritmes i
permet un desenvolupament més rapid. El fet que els codis siguin accessibles a tota la comunitat
investigadora fa que es puguin adaptar a les necessitats dels diferents experiments. Aixi, en el disseny
de I'aplicacié, hem pogut utilitzar codi de diferents programes i adaptar-los als nostres requeriments.
D’aquesta manera hem pogut desenvolupar noves funcions com la CDR o funcions per a detectar les

regions mal cobertes, que permeten trobar mutacions amb tecniques complementaries en regions on la
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sensibilitat estaria més limitada i proporcionar un diagnostic més sensible. De la mateixa manera que
hem utilitzat el codi de programes lliures, a la documentacié de I'aplicacié web presentada al segon
article esta disponible el codi utilitzat, de manera que altres usuaris poden adaptar-lo a les seves

necessitats.

1.5 Utilitzacio de I'aplicacio web dos anys després de la seva publicacio

Després de dos anys des de la publicacié de I'aplicacié web, s’havien analitzat des de fora de I'ICO un
total de 158 carreres, 89% per a I’analisi de BRCAs, 2% per a I’analisi de FAP i 9% per a I’analisi d’HNPCC.
El percentatge d’analisis finalitzades amb éxit és del 73%, mentre que 43 analisis han donat errors,
principalment pel format amb que els usuaris van codificar els identificadors, que ha de ser exactament
com el del model proporcionat. En la majoria dels casos d’error, els usuaris s’"han posat en contacte amb
I’administrador de la web a través de la pagina de contacte i se’ls han donat instruccions de com
solucionar-los. En algun cas 'usuari ha comeés el mateix error en el format pero ell mateix I’ha corregit.

D’altra banda, els usuaris que han obtingut els resultats satisfactoriament han repetit amb I'analisi de
noves carreres. No s’ha pogut identificar I'origen dels usuaris, pero excepte en dos casos, tots els usuaris
que s’han posat en contacte amb nosaltres a través de la web, per a consultar diversos temes,
treballaven a Espanya, només un usuari escrivia des de Croacia i un altre des de Turquia. A la figura 8 es
pot observar la distribucié del nombre de carreres analitzades per mes, des del moment de la publicacio
fins a la finalitzacio de I'escriptura d’aquesta tesi, sent el mes de maig de 2014 quan més analisis s’han

realitzat a I'aplicacio.

Carreresanalitzades a I'aplicacié web

Figura 8. Grafic de barres on cada barra representa el nimero de carreres analitzades a I'aplicacié web per cada
mes.
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La companyia Roche, a nivell nacional, es va posar en contacte amb nosaltres al febrer de 2013 per
avaluar el protocol d’analisi, i després d’avaluar-lo positivament, ens va demanar poder incorporar la
documentacio de I'aplicacié en la formacié de nous usuaris del GS Junior, després de la publicacid, per a
donar una alternativa al seu programa AVA.

També es va sol-licitar per part d’'un usuari I'adaptaciéo de I'aplicacié a I'analisi de dades d’altres
tecnologies, lon Torrent i MiSeq, en aquests casos se’ls va facilitar el codi modificat per a adaptar
I'analisi a les seves dades i es van proporcionar els resultats d’una carrera. Aquestes modificacions pero,

no es van implementar a la pagina web.

1.6 Carreres analitzades en rutina a la Unitat de Diagnostic Molecular de I'ICO

A més de I'eina publica, s’ha adaptat I'aplicacio a les necessitats especifiques de la nostra unitat de
diagnostic. Els principals canvis han estat: afegir la informacié dels encebadors necessaris per confirmar
mitjancant seqlienciacio Sanger les variants trobades per NGS i els fragments mal coberts, i també afegir
I'identificador del DNA. L’aplicacié especifica per a la nostra unitat s’"ha anomenat “ICO Amplicon NGS
Data Analysis v2”. Amb aquesta eina, equivalent a I'aplicacié oberta al public, s’"han analitzat totes les
carreres de la unitat: 83 de BRCAs, 4 de FAP, 6 de HNPCC i 3 de FAP+HNPCC combinades. A la figura 9 es
representa la distribucio de carreres analitzades a la unitat. Des del desembre de 2012 fins al desembre
de 2013 es van analitzar amb el protocol basat en VIP, posteriorment es van analitzar amb I'aplicacié
web especifica per a I'lCO fins al desembre del 2014. Ja a partir del setembre de 2014 es van comengar a
estudiar les diferents opcions per a l'aplicacid dels panells de gens i la corresponent analisi
bioinformatica. A partir de gener de 2015, quan es va migrar a la tecnologia lllumina, utilitzant la
plataforma MiSeq, les analisis bioinformatiques es van realitzar amb I'aplicacié comercial SeqNext,
mentre es dissenyava una aplicacio que permetés analitzar de manera optima el panell de gens,

actualment ja en Us.

Carreresanalitzades a la Unitat de Diagnostic Molecular ICO

[un
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Figura 9. Grafic de barres representant el nimero de carreres analitzades a la Unitat de Diagnostic Molecular de
I'ICO cada mes durant el periode de Desembre de 2012 fins al Desembre de 2014.
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1.7 Avaluacié interna de I'aplicacié web a I'lCO

Com a control de qualitat en la rutina diagnostica, s’ha realitzat I'analisi bioinformatica mitjangant els
protocols publicats tant al primer article (VIP+R) com al segon (Aplicacié web), d’un total de 50 carreres
tant dels gens de la sindrome de HBOC com dels gens responsables de CCR hereditari. En total s'han
analitzat 350 mostres per les dues metodologies. De les 13186 variants identificades, 6667 (51%) eren
comunes en els dos protocols, 3114 (24%) eren especifiques del VIP+R, i 3405 (26%) només les
reportava I'aplicacié web. De les variants només reportades pel VIP+R, el 100% eren falsos positius
(segons la posterior inspeccié visual i, en algun cas, la seqlienciacié Sanger), mentre que |'aplicacié web
ha reportat dos veritables positius que el VIP no reportava correctament i que son:
- A) MLH1 ¢.1210dupC
- B)BRCA2 c.3847_3848delGT

Ambdues sén a causa del mal alineament del VIP, ja que alinea en diferents posicions les lectures en
forward i en reverse. En el primer cas, el VIP reporta la variant com una insercié ACC pero amb una
freqliéncia de 0,20 i, per tant, es filtra. En el segon cas, explicat en un apartat anterior, I'error té la
mateixa causa i el VIP reporta una delecié TGT pero amb una freqiiéncia de 0,23. L’alineador BWA-MEM,
quan hi ha una delecié o insercid, alinea totes les bases a I'esquerra, aixi les variants es reporten
correctament i amb la freqiiéncia real.

En relacié al nombre de falsos positius, I'aplicacié web reporta un 2% més de falsos positius, pero entre
ells estan incloses les variants reportades per la funcié CDR que sén un 8% (276) del total, aquesta
funcié déna un gran nombre de falsos positius al voltant dels homopolimers ja que aquests s’alineen
tots al principi, i quan perden senyal sembla que hi hagi un fals canvi de cobertura. L'error no és de la
funcié CDR sind de la piroseqlienciacio d’homopolimers, que genera un elevat nombre de delecions que
reporten tant VarScan com la CDR. Per tant, descartant aquests falsos positius, facils de detectar per ser
comuns en quasi totes les mostres i trobar-se al voltant d’homopolimers, el nombre de falsos positius de
I'aplicacié és menor que els que reporta el VIP, és a dir, millora I'especificitat. Quan mirem els falsos
positius comuns, basicament es tracta d’errors de seqlienciacid a causa dels homopolimers. Amb tot,
I'aplicacié ddéna la sensibilitat i especificitat requerides per al diagnostic i millora el primer algoritme
basat en el VIP. La figura 10 representa la situacié de les variants en la comparacié entre els dos

protocols d’analisi.
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VIP+R Aplicacié web

2 VP
100% FP 3114 6667 3405 99,9% FP
0, 0,
(3114) — (24%) (51%) (26%) (3403)
95% VP
5% FP

Figura 10. Diagrama de Venn representant les variants comunes i les especifiques trobades amb I’analisi del VIP+R i
I'aplicacié web. Amb requadres s’especifica el nimero i percentatge de falsos positius (FP) i veritables positius (VP)
per a cada seccid del diagrama.

1.8 Limitacions i futur de I’aplicacid

Una de les limitacions del nostre protocol d’analisi presentat en el segon article és que permet I'analisi
d’uns gens particulars sequenciats a partir d’'unes genoteques especifiques de Multiplicom per a la
generacid d’amplicons. L'eina presentada podria evolucionar, no només amb |'adaptacié a altres
plataformes com Illumina o lonTorrent, sind també amb |'opcid de poder analitzar altres gens i adaptar
la nomenclatura completant I'anotacié amb altres camps com I'efecte predit, la patogenicitat segons
bases de dades cliniques, o la freqiiencia de les variants a poblacions generals, entre d’altres, segons els
interessos de |'usuari.

