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Introduccio

1 Introducci6

1.1 El cancer colorectal
1.1.1 Epidemiologia

El cancer colorectal (CRC, de l'angles Colorectal Cancer) és un problema
d’abast mundial, amb 746.000 nous casos cada any se situa en la tercera
posicié dels cancers més frequents en homes (10%), darrere pulmad i prostata.
En dones, 614.000 nous casos cada any el situen com a segon cancer mes
frequent (9,2%), tan sols darrere del de mama segons dades del Globocan de
2012 (Torre et al. 2015; Ferlay et al. 2015). Existeix un patré geografic on els
paisos reconeguts com a meés desenvolupats mostren incidéncies meés
elevades per a aquesta malaltia (Figura 1). La mortalitat de la malaltia és una
mica més baixa, 697.000 casos per any, amb més morts en els paisos
reconeguts com a menys desenvolupats (52%), reflectint una pitjor
supervivencia de la malaltia en aquests paisos (Torre et al. 2015) (Figura 2).
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Figura 1. Incidéncia del CRC a nivell mundial. Figura adaptada de Globocan 2012
(http://globocan.iarc.fr).
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Figura 2. Mortalitat del CRC a nivell mundial. Figura adaptada de Globocan 2012
(http://globocan.iarc.fr).

Als Estats Units d’Ameérica, el CRC té una alta incidencia, situant-se tercer en
nombre total de casos darrere de prostata i pulmé en homes, i de mama i
pulmé en dones (Siegel et al. 2016). No obstant, segons dades provinents del
National Institutes of Health (NIH), aquest cancer mostra una tendéncia a la
baixa de nous casos per any, amb una mitjana al voltant d'un 3% menys de
casos per any durant el periode 2003-2012 (Siegel et al. 2016). L'increment en
I'is de la colonoscopia, amb la finalitat d’eliminar lesions pre-canceroses,
sembla ser el responsable de la baixada de la taxa d’incidencia (Siegel et al.
2012). Contrariament, la incidéncia ha pujat de mitjana un 1,8% per any entre el
1992 i el 2012 al subgrup de pacients menors de 50 anys, on I'screening per a

la deteccio de la malaltia no esta implementat (Siegel et al. 2016).
1.1.2 Anatomia i histologia de I'intesti gros

L’intesti gros es divideix en cinc seccions: el cec més el colon ascendent, el
colon transversal, el descendent, el sigmoide i el recte. Paral-lelament és comu
adoptar la divisio de l'intesti gros en dues seccions: el colon proximal o dret que
engloba el cec, el colon ascendent i el transversal; i el colon distal o esquerre
que engloba el colon descendent, sigmoide i recte (Figura 3). Aquesta
classificacié pren importancia a nivell patologic ja que, com es descriura meés
endavant, el tumors associats a inestabilitat de microsatel-lits tendeixen a estar
localitzats al colon proximal, mentre que els que mostren inestabilitat
cromosomica tendeixen a estar localitzats al colon distal (Lothe et al. 1993). A

nivell histologic, podem diferenciar les seguents capes de l'intesti gros, des del
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lumen cap a I'exterior: mucosa, submucosa, muscularis propria i serosa (Figura
3). La mucosa la forma principalment una monocapa de cel-lules epitelials que
presenten invaginacions conegudes com a criptes de Lieberkihn. Entre els
diversos tipus cel-lulars, a la base de les criptes es localitzen les cél-lules mare.
Aquestes, son ceél-lules indiferenciades totipotents que proliferen i donen lloc a
la resta de tipus cel-lulars. Es pensa que mutacions en aquestes cél-lules amb
la posterior invasié de tota la cripta mitjancant expansio clonal podria ser l'inici
del CRC (Brittan and Wright 2004).
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Figura 3. Representacions esquematiques de l'anatomia i de la seccié transversal de
I'intesti gros.

1.1.3 Classificacio del CRC per estadiatges

La classificacié del CRC per estadiatges és un dels factors més importants a
I'hora d’avaluar les diverses opcions terapeutiques i poder determinar com
d’efectiu ha estat el mateix tractament. Historicament, s’han usat diversos
criteris per a classificar el CRC, com el de Dukes o el posteriorment modificat
d’Astler-Coller (Astler and Coller 1954). Actualment, la classificaci6 més usada
és el sistema TNM, establert per I’American Joint Committee on Cancer
(Fleming et al. 1997) (Taula 1). Aquest sistema té en compte tres factors per a

classificar el CRC:

1. Tumor (T): S’estableix la progressio del cancer mitjancant I'avaluacio del

creixement a traves de les diferents capes de l'intesti (T1-T4).
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2. Noduls limfatics (N): Es valora la progressié del cancer mitjancant el

comptatge de noduls afectats (NO-N2).

3. Metastasi (M): S’examina la progressio del cancer mitjancant el

comptatge d’organs llunyans envaits (MO-M1).

Taula 1. Classificacié del CRC segons la classificacio TNM.

Categories T

Grau d'infiltracié a través de les capes de l'intesti

TX No hi ha informacio disponible sobre la infiltracié del tumor
TO0 No hi ha evidencia de tumor primari
Tis Carcinoma in situ. El cancer es manté a la mucosa
T1 El tumor ha crescut a través de la muscularis mucosa i envaeix la submucosa
T2 El tumor ha crescut a través de la submucosa i envaeix la muscularis propria
El tumor ha crescut a través de la muscularis propria i arriba a les capes més externes
™ de l'intesti pero sense travessar-les. No envaeix organs o teixits veins
T4a El tumor ha crescut a través de la serosa
Tab El tumor ha crescut a través de la capa més externa del colon o recte i s’adhereix o

envaeix teixits i/o organs veins

Categories N

Grau d’invasi6 a ganglis limfatics veins

Nx No hi ha informacio disponible d’invasi6 a ganglis limfatics
NO No hi ha invasié a ganglis limfatics
Nla Invasié a un gangli
N1b Entre 2 i 3 ganglis afectats
El tumor es manté a la subserosa, mesenteri 0 a les capes més externes del colon o
Nie recte sense ganglis regionals afectats
N2a Entre 4 i 6 ganglis afectats
N2b Més de 7 ganglis afectats

Categories M

Grau d’'invasié a organs distants

MO No hi ha metastasi
Mla Preséncia de metastasi distant confinat a un organ o teixit
M1b Preséncia de metastasi distant a més d'un drgan

Un cop establerta la classificaci6 mitjancant el sistema TNM, i normalment

posterior a la cirurgia, aquesta informacié s'usa per a la classificacio

d’estadiatge global descrita a la Taula 2. Aixi el tractament del CRC varia en

funcié de I'estadiatge diagnosticat. En estadiatges primerencs (l i Il), la cirurgia,

per tal de extirpar el tumor, és el tractament més comu en colon (98%) i recte

(88%). Per pacient d’estadiatges Ill i alguns casos d’estadiatges 1l de colon, la

cirurgia es combina amb uns sis mesos aproximadament de quimioterapia per

tal de reduir el risc de recurréncia. No obstant, el tractament amb quimioterapia
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en estadiatges Il esta forca discutit. D’altra banda, els estadiatges Il i Ill de
recte es tracten amb quimioterapia neoadjuvant combinat amb radioterapia. Pel
qgue fa a la supervivéncia als 5 anys, aquesta se situa al voltant del 90% en
pacients on el tumor esta localitzat. Un cop el cancer envaeix noduls o organs
propers la supervivéncia als 5 anys baixa al 70,4%. Finalment, quan la malaltia
envaeix organs llunyans la supervivéncia als 5 anys baixa fins al 12,5%
(DeSantis et al. 2014).

Taula 2. Estadiatges del CRC

Estadiatges T N M
0 Tis NO MO
T1 NO MO

| T2 NO MO
A T3 NO MO
1B T4a NO MO
Ic T4b NO MO
T1-T2 | N1/N1lc MO

A T1 N2a MO
T3-T4a | N1/N1lc MO

1B T2-T3 N2a MO
T1-T2 N2b MO

T4a N2a MO

Inc T3-T4a N2b MO
T4b N1-N2 MO
IVA T1-T4 N1-N2 Mla
VB T1-T4 N1-N2 M1b

1.1.4 Etiologia del CRC

El 95% dels carcinomes de colon sén adenocarcinomes, i per tant, aguests
s'originen a les cél-lules epitelials del colon. La major part d’aquests tipus de
cancer, al voltant d'un 70-80%, sén esporadics. D’altra banda, fins a un 25%
dels pacients s’agrupen al tipus de CRC familiar, on en aquestes families la
frequencia de desenvolupar la malaltia és superior a I'esporadic, pero sense
seguir un patr6 caracteristic del cancer hereditari. Dins d’aquest grup, tan sols
entre un 5-6% dels casos estan associats a mutacions en gens dalta
penetrancia que presenten una herencia mendeliana dominant o recessiva

(Figura 4). Es en aquest grup de casos on s’agrupen les sindromes
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poliposiques, polipdsiques hemartomatoses i no poliposiques que s’enumeren a

la Taula 3.

Taula 3. Sindromes hereditaries de predisposicié al CRC.

Sindrome Incidencia Gen Caracteristiques
Herencia autosomica dominant. Aparicié de multiples polips
1:35000 — adenomatosos (>100) a colon i recte al voltant dels 20-30 anys
FAP 1:50000 APC d’edat. Risc a patir CRC proper al 100%. Existeix la versié
atenuada (AFAP), la qual presenta menys polips (entre 40-50)
(Lynch et al. 2003).
MLH1 Heréncia autosomica dominant. Es el més freqlient de tots els
CRC hereditaris, representant entre un 2-3% dels casos totals
MSH2 de CRC. Associat a mutacions en el gens de reparaci6 de
Lynch/ bases mal aparellades. S’han proposat mdltiples criteris i
1:500 MSH6
HNPCC revisions d’aquests per tal d’establir una normativa diagnostica
PMS2 per aquesta sindrome i per I'analisi de MSI (Amsterdam I, Il i
Bethesda) (Vasen et al. 1991, 1999; Rodriguez-Bigas et al.
EPCAM 1997)
' Tipus de sindrome adenomatosa similar fenotipicament a la
MAP 1122;);)0_ MUTYH FAP/AFAP perd amb heréncia autosdmica recessiva del gen
MUTYH (Al-Tassan et al. 2002).
SMADA Heréncia autosdmica dominant. Es la sindrome de poliposi
Poliposi 1:16000 — hemartomatosa més frequient. Aparicié de polips en tot el tracte
juvenil 1:100000 intestinal amb elevat risc de desenvolupar CRC (Desai et al.
BMPR1A
1995)
Peutz. 1150000 — Heréncia. autos()r.nica dominant. Es caracteritza per I'aparicio
Jeghers 11200000 STK11 de multiples polips hemartomatosos al llarg de tot el tracte
gastrointestinal. Pigmentacié mucocutania (Dunlop et al. 2002).
Herencia autosomica dominant. Els polips hemartomatosos
Cowden 11200000 PTEN d'aquesta sindrome acostumen a presentar-se a la mama,
tiroides, pell i sistema nervids central, a part del tracte
gastrointestinal (Schreibman et al. 2005).
Herencia autosomica dominant. Els polips es localitzen
Bannayan- principalment a la llengua i al colon. Associacié amb
Ruvalcaba- ND PTEN manifestacions extracoloniques, com macrocefalia o retard
Riley mental. No s’ha descrit un risc de lesions neoplasiques
associades (Schreibman et al. 2005).
POLE Recentment descrita. Heréncia autosdmica dominant.
PPAP ND Polipdsica. Mutacions germinals al domini exonucleasa de
POLD1 dues polimerases. Fenotip hipermutador (Palles et al. 2012).
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CRC Esporadic
70-80%

CRC Familiar
20-30%

~———Ssindrome de Lynch
2-3%

Poloposis  Poliposi Adenomatosa
Hemartomatoses Familiar
<0,1% <1%

Figura 4. Classificacié del CRC. Adaptada de Randall WB. Gastroenterology 2000.

1.2 Classificacié molecular del CRC

Quan es resumeixen les caracteristiques comunes que presenten les cél-lules
tumorals de qualsevol tipus de cancer s’acostuma a recOrrer a les
caracteristiques descrites per Hanahan i Weinberg (Hanahan and Weinberg
2000). Aquest model, que inicialment englobava 6 caracteristiques, s’ha revisat
posteriorment donant lloc a I'actual model on es proposen 10 caracteristiques
comunes presents a la cél-lula tumoral (Hanahan and Weinberg 2011). (Figura
5).

Autosuficiéncia Insensibiltat a
de senyals senyals d'inhibicié
de creixement del creixement

Desregulacié Evasio del
de I'energéti sistema
cel-lular immunitari

16 Potencial
Evasié de nci
'apoptosi r?-phcanu

il limitat
Instabilitat )
enomica Induccio
9 i6 d'inflamacié
i mutacié
i Activaci6 de
Induccid v a
d'angiogénesi la invasié
i metastasi

Figura 5. Caracteristiques del cancer. Adaptada de Hanahan and Weinberg. Cell 2011.
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L'adquisici6 de la inestabilitat genomica és wuna de les principals
caracteristiques que explica el model de progressié del CRC, la sequéncia
adenoma-carcinoma descrita a principis dels anys 90 (Fearon and Vogelstein
1990). Les constants revisions del model, proposen que el CRC esdeveé d’'una
progressiva transformacio de I'epiteli colonic normal fins a I'adenocarcinoma, a
través d’'una orquestrada série d’esdeveniments genétics i/o epigenétics, entre
d’altres anomalies (Colussi et al. 2013) (Fig. 6). Els tipus d’alteracions
moleculars que succeeixen durant la progressio sén els que han definit,
tradicionalment, les tres vies de progressié que encara s'usen a l'hora de
classificar el CRC; la via del fenotip metilador d’illes CpG (CIMP), la inestabilitat
de microsatel-lits (MSI, de l'angles Microsatellite Instability) i la inestabilitat
cromosomica (CIN, de l'anglés Chromosome Instability). Recentment, s’ha
descrit una nova classificacio del CRC, dividida en quatre subtipus moleculars
(CMS, de l'angles Consensus Molecular Subtypes). Les caracteristiques que

engloba cadascun d’aquests subtipus es descriuen a la Taula 4.

Inestabilitat cromosomica Increment de CIN
Pérdua 18q
APC . KRAS SMAD4 TP53
Adenoma primerenc Adenoma cDC4 Adenoma Cancer

Epiteli normal i dispasia intermedi avangat

- —r - ) g
g % S ; 8
ARE8 -t :

YR VYER g j&

Co? - 1 - o

t
Wht-signaling CDC4 TGFBR2

Inactivacié dels gens MMR

Inestabilitat de microsatel-lits L Sz
i hipermetilacié

Figura 6. Sequéncia adenoma-carcinoma. Adaptada de Walther, et al. Nature Reviews
Cancer 2009.
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Taula 4. Classificaci6 CMS del CRC

CMS1
MSI Immune

CMS2
Canonica

CMS3
Metabolica

CMS4
Mesenquimal

14%

37%

13%

23%

MSI, CIMP elevada,

Preséncia de

MSI intermitja,

Preséncia de

Fenotip CIN baixa,
hipermutador CNAs CIMP baixa CNAs
Mutacions a BRAF Mutacions a KRAS
Infiltracio de
Infiltracio i activacio Activacio Desregulacio I'estroma,
immunitaria de WNT i MYC metabolica activacié de TGFf3
i angiogenesi
Pitjor supervivencia Elevada

després de

recurréncia

recurréncia i pitjor

supervivencia

1.2.1 Via del fenotip metilador d’illes CpG (CIMP)

Les illes CpG soOn regions del DNA riques en dinucleotids citosina-guanina.
Aquestes regions s’han vist associades a gran part de les sequéncies
promotores del genoma huma. La metilacié de les illes CpG al promotor d’'un
gen en concret pot comportar el silenciament d’aquest gen. Aixi, els tumors que
segueixen la via CIMP del CRC es caracteritzen per presentar hipermetilacié en
illes CpG dels promotors de certs gens supressors de tumors (TSGSs).
Exemples classics d’aquesta hipermetilacié sén els que es donen als gens:
CDKNZ2A, MGMT o MLH1.

1.2.2 Inestabilitat de microsatel-lits (MSI)

Els microsatél-lits sén un tipus d’element repetitiu del DNA, també coneguts
com a repeticions curtes en tandem (STR, de I'anglés short tandem repeats) els
quals sOn sequéncies curtes, aproximadament entre 1-5 parells de bases i
repetides des de 5 fins a 50 vegades. Aquestes sequéncies, juntament amb
altres (minisatél-lits, satél-lits), s6n repeticions en tandem disposades al llarg de
tot el genoma i que representen el 3% del total del genoma huma. A causa de
la seva estructura repetitiva, aquestes sequencies son propenses a patir
mutacions arrel d’errors en la replicacié del DNA. Especificament la polimerasa

llisca en aquestes regions repetitives i consequentment es generen alteracions
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de tipus insercions o delecions. Aquestes alteracions poden comportar canvis
en el patré de lectura del DNA (de I'angles, frameshift mutacions). Els tumors
gue segueixen la via MSI del CRC presenten inactivacié a algun dels gens
associats a la via de reparacié de bases mal aparellades (MMR, de I'angles
Mismatch Repair). Les set proteines que defineixen el sistema DNA MMR son:
MLH1, MLH3, MSH2, MSH3, MSH6, PMS1 i PMS2 (Boland and Goel 2010).
Aquests tumors no reparen els errors de replicacié produits als microsatel-lits,
fet que comporta I'acumulacié de mutacions frameshift en aguestes sequencies
repetitives. Al voltant d’'un 15% de tots els CRC mostren la via MSI (Boland and
Goel 2010). La gran majoria d’aquests tumors sén esporadics (80-85%) amb
presencia d’hipermetilacié somatica al gen MLH1 (Cunningham et al. 1998). La
resta de casos (15-20%) corresponen a casos hereditaris amb sindrome de
Lynch (Boland and Goel 2010). Els tumors que segueixen aquesta via
tendeixen a presentar cariotips propers a ser diploides, fenotips hipermutadors i

manifestar-se en el colon proximal.
1.2.3 Inestabilitat cromosomica

La inestabilitat cromosomica (CIN) es defineix com l'increment de la taxa de
guanys i perdues de cromosomes sencers 0 regions cromosomigues.
(Lengauer et al. 1998). El terme CIN numeérica fa referencia als guanys i
perdues de cromosomes sencers, mentre que la CIN estructural engloba les
alteracions que resulten en guanys i pérdues de regions subcromosomiques.
La consequencia més evident d’ambdds tipus de CIN al cancer és la de

presentar cariotips molt variables entre cel-lules del mateix tumor.
1.2.3.1 CIN numerica: Aneuploidia

L'aneuploidia és I'estat en que un cariotip presenta un o més d’'un guany i/o
perdua d’un cromosoma sencer i, per tant, difereix de contenir el nombre de
cromosomes que presenta una cel-lula diploide normal (N=46). Tot i que
I'aneuploidia s’ha associat al cancer des de fa més d’'un segle, si aquest estat
cel-lular és per se una causa del cancer o una consequencia del fenotip CIN
que presenta la malaltia encara esta en discussio (Hansermann 1890; Boveri
1902; Holland and Cleveland 2009). Les causes de I'aneuploidia son multiples,

tot i que, una fraccio for¢ca important es deu a errors de segregaciéo en mitosi,

10
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especialment en aquells tumors que mostren genomes propers a ser diploides
(Holland and Cleveland 2009). S’ha estimat que aquest tipus de CIN resulta en
un guany o una perdua cada cinc divisions mitotiques, més o menys (Lengauer
et al. 1998). A continuacio es descriuen els diversos mecanismes causants de

I'aneuploidia englobats a la Figura 7.

Alteracions al punt de control de la mitosi (a): Les proteines que formen part

d’aquest punt de control s’encarreguen d'assegurar que existeix una unib
correcte entre els cinetocors i els microtibuls del fus acromatic, en la transicié
de metafase a anafase. Alteracions en aquestes proteines son la causa que la
mitosi progressi normalment en casos d’unions incorrectes (Thompson et al.
2010).

Defectes en la cohesié de cromatides germanes (b): Quan la cohesié entre

cromatides germanes persisteix en l'anafase, ambdues cromatides poden
segregar al mateix pol (Holland and Cleveland 2009). Aquest esdeveniment es

coneix amb el terme de no-disjuncié.

Defectes en la unidé cinetocor-microtibul (c): En condicions normals els

cinetocors de cada cromatide s’uneixen als microtubuls del fus d’'un unic pol.
Les unions meroteligues es descriuen quan els cinetocors s’uneixen a
microtubuls d’ambdds pols. En aquestes ocasions s’observa un enderreriment
de la cromatide implicada a I'anafase, donant lloc a la possible pérdua de la
mateixa (Nicholson and Cimini 2011). Aquest esdeveniment es coneix amb el

terme de pérdua anafasica.

Presencia de centrosomes supernumeraris (d): Aquest ultim mecanisme és

comu després d'una tetraploiditzacid, on la formacié de divisions multipolars
transitories, amb posteriors agrupacions de centrosomes formant divisions
pseudo-bipolars, augmenta la frequencia d’'unions merotéliques (Ganem et al.
2009; Silkworth et al. 2009).
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Figura 7. Mecanismes de formacidé d’aneuploidia. Adaptada de Holland and Cleveland.

Nature reviews. Molecular cell biology 2009.