S’ha valorat I'opcié de treballar en aquesta direccié, perdo amb la gran velocitat amb qué avancen
aquestes tecnologies i la bona sortida que estan tenint els panells de gens, s’ha optat per no invertir
esforcos en aquesta eina, i a canvi, dedicar-los a desenvolupar una eina més potent que permeti
analitzar les dades resultants de seqlienciar panells de multiples gens. Tot i aix0, gran part del codi
programat, i sobre tot I'experiéncia i aprenentatge, ens han donat la capacitat d’abordar analisis més
complexes. Tot i ser necessaria I'adaptacio de les funcions i dels parametres a les propietats de les
lectures, no ha sigut molt laborids adaptar el protocol d’analisi per a tractar dades d’lllumina, tal com
s’ha fet per a I'analisi del panell Trusight Cancer, comentat en I'apartat 2.1, utilitzant tant les aplicacions

disponibles al BaseSpace d’lllumina com I'aplicacié comercial SeqNext (JSI).
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1.9. Limitacions actuals del diagnostic genétic amb NGS mitjangant la tecnologia 454

Com hem vist a la seccid de “NGS per al diagnostic genéetic” que inclou els dos primers articles, el
diagnostic genétic amb NGS no és trivial, i requereix una analisi molt minuciosa. Encara calen millores
per assegurar una fiabilitat més alta en els resultats, i per evitar la necessitat de cobrir les limitacions
amb altres procediments o analisis. Amb aix0 fem referéncia especialment a alguns artefactes de la
tecnologia 454 com I'alta imprecisid de lectura en la longitud dels homopolimers i els errors en les bases
posteriors, que necessiten millores substancials per a poder seguir avangant en I'optimitzacié de la
tecnica. La sensibilitat ha de seguir acostant-se al 100%, pero I'especificitat també hauria de ser propera
al 100% abans de la validacié per una altra técnica com la seqlienciacié Sanger; aixo reduiria molt els
costos economics i de supervisié manual.

Els falsos positius durant la deteccié de variants, tant per substitucions com per insercions i delecions,
generalment sén causats per dos fenomens. El primer és I'error de seqlienciacid. En les plataformes
d’lllumina I'error de seqienciacid correlaciona positivament amb la posicido en la lectura, els errors
tendeixen a estar cap al final de les lectures (Ozsolak 2012). En les plataformes de 454, els errors de
seqliencia acostumen a estar durant i després dels homopolimers, que fallen en la piroseqienciacio.
L'altra font de falsos positius son els artefactes en I'alineament, ja que alinear lectures curtes sobre una
sequiéencia de referéncia complexa com és la del genoma huma no és trivial. Un exemple de gen
problemétic és PMS2, que té molts pseudogens d’altissima homologia. Les lectures curtes del
pseudogen s’alinien a PMS2, de manera que es poden cridar variants dels pseudogens asignant-les a
PMS2, i perdre variants del gen funcional degut a la disminucié de la fraccié de les seves lectures en
barrejar-se amb les del pseudogen (Brea-Fernandez et al. 2014, Wimmer and Wernstedt 2014). Aquesta
dificultat es podria millorar amb un enriquiment de la llibreria més especific del gen funcional
mitjancant PCRs més llarques, o també afegint a I’analisi protocols d’alineament més astringents només
per al gen especific.

Una altra dificultat en I'analisi de les dades de NGS és la deteccid de variacions estructurals, que
requereix una analisi especifica i acurada. Actualment s’esta treballant bioinformaticament per
identificar aquest tipus de variants emprant dades de NGS. Alguns programes com VarScan2, Pindel, o
una nova llibreria d’'R anomenada ExomeDepth permeten detectar canvis en el nimero de copies, pero
no hi ha un programa que permeti la deteccid de tots els tipus de variants estructurals amb una alta
precisio. Encara hi ha molts reptes en la deteccid d’aquestes variants, ja sigui per les limitacions de les
tecnologies de NGS, les dificultats en la seva reconstruccié o els meétodes per inferir aquest tipus de
variants (Liu et al. 2015).

En el primer article d’aquesta tesi es proposa una normalitzacié de la cobertura dels amplicons. La
normalitzacié es basa en dividir la cobertura de cada amplicé pel nimero total de lectures de cada MID,
per la mitjana de lectures dels amplicons de la seva multiplex i per la mitjana de cobertura dels
amplicons dels altres gens del kit. Aixi es pretén detectar les possibles diferencies en el nimero de
lectures entre amplicons degudes a variacions estructurals. En la prova de concepte es va veure que era

possible detectar les delecions i insercions correctament pero que quedaven molts falsos positius, i per
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tant es segueix realitzant el test de Multiplex Ligation Probe Amplification (MLPA) per a detectar
variacions estructurals. Possiblement amb una seqlienciaci6 més homogenia i un algoritme d’analisi més
refinat, incorporant models probabilistics basats en els resultats de moltes carreres, es podrien

aconseguir uns resultats més precisos.

2. Futur del diagnostic genétic del cancer hereditari amb les noves possibilitats de la NGS

En els dos primers articles s’han analitzat dades de NGS provinents de la tecnologies 454, en el breu
apartat d’altres contribucions sobre panells de gens ja s’utilitza la tecnologia Illumina i es veu que I'ha
superat en gairebé tots els aspectes. Ara per ara lllumina domina el mercat de la NGS, a petita escala
amb instruments de mitja rendiment com el MiSeq, i a gran escala amb instruments com el HiSeq, que
permet seqlienciar exomes i genomes complets o I’X-ten, que seqiiencia genomes per 1000S (lllumina
2016). La feblesa de la tecnologia d’'lllumina, que era la poca llargada de les lectures, ha evolucionat
positivament i actualment es seqiencien lectures de 300 bases, tot i que encara més curtes que la
llargada actual del GS FLX, de lectures de 1000 bases. Pero el principal punt fort d’lllumina és que
gairebé no presenta el problema d’errors de seqiiencia al voltant dels homopolimers, que causen molts
falsos positius i algun fals negatiu, i que a les plataformes de Roche i lon Torrent disminueixen la

sensibilitat i especificitat o fan necessaries técniques complementaries per a cobrir aquesta limitacié.
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2.1 Panells de gens per al diagnostic geneétic

Amb I'evolucié dels metodes de preparacié de genoteques i de la NGS, cada cop es fa més factible i
barat seqiienciar més gens de diversos individus en una sola carrera. A més cada vegada hi ha més gens
identificats associats a risc de cancer i es defineixen millor aquests riscos, permetent I'aplicacié clinica
de la seqiienciacié de molts més gens. Aixi, les analisis actuals dels gens BRCA1 i BRCA2 per a pacients
amb susceptibilitat al cancer hereditari de mama i ovari, o els corresponents gens per a cancer de colon
hereditari, s’estan incloent en analisis més amplies que engloben un conjunt més gran de gens. Tal com
es mostra en el breu apartat d’altres contribucions en la seccié de resultats, el diagnostic genétic esta
evolucionant cap a I'analisi de panells de gens, aix0 és, analitzar una serie de gens relacionats amb varies
malalties, i que es pugui aplicar la mateixa ruta analitica (amb la mateixa regio d’interes i per tant els
mateixos reactius) de manera rutinaria a qualsevol pacient de risc que acudeixi a la unitat de consell
genetic, compartint aixi una sola tanda de treball i optimitzant recursos i temps de resposta (Hall et al.
2014, Lapunzina et al. 2014). Les cases comercials, aixi com diversos laboratoris privats com Myriad,
Ambry Genetics o Sistemas Gendmicos, entre d’altres, estan apostant pel disseny de panells amb
desenes de gens associats a determinades malalties (Easton et al. 2015).

|u

En el treball sobre panells d’aquesta tesi s’avalua el rendiment del panell “Trusigth Cancer” d’lllumina, i
tant la cobertura com la detecci6 de variants mostren resultats satisfactoris. Per a I'analisi
bioinformatica s’ha utilitzat el suport de BaseSpace (Illumina BaseSpace 2016), un nuvol de computacid
que permet dissenyar I'experiment i organitzar les mostres, esta vinculat al seqlienciador, i permet
emmagatzemar les dades i analitzar-les amb els software que tenen implementats. També s’ha testat el
software comercial SeqNext (JSI): els resultats sén molt acurats, essent el cost economic la principal
limitacid pel seu Us. L’analisi bioinformatica amb BaseSpace és facil i intuitiva pero cal que es realitzi pas
a pas tal com esta pensat, no permet fer analisis complementaries ni canviar parametres o filtres.
Tampoc no permet facilment canviar I'algoritme d’algun dels passos establerts, és a dir, en cas que
I"'usuari vulgui canviar I'algoritme d’alineament o de deteccié de variants, per exemple, no existeix un
meétode facil per a descarregar els arxius de seqliencies i tornar a carregar els arxius d’alineaments o de
variants i seguir amb el protocol establert. Aquesta limitacio fa que I'analisi de validacié de variants
posterior sigui més costds ja que el nombre de variants reportades és més alt, degut als filtres i
parametres menys especifics. L'analisi amb SeqNext requereix una petita formacid pero també és
intuitiva. En I'analisi realitzada en aquesta tesi s’han considerat totes les variants reportades, perdo com
s’ha comentat previament, SegNext classifica les variants amb un indicador del nivell de confianca de ser
falsos positius, si es realitza un estudi amb més mostra seria possible validar el nivell de confianga
adequat per a descartar falsos positius, aixo reduiria considerablement el nombre de variants a validar
mitjancant visualitzacid i Sanger. Actualment s’esta treballant a nivell bioinformatic per a dissenyar un
protocol d’analisi que permeti analitzar de manera acurada i personalitzada, qualsevol tipus de panell de

gens aixi com I’exoma sencer.
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2.2 Organitzacio dels serveis de diagnostic genétic amb la implementacié de la NGS