1.2.3.2 Tetraploidia

S’ha discutit ampliament a la literatura el possible paper funcional que tindria la
tetraploiditzacié del genoma amb la posterior i consecutiva perdua de diferents
cromosomes generant genomes altament aneuploides (Shackney et al. 1989;
Storchova and Pellman 2004). Diferents evidéncies reforcen la hipotesi de la
tetraploiditzacio del genoma tumoral com a un dels esdeveniments principals
pels quals la cel-lula tumoral esdevé inestable. Entre aquestes evidencies es
troba la preséncia d’una distribucié bimodal en el nombre de cromosomes, on
molts tipus de cancers mostren tumors propers a ser diploides i daltres

altament aneuploides, propers a ser triploides o tetraploides (Storchova and
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Kuffer 2008). EI CRC, entre d'altres tipus de cancers, mostra frequéencies molt
elevades d’aquests tumors altament aneuploides (Zack et al. 2013a). Una altra
evidéncia és la deteccié de centrosomes supernumeraris en linies cel-lulars i
tumors primaris, que com previament s’ha descrit, resulten en multiples
aneuploidies a causa de divisions pseudo-bipolars i unions meroteliques
(Ganem et al. 2009; Silkworth et al. 2009; del Rey et al. 2010). A més, s’han
descrit cel-lules properes a un genoma tetraploide en estadiatges primerencs
de cancer de cervix i en la progressio de la lesio pre-maligne de Barrett cap a
'adenocarcinoma d’esofag, on finalment s’observen cariotips altament
aneuploides (Galipeau et al. 1996; Olaharski et al. 2006). Aquests cariotips
altament aneuploides que mostren certs tipus tumorals soén dificilment
explicables pel simple guany de cromosomes en mitosi. Diversos autors
reforcen aquesta hipotesi, suggerint que [l'estat intermedi del genoma
tetraploide, al qual s’hi arriba per una duplicaci6é de tot el genoma, és altament
inestable, i mitjancant una elevada taxa de pérdues cromosomiques, el tumor
assoleix un estat més estable confinat a un genoma altament aneuploide (Baia
et al. 2008; Zack et al. 2013a). La tetraploiditzacio de la cel-lula tumoral es pot
formar per un d’aquests tres mecanismes: fusié cel-lular, manca de citocinesi o

de la mitosi (Davoli and de Lange 2011) (Figura 8).
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Cél-lula tetraploide Cél-lula tetraploide
binucleada mononucleada

. DNA e Centrosoma

Figura 8. Mecanismes de tetraploiditzacié. Adaptada de Storchova and Kuffer. Journal of Cell

Science 2008. En les vies de fusio cel-lular i manca de citoquinesi es generen cél-lules
binucleades que contenen dos centrosomes. Aquestes cel-lules poden formar ceél-lules
tetraploides mononucleades després de dividir-se en la segiient mitosi. L'evasio de la mitosi
és una adaptacio cel-lular després d'una arrest en mitosi permanent. Les cel-lules passen per
anafase, telofase i citoquinesi i progressen en el segient cicle a G1 sense corregir I'error
mitotic que ha produit I'aturada a mitosi. Les cél-lules que deriven d’aquesta via presenten un
nucli tetraploide acompanyat de dos centrosomes. 2N, nucli diploide; 4N, nucli tetraploide;

4C, nucli diploide amb cromosomes replicats.

Mutacions en diversos gens, entre els que destaca APC, s’han associat a
tetraploiditzacio en cancer (Dikovskaya et al. 2007; Caldwell et al. 2007). La
consequencia més directa d’aquesta tetraploiditzacié és permetre al tumor tenir
un fenotip mutador més elevat, on les delecions, péerdues cromosomiques,
mutacions inactivadores, entre d’altres alteracions, seran permeses meés
facilment que en tumors diploides on la perdua d’'un cromosoma sencer pot ser
letal. Aquesta hipotesi ha estat validada en llevats on s’han comparat genomes
diploides contra haploides (Thompson et al. 2006). D’aguesta manera,
mitjancant la duplicaci6 del genoma s’espera que el tumor augmenti la

probabilitat d’obtenir canvis favorables des d'un punt de vista selectiu
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(Shackney et al. 1989; Storchova and Pellman 2004; Davoli and de Lange
2011). De fet, la tetraploidia i, en conseguéncia, I'elevat grau d’aneuploidia
s’han relacionat amb I'agressivitat del tumor, pitjor prognosi i generacié de

metastasi (Camps et al. 2004; Gerlinger et al. 2012).
1.2.3.3 Inestabilitat cromosomica estructural

Un altre tipus d’inestabilitat cromosomica, caracteristica dels cariotips tumorals,
és la que dona lloc a alteracions conegudes com estructurals (SV, de I'anglées
Structural Variation). Aquestes variants estructurals es divideixen en alteracions
equilibrades, que no comporten ni guany ni pérdua de material genétic, i
alteracions desequilibrades (Lupski 2015). Entre les alteracions equilibrades es
troben les translocacions reciproques, inversions, insercions. Tot i que gran
part d’aquestes alteracions no acostumen a tenir un paper funcional per al
desenvolupament del tumor, algunes fusions géniques resultants de
translocacions reciproques s’han descrit per ser claus en la progressié de certs
tumors hematologics. Un exemple molt conegut és la formacié del cromosoma
Philadelphia, resultat de la translocacio reciproca entre els cromosomes 9 i 22
en leucémia mieloide cronica (CML, de langles Chronic Mielogenous
Leukemia). D’altra banda en CRC, entre d’altres tumors solids, s’observa una
alta frequencia d'alteracions desequilibrades, el que condueix a aquest
genomes a presentar diverses delecions i amplificacions de regions
cromosomiques (Cancer Genome Atlas Network et al. 2012). Juntament amb
'aneuploidia, descrita préviament, aguestes anomalies es coneixen com

alteracions en nombre de copies (CNAs, de I'angles Copy Number Alterations).

Els estudis de cancer, amb I'is de grans cohorts, han portat a I'observacio de
diferents perfils de CNAs especifics per tipus tumoral (Zack et al. 2013a). El
gran repte que existeix actualment referent a I'estudi de CNAs en cancer és el
de distingir entre aquells esdeveniments que contribueixen en el
desenvolupament, manteniment o progressio del tumor de les CNAs que
podriem definir com eventuals i que no contribueixen en el procés de la
neoplasia (Beroukhim et al. 2010a). En molts casos, regions focals de CNAs,
per un tipus tumoral concret, s’han associat a I'afectacié de gens importants per

al desenvolupament del mateix cancer. Aixi, regions d’amplificacio recurrents
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acostumen a afectar oncogens, gens que mitjancant la seva sobre-activacio
poden comportar una proliferacié descontrolada. Contrariament, en regions
cromosomiques de pérdua s’hi localitzen, generalment, gens supressors de
tumors (TSGs, de l'anglés Tumor Suppressor Genes). Aquests gens, a
diferencia dels oncogens, tenen un caracter recessiu i per tant requereixen de
la inactivacié dels seus dos al-lels per tal que aportin un paper funcional al
desenvolupament del cancer. Basat en la teoria dels two-hit de Knudson, un
TSG pot estar inactivat en un dels seus dos al-lels, a causa d’'una mutacio
inactivant germinal o somatica (first hit). Posteriorment, podria adquirir una
segona mutacié somatica inactivant a I'al-lel normal, el que suposaria el second
hit del model (Knudson 1971). Altres alteracions que s’inclouen en aquest
second hit podrien ser: inactivacio per metilacié o una pérdua del cromosoma
sencer o regid cromosomica que contingui l'al-lel normal. D’aquesta manera,
'estudi de regions recurrents de pérdua al cancer ha estat clau per la
identificacidé de nous TSGs especifics per tipus tumoral.

No obstant, durant els ultims anys la disomia uniparental (UPD, de I'anglés
Uniparental Disomy), un esdeveniment previament descrit a nivell
constitucional, ha esdevingut clau en la pérdua de funcié de TSGs (Tuna et al.
2009). Seguint el model de Knudson, la UPD actua com a mecanisme alternatiu
a la monosomia o delecié per inactivar un TSG. Mitjancant una perdua del
cromosoma que conté l'al-lel normal i la posterior duplicacié del cromosoma
que conté l'al-lel mutat, la cel-lula esdevé disomica pero amb la presencia d’'una

mutacio inactivant i en homozigosi en un TSG.
1.3 Disomia uniparental (UPD)
1.3.1 UPD constitucional

La disomia uniparental es va descriure per primera vegada I'any 1980 pel Dr.
Eric Engel, el qual va definir que la UPD succeia a I'heretar dues copies
cromosomiques del mateix progenitor, principalment a causa d’errors en meiosi
(Engel 1980b). Aquest esdeveniment és una de les causes de diverses
manifestacions cliniques associades a set grans sindromes: Prader-Willi,
Angelman, Bechwith-Wiedeman, Silver-Russell, diabetis neonatal transitoria,

UPD materna del cromosoma 14 (sindrome de Temple) i UPD paterna del
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cromosoma 14 (Liehr 2010). Aixi, el concepte de UPD va quedar molt
relacionat a un esdeveniment patologic associat a nivell constitucional.
D’entrada, cal diferenciar entre la UPD en heterodisomia (UPHD, de I'anglés
Uniparental Heterodisomy), resultat de I'herencia dels dos cromosomes
homolegs provinents de la mateixa via parental, i la isodisomia (UPID, de
'angles Uniparental Isodisomy), resultat de I'heréncia del mateix cromosoma
homoleg com a nova parella d’homolegs (Tuna et al. 2009; Makishima and
Maciejewski 2011; Lapunzina and Monk 2011) (Figura 9).

Cromosomes Cromosomes Cromosomes Cromosomes
homolegs homolegs homolegs homdlegs
de la mare del pare de la mare del pare

Heterodisomia Isodisomia

Figura 9. Heterodisomia i isodisomia. En [I'heterodisomia s’hereten dos cromosomes
homolegs provinents de la mateixa via parental. En lisodisomia s’hereta el mateix

cromosoma.

Els dos tipus de UPD poden donar lloc a malalties associades a regions
d’empremta genomica amb perdua o guany d’empremta (LOI o GOI, de I'angles
Loss Of Imprinting o Gain Of Imprinting). A més, la UPID té com a
consequencia una perdua dheterozigositat (LOH, de l'anglés Loss Of
Heterozygosity), el que pot comportar el desenvolupament de malalties
associades a gens recessius (Fu et al. 2014). En els casos on la patogenicitat
de la UPD succeeix en regions on es localitzen gens d’empremta, s’ha de tenir
en compte que la seva expressio és monoal-1€lica. Per exemple, la sindrome

de Prader-Willi esta associada, entre d’altres anomalies, a la UPD del
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cromosoma matern implicant la regio cromosomica 15g11.13, mentre que la
sindrome d’Angelman esta associada a la mateixa regié perdo amb el
cromosoma patern duplicat (Cassidy and Schwartz 1998). Un altre exemple és
el de la UPD paterna a la regié 11pl5, associada a la sindrome de Beckwith-
Wiedemann. Aquests pacients pateixen d’hemihiperplasia localitzada. En
aguesta regié es troba un dels gens empremtats més conegut com és IGF2.
Diversos estudis han descrit que els pacients que mostren aquesta alteracio
pateixen un risc elevat d’adquirir cancer infantii com el tumor de Wilm’s,
hepatoblastoma, carcinoma adrenocortical i neuroblastoma, entre daltres
(Shuman et al. 2006; Bertoin et al. 2014).