En molts casos els avencos tecnologics superen la capacitat i els recursos que una institucié hi pugui
destinar. Avui dia per exemple, lllumina ha tret al mercat el seqiienciador HiSeq X Ten, que té el
rendiment de 10 seqlienciadors HiSeq i que permet seqlienciar 18.000 genomes en un any amb una
cobertura raonable, i un preu de $1000 per genoma (Pennisi 2014, lllumina 2016), perd també amb una
inversié considerable. Es per aixd que el model que sembla més adient tendeix a I'externalitzacié de la
seqlienciacié a centres especialitzats que puguin concentrar I'activitat de seqiienciacid i excel-lir en la
tecnica. A més, en la majoria de laboratoris, els costos d’externalitzar la seqilienciacié compensen els
costos d’amortitzacié i de manteniment que requereixen aquests aparells de sequenciacié cars i
complexos. També cal tenir present que la capacitat per a analitzar les dades de manera optima podria
ser una limitacid. Cal que els avencgos en els diferents camps, tant tecnologics com bioinformatics, es
produeixin en paral-lel. Per aix0, en el camp de la bioinformatica, és important que les grans bases de
dades que guarden informacié sobre seqiiencies, estructures, variants, genotips, etc., segueixin
evolucionant per a poder extraure’n informacié de qualitat facilment. També hauran d’evolucionar el
software i protocols d’analisi, per a que continguin potents controls de qualitat i que reportin alld
realment rellevant segons l'interés de I'estudi.

Es important la formacié d’equips multidisciplinaris amb diferents habilitats i coneixements. La
seqlienciacié d’'una major quantitat de gens implica la identificacié d’un gran nombre de variants amb
significat desconegut i és necessari el treball en equip de clinics, biolegs, informatics i bioinformatics per
a la correcta interpretacio.

Com s’ha comentat anteriorment, actualment el nostre grup treballa en el desenvolupament d’una
aplicacié per a I'analisi de les dades resultants de la seqiienciacié dels panells de gens. Un dels objectius
de l'aplicacié, a més de I'analisi de la cobertura i la qualitat i la deteccié de les variants, és donar
informacio sobre la variant recollida en altres bases de dades, aixi com la recurréncia amb que s’ha anat
detectant en les mostres analitzades segons la sospita clinica i la classificacié que se n’ha fet a la Unitat

de Diagnostic. El fet d’analitzar un gran nombre de gens requereix una aplicacié complexa i robusta.

3. Analisi bioinformatica dels exomes

En la segona seccid de la tesi doctoral, “NGS aplicat a la recerca del CCR esporadic”, s'ha utilitzat la
tecnologia NGS per a la seqiienciacié d’exomes amb |'objectiu de detectar noves mutacions recurrents
implicades en la tumorigenesi en tumors colorectals d’estadiatge Il. Per a aquest treball s'han
seqlenciat els exomes de 42 tumors i les corresponents mucoses normals amb la plataforma de gran
capacitat Illumina HiSeq 2000. Els exomes de tumors es van seqiienciar amb una cobertura de 60X i els
exomes de les mucoses normals a 40X. La rad per la qual es va seqlienciar el tumor amb més cobertura
és que la proporciéo amb que s’espera trobar les variants és molt heterogenia: aixi com en sang s’espera
trobar les variants aproximadment en un 100% o un 50% de les lectures, segons si és una variant en

homozigosi o en heterozigosi respectivament, les mutacions somatiques en teixit tumoral poden ser
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presents en diferent proporcié de cel-lules i, per tant, es poden trobar en diferents percentatges. El
mateix succeeix amb els teixits de mucosa normal, pero s’espera menor heterogeneitat que en el tumor.
La caracteritzacid de les mutacions en els gens KRAS, APC, BRAF i TP53 dels 42 tumors mitjangant altres
tecniques ens va proporcionar controls positius i negatius per validar el protocol d’analisi i per poder
optimitzar els filtres aconseguint la maxima sensibilitat i especificitat. Aixi, per a I'analisi bioinformatica
es va realitzar I'alineament amb el Bowtie2. Es va decidir utilitzar el Bowtie2 ja que la llargada de les
lectures era menor que la del GS Junior (70 parells de bases), i aquest algoritme és rapid, eficient en
memoria, i robust per a lectures curtes. Després de I'alineament global del Bowtie2 es va realitzar un
realineament local al voltant de les insercions i delecions conegudes en el dbSNP i en el 1000G, projecte
que d’entre altra informacié reporta totes les variants trobades en 1000 genomes (EMBL-EBI 2008), i
també al voltant de les insercions i delecions trobades en les 42 mostres analitzades. Aquest pas es va
realitzar per evitar falsos positius al voltant de les delecions i insercions causades per un mal
alineament. Tot i aix0, després del realineament local no es van observar grans diferéncies en el nimero
de variants. Per a la deteccié de variants es va utilitzar el GATK, ja que s’ha vist que proporciona una
gran sensibilitat i especificitat en la deteccié de mutacions somatiques (Xu et al. 2014). Després es va fer
un filtratge exhaustiu, es van filtrar els milers d’insercions i delecions trobades ja que introduien molt
soroll als resultats i era molt dificil abordar aquesta informacio, el nombre de variants detectades era
massa alt per a poder-les confirmar mitjancant técniques alternatives i es va optar per perdre els
possibles veritables positius. També es van filtrar totes les variacions presents en linia germinal, és a dir,
que estaven en les mucoses normals, ja que es buscaven només variants somatiques, i totes aquelles
reportades al projecte dels 1000G i que es podrien haver obviat en el filtratge anterior per haver quedat
amb baixa cobertura en les mucoses normals. D’aquesta manera es va reduir considerablement el
nombre de variants focalitzant I'atencié a aquelles que podrien tenir més rellevancia. Un estudi pendent
és analitzar totes les insercions i delecions amb metodes estadistics que permetin descartar un gran
nombre de falsos positius.

En el centre on es va realitzar la seqlienciacid, també es va efectuar I'analisi bioinformatica emprant
I'alineador GEM i la deteccid de variants amb Samtools, pero els filtres aplicats eren molt restrictius i no
es reportaven algunes de les variants control conegudes. Per aix0 es va optar pel nostre protocol

d’analisi que va resultat més acurat.
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3.1 Capacitat informatica per a I’analisi d'exomes

El servidor de computacié on s’han realitzat les analisis bioinformatiques compta amb un total de 164

nuclis repartits en 13 nodes. A la figura 11 es representa el cluster de computacio i les seves prestacions.
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Figura 11. Pagina de control del servidor de la unitat on es representa I'ocupacié dels nodes. Es veu com el node 10
esta treballant a més del 75% de la seva capacitat.

Per a I'alineament d’un exoma a 40X amb Bowtie2 es requereixen aproximadament 30 minuts utilitzant
un processador AMD Opteron 6272 amb 16 nuclis a 2,1 GHz. Amb aquestes mateixes prestacions, els
processos intermitjos de transformacié de formats de .sam a .bam i ordenament de I'alineament amb
Samtools requereixen uns 30 minuts més per exoma. Per a la deteccié de variants d’un exoma amb
GATK es requereixen aproximadament 3 hores utilitzant 30 nuclis i 120Gb de RAM, tot i que si no es
disposa de tants nuclis es pot realitzar I'analisi correctament perdo amb més temps. Tant els algoritmes
d’alineament com de deteccid de variants estan evolucionant per a optimitzar el temps d’analisi, per a
permetre paral-lelitzar els processos i aixi millorar el rendiment. En centres on es realitza I'analisi de
centenars de mostres diariament, |'optimitzacio del temps d’analisi és molt important. Si no es disposa

de bones prestacions informatiques, les analisis de dades de seqlienciacio es veuen molt limitades.

3.2 El gen AMER1 recurrentment mutat en cancer colorectal esporadic

Els resultats de I'analisi bioinformatica dels exomes mostren una alta heterogeneitat mutacional entre
tots els tumors. Els resultats indiquen que la gran majoria de variants sén uniques, amb un percentatge
molt baix (3%) de mutacions recurrents en diferents tumors. Tot i I'alta heterogeneitat mutacional, les
mutacions en el gen AMER1 (també anomenat FAM123B o WTX) apareixen com a recurrents (en un 10%
dels tumors), proposant que el rol com a possible gen driver (aquell que pot contenir mutacions que
confereixin un avantatge selectiu a un clon en el seu microambient) en el cancer colorectal pot ser

rellevant. El software MutSig, que analitza llistes de mutacions per a identificar gens que estan mutats
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més freqlientment del que s’esperaria per atzar (Lawrence et al. 2013), situava el gen AMER1 (APC
Membrane Recruitment Protein 1) entre els primers gens funcionals juntament amb els ja coneguts
TP53, APC i KRAS. La proteina codificada per aquest gen interacciona amb diverses proteines i regula
positivament I'activacié transcripcional mitjancant la proteina del tumor de Wilms (WT1). Aquest estudi
ha trobat que els tumors amb mutacions en el gen supresor AMER1 presenten un fenotip mesenquimal
caracteritzat per la inhibicié de la via de Wnt canonica. Tot i que en altres estudis ja s’havia associat el
gen AMER1 a CCR (Seshagiri 2013), amb aquest treball es remarca la importancia que pot tenir aquest

gen supressor de tumors en el desenvolupament d’alguns tipus de cancer colorectal esporadic.

3.3 Analisi bioinformatica per la validacié dels resultats dels exomes amb mostres del TCGA

La validacio in silico de la frequéncia de les mutacions d’AMER1 es va realitzar amb |'analisi de 239
exomes de tumors de cancer colorectal i 100 mucoses normals del projecte TCGA. Aquesta analisi va ser
més costosa computacionalment i es van haver d’utilitzar al maxim les prestacions del servidor de
computacié que tenim a la unitat.

A més, els alineaments descarregats del projecte del TCGA estaven fets sobre seqiiencies de referéncia
del genoma variades segons els centres on s’havien seqlienciat, i per tant tenien zones no homogenies.
Es va optar per passar de I'alineament descarregat en format .bam de totes les mostres, a les lectures
originals en format fastg, i analitzar-les de nou amb el mateix protocol que els 42 tumors i mucoses
normals de la nostra série.

En total, per a I'analisi bioinformatica de la validacié amb les mostres del TCGA es van necessitar
339*1/2 hores per a 'alineament, 339*1/2 hores per al processament de formats, i 339*3 hores per a la
deteccid de variants, tot suma un total de 1356 hores (56 dies). Tot i aix0, en el moment de |'analisi es
disposava de nodes lliures que van possibilitar I’execucio de varis processos en paral-lel reduint el temps
real de calcul.

Els resultats de I'analisi bioinformatica de la série de tumors del TCGA mostren que només el 3.6% de les
variants somatiques trobades en la série dels 42 tumors es van trobar també en els tumors del TCGA,
confirmant aixi I’alta heterogeneitat mutacional del cancer colorectal. En relacié al gen AMER1, 25 dels
239 (10.5%) tumors analitzats del TCGA acumulaven un total de 26 mutacions somatiques diferents, aixo

confirmava AMER1 com a gen candidat associat al cancer colorectal esporadic.

3.4 La sequienciacié d’exomes per a la recerca del cancer

La sequenciacié d’exomes és una eina Util per a trobar mutacions, gens i vies proteiques encara
desconegudes que expliquin millor els mecanismes de la carcinogénesi en general i del cancer colorectal
en particular. Tot i aix0, la técnica encara té limitacions. Les mutacions es detecten millor en zones amb
una alta cobertura i per tant els extrems dels exons capturats poden tenir sensibilitats més baixes. A
més, la captura de I'exoma no cobreix tots els exons del genoma amb la mateixa eficiencia. Com hem
comentat previament, I’heterogeneitat del tumor i la contaminacié estromal s’han de tenir presents a

I’hora de calcular la freqiiencia de les variants per a diferenciar les mutacions amb baixa freqiiencia del
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soroll per artefactes tecnics. En el nostre algoritme de deteccid de variants era necessari considerar un
minim de cobertura de 10X o freqiiencies del 10% per a considerar una variant com a real. Es van posar
aquests filtres poc restrictius per a poder descartar el maxim possible de variants germinals que sind no
es consideraven en les mucoses normals per tenir una cobertura més baixa. A major cobertura es poden
detectar variants amb menor freqiéncia.

Amb la gran quantitat de variants somatiques que s’obtenen és necessari un bon filtratge. Tot i el
filtratge més o menys acurat que s’apliqui, els diferents protocols de seqiienciacid, i posteriorment, els
diferents programes d’analisi, poden donar resultats molt diferents, Tyler S. Alioto et al. recomanen
analitzar les dades amb més d’un programa per tal d’obtenir resultats més acurats i descartar potencials
falsos positius (Alioto et al. 2015). Per a I'analisi de les insersions i delecions sera important seguir

aquesta recomanacié com a mesura de filtratge.

4. Reptes de I'ts de les noves tecnologies NGS

Les tecnologies de NGS actuals ens han aportat moltes millores en el diagnostic i recerca genetiques, tot
i que encara existexien problemes en l'analisi de seqiiéncies repetides i de baixa complexitat. En sdn
bons exemples les regions repetitives dels telomers, o els gens com PMS2 que, com hem vist en |'article
2, té diversos pseudogens altament homolegs i fa que les lectures puguin mapar erroniament indicant
variants falses o perdent-ne de veritables.

S’espera que tecnologies més avancades amb lectures més llargues i menor percentatge d’errors podran
solucionar aquestes dificultats. Actualment s’estan desenvolupant tecnologies de seqiienciacié de DNA
anomenades de tercera generacid, que es caracteritzen per la inspeccié directa de molecules individuals
(Schadt et al. 2010, Zhang et al. 2011). Aquestes tecnologies de seqlienciaciéo de moléecules individuals
(en anglées, Single Molecule Sequencing, SMS) es poden dividir en tres categories: (i) les tecnologies on
cada cel-la té una sola molécula de DNA polimerasa que sintetitza una molécula individual de DNA; (ii)
tecnologies que utilitzen tecniques de microscopia avancada per captar directament les imatges de les
molécules individuals de DNA de cadena simple; i (iii) les tecnologies de seqlienciacié de nanoporus, on
molecules individuals de DNA de cadena simple es passen a través de nanoporus i les bases es van
identificant a mesura que hi passen. Les tres aproximacions intenten estalviar-se la necessitat de
I’'amplificacié del DNA, que pot introduir artefactes, i generar problemes de desfasament en els clons
seqlienciats, que limiten la longitud de lectura. També busquen aconseguir seqiéncies molt llargues (>
10 kb) per a tractar regions complicades del genoma, i apunten a una seqlienciacid molt més rapida

(Figura 12).
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Figura 12. Representacié de tres de les principals aproximacions per a la seqlienciacid de tercera generacid. A)
Seqlienciacié de molécules individuals amb la tecnologia Helicos SMDS/DRS; B) Sistema de seqtienciacié SMRT de

Pacific Biosciences; C) Seqiienciacié de nanoporus. Extreta de (Ozsolak 2012).

Tot i aix0, aquestes tecnologies de seqlienciacido de molécules aillades no demostren encara robustesa
suficient. Recentment s’ha descrit també la que seria la quarta generacié de seqienciacié, basada en
meétodes de seqiienciacié in situ, que exploten la quimica de la NGS per a llegir la composicié dels acids
nucleics directament de cél-lules i teixits fixats (Ke et al. 2013, Mignardi and Nilsson 2014). Aquest tipus
de seqiienciacié planteja bones perspectives per a la recerca i el diagnostic molecular del cancer, pero

encara esta en desenvolupament.

Aixi com s'estan cercant millores en els instruments de seqiienciacié, millores en termes bioinformatics
també seran necessaries per emmagatzemar, analitzar i interpretar les grans quantitats de dades
genomiques que es produiran. Aixi, per analitzar la gran quantitat de dades que generara la
seqlenciacié de tercera o quarta generacio s’hauran d’estudiar nous models matematics i algoritmes
per treure el maxim d’informacié de les dades. S’haura d’'implementar una nova generacié d’eines i
software d’analisi (Schadt et al. 2010). Un dels aspectes que s’estan estudiant és com adaptar els
algoritmes d’alineament a les lectures cada cop més llargues, aixi com avencos en el hardware

informatic que permetin processar les dades més rapidament (Reinert et al. 2015).
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- S’ha desenvolupat un algoritme complert de generacid i analisi de seqiiencies obtingudes amb la
tecnologia NGS 454 que permet detectar substitucions i petites insercions o delecions, amb una
sensibilitat i especificitat adequades per al diagnostic mutacional del gens BRCA1 i BRCA2. Aquesta
mateixa aproximacié és valida pels principals gens responsables del cancer colorectal hereditari (APC,
MUTYH, MLH1, MSH2, MSH6). El protocol compren una analisi bioinformatica acurada de les dades de
NGS, una analisi especifica d’homopolimers i un protocol de complementacid i confirmacié per

seqlienciacio Sanger.

- Ll’analisi normalitzada de les dades de la cobertura dels amplicons permet suggerir la preséncia de
variacions en el nombre de copies, tot i que la precisio en la deteccid d’aquest tipus de variants depén
en gran mesura de la homogeneitat i qualitat de la seqiienciacié i encara no és prou acurada per ser

utilitzada en un context diagnostic.

- El software lliure permet adaptar les analisis bioinformatiques als interessos de cada experiment i
posar a I'abast de tota la comunitat investigadora eines potents per a I'analisi de les dades de NGS. El
desenvolupament de I'aplicacié web “ICO Amplicon NGS Data Analysis” ha mostrat ser util no solament

per la nostra unitat de diagnostic genétic sind per altres grups de cancer hereditari.