Recentment en poblacié normal, tres meta-analisis han identificat freqiencies
properes a I'1% de presentar UPDs en mosaic, entre d’altres anomalies
cromosomiques (Rodriguez-Santiago et al. 2010; Jacobs et al. 2012; Machiela
et al. 2015). El possible paper funcional d’aquests mosaicismes constitucionals
és desconegut, tot i que es suggereix que apareixen com a consequencia d’'un
deteriorament del DNA causat per I'edat (Jacobs et al. 2012; Machiela et al.
2015).

1.3.2 Mecanismes de formacié de UPD constitucional

Els mecanismes de formacié de la UPD soén diferents en funcié de si 'anomalia
afecta cromosomes sencers o segments cromosomics (Tuna et al. 2009;
Makishima and Maciejewski 2011; Lapunzina and Monk 2011). Els mecanismes

de formacio de la UPD de cromosomes sencers inclouen (Figura 10):

Complementacié_gametica (a): Teoricament és I'opcid més simple per crear

una UPD de cromosoma sencer, no obstant és la menys probable, ja que seria
necessari I'error del mateix cromosoma en els gametes dels dos pares. Aixi, la

UPD esdeveé de la fecundacié d'un gameta disomic i un altre nul-lisomic,

Rescat trisomic (b): Es el mecanisme més comU de formacié de UPDs. El

rescat trisomic tindria lloc en estadis postzigotics molt primerencs, on es perdria

un cromosoma mitjangant perdua anafasica.

Rescat monosomic (c): En aquest cas, el rescat €s d’un zigot monosomic que

prové de la fecundacioé d’'un gameta monosomic i d’'un altre nul-lisomic generats
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a meiosi. Un esdeveniment de no-disjuncié postzigotic acabaria formant la
UPD.

Errors _en mitosi (d): Esdeveniments consecutius de no-disjuncié i perdua

anafasica en casos monosomics o trisomics, respectivament.

A més dels quatre mecanismes préviament descrits, existeixen diferents

reordenaments complexos que podrien, potencialment, formar UPDs (Liehr

N

Fecundacié Fecundaci6  Fecundacié Fecundacié

D W O W

Mitosi Mitosi Mitosi
post-zigdtica post-zigotica post-zigotica

ORORO

Mitosi
post-zigotica

Figura 10. Mecanismes de formaci6é de UPD de cromosoma sencer. (a) Complementacio

gametica; (b) rescat trisomic; (c) rescat monosomic; (d) erros en mitosi.

D’altra banda, la UPD segmental podria sorgir com a conseqiiéncia d'una
recombinacié homologa postzigotica, entre 'hnomoleg matern i patern, fet que
comportaria I'adquisicio d’una regié cromosomica en isodisomia (Kotzot 2008)
(Figura 11).
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Figura 11 . Formacié de UPD segmental mitjancant recombinacié homologa. Figura adaptada
de Moynahan and Jasin. Nature Reviews 2010. La recombinacié homologa pot donar lloc a
una UPD telomérica quan existeix un entrecreuament i posteriorment les cromatides

recombinants segreguen a pols oposats.

1.3.3 UPD i cancer

Arrel de la millora tecnologica de genotipatge (SNP arrays) i la subsequent
analisi a gran escala de diferents tipus de tumors, s’ha identificat la UPD com a
esdeveniment recurrent en cancer (Tuna et al. 2009; Makishima and
Maciejewski 2011). Davant I'increment de publicacions en els darrers anys, cal
fer émfasi en la terminologia usada a la literatura. D’una banda, diversos grups
opten per usar el terme copy-neutral LOH (cnLOH) o simplement, LOH, per tal
de definir aquesta alteracié. Altres grups opten per mantenir la terminologia de
UPD, sovint amb I'addicié de termes que defineixen la naturalesa somatica de
I'esdeveniment com: acquired UPD o somatic UPD. Es important tenir en
compte que la LOH pot estar associada també a un guany en nombre de
copies, terme definit com a copy-gain LOH (cgLOH) o uniparental polisomy
(UPP) (Zarzour et al. 2015). A més, en els casos on el genoma tumoral és
poliploide (triploide o ploidies superiors), una cnLOH pot correspondre a casos
amb tres cromosomes 0 més, i per tant, tecnicament no es poden definir com a
UPDs. Es en aquests casos que també s’adopta la terminologia UPP. A mode

de simplificacio en aquesta tesi s’utilitzara el terme UPD.

Multiples estudis han identificat patrons especifics de UPD per tipus tumoral.
Alhora, aquestes regions especifiques de UPD s’han associat amb la
inactivacié de TSGs o I'activacié d’oncogens. Per exemple, s’ha descrit que un
20% dels pacients de leucemia mieloide aguda (AML, de I'angles Acute Myeloid

Leukemia) presenten UPD de manera freqient (Raghavan et al. 2005;
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Tyybakinoja et al. 2008). A més, en les regions recurrents de UPD s’han
identificat mutacions en quatre gens diferents, inclosos WT1, FLT3, CEBPA i
RUNX1 (Fitzgibbon et al. 2005). En estudis de grans cohorts de pacients amb
diversitat de mielodisplasies s’han trobat frequéncies de UPD d’entre el 20 i el
35% (Gondek et al. 2008). Un altre estudi en sindrome mielodisplasica (MDS,
de l'angles Myelodysplastic Syndrome), mostra que dos dels subgrups que
conformen aquesta neoplasia, els que presenten la delecié 5q i els que no la
tenen, mostren altes frequéncies de UPD (Wang et al. 2008). Alguns estudis
descriuen que els pacients amb tumors mieloides amb preséncia de UPDs a les
regions cromosomiques 7q, 11g o 17p presenten pitjor pronostic (Gondek et al.
2008; Makishima et al. 2009; Jasek et al. 2010). En leucemia limfoblastica
aguda (ALL, de lI'anglés Acute Lymphoblastic Leukemia) també s’han identificat
regions frequents de UPD, especialment a la regi6 cromosomica 9p, on
s’observa recurrentment afectat el gen CDKN2A (Mullighan et al. 2007; Kuiper
et al. 2007; Kawamata et al. 2008b). No obstant, un altre estudi proposa la
presencia potencial d’altres gens importants en la regio, ja que la mutacio de
CDKN2A no s’observa en cap dels pacients amb UPD a 9p (Sulong et al.
2009). Inicialment, la UPD al bra¢g cromosomic 9p es va detectar en un 33%
dels pacients amb policittmia vera. Posteriorment, es va associar aquesta
alteracié amb la mutacié en homozigosi amb guany de funcié de JAK2V167F
(Kralovics et al. 2002, 2005). Des de llavors, diversos estudis de genotipatge en
diferents sindromes mieloproliferatives han identificat UPDs recurrents en
aguesta regi6, constituint-se d’aquesta manera en una alteracié caracteristica
d’aquests tumors (Jones et al. 2005; Yamamoto et al. 2007; Kawamata et al.
2008a; Wang et al. 2016). Un altre exemple de UPD caracteristica de tipus
tumoral és la que es troba en leucemia limfoblastica cronica (CLL, de I'anglés
Chronic Lymphocytic Leukemia) on gran part del cromosoma 13 mostra LOH,
amb una petita deleci6 en homozigosi a 13gl4, on s’hi localitzen els
microRNAs miR-15a/miR-16-1 (Pfeifer et al. 2007; Lehmann et al. 2008). En
tricoleucemia, un subtipus de CLL, s’han identificat UPDs afectant la mateixa
regié del cromosoma 13 (Forconi et al. 2008). En leucemies associades a
neurofibromatosi de tipus I, s’han descrit UPD segmentals i intersticials a 17q
afectant NF1 (Stephens et al. 2006; Flotho et al. 2007). A més d’aquesta

alteracio, també s’ha detectat una UPD recurrent a la regio cromosomica del
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11q, associada amb mutacions a CBL en casos de leucémia mielomonocitica
juvenil (Loh et al. 2009; Steinemann et al. 2010). Un cas interessant és el que
presenta el mieloma multiple, on s’han descrit UPDs frequents afectant
diverses regions petites al llarg del genoma, només en un subgrup de pacients
concrets, els quals no presenten la translocacio t(11;14) (Walker et al. 2006).
Aquest treball suggereix que la frequéncia diferencial de UPDs que existeix
entre els dos subgrups pot influir en la prognosi dels pacients (Walker et al.
2006). D’altra banda, en limfoma de cel-lules del mantell s’ha descrit una
associacio entre la presencia de la translocacio t(11;14)(q13;932) amb diverses
alteracions secundaries, inclosa la UPD a la regio del bra¢ curt del cromosoma
17 amb afectacié a TP53 (Bea et al. 2009). En limfoma fol-licular i fol-licular
transformat, també es descriuen UPDs afectant, principalment regions
cromosomiques 9p (CDKN2A) i 17p (TP53) (Fitzgibbon et al. 2007).

Pel qué fa a tumors solids, el retinoblastoma va ser el primer tipus tumoral en el
gual se li van descriure regions de UPD, en aquest cas involucrant el
cromosoma 13 on es localitza el TSG RB1 (Hagstrom and Dryja 1999). En
cancer de mama s’han identificat UPDs, amb frequéncies properes al 10%, en
regions on es localitzen dos TSGs, RB1 i TP53 (Murthy et al. 2002). A més,
s’han reportat frequiéncies més elevades de UPD en tumors de mama i ovari
associats a mutacions germinals de BRCA1 comparat amb casos esporadics
(Johnson et al. 2008; Walsh et al. 2008). En adenocarcinoma d’esofag s’ha
descrit que la UPD és un esdeveniment molt frequient i que afecta principalment
als bracos cromosomics 2p, 99 i 17p (Nancarrow et al. 2008; Frankel et al.
2014). D’altra banda, al cancer d’esofag escamos s’observen regions de UPD
diferents a les descrites per [l'adenocarcinoma, mostrant els bracos
cromosomics 2p, 5p, 19p, i 20q com els més frequents (Hu et al. 2010). En
carcinoma escamos de boca, un tipus de cancer de cap i coll, s’ha observat
una freqiieéncia elevada, 90% dels casos, de UPDs a la regio 16pl11.2 (Morita
et al. 2016). En cancer renal de cel-lules clares la frequéncia de UPDs é€s més
baixa amb algun cas concret a la regio del 3g i cromosomes 6 i 7 (Toma et al.
2008). Recentment, en cancer gastric s’han identificat regions recurrents de
UPD als bracos cromosomics 5q, 11q, i 12q (Arakawa et al. 2017). Els autors
destaquen multiples gens candidats en aquestes regions. En tumors
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pancreatics s’ha identificat una freqiéncia de UPDs propera al 15%, afectant
molt especificament les regions 4922.3-g23, 4q31.21-931.23 i 18g21.1 (Harada
et al. 2008). En carcinoma de cél-lules basals les UPDs afecten les regions del
69 i 99 (Teh et al. 2005). En hepatoblastoma la UPD afecta principalment la
regid6 11pl5 on es localitza IGF2 (Suzuki et al. 2008). En neuroblastoma
s’observa la regié del 9p, afectant el TSG CDKN2A (Carén et al. 2008).
Finalment, en glioblastoma també s’observen UPDs recurrents a 17p, afectant
TP53 (Lo et al. 2008).