- Resultats preliminars indiquen que I'analisi d'un panell de multiples gens relacionats amb cancer
hereditari és una aproximacié de major rendiment diagnostic que I'analisi d’un o pocs gens i que permet

una homogenitzacio tecnica i una analisi eficient dels resultats de NGS obtinguts.

- l'analisi bioinformatica d’exomes ha permes identificar el gen AMER1 com a gen important en la
carcinogenesi del cancer colorectal, mostrant-se mutat en aproximadament un 10% dels cancers

colorectals esporadics.
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ANNEX

A continuacio es presenten altres publicacions on la doctoranda ha contribuit com a coautora. En totes
elles la doctoranda ha participat en I'analisi estadistica i/o bioinformatica de les dades. Totes les
publicacions s’emmarquen dins de les linies de recerca del cancer. Es presenta la llista en ordre
cronologic invers, i posteriorment la primera pagina de cadascun d’ells en el format de la revista on ha

estat publicat.
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ABSTRACT

The aim of this study was to analyze the impact of the mutanome in the prognosis of microsatellite stable stage 1l CRC tumors. The
exome of 42 stage II, microsatellite stable, colon tumors (21 of them relapse) and their paired mucosa were sequenced and analyzed.
Although some pathways accumulated more mutations in patients exhibiting good or poor prognosis, no single somatic mutation was
associated with prognosis. Exome sequencing data is also valuable to infer tumor neoantigens able to elicit a host immune response.
Hence, putative necantigens were identified by combining information about missense mutations in each tumor and HLAS genotypes of
the patients. Under the hypothesis that neoantigens should be correctly presented in order to activate the immune response, expression
levels of genes involved in the antigen presentation machinery were also assessed. In addition, CD8A level (as a marker of T-cell
infiltration) was measured. We found that tumars with better prognosis showed a tendency to generate a higher number of immunogenic
epitopes, and up-regulated genes involved in the antigen processing machinery. Moreover, tumors with higher T-cell infiltration also
showed better prognosis. Stratifying by consensus malecular subtype, CMS4 tumors showed the highest association of expression
levels of genes involved in the antigen presentation machinery with prognosis. Thus, we hypothesize that a subset of stage I
microsatellite stable CRC tumors are able to generate an immune response in the host via MHC class | antigen presentation, directly
related with a better prognosis.

All site content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 License.
PIl: 7293
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Mutations in JMJD1C are involved in Rett
syndrome and intellectual disability
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Purpose: Autism spectrum disorders are associated with defects in
social response and communication that often ocour in the context
of intelleciual disability. Rett syndrome is one example in which
epilepsy, motor impairment, and motor disturbance may co-occur.
Mutations in histone demethylases are known to occor in several of
these syndromes. Herein, we aimed to identify whether mutations in
the candidate histone demethylase JMJDIC (jumonji domain con-
taining 1'C}) are implicated in these disorders.

Meathods: We performed the mutational and functional analysis of
JMIDNC in 215 cases of antism spectrum disorders, intellectual dis-
ability, and Rett syndrome without a known genetic defect.

Results: We found seven [M[D1C variants that were not present in
any control sample (-~ 6,000) and caused an amino acid involv-
ing a different functional group. From these, two de nove IMJD1C

INTRODUCTION
Autism spectrum disorders are a heterogeneous clinical and
genetic group of neurodevelopmental defects that are char-
acterized by impaired social communication functions and
inappropriate repetitive behavior.! This family of diserders is
characterized by enormous phenotypic variability, from mild
primary deficits in language pragmatics® to major neurological
phenotypes, such as that of Rett syndrome (OMIM 312750),
whete it co-occurs with epilepsy, motor impairment, and sleep
disturbance.* The disabilities associated with autism spectrum
disorders are often so severe that affected individuals do not
generally reach parenthood, thereby preventing comprehen-
sive familial genetic studies from being undertaken. However,
genetic alterations are already recognized as major etiologi-
cal factors. In this regard, concordance with autism spectrum

germline mutations were identified in a case of Rett syndrome and
in a patient with intellectual disability. The functional study of the
JMICNC mutant Rett syndrome patient demonstrated that the altered
protein had abnormal subcellular localization, diminished activity to
demethylate the DNA damage-response protein MDC1, and reduced
binding to MECF2. We confirmed that [MJDIC protein is widely
expressed in brain regions and that its depletion compromises den-
dritic activity.

Condusions: Our findings indicate that mutations in JMJD1C con-
tribute to the development of Rett syndrome and intellectual disabil-
iy

Genet Med advance onling publication 16 July 2015

Key Words: autism; intellectual disability; mutational screening;
Rett syndrome

disorders is higher than with any other cognitive or behavioral
disorder.* In addition to the contribution of polymorphic vari-
ants that confer low or moderate risk of the appearance of these
neurodevelopmental defects, a cause of autism spectrum disor-
ders can be the occurrence of de novo mutations affecting genes
in a number of cellular pathways =* A similar scenario can be
proposed for the genetic contribution to the even more hetero-
geneous group of disorders classified as intellectual disabilities®

Among the deseribed genetic defects associated with intel-
lectual disabilities, our attention was caught by a single case
report of an autistic patient carrying a de novo balanced para-
centric inversion 46, XY in (10){g11.1;921.3) in which the dis-
tal breakpoint disrupted what was at that time knewn as the
TRIPS gene," which has been characterized as a member of the
JmJC domain-containing protein family involved in the methyl
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Identification of genes associated with hereditary cancers
facilitates management of patients with family histories of
cancer. We performed exome sequencing of DNA from 3 in-
dividuals from a family with colorectal cancer who met the
Amsterdam criteria for risk of hereditary nonpolyposis
colorectal cancer. These individuals had mismatch repair-
proficient tumors and each carried nonsense variant in the
FANCDZ /FANCI-associated nuclease 1 gene [(FANI), which
encodes a nuclease involved in DNA inter-strand cross-link
repair. We sequenced FANI in 176 additional families with
histories of colorectal cancer and performed in vitro func-
tional analyses of the mutant forms of FAN1 identified. We
detected FANI mutations in approximately 3% of families
who met the Amsterdam criteria and had mismatch repair-
proficient cancers with no previously associated mutations.
These findings link colorectal cancer predisposition to the
Fanconi anemia DNA repair pathway, supporting the
connection between genome integrity and cancer risk.

Keywords: Lynch Syndrome; Genetic Risk Factor; Susceptibility;
DMA Mismatch Repair.

Famjli,al aggregation of colorectal cancer [CRC) is one
of the strongest risk factors for CRC. Germline mu-
tations in the DNA mismatch repair (MMR) genes, EPCAM,

APC, MUTYH, POLE, POLD1, GREMI, SMAD4, BMPR1A, STK11,
and PTEN cause hereditary forms of CRC.'~ However, part
of the observed heritability and familial aggregation of the
disease is yet to be explained.

With the aim of identifying new hereditary CRC genes,
we sequenced the exomes of 3 cancer-affected members of
a high-risk, Amsterdam 1 MMR-proficient, CRC family
[Figure 14, Family 1). Of 32 unreported or rare (minor allele
frequency <1%) nonsynonymous varfants shared by all
affected relatives [Supplementary Table 1), a nonsense
mutation in FANI, c.141C>A (p.C47*) deserved our atten-
tion, as the coded protein, FANCD2/FANCl-associated
nuclease 1 [MIM# 613534), is involved in interstrand
cross-link repair [Fanconi anemia [FA]) and interacts with
MMR components, such as MLH1, PM52 and PMS1, thus
playing a role in maintaining genome jnl(‘gj"ll}'.:_s The
identified FANI mutation had not been reported previously
[NHLEI GO Exome Sequencing Project [ESP], 1000 Genomes
Project] or found in 1648 alleles of Spanish origin, including

*Authors share co-first authorship.

Abbreviations wsed in this paper: CRC, colorectal cancer; FA, Fanconi
anemia; MMC, milomycin G MMR, DNA mismatch repair; TCGA, The
Cancer Genome Atlas,
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Abstract

Malignant peripheral nerve sheath tumors (MPMSTs) are soft-tissue
sarcomas that can arise either sporadically or in assodation with
neurofibromatosis type 1 (MF1). These aggressive malignancies
confer poor survival, with no effective therapy available. We pres-
ent the generation and characterization of five distinct MPNST
orthoxenograft models for preclinical testing and personalized
medicine. Four of the models are patient-derived tumor xenografts
(PDTX), two independent MPMSTs from the same MF1 patient and
two from different sporadic patiemts. The fifth model is an
orthoxenograft derived from an WFl-related MPHNST cell line. All
MPMST orthoxenografts were generated by tumor implantation, or
cell line injection, next to the sciatic nerve of nude mice, and were
perpetuated by 7-10 mouse-to-mouse passages. The models
reliably recapitulate the histopathological properties of their
parental primary tumors. They also mimic distal dissemination
properties in mice. Human stroma was rapidly lost after MPNST
engraftment and replaced by murine stroma, which facilitated
genomic tumor characterization. Compatible with an origin in a
catastrophic event and subsequent genome stabilization, MPNST
contained highly altered genomes that remained remarkably stable
in orthoxenograft establishment and along passages. Mutational

frequency and type of somatic point mutations were highly
variable among the different MPN5Ts modeled, but very consistent
when comparing primary tumors with matched orthoxenografis
generated. Unsupervised cluster analysis and principal component
analysis (PFCA) using an MPNST expression signature of ~1,000
genes grouped together all primary tumor—orthoxenograft pairs.
Our work points to differences in the engraftment process of
primary tumaors compared with the engraftment of established cell
lines. Following standardization and extensive characterization
and validation, the orthoxenograft models were used for initial
preclinical drug testing. Sorafenib (a8 BRAF inhibitor), in combina-
tion with doxorubicin or rapamycin, was found to be the most
effective treatment for reducing MPMNST growth. The development
of genomically well-characterized preclinical models for MPMST
allowed the evaluation of novel therapeutic strategies for person-
alized medicine.