1.3.3.1 UPD i cancer colorectal

Referent al CRC, diversos estudis han descrit la UPD com a un esdeveniment
frequent en tipus esporadics, mentre que la mateixa alteracio és molt menys
present en CRC amb MSI (van Puijenbroek et al. 2008; Melcher et al. 2011). El
mateix grup identifica les regions cromosomiques 5¢921.1-g22.3 i 17p13.2-p13.1
com a les més frequents, 31% i 25% respectivament, de presentar UPD en
CRC esporadic (Melcher et al. 2011). Les dues regions contenen dos TSGs
molt importants en les vies de progressio de CRC, com sén APC i TP53. A més
d’aquestes dues regions, un altre estudi que usa una cohort forca gran de
tumors primaris descriu com a UPDs frequents els cromosomes 11, 14 i15i els
bracos cromosomics 8p i 189 (Kurashina et al. 2008). Els autors d’aquest article
destaquen SMAD4, a més de APC i TP53, com a gens involucrats en
esdeveniments de UPD. De fet, aquests tres TSGs s’han descrit per estar
recurrentment afectats per esdeveniment de UPD en dos estudis realitzats en
multiples linies cel-lulars de CRC (Gaasenbeek et al. 2006; Melcher et al.
2007). Tanmateix, altres estudis observen perfils de UPD en CRC diferents als
descrits fins ara. Per exemple, Andersen i col-laboradors observen regions
recurrents de UPD als bragos cromosomics 3p, 13q, 15q, 20p i 22q i descriuen
com a perdudes regions definides com a UPDs en els estudis descrits
anteriorment (Andersen et al. 2007). Un altre exemple és l'estudi d’Eldai i
col-laboradors, els quals detecten regions curtes de UPD repartides per
diferents cromosomes (Eldai et al. 2013). Cal destacar que aquests dos ultims
estudis analitzen tan sols 15 casos cadascun. Finalment, I'existencia de treballs
on es comparen adenomes i carcinomes aporten nous coneixements sobre la

UPD com a esdeveniment important en la progressi6 d'adenoma cap a
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carcinoma. Lips i col-laboradors van estudiar una cohort de 78 mostres
corresponents a adenomes i carcinomes de recte i van observar que la UPD al
bra¢ cromosomic 5q era un dels esdeveniments més comuns en ambdos grups
(Lips et al. 2007). Recentment, un estudi similar confirma l'alta freqtiéncia de
UPD al bra¢ cromosomic 5g en adenomes i carcinomes, suggerint que aquesta
alteracié exhibeix un paper important en la progressio adenoma-carcinoma
mitjancant la inactivacio d’APC (Zarzour et al. 2015). A més d’aquesta regio,
també observen frequéencies elevades de UPD al bra¢c cromosomic 17p en
adenomes i carcinomes, juntament amb diferents regions involucrades en
empremta genomica (11lp, 14q, 15q i 22q). Finalment, un estudi on es
comparen els perfils de tumors i els de mucosa normal confirmen que la regié
del 5g és la UPD meés frequent al CRC (Conconi et al. 2016). Mentre que
algunes CNAs i la UPD del cromosoma X ja s’observen en la mucosa, la UPD a

5@ no s’observa en teixit aparentment normal.
1.3.4 Mecanismes de formacié de UPD somatica

La UPD somatica de cromosoma sencer es forma principalment per errors de
segregacié en mitosi (Tuna et al. 2009; Makishima and Maciejewski 2011).
Com ja s’ha descrit amb anterioritat, aquests tipus d’errors sén frequents en
cancer. Aixi, esdeveniments consecutius de no-disjuncio i/o perdua anafasica
poden conduir a la cel-lula a perdre un cromosoma en una divisio i duplicar
I'hnomoleg en divisions posteriors. D’altra banda, similar al cas de la UPD
constitucional, s’ha descrit que el mecanisme de formacioé de la UPD somatica
que involucra un segment cromosomic és la recombinacié homologa en mitosi
(Tuna et al. 2009).

La recombinacio homologa és un mecanisme especialitzat en la reparacio de
DSBs (Moynahan and Jasin 2010). Aquests DSBs s’originen a causa d’agents
externs, com la radiacio ionitzant, o també espontaniament arrel d’errors en la
replicacio del DNA. La recombinacié homologa, com bé expressa el terme, usa
una molecula homologa de DNA per tal de reparar el DSB creat en l'altra
molecula. D’aguesta manera, la recombinacié homologa succeeix principalment
en la fase G2 del cicle cel-lular, quan la cél-lula disposa d’'una altra cromatide

idéntica, la cromatide germana, per usar com a motlle. Tanmateix, sequencies
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homologues corresponents al cromosoma homoleg també son motlles
potencials per a la reparacié (Moynahan and Jasin 1997; Neuwirth et al. 2007).
La regi6é afectada per UPD dependra dels punts de recombinacié que prenguin
part en I'esdeveniment de reparacio. Finalment, la UPD esdevindra si les
cromatides recombinants segreguen a pols oposats. Alhora, la conversio
génica també s’ha descrit com a potencial creadora de UPDs segmentals
(Tyybéakinoja et al. 2008). No obstant, aquest mecanisme de la via de I'HR tan

sols és capac de crear petites regions intersticials de UPD.

Finalment, s’ha descrit un altre mecanisme de formacié de UPDs segmentals,
de la via de 'HR, anomenat Break Induced Replication (BIR). En aquest cas el
DSB a reparar apareix quan el DNA esta replicant. Aixi, la via BIR inicia una
aturada de la replicacié causada per I'estancament de la polimerasa en el DSB.
El complex que conté la polimerasa estancada, salta de la cromatide on es
localitza i usa la cromatide del cromosoma homoleg com a motlle per continuar
la replicacio i reparar el DSB, formant una estructura coneguda com a D-Loop.
Es mitjancant aquest mecanisme pel qual s’ha definit que es poden crear

llargues regions amb perdua d’heterozigositat (Llorente et al. 2008) (Figura 12).

Estancament de la replicacidé

l

Cromosomes =U= _U_
homolegs T z e % "

||
|

|

UPD

Figura 12. Disomia uniparental causada per Break Induced Replication. Adaptada de
Rosenberg. Mbio 2011. L'aturada de la replicacio esta causada per un DSB. En
consequencia, la cromatide amb el DSB utilitza una cromatide corresponent al cromosoma

homoleg per continuar la replicacio.

Diversos estudis suggereixen que els mecanismes de formacié de UPDs
segmentals descrits en aquest apartat esdevenen en regions molt concretes del
genoma, afectant principalment regions repetitives o llocs fragils (Stephens et

al. 2006). Per exemple, s’ha descrit que en pacients amb sindrome
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mielodisplasica el 43% de les UPDs estan localitzades en llocs fragils
(Mohamedali et al. 2007). Els llocs fragils son regions del genoma on s’observa
una incidéncia de trencament del DNA més elevada. A causa d’aquesta
naturalesa, els llocs fragils s’han descrit com a punts preferencials de
trencament per a la creacio de diverses alteracions cromosomiques (Gumus et
al. 2002). Un altre grup identifica que les regions recurrents de UPD en
limfomes de ceél-lules del mantell es troben significativament associades amb
regions cromosomiques enriquides per CNVs i duplicacions segmentaries (Bea
et al. 2009). En pacients amb FAP s’han identificat punts recurrents de
recombinacié meiotica en l'inici del segment que dona lloc a la UPD al brag
cromosomic 5qg. Els autors suggereixen que la recombinaci6 homologa en
aguests punts del cromosoma 5 €s un mecanisme especific per inactivar el
TSG APC (Howarth et al. 2009). Recentment, un estudi en AML ha reportat un
increment en la formacio de UPDs en casos d’AML amb mutacions de FLT3 i
JAK2V617F (Gaymes et al. 2017). El seu model proposa que els casos amb
aguestes mutacions adquireixen un increment d’especies reactives de I'oxigen
que provoca un augment de DSBs al DNA (Gaymes et al. 2017). Aquests DSBs
es reparen mitjancant recombinacié homologa arrel d’'una sobre-regulacio de
RAD51, una de les proteines més importants d’aquest mecanisme de

reparacio.
1.4 Tecniques per a I'estudi d’alteracions cromosomiques
1.4.1 Arrays de CGH (aCGH)

Els aCGH wusats en [lactualitat incorporen sondes de sequéncies
d’oligonucleotids, tot i que conceptualment es basen en la técnica de CGH
convencional que va sorgir a principis dels anys 90 i que va revolucionar la
manera d’estudiar el cancer (Kallioniemi et al. 1992). El principi basic de la
técnica és la comparacié de dos genomes, un problema i l'altre control o de
referencia, barrejats a proporcions iguals (1:1) i marcats amb fluorocroms

diferents. (Figura 13).
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Figura 13. Metodologia de I'array de CGH. El DNA problema i el de referéncia es marquen
amb fluorocroms diferents. Després es desnaturalitzen i es bloquegen les regions repetitives
mitjancant I'addici6 de DNA COT-1. Posteriorment, es procedeix a la hibridacié competitva
d’'ambdds DNAs amb les sondes disposades en I'array. La deteccio dels senyals fluorescents
produits després de la hibridacié es realitza mitjancant I's d’'un escaner. La fluorescéncia
detectada per I'escaner es normalitza i es converteix en una escala logaritmica (log,ratio o

LRR) la qual s’'usa per inferir les CNAs (Coe et al. 2007).

1.4.2 SNP arrays

Els SNPs (de l'anglés, Single Nucleotide Polymorphisms) sén el tipus de
variacio de sequéncia més comuns en el genoma huma. Son variacions d’un
anic nucleotid, repartits en gran part del genoma i presents en més d’'un 1% de
la poblacié. Entre moltes altres aplicacions, els SNPs han esdevingut clau en
estudis d'associacio al llarg del genoma (GWAS, de l'angles genome-wide
association studies) per determinar associacions entre variants concretes i
malaltia (Cheung et al. 2005). A més, I'is frequent en I'Gltima decada d’arrays
consistents amb sondes d’SNPs (SNP arrays), ha permés el poder d’avaluar no
nomeés alteracions en nombre de copies, sind també alteracions que afecten a
la ratio entre els diferents, concepte que rep el nom de frequencia de I'al-lel B
(BAF, de lI'anglés B-Allele-Frequency) (Alkan et al. 2011; Gonzalez et al. 2011).
La informacido més rellevant que aporta el BAF és la deteccié de regions de
UPD, regions amb LOH sense canvi en nombre de copies associades (Figura
14).
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Figura 1 4. Deteccié d'anomalies per aCGH i SNP arrays. Adaptada de Alkan et al. Nature
Reviews Genetics 2011. Mentre que I'aCGH utilitza el log ratio per determinar regions de
cromosomiques de guanys i perdues, els arrays d’'SNPs utitzen paral-lelament el BAF. El BAF
permet la quantificacié acurada de nombre de copies (de 4 a 0 copies en les primeres quatre
columnes de la figura). A més, el BAF permet la deteccié de regions amb LOH sense canvis

en el nombre de copies (UPD o IBD). Finalment, el BAF pot detectar guanys i perdues en

mosaic.