Keywords MPHST; NF1; patient-derived tumor xenograft; prechinical mouse
madels; sorafenib

Subject Categories Cancer; Meurosclence
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In this study, we aim to identify the genes responsible for colo-
rectal cancer risk behind the loci identified in genome-wide
association studies (GWAS). These genes may be candidate tar-
gets for developing new strategies for prevention or therapy.
We analyzed the association of genotvpes for 26 GWAS single
nucleotide polymorphisms (SNPs) with the expression of genes
within a 2 Mb region (cis-eQ)TLs). Affymetrix Human Genome
U219 expression arrays were used bo assess gene expression in
two series of samples, one of healthy colonic mucosa (n = 47)
and other of normal mucosa adjscent to colon cancer (n = 97,
total 144). Paired tumor tissues (r = 97) were also analyzed but
did not provide additional findings. Partial Pearson correlation
ir), adjusted for sample type, was used for the analysis. We have
found Bonferroni-significant cis-eQ)TLs in three loci: rs3802842
in 11g23.1 associated to Cllorf33, COLCAT (ClHorf92) and
COLCA2 (Cller®3; r = 0.60): rsT136702 in 12q13.12 associ-
ated to INP2E (r = 0063) and rs3934683 in Xp22.3 associated to
SHROOM2 and GPRIS3 ir = 0.47). For loci in chromosomes 11
and 12, we have found other SNPs in linkage disequilibrium that
are more strongly associated with the expression of the identi-
fied genes and are better functional candidates: rs7130173 for
11g23.1 (r = 0.66) and rs6192776% for 12q13.12 (r = 0.86). These
SNPs are located in DNA regions that may harbor enhancers or
transcription factor binding sites. The analysis of trans-e(JTLs
has identified additional genes in these loci that may have com-
mon regulatory mechanisms as shown by the analysis of protein—
protein interaction networks.

Introduction

Genome-wide association studies (GWAS) have been successful in
identifying susceptibility loci for cancer and other diseases, but no
progress has been made regarding the functional mechanisms under-
lving the associations. In colorectal cancer (CRC), 26 susceptibility
single nucleotide polymorphisms (SMPs) in 23 different loci have
been identified in GWAS to date (Supplementary Table 1. available

Abbreviations: CRC, colorectal cancer; GWAS, genome-wide association
smifies: LD, linkage disequibibrium; PPIN, protein—protein interaction net-
work; SME single nucleotide polymorphism.
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at Carcimogenesis Online) (1-12). Most of them are located in inter-
genic positions and the genes responsible for the risk modification are
unknown. The identification of these genes is important because they
may be considered targets for developing new strategies for preven-
tion or therapy (13).

The combination between high throughput genotyping and gene
expression profiling technologies allows studying genome-wide asso-
ciations between genetic polymorphisms and gene expression levels,
known s expression quantitative trait loci (eQTL). The identification
of ¢{)TL has been proposed as a method to find genes underlying the
associations with disease risk (14). The eQTL analysis also has been
pmpuscd as a tool o J'm]:mvr the power of GWAS (13) or to c'ngi.m:m'
genetic-gene expression networks and discover new mechanisms or
pathways related to disease (16).

Most analyses of o)TL have used lymphoblastoid cell lines {14),
which may not be optimal when the interest is in explaining risk in
specific target tissues. Global e)TL analyses of diverse tissues have
been done in liver (17), kidney (15} and brain (19), among others.
The Genotype-Tissue Expression (GTEx) project (20) aims to cre-
ate & comprchensive public atlas of gene expression and regulation
scross multiple human tissues (hitp:/faww broadinstitute. orgfgtex ).
Regarding colon cancer, the interest of analyzing eQTL for GWAS
SNPs has been recognized (21) and some of the articles reporting
GWAS SNPs have analyzed expression levels inreduced sets of tumors
or lymphoblastoid cell lines to document a potential functional role of
the SNPs (1.3,5,9). More recently, Loo er al. have found interesting
assoclations using expression data assessed in colonic mucosa, cither
from tumor or normal mucosa adjacent to wmor, though the limited
sample size provided low power to identify small associations (22).

In this study, we analyze cis- and trans-eQTL for GWAS SNPs to
identify candidate genes responsible for CRC susceptibility. We com-
bine two series of samples, one of healthy colonic mucosa and other
of normal mucosa adjacent to colon cancer. In parallel, we have also
analyzed the effect in mmor mucosa, but these data are more difficulr
to interpret because the expression in tumors is more heterogencous
and 15 highly altered by diverse mechanisms.

Materials and methods

Subjecrs and semples

Colon mamor and pained adjacent normal mucosa tssue samples used in this
stady wene selected from a series of cases with a new dagnosis of colon adeno-
carcinoma attending the University Hospatal of Bellvitge in Barcelona berween
January 1996 and December 2000, Patents included were diagnosed of stage I1,
macrosate|lie stable colon cancer, wene surgically treated and had not received
adjuvant chemotherapy. Adjscent mucosa was obtained from the proximal sur-
gical margns and was at least 10 cm distant from the mor lesion. Healthy
colon mbeoss samples were obtained dunng colonoscopy between February
and May 3010, These samples come from a series of unselectad patients who
underwent a colonoscopy indscated for screeming or suspicion of colonse
pathology bt no colonic lesions were observed. Biopaies were obtaned from
left amd rght colon. For this study, we selected randomly approxi Iy half
from each sive (Supplementary rJhI.L 2, avaalable at funirw_gtn:m QIIJ.IJI.EJ

All subjects provided written informed consent to participate in the smdy
and the etlics commimee of the hospital cleased the protoced. Additional infor-
mation about the study can be found ar hipafwwwcolonomics org.

The eQTL analysis was focused on expression data sssessed i normal
mucosa. Though we intally selected 100 patents and 50 bealthy controls,
the final sample size after quality control of the data was 144: 47 from healthy
donors and 97 adjacent normal mecosa from patents. Gene expression in
mmors {n = 97) was also analyeed, and the resulis compared with those of
normal mscosa. Also, for completensss and becanse we have previowsly dem-
omstrated i fhese same samples that the expression in some genes 15 differ-
enl between adjacent normal and healihy mscosa (23), we have performed
the amalyses separated for each tssue (Supplementary File |, avadlable a
Carcinogenesis Online).
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Exome sequencing identifies
MUTYH mutations in a family
with colorectal cancer and

an atypical phenotype

Ma et al' comprehensively assessed the
association of previously reported genenc
vanants with colorectal cancer (CRC) nisk.
The mera-analyses revealed strong evi-
dence for association with rare MUTYH
variants, even when excluding cases with
MUTYH-associated polyposis. An arnicle
by Mieuwenhuis et al* accurately defined
the phenotypical feamures of MUTYH-
associated polyposis. However, the study
was performed on clinic-based series ascer-
taincd based on the inheritance model or
the presence of polyps, which may miss
addrtional phenotypes relevant to improve
the disease characterisation and therefore,
its genetic diagnosis. To illustrate this, we
report a family with a clinical phenotype
thar resembled Lynch syndrome bur was
caused by MUTYH mutations.

To identfy novel hereditary CRC
genes, we studied an Amsterdam 1 family
{hereditary non-polyposis CRC) with no
mutanions in the DNA mismatch repairc

(MMR) genes (figure 1, wable 1). By
exome sequencng performed on four
cancer-affected (IL2, IL&, IIL1 and IIl&)
and onc cancer-free  (IIL5)  famuly
members, we identified a total of 11 unre-
ported or rare heterozygous  varianes
present in the cancer-affected individuals
(see  online supplementary wable 51).
One of them was MUTYH ¢.1147delC (p.
Ala385Profs®23) (NM_001128425.1), an
European recurrent mutation.” Cancer-
affected individuals of the third gener-
ation  also  carried a novel MUTYH
varant: c43A=0G (p.Merlival), The
presence of biallelic MUTYH mutations in
IL2 and ILé that could explain the pseu-
dodominant transmission was discarded.