La gran avantatge que suposa l'avaluacid de CNAs mitjancant els arrays
d’SNPs és que no sOn necessaries mostres totalment pures, ja que gracies a la
informacié que aporta el BAF, es pot inferir el mosaicisme del mateix tumor
(Peiffer et al. 2006; Conlin et al. 2010; Rodriguez-Santiago et al. 2010; Jasmine
et al. 2012). Paral-lelament, el BAF permet la quantificaci6 en nombre de
copies de cadascun dels al-lels, assignant una ploidia global del genoma
tumoral (Van Loo et al. 2010; Carter et al. 2012).

1.4.3 Hibridacio in situ fluorescent (FISH)

L’aparicio de la hibridacio in situ fluorescent (FISH, de I'anglés Fluorescence in
situ Hybridization) a la década dels anys 80, va revolucionar la metodologia per
avaluar alteracions cromosomiques (Bauman et al. 1980). La FISH es basa en
el mateix principi que qualsevol metode d’hibridacié del DNA, on s'usa una
sonda de DNA, la sequéncia de la qual és complementaria a la regié del
genoma que es vol estudiar. La sonda acostuma a estar marcada

fluorescentment, fet que permetra ser avaluada al microscopi de fluorescéncia
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un cop hagi hibridat amb la seqgiencia complementaria de la mostra que es
vulgui analitzar (cromosomes metafasics o nuclis interfasics). L'avaluacio de
cel-lules Uniques, com a base metodologica de la técnica, manté la FISH com a
tecnica essencial per a I'estudi del cancer (Heselmeyer-Haddad et al. 2012).
Entre les multiples aplicacions de la téecnica original, cal destacar I'is de la
FISH en protocols que preserven I'estructura tridimensional del nucli, FISH en
3D (3D-FISH, de Tlanglés Three-Dimensional Fluorescence in situ

Hybridization).
1.5 Arquitectura nuclear

La 3D-FISH combinada amb la microscopia confocal per tal d’obtenir imatges
reconstruides del nucli ha esdevingut una metodologia clau per a l'estudi de
I'organitzacié del genoma al nucli interfasic. L’4s de pintats cromosomics en
cel-lules en cultiu ha permeés la visualitzacié dels cromosomes en el seu format
a interfase, els anomenats territoris cromosomics (CTs, de [l'anglés
Chromosome Territories). La hipotesi que els cromosomes ocupen un territori
concret al nucli interfasic ja va ser proposada a finals del segle XIX pel cientific
austriac Carl Rabl en els seus estudis en cel-lules d’amfibis (Rabl 1885). No
obstant, va ser el bioleg alemany Theodor Boveri el que va introduir per primera
vegada el terme territori cromosomic (Boveri 1909). Aquest concepte va
romandre en l'oblit durant diverses decades del segle XX (Cremer et al. 2014).
No va ser fins a finals de la década dels 70 i gracies a experiments amb tinci6
Giemsa o inducci6 de dany al DNA per radiacions ultraviolades que el terme va
tornar a apareixer i va acabar sent acceptat per la comunitat cientifica (Stack et
al. 1977; Zorn et al. 1979; Cremer and Cremer 2010). L’Us de sondes de pintat
cromosomic va permetre visualitzar la localitzaci6 dels cromosomes en
interfase (Cremer et al. 1984; Gray et al. 1987). Més tard, amb el
desenvolupament de protocols que preserven l'estructura tridimensional del
nucli va ser possible avaluar I'organitzacio dels CTs dins el nucli interfasic
(Cremer et al. 2008). Aixi, s’ha descrit que els CTs mantenen una posicié no
aleatoria dins el nucli interfasic, amb la densitat genica com a factor
organitzador principal (Cremer and Cremer 2001). Mentre que els CTs més rics
en gens, com el CT19 (CT corresponent al cromosoma 19), es posicionen a

prop del centre del nucli, els CTs més pobres en gens, com el CT18 es
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posicionen més a prop de la periféeria (Croft et al. 1999; Boyle et al. 2001;
Cremer and Cremer 2001). Aquesta organitzacié radial dels CTs dins el nucli
interfasic s’ha observat ben conservada en primats (Tanabe et al. 2002).
Tanmateix, s’ha descrit que en fibroblasts és la mida dels cromosomes i no la
densitat genica dels mateixos el principal factor que marca el posicionament
radial dins el nucli (Sun et al. 2000; Bolzer et al. 2005). Altres parametres com,
I'activitat transcripcional, el moment de replicacié i el contingut de GC s’han
descrit també com a factors determinants per al posicionament dels CTs i de
regions subcromosomiques dins el nucli interfasic (Mayer et al. 2005; Federico
et al. 2006; Goetze et al. 2007; Grasser et al. 2008; Hepperger et al. 2008). La
multitud d’estudis que avaluen aspectes fonamentals de l'organitzacié de la
cromatina dins el nucli interfasic ha promogut el desenvolupament de diversos
models d’arquitectura nuclear a nivell cromosomic i subcromosomic (Figura 15)
(Cremer and Cremer 2010).
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Figura 15. Models d’arquitectura nuclear. Extreta de Cremer and Cremer. Cold Spring
Harbour Perspectives in Biology 2010. (a) Chromosome Territory Interchromatin Compartment
(CT-IC). En aquest model es descriuen uns dominis d’1Mb interconnectats pel compartiment
intercromatinic. En la periféria dels dominis es localitza la regié pericromatinica corresponent
a cromatina activa i descondensada. (b) Interchromatin Network (ICN). En aquest model es
descriuen regions cromatiniques (loops) del mateix CT, i d'altres CTs, que mantenen contacte

en cis i trans. Els punts blau representen punts de contacte intra- i inter-cromosomica.

Un dels models més reconegut és l'anomenat territori cromosomic i
compartiment intercromatinic (CT-IC, de langlés Chromosome Territory
Interchromatin Compartment) (Cremer et al. 2015). En aquest model es
defineixen els CTs com a estructures independents similars a esponges, format
per dominis d’aproximadament 1 Mb. Connectant aguests dominis cromatinics
s’observen regions menys denses, el que definiria el compartiment

intercromatinic (Albiez et al. 2006; Rouquette et al. 2009). Els autors del model
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proposen que els gens més actius podrien ser facilment transcrits al trobar-se a
la periferia dels dominis cromatinics i, per tant, en contacte directe amb I'espai
intercromatinic on es localitzarien els sistemes de transcripcié. Contrariament al
CT-IC, el model anomenat xarxa intercromatinica (ICN, de [Ilangles
Interchromatin  network) s’‘oposa a [l'existencia d'un compartiment
intercromatinic dins els CTs (Branco and Pombo 2006). Els autors proposen
que la cromatina que forma els CTs es pot estendre fins CTs veins en forma de
llargues estructures cromatiniqgues definides com a loops. Multiples autors
reforcen la preséncia d'aguestes extensions cromatiniques, les quals
afavoririen una potencial co-regulacié de gens localitzats a grans distancies
entre ells, fins i tot en cromosomes diferents. (Chubb and Bickmore 2003;
Kosak and Groudine 2004a; Fraser and Bickmore 2007a). Aquests loops s’han
descrit per localitzar-se en regions del nucli interfasic amb presencia de

maquinaria de transcripcié (Fraser and Bickmore 2007a).

Una de les grans controvérsies més discutides a la literatura ha estat la relacio
entre l'activitat transcripcional i la posicio de gens a nivell nuclear. A nivell
global, a principis dels anys 90 ja es va proposar que els gens més expressats
acostumaven a localitzar-se a la periferia dels CTs (Zirbel et al. 1993).
Posteriorment, el mateix grup va estudiar la posicid de dos gens respecte el
CTX (Dietzel et al. 1999). Per una banda, van analitzar el gen ANT2, el qual
esta involucrat en la inactivacido d’'un dels dos cromosomes X. D’altra banda,
van estudiar la posicié del gen ANT3, localitzat en la regié pseudoautosomica
del cromosoma X i que, per tant, no pateix la inactivacié del mateix cromosoma.
Els autors van osbervar que el gen ANT3 i l'al-lel actiu del gen ANT2 es
localitzaven a la periferia del CTX, mentre que l'al-lel inactiu de ANT2 es
localitzava en regions més internes del CTX. Contrariament, dos estudis van
observar que gran part dels gens se situen a la periferia del CT sense mantenir
cap mena de relaci6 amb els nivells d’expressié dels mateixos (Kurz et al.
1996; Clemson et al. 2006). No obstant, diversos treballs han identificat regions
cromatiniques, rigues en gens i altament expressats, que s’estenen a I'exterior
del CT corresponent. Aquestes extensions cromatiniques s’han definit com a
loops. (Dietzel et al. 1999; Volpi et al. 2000; Williams et al. 2002; Mahy et al.
2002; Chambeyron and Bickmore 2004). Volpi i col-laboradors van identificar
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nombrosos loops, corresponents a regions del cromosoma 6, estenent-se a
I'exterior del CT6 (Volpi et al. 2000). La frequéncia per la qual aquest
esdeveniment es va observar tenia relacio amb el nombre de gens del complex
major d’histocompatibilitat actius en el tipus cel-lular avaluat. La sobre-activacio
dels gens d’aquest complex, mitjancant l'addicio d’interfer6 gamma, va
augmentar la frequéncia d’aquestes projeccions cromatiniques. En un altre
estudi, es descriu que el complex de diferenciacio epidermic (EDC) es localitza
a l'exterior del CT1 en queratinocits, on aquest complex és altament actiu
(Williams et al. 2002). Contrariament, en limfoblasts EDC és inactiu, i s’observa
en posicions més internes del mateix CT. En un altre estudi on s’han usat
cel-lules de ratoli s’han identificat extensions cromatiniques recurrents de la
regio on s’inclou la familia de gens Hox, respecte el CT11 (Chambeyron and
Bickmore 2004). Aquests loops és van observar després de la induccio de
I'expressio del gen HoxB. Finalment, Mahy i col-laboradors van detectar casos
frequents de loops respecte el CT11, de la regid cromosomica rica en gens
11p15.5 (Mahy et al. 2002). A més, altres regions riques en gens també es van
trobar projectades a l'exterior del CT en aquest mateix estudi. Els autors
suggerien que la densitat génica local, més que l'activitat de gens individuals,
era el factor més determinant d’organitzacié nuclear intra-cromosomica. (Mahy
et al. 2002). Posteriorment, un altre grup va detectar també loops recurrents en
la regié cromosomica rica en gens 11p15.5 en un estudi realitzat en limfocits i
fibroblasts (Klpper et al. 2007). Tanmateix, a part d’aquesta regid, els autors no
van observar loops de manera frequient, suggerint que aquestes estructures
soén poc comunes. Més recentment, I'Us frequent de les noves tecnologies
derivades de la captura de la conformacié de la cromatina (3C, 4C, 5C i Hi-C)
(3C, de I'anglés Chromatin Conformation Capture) han confirmat que dominis
cromatinics actius tendeixen a localitzar-se a la periféria dels CTs (Nagano et
al. 2013).
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2 Premissa i objectius

La disomia uniparental s’ha identificat recurrentment en diversos tipus tumorals.
Especificament, aquest esdeveniment somatic s’observa en regions
freqientment involucrades en pérdues cromosomiques i conseqientment
associades a la presencia de gens supressors de tumors. Aquest fet, suggereix
que la UPD pot ser un mecanisme rellevant per a la carcinogenesi de
determinats cancers. Una singularitat del cancer colorectal és la presencia
d’'una elevada inestabilitat genomica, caracteritzada per un increment d’errors
cromosomics numerics i estructurals. D’aquesta manera el CRC esdevé un bon

model per a I'estudi de la UPD en el cancer.