The funcional smudies performed for
c43A>0 are descnibed in online supple-
mentary marterial. The variant inacrivates
the start codon of the two transcripes
encoding the nuclear MUTYH isoforms
(B and v}, highly relevant in ascending
colon,* the location of =five tumours
developed in the family

KRAS c.34G>T (puG12C), hallmark of
MUTYH-associared  carcinomas,”  was
present m the tumours developed by two
MUTYH hiallelic mutation carriers  but
not in the mmour developed by ILa,

+70

5

carrier  of only c1147delC.  The
MMR-deficient tumour developed by a
MUTYH biallelic mutation carrier had a
mansiion in the same KRAS codong
c350G=A (p.G12D0) {table 1).

The feamures of rthis family suggesr thar
the sclection eritena proposed for MUTYH
resrirl,g,ﬁ might fail to detect a number of
mutated families due to infrequent pheno-
types. First, MUTYH heterozygous muta-
mons may, probably m the presence of
other cancer rnsk factors, provide an
increased risk of developing cancer in het-
erozygous carriers,” © and thereby disguise
the MUTYH recessive inheritance to look
like autosomal-dominant. One should be
suspicious when an extreme anticipation
in the age of cancer onset s observed
between two affected generations. Second,
ahsence or scarcity of polyps, even ar
relatively advanced ages (ecarly 50s) and
with a prior CRC diagnosis, can occur in
biallelic  mutagon  carriers. . When
this occurs in several cancer-affected muta-
don carriers within the same family it
can lead to a misdiagnosis of heredicary
non-polyposis CRC. Third, the presence
of MMRB-deficient tumours should not
be an exclusion criterion for MUTYH
genetic screening.” Finally, as previously

I

c.114TdaiC c. 11 4TdelC
165 B8 a4 ] a4
i 7
CRC, By CRC, Ty
2 palyps, T3y
MMR-pro
Mo KRAS mut
c.{1147delC]; | c[1147deiC]; e [ 1147 delC];
[434>G] [434>G] cd3AxG [434>G]
61 148 62 78 T4 59 166 i 145
i x & [ [ [J 0w
CRC, 43y CRC, 43y CRC (a2}, a8y CRC, |45y
=31 adenamas, »50-61y >3 adenomag, 52-50y
MMR-pro MMRA-daf MMR-pro
KRAS G12C  KRAS G120 KRAS G12C
28 26
v OO

e 1147delC c 434G

<&

434G

o

c. 1147deiC

Figure 1  Family pedigree. Ages at information gathering or at death, when available, are indicated on the top left comer of each individual's
syrmbol. Germline MUTYH mutations identified are indicated on the top left comer (above the age). Tumaour KRAS mutations in codon 12 are
indicated below the CRC andfor polyposis diagnosis information. In grey, number of adenomas identified at follow-up screenings. Filled symbal,
CRE; numbers within the symbels, number of children; armow, index case. CRC, colorectal cancer; y, years at cancer or polyposis diagnosis;
MMR-pro, DNA mismatch repair proficiency in the wmour, MMR-def, DNA mismatch repair deficiency in the tumour.
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Clinicopathological risk factors of Stage II colon cancer: results

of a prospective study

C. Santos*, A. Lopez-Dorigat, M. Navarrof, |. Mateo®, 5. Biondo§, M. Martinez Villacampa®,
G. Soler*, X, Sanjuan®, M. ]. Paules', B. Laquente*, E. Guind{, E. Kreisler§, R. Frago§,
J- R. Germa®, ¥. Morenot and R. Salazar*

Abstract

Aim Adjuvant S-fluorouraal based chemaotherapy has
demonstrated benefit in Stage 11 colon cancer but stll
remains controversial in Stage 1L The aim of this study
wias to analyse the progrostic impact of dinicopatholog-
ical factors that may help guide treatment dedsions in
Stage II colon cancer.

Method Between 1996 and 2006 data from patients
diagnosed with colorectal cancer at Hospital Universtari
Bellvitge and its referral comprebensive cancer centre
Institut Catala d*Onoodozia /L Hospitalet were prospec-
tively included in a database. We identified 432 patients
with Stage 1l colon cancer operated on at Hospital
Universitari Belhvitge. The var relapse-free survival
[KF&) and colon-cancer-specific survival (COS5) were
determined

Results The S-vear BFS and CCS3 were B3% and 83%,
respectively. Lymphovasoular or perineural invasion was
associated with RFS [hazard ratio (HE)} 1.84; 95% CI
1.01-3.35). Gender (women, HR 0.48; 95% CL#.23-1)
and hmphovascular or perinevaral invasion [HR 3.51;

95% CI 1.B6—6.04 | together with pT4 (HE 279, 95% CI

1.44-5.41 } influenced CCS%, In multivariate anahesis pT4
and lymphovascular or perineural invasion  remained
sipnificantly asaciated with CCSS. We performed a risk
index with these factors with prognostic impact. Patients
with pT4 tumours and lymplovascular or perineural
invasion had a S-year € 5 of 61% wrthe 93% (HER 5.87;
95 1 2.46-1397) of those without any of these factors.

Conclusion pT4 and lymphatic, venous or perineural
invasion are confirmed as significant prognostic fctors in
Stage 1 colon cancer and should be taken into account in
thee clinical validation process of new maolecular prognos-
i Factors.

Keywords Colon cancer, prognosis, adjuvant chemao-
therapy, colorectal surgery

¥vhat is new in this paper?

A risk index including T stage and vascular invasion can
ubentify a subgroup of patients with Stage 11 colon cancer
with low risk of recurrence and colon cancer death, We
suggest that patients classified as bow risk pasents oould
be sfely mamaged without adjivant chemotherapy.

Introduction

Codorectal cancer &5 the second cause of cancer related
death in Europe [1]. The gold standard treatment in
non-metastatic disease is sirgery, with 5-vear survival
rates ranging from 4% to 923% depending on stage [2].

S-Fluorouracil [5-FU) based adjuvant treatment has
demonstrated a significant benefit in Stage 111 oodon

414 clorectsl Disssas £ 3011

cancer (G0 [ 3,4] but controversy still remains for Stage
II patients [5,6]. Different consensus and expert apinion
reports have been published over the last few vears inoan
effort to define 2 high risk Stage 1 subgroup that may
benefit from adjivant 5-FU based chemotherapy [78].
The most robust cinicopathological factor assocated
with poor prognasis in the literature is pT4 [2.9-11].
High histological grade [2,12], number of lymph nodes
asmessed « 12 [13,14], venous, lrmphatic or pednearal
imvasion [9,15], emergency surgery (due to obstruction
or perforation) [16,17] and high preoperative carcino-
embrvonic antigen (CEA] level [18,19] have also been
associated with a high rsk of relapse and death. In

£ 3012 The suthor
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Susceptibility genetic variants associated with early-onset colorectal cancer
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Colorectal cancer (CRC) is the second most common cancer in
Western countries. Hereditary forms only correspond to 5% of
CRC burden. Recently, genome-wide association studies have
identified common low-penetrant CRC genetic susceptibility loci.
Early-onset CRC (CRC<50 years old) is especially suggestive of
hereditary predisposition although 85-90% of heritability still
remains unidentified. CRC<30 patients (n = 191) were compared
with a late-onset CRC group (CRC>65 years old) (n = 1264).
CRC susceptibility variants at 8q23.3 (rs16892766), Sq24.21
(rs6983267), 10pld (rs10795668), 11g23.1 (rs3802842), 15q133
(rs47T9584), 18g21 (rs4939827), 14q22.2 (rs4444235), 16q22.1
(rsS929218), 19q13.1 (rs10411210) and 20pl12.3 (rs%1253) were
genotyped in all DNA ples. A genotype—phenotype correlation
with clinical and pathological characteristics in both groups was
performed. Risk allele carriers for r=3802842 | (Mdds ratio (OR) =
1.5, 95% confidence interval (CI) 1.1-2.05, P = 0.0006, dominant
maodel) and rs4779584 (OR = 1.39, 95% CI L02-1.9, P = 0.0396,
dominant model) were more frequent in the CRC<S0 group,
whereas homozygotes for rs10795668 risk allele were also more
frequent in the early-onset CRC (P = 0L02, codominant model).
Regarding early-onset cases, 14q22 (rs4444235), 11q23 (r=38025842)
and 20pl2 (rs91253) variants were more associated with family
history of CRC or tumors of the Lynch syndrome spectrum ex-
cluding CRC. In our entire cohort, sum of risk alleles was signif-
icantly higher in patients with a CRC family history (OR = 1.40,
95% C1 L06-1.85 P = 0.01). In conclusion, variants at 10pl4
(rs10795668 ), 11g23.1 (rs3802842) and 15q13.3 (rs4779584) may

Abbreviations: CL coafidence mterval; CRC. colorectal cancer; LS, Lynch
syndrome; MSL, microsaellne inswability; OF, odds ratio; SKE, sngle-nucleotde
polymorphism.

F Al austhors are listed in a Supplensentary Note.

have a predominant role in predisposition to early-onset CRC.
Association of CRC suscepfibility variants with some patient’s
familiar and personal features could be relevant for screening
and surveillance strategies in this high-risk group and it should
be explored in further stodies.