D’altra banda, I'aplicaciéo de técniques de FISH juntament amb protocols que
preserven [l'estructura tridimensional dels nuclis ha portat a l'estudi de
I'organitzacié del genoma dins el nucli interfasic. Consequientment, s’ha descrit
gue els cromosomes ocupen uns territoris especifics anomenats territoris
cromosomics, els quals es posicionen dins el nucli interfasic en funcio de la
seva densitat genica. No obstant, la relacidé entre l'activitat transcripcional de
gens individuals i la localitzacié d'aquests respecte el CT en el qual es
localitzen esta més discutida.

Es arrel d’aquest escenari que en aquesta tesi es pretenen estudiar els
seguents objectius especifics.

Objectius:

1. Establir un perfil genomic de UPDs i CNAs recurrents en CRC i altres
tipus tumorals per tal de determinar I'especificitat d’aquests patrons en el
cancer.

2. Estudiar la preséncia de variants puntuals inactivants en gens
supressors de tumors localitzats en regions involucrades en UPD per tal
de determinar la funcionalitat biologica d’aquest esdeveniment.

3. Determinar el posicionament tridimensional de gens diferencialment

expressats respecte el territori cromosomic en el qual es localitzen.
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3 Resultats

3.1 Abstract

Colorectal cancer (CRC) is characterized by specific patterns of copy number
alterations (CNAs), which helped with the identification of driver oncogenes and
tumor suppressor genes (TSGs). More recently, the usage of single nucleotide
polymorphism arrays (SNP arrays) provided information of copy number neutral
loss of heterozygosity (cnLOH), thus suggesting the occurrence of somatic
uniparental disomy and uniparental polysomy events (hereafter referred as
UPDs). The aim of the study corresponding to the first chapter of this thesis is to
establish an integrative profiling of recurrent UPDs and CNAs in sporadic CRC.
Our results indicate that regions showing high frequencies of UPD mostly
coincide with regions typically involved in genomic losses. Among them,
chromosome arms 3p, 5q, 99, 10q, 14q, 17p, 179, 20p, 21q and 22q
preferentially showed UPDs over genomic losses suggesting that tumor cells
must maintain the disomic state of certain genes to favor cellular fitness. A
meta-analysis using over 300 samples extracted from The Cancer Genome
Atlas data portal (TCGA) confirmed our findings. Finally, sequencing and
fluorescence in situ hybridization analysis of the gene APC underlined that a
somatic UPD event might represent the second hit to achieve biallelic

inactivation of this TSG in colorectal tumors.

In the second chapter, we aimed at establishing a map of UPDs in a tumor-type
specific manner and integrating these data with mutational status of TSGs. To
do so, we analyzed SNP array and whole-exome sequencing data extracted
from the TCGA of different types of gastrointestinal cancers, including colon
(COAD), rectum (READ), gastric (STAD) and esophageal (ESAD)
adenocarcinomas and esophageal squamous cell carcinoma (ESCC). Our
results showed that UPDs profiles of COAD cohort matched with those
identified in READ. On the other hand, UPD profiles of STAD, ESAD and ESCC
showed significant differences from the ones identified in COAD and READ,
confirming the existence of cancer-specific UPD profiles. Moreover, our analysis
indicated that such an event acts as a “second hit”, in the well-known Knudson’s
model, to biallelically inactivate TSGs in all cohorts. Specifically, APC, ARID1A
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and NOTCH1 were recurrently inactivated by UPDs in CRC, STAD and ESCC,
respectively. Besides, TP53 showed inactivations caused by UPD at
chromosome arm 17p in all tumor-types, although copy number losses as a
“second hit” were much frequent in this case. In addition, by inferring genome
ploidy in all samples we demonstrated that a higher number of UPD events,
both numerical and structural, are detected in highly aneuploid genomes
compared to near-diploid tumors.

Finally, in the third chapter we aimed to assess the nuclear distribution of
chromosome territories and gene positioning in CRC cell lines. It is well known
that human chromosomes occupy distinct territories in the interphase nucleus.
Such chromosome territories (CTs) are positioned according to gene density.
Gene-rich CTs are generally located in the center of the nucleus, while gene-
poor CTs are positioned more towards the nuclear periphery. However, the
association between gene expression levels and the radial positioning of genes
within the CT is still under debate. Thus, we performed three-dimensional
fluorescence in situ hybridization experiments in the colorectal cancer cell lines
DLD-1 and LoVo using whole chromosome painting probes for chromosomes 8
and 11 and BAC clones targeting four genes with different expression levels
assessed by gene expression arrays and RT-PCR. Our results confirmed that
the two over-expressed genes, MYC on chromosome 8 and CCND1 on
chromosome 11, are located significantly further away from the center of the CT
compared to under-expressed genes on the same chromosomes, i.e., DLC1
and SCN3B. Furthermore, when CCND1 expression was reduced after
silencing the major transcription factor of the WNT/B-catenin signaling pathway,
TCF7L2, the gene was repositioned and mostly detected in the interior of the
CT.

In summary, our data define specific profiles of somatically acquired UPDs in
sporadic CRC and other tumors from the gastrointestinal tract. Moreover, the
integration with exome data confirms that TSGs are recurrently mutated in UPD
regions. Thus, highlighting the importance of these events as a mechanism to
achieve biallelically inactivation of TSGs. Finally, our last study provides insights
into how genes are positioned with respect to the CT in which they reside and

according to their expression levels.
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Abstract

Colorectal cancer (CRC) is charactetized by specific patterns of copy number alterations (CNAs), which helped with the
identification of driver oncogenes and tumor suppressor genes (I'SGs), More recently, the usage of single nucleotide
polymorphism arrays provided information of copy number neutral loss of heterozygosity, thus suggesting the occurrence of
somatic uniparental disomy (UPD) and uniparental polysomy (UPP) events. The aim of this study is to establish an integrative
profiling of recurrent UPDs/UPPs and CNAs in sporadic CRC. Our results indicate that regions showing high [requencies

of UPD/UPP mostly coincide with regions typically involved in genomic losses. Among them, chromosome atms 3p, 5q,

9q, 10q, 14q, 17p, 17q, 20p, 21q and 22q preferentially showed UPDs/UPPs over genomic losses suggesting that tumor cells
must maintain the disomic state of certain genes to favor cellular fitness. A meta-analysis using over 300 samples fromThe
Cancer Genome Atlas conflirmed our findings. Several regions alfected by recurrent UPDs/UPPs contain well-known TSGs,

as well as novel candidates such as ARID1 A, DI.C1, TCF71.2 and DMBT1. In addition, VCAN, FIT4, SFRP1 and GAS7 were also
frequently involved in regions of UPDYUPP and displayed high levels of methylation. Finally, sequencing and fluorescence in
situ hybridization analysis of the gene APC underlined that a somatic UPD event might represent the second hit to achieve
biallelic inactivation of this TSG in colorectal tumors. In summary, our data define a profile of somatic UPDs/UPPs in sporadic
CRC and highlights the importance of these events as a mechanism to achieve the inactivation of TSGs.
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Abbreviations
CNA copy number alteration
cnLOH copy number neutral loss of heterozygosity
CRC colorectal cancer
FISH fluorescence in situ hybridization
PSCBS parent-specific circular binary segmentation
algorithm
LOH loss of heterozygosity
SNP single nucleotide polymorphism
TSG tumor suppressor gene
urD uniparental disomy
urp uniparental polysomy
Introduction

Copy number alterations (CNAs) are the defining feature of
tumors of epithelial origin, including colorectal, providing a
consistent landscape of genome-wide gains and losses in a
tumor-type specific manner (1,2). These genomic imbalances
might contain oncogenes in areas of amplification and tumor
suppressor genes (TSGs) in regions commonly subjected to
deletion. More recently, the usage of single nucleotide polymor-
phism (SNP) arrays allowed the identification of allele specific
imbalances thus defining regions of copy number neutral loss of
heterozygosity (cnLOH) or uniparental disomy (UPD) (3-5). UPD
was firstly described by Engel (6), and arises when an individual
inherits two copies of maternal or paternal chromosomes as a
result of a meiotic error. While this gives rise to constitutional
UPD associated with developmental disorders, this phenom-
enon has also been described in somatic cells, the so-called
somatically acquired UPD (3-5). In fact, UPD has been recently
described in several malignancies, including both solid tumors
and hematological neoplasias (7-9), and it has been suggested
as a mechanism to potentially alter the expression of driver
genes involved in carcinogenesis (4). In addition, in many cancer
cells of epithelial origin, whole genome duplications occur fre-
quently, thus potentially resulting in trisomies and tetrasomies
of chromosomes inherited from the same progenitot, a scenario
designated as uniparental polysomy (UPP).

Colorectal cancer (CRC) is one of the most common cancers
in Western Europe and North America (10). Continuous efforts
are made to comprehensively characterize the genome of CRC
cells in order to understand the genetic basis of this devastat-
ing disease and to identify biomarkers that can help with early
detection and improve prognostication. In particular, genomic
profiling of sporadic CRC has revealed consistent gains and
losses during the emergence and evolution of these tumors (11).
Based on the two-hit Knudson hypothesis, regions with LOH
might contain known TSGs, which can be inactivated by either
a genomic loss or a second inactivating mutation (12). In this
context, UPD arises as an alternative mechanism to reach func-
tional impairment of TSGs in cancer cells, in which one allele
holds an inactivating mutation, and due to a duplication of the
chromosome containing the mutated allele and a loss of the
chromosome with the wild-type allele, the tumor cell becomes
disomic with aninactivating mutation in homozygosis. Foremost
intriguing is the question whether different profiles of UPD/UPP
are observed depending on the tumor’s tissue of origin, and with
what frequency UPD/UPP does occur in different cancer types.
For example, deletion of chromosome 5q is very commeon on
myelodysplastic syndrome and acute myeloid leukemia, but
UFPD at 5q is not extensively reported in these cancers types. On
the other hand, UPD on chromosome 5q containing the TSG APC
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has been reported to be a common event in CRC (13-15) and in
in vitro models (16,17). Moreover, it has been recently suggested
that cnLOH affecting APC may play a role in earlier stages of
tumorigenesis as this event was already found in adenomas (18).

In the present study, we aimed at establishing a map of UPD/
UPP in sporadic CRC, and integrating these data with somatic
CNAs and the methylation status of cancer-associated genes.
Our results have been cross-compared to The Cancer Genome
Atlas (TCGA) data to confirm which specific regions of the CRC
genome are prone to develop UPD/UPE. In addition, combining
mutation analysis and fluorescence in situ hybridization (FISH)
of the gene APC provided insights into the mechanism by which
UPDs result in biallelic inactivation of TSGs.