Introduction

Colorectal cancer (CRC) is the second leading cause of cancer-related
death in Western countries (1). As other complex diseases, CRC is
caused by both genetic and environmental factors. Although environ-
mental factors, such as smoking and diet are undoubtedly major risk
factors for CRC, twin studies have shown that 30K of the varation
in CRC susceptibility involves inherited genetic differences (2,3).
Familial adenomatous polyposis and Lynch syndrome (LS) are the
more frequent hereditary CRC syndromes and they are caused by
germline mutations in APC or MUTYH and DNA repair genes
(MLHI!, M5H2, M5H6 and PMS2). respectively. Hereditary CRC
forms account only for a minority of the total CRC burden (5%).
The genetic components involved in these less frequent hereditary
forms were successtully identified in the past two decades and they
correspond to rare highly penctrant alleles that predispose to CRC (4).

According to the common disease-common variant hypothesis,
a majority of the heritability in CRC may be explained by multiple
common genetic variants with a low-moderate effect on cancer sus-
ceptibility (5). The common discase-commaon variant hypothesis has
been recently vindicated by genome-wide association studies and.
so far, 14 common low-penetrant genctic loci have been identified
for CRC susceptibility on 8q24.21, 18q21.1. 15q13.3, 8q23.3, 10pl4,
11g23.1, 14q22.2, 16g22.1, 19ql3, 20pl2.3, 1g4l, 3q26.2, 12q13.13
and 20q13.33 (6-8). In addition, some of these variants appear 1o be
associated with some clinical and familial features, which conld have
potential implications for screening and surveillance strategies (9, 10).

Early-onset CRC (<50 years old) is especially suggestive of a
hereditary predisposition and it can be used in genetic association
studies 1o increase likelihood of finding susceptibility variants. We
have shown previously that LS- and MUTYH-associated CRC sccount
for only 15-20% of the early-onset CRC cases (11). Therefore, a con-
siderable proporion of hentability still remains unidentified in this
high-risk group. Hypothesizing that some of these susceptibility var-
iants could be distinctively related to early-onset CRC, the aims of
our study were firstly to assess the prevalence of 10 common, low-
penctrance CRC  susceptibility variants at 8g23.3 (rs168%2766),
Bq24.21 (rs6983267), 10pld (rs107T95668), 11g23.1 (rs3802842),
159133 (rs4779584), 18g21 (rs4939827), 14g22.2 (rs4444235),
16g22.1 (rs%929218), 19q13.1 (rs104112100 and 20pl2.3 (rs9%61253)
in a group of unsclected early-onset CRC patients with no involve-
ment of hereditary syndromes, and secondly. to perform a genotype—
phenotype correlation of these variants with clinical and pathological
characteristics.

Materials and methods

Srady poparanion

We rerrospectively recruated all patients <50 years old diagnosed with CRC
(early-onset CRC) who were surgically reated ar iwo Spanish centers between
1945 and 2007 (Hospital Clinic of Barcelona and Hospital of Donosiia), with
available archival formalin-fixed paraffir-enbedded samples (11). Patents
with persomal history of colorectal polyposis, inflammatory bowel disease.
biallelic MUTYH muatons, LS diagnosss (germline mulation carers) or
LS-suspected {mismaich repair deficiency withour MEH! promoter methyla-
ton) were excloded. A otal of 115 patients from both centers were considered
for this smedy. Addivomally, 76 early-onset CRC patients were also incladed
from the EFICOLON echor (12) using the same previous exclusion crtera.

£ The Author 2002, Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions @oup.oom 613
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Hepatic Carcinoma-Associated
Fibroblasts Promote an
Adaptative Response in
Colorectal Cancer Cells

That Inhibit Proliferation
and Apoptosis: Nonresistant
Cells Die by Nonapoptotic
Cell Death'

Abstract

Carcinoma-associated fibroblasts (CAFs) are important contributors of microenvironment in determining the
tumor's fate. This study aimed to compare the influence of liver microenvironment and primary turmor microenvi-
ronment on the behavior of colorectal carcinoma. Conditioned medium (CM) from normal colonic fibroblasts
[NCFs), CAFs from primary tumor (CAFR-PT) or liver metastasis (CAF-LM) were obtained. We performed functional
assays to test the influence of each CM on colorectal cell lines. Microarray and gene set enrichment analysis (GSEA)
were performed in DLD1 cells cultured in matched CM. In DLD1 cells, CAF-LM CM compared with CAF-FT CM and
MNCF led to a more aggressive phenotype, induced the features of an epitheliakto-mesenchymal transition more
efficiently, and stimulated migration and invasion to a greater extent. Sustained stimulation with CAFLM CM
evoked a transient Go/M cell cycle arrest accompanied by a reduction of apoptosis, inhibition of proliferation,
and decreased wviability of SW1116, SWBE20, SW480, DLD1, HT-29, and Caco-2 cells and provoked nonapoptotic cell
death in those cells carrying KR4S mutations. Cells resistant to CAF-LM CM completely changed their morphology
in an extracellular signal=regulated protein kinase=dependent process and depicted an increased stemness capac-
ity alongside the Wnt pathway stimulation. The transcriptomic profile of DLD1 cells treated with CAF-LM CM was
associated with Wnt and mitogen-activated protein kinase pathways activation in GSEA. Therefore, the liver micro-
environment induces more efficiently the aggressiveness of colorectal cancer cells than other matched micro-
environments do but secondarily evokes cell death. Resistant cells displayed higher stemness capacity.

Neoplssia (2011) 13, 931-946

Abbreviations: CAF«PT, cascinomasassociated fibroblasss from primary rumor; CAFLM, carcinomasassaciared fibroblasts from liver metaszasis; NCF, normal colonic fbroblass;
M., conditioned medium: GSEA, gene ser ensichmient i
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Gene Expression Signature to Improve Prognosis Prediction
of Stage II and III Colorectal Cancer
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Lawra [. Van’t Veer, and Rob Tollenaar
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This study aims 1o develop a robust gene expression classifier that can predict disease relapse in
patients with early-stage coloractal cancer (CRC).

Patients and Methods
Fresh frozen tumor tissua from 188 patients with stage | to IV CRC undergoing surgery was

analyzed using Agilent 44K oligonucleotide arrays. Median follow-up time was 65.1 months, and
the majority of patients (83 6%) did not receive adjuvant chermotherapy. A nearest mean classifier
was developed using a cross-validation procedure to score all genes for their association with
S-year distant metastasis-free survival.

Results

An optimal set of 18 genes was identified and used to construct a prognastic classifiar (ColoPrint).
The signature was validated on an independent set of 206 samples from patients with stage I, 11,
and Il CRC. The signature classified 80% of patients as low risk and 40% as high risk. Five-year
relapse-frae survival rates were 87.6% (95% CI, 81.5% to 93.7%) and 67.2% (95% CI, 55.4% 10
79.0%) for low- and high-risk patients, respectively, with a hazard ratio (HR) of 2.5 (95% CI, 1.33
to 4.73; P = .005). In multivariate analysis, the signature remained one of the most significant
prognostic factors, with an HR of 2.69 (85% Cl, 1.41 10 5.14; P = .003). In patients with stage ||
CRC, the signature had an HR of 3.34 (P = .017) and was superior to American Sociaty of Clinical
Oncology criteria in assessing the nsk of cancer recurrence without prescreening for microsatellite
instability (MSI).

Conclusion

ColoPrint significantly improves the prognostic accuracy of pathologic factors and MSI in patients
with stage Il and Il CRC and facilitates the identification of patients with stage |l disease who may
be safely managed without chematherapy.

J Clin Oncol 29:17-24. @ 2010 by American Society of Clinical Oncology

tients with stage 111 disease.” However, patients with

The American Joint Committee on Cancer TNM
staging system is the current standard for determin-
ing the prognosis of patients with colorectal cancer
(CRC). Patients with stage | CRC have a 5-year sur-
vival rate of approximately 93%, which decreases to
approxmately 809 for patients with stage Il disease
and to 60% for patients with stage 111 disease.' De-
spite numerous clinical trials, the benefit of adjuvant
chemotherapy for patients with stage [ CRC 1s still
debatable. ™ In Western countrics, official guide-
lines give sugpestions for nsk stratification but no
clear recommendations on the administration of
adjuvant chemotherapy.® In contrast, adjuvant
treatment is universally recommended for all pa-

TI-ZN1MD tumors (stage IIIA) have significantly
higher survival rates than patients with stage IIB
tumors,’ suggesting that adjuvant chemotherapy se-
lection needs optimization.

To date, substantial effort has been put mto the
identification of dinicopathologic parameters thar
predict prognosis of patients with stage 11 disease.
The most important factors for predicting the risk of
systemic recurrence (ie, distant metastases) are
cmergency presentation, poorly differentiated tu-
mor, depth of tumor invasion, and adjacent organ
involvement (T4).37 Inadequate sampling of lymph
nodes is an additional risk factor.* Among the mo-
lecular factors investigated as prognostic candidates
in early CRCs, microsatellite instability (MSI) is the

© Z010 by Amarican Scckny of Qinical Oncology 17

Information downloaded from im.asmgd:s.nrg and provided by at BIBLIOTECA DE LA UNINVERSITAT DE BARCELOMA an
IWFEM bbbkl DRADGRS P

Copyright & 2

rights reserved.

156



	ALDG_COBERTA
	Tesis_AdrianaLDoriga_pub