Materials and methods

Sample collection

Thirty celorectal adenccarcinomas provided by the Hospital Clinic of
Barcelona/IDIBAPS Biobank were included in this study (Table 1). All
patients signed the corresponding informed consent and the sample col-
lection was approved by the local Ethics Committees. Fresh tumoer and
adjacent normal mucosa samples were collected immediately after surgi-
cal resection and preserved in DMEM culture medium supplemented with
fetal bovine serum (Life Technologies, Carlsbad, CA), antibiotics and anti-
fungals before storage at -80°C. An experienced pathologist macroscopl-
cally dissected the fresh tumor samples in order to minimize the inclusion
of nermal mucesa and necrotic tissue.

DNA extraction

DINA from tumor and matched adjacent normal mucosa was extracted
using phenol-chloroform as described previously (19). DNA concentration
and purity was assessed using a NancDrop ND-1000 (Thermeo Scientific,
Waltham, MA) spectrophotometer.

SNP array

Two hundred and fifty nanograms of DNA were processed for hybridiza-
tion on the Genechip Human Mapping 250K Sty arrays (Affymetrix, Santa
Clara, CA). The experimental procedure was performed according to rec-
ommendations of the manufacturer. After hybridization, the chips were
processed using the GeneChip Fluidics Station 450, high-resolution micro-
array GeneChip Scanner 3000 and GCOS Instrument Control Workstation
version 1.2 (Affymetriz). SMP calls were determined by GDAS version 3.0
with 25% level of confidence. Only samples with call rates =80% were
included.

Array comparative genomic hybridization

Oligonucleotide-based array comparative genomic hybridization was per-
formed according to the protocol provided by the manufacturer (Agilent
Technologies, Santa Clara, CA), with minor moedifications. Briefly, 2 pg of
DMNA from each sample were labeled with Cy2 and combined with DNA
fram matched normal colenic mucosa labeled with CyS. Oligenuclecotide-
based Human Genome CGH Microarray (Agilent) with 244K features was
hybridized, washed accordingly and scanned with an Agilent G2565BA
scanner. Data were quality controlled and extracted using Agilent
Technelogies’ Feature Exfraction (version 9.1). Visualization was per-
formed using the software Mexzus Copy Number version 7.5 (BicDiscovery,
El Segundo, CA).

Data processing

Genome-wide LOH and CNA information was obtained using the
Affymetrix array. The CRMA version 2.0 was used for normalizing allelic
estimates of one tumor sample based on estimates from a single matched
normal (20). Next, the Paired parent-specific circular binary segmentation
algorithm, PSCBS version 0.4, was ufilized (21). Different cutoffs, com-
puted by the PSCBS algorithm, were used to consider allelic imbalances
and CNAs for each palr of samples. When the distance between two adja-
cent segments was < 2.5Mb, a single region was considered. cnLOH was
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Table 1. Clinical information and experimental setup
Patient [D Sex Age* Stage Microsatellite instability status  aCGH  SNParray  Methylation array  APC sequencing  APC FISH
51 M 51 1A Negative X X X X X
52 F 59 1B Negative X X X X X
55 M 62 1 n.a. X X X na. X
56 M 74 1B n.a. X X X n.a. X
57 F 62 v n.a. X X X n.a. X
58 F 76 1A Negative X X X X X
59 F 59 1 n.a. X X X na. X
510 F 74 1B Negative X X X n.a. X
511 M 59 1B n.a. X X X n.a. X
512 M 85 1B n.a. X X X n.a. X
513 F 65 1B Negative X X X n.a. X
532 M 46 1B Negative X X X X X
533 F 80 1 Negative X X X X X
S3 F 80 1A Negative X X X na. n.d.
535 M 46 1B Negative X X X na. n.d.
536 M 61 1B Positive X X X n.a. n.d.
537 M 78 v n.a. X X X X n.d.
538 M 84 1B n.a. X X X n.a. n.d.
539 F 44 1B Negative X X X na. n.d.
5S40 M 75 1A n.a. X X X n.a. n.d.
S41 M 68 v n.a. X X X n.a. n.d.
542 F 42 v n.a. X X X n.a. n.d.
543 F 78 1A n.a. X X X X n.d.
S44 M 68 111B Negative X X X na. n.d.
545 F 48 1 Negative X X X X n.d.
S46 M 58 v Negative X X X X n.d.
547 F 38 1B Negative X X n.d. X n.d.
548 M 80 1 n.a. X X X n.a. n.d.
549 M 62 1A n.a. X X X na. n.d.
S50 M 67 1A n.a. X X X X n.d.

n.a., not available; n.d., not determined due to technical issues.
2age of surgery.

defined as a reglon without CNAs but with LOH, including UPD and UPP
events, On the other hand, copy number gains with loss of heterozygo-
sity were defined as gained regions with LOH, Including solely UPP events.
Both, cnlOH and copy number gains with loss of heterozygosity, were
added up together when identifying regicns of UPD or UPP. Finally, circos
plots from different sets integrating both UPD/UPP and CNA regions were
drawn using the Reoircos package (22). The Mann-Whitney U test was per-
formed to assess the difference in the segment length and the Student’s
t-test for the comparison between stages For the Agilent platform, the
CBS algorithm was used to detect CNAs (23). For this purpose, B-functions
available in the DNAcopy package were used with default parameter val-
ues. The segment list was then converted into a matrix format by aligning
samples based on chromosome segments condensed by genes (human
genome release: hgl%). In order to measure the concordance of CNAs
between Agilent and Affymetriz platforms, the Pearson correlation was
computed using the CMAs condensed log? ratio by gene in both platforms.
Only CNAs computed from the Affymetrix platform were taken into con-
sideration for further analysis. Finally, Gene Set Enrichment Analysis was
performed to determine whether recurrent UPD/UPP contained a statis-
tically significant number of TSGs. For this analysis, we considered the
genes obtained from the TSGene database (http:/bicinfo.mcvanderbilt.
edu/TSGene/) (24).

Data were deposited in the NCBI Gene Expression Omnibus (GSE64114).

The Cancer Genome Atlas data analysis

With the purpose to validate our results, level 1 SNPG array data from the
colon adenccarcinoma dataset and pair-matched normal DNA obtained
from the TCGA data portal (hitps://tcga-data.nci.nih.gov/tcgas) were sys-
ternatically curated. Only those samples showing less than 500 segments
after segmentation were included in the analysis. Finally, PSCBS algorithm
was carried out, and 303 samples were considered for analysis,
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Methylation analysis

One microgram of purified DNA from each paired tumor-normal sample
was bizulfite converted using the EZ DNA Methylation-Gold Kit {Zymo
Research, Orange, CA). Subsequently, methylation status of 1505 CpG
sites representing 807 cancer-related genes were evaluated by using the
Mumina GeldenGate Methylation Cancer Panel I Array (lllumina, San
Diego, CA) as described previously (25). Methylation probes representing
a change of beta values >50% and a false discovery rate < 0.001 using the
Benjamini-Hochberg procedure were considered differentially expressed
(26).

Mutational screening

A subset of tumors and thelr matched normal mucosa DNA (n = 10) under-
went PCR amplification and were screened for sequence variations at the
APC mutational cluster region (exon 16: one fragment from nuclectide
3081-2210, and another fragment from nucleotide 35294767, NCBI hgld)
by Sanger sequencing. All samples were sequenced In either forward or
reversed crientation to ensure the highest amount of sequence overlapping
among PCR products (Supplementary Table 1, available at Carcinogenesis
Online). Only PCR products with a single amplicon went forward for
sequencing. Sequences were visualized and analyzed using the dedicated
soltware 4Peaks (Mucleobytes, Aalsmeer, The Netherlands). Any Identi-
fied mutation was verified against the Catalogue of Somatic Mutations in
Cancer database (COSMIC, http:/fcancersanger.ac.uk/cosmic).

FISH

FISH analysis was performed on tissue microarrays containing two repli-
cates of the tumer and two replicates of the normal adjacent mucosa per
sample. Two BAC clones were used: one covering the APC gene (RP11-3B10),
kindly provided by Dr B. Espinet (IMIM-Haspital del Mar, Barcelona, Spain),
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and a second one located at 5q31.2 (RP11-461014), kindly provided by Dr
X. Estivill (Center for Genomic Regulation, Barcelona, Spain), that was
used as a control. They were labeled with Spectrum Orange and Spectrum
Green (Abbott Molecular, Des Plaines, IL), respectively. DNA extraction,
nick translation and hybridization were performed as described previ-
ously (19). Signal quantification was carried out with a Nikon Eclipse 50i
fluorescence microscope in 100 nuclei per sample, and image acquisition
was done by using the Isis Fluorescence Imaging System (MetaSystems,
Altlussheim, Germany).

Results

Minimal regions of CNAs

Thirty primary colorectal adenocarcinomas were analyzed with
the GeneChip Human Mapping 250K Sty SNP arrays and oligo-
nucleotide-based Human Genome CGH microarrays. The mean
concordance of CNAs between both platforms was 92%. CNAs
were found in 28 out of 30 samples (93.3%), with a mean of 22
gains and 7 losses per sample. One of the two samples without
CNAs showed microsatellite instability, while the other sample
belonged to a patient with familial CRC Type X (27). Genomic
profiling of frequent gains and losses based on SNP-arrays
and PSCBS analysis is displayed in a circos plot (Figure 1A).
Chromosomes 7, 8q, 13 and 20q were gained in more than 40% of
the samples. Chromosomes 1p, 4, 5q, 8p, 14, 15, 17p, 18 and 20p
were lost in more than 20% of the cases. The most frequently
gained region was 20q11.21 (70%), and the most frequently
lost region was 18q21.2-q22.3 (40%). Detailed frequencies of
gains and losses in a gene-centered manner are presented
in Supplementary Table 2, available at Carcinogenesis Online.
Furthermore, a comparison between samples with stages I and
II, defined as low stage tumors, and samples with stages IIl and
IV, defined as high stage tumors, was performed. Only genomic
regions 6p21.31, 6p24.1-p25.3 and 19q13.32-q13.43 were found
significantly lost in high stage compared to low stage colorectal
adenocarcinomas (false discovery rate < 0.25).

UPD/UPP profiling

Genome-wide UPD/UPP profiling was performed on 30 adeno-
carcinomas by applying the PSCBS algorithm to the SNP array
dataset. Overall, 21 out of 30 samples (70%) showed UPD/UPP

segments, ranging from 1 to 17. A total of 163 genomic segments
corresponded to enLOH, including both events UPD and UPP. In
addition, 22 segments corresponded to copy number gains with
loss of heterozygosity, including only UPP.

In order to establish an overview of regions simultane-
ously involved in UPD/UPP and CNAs, data have been displayed
in an integrative circos plot (Figure 1A). Interestingly, most of
the regions showing high frequency of UPD/UPP matched with
those regions of the genome showing high frequency of losses.
However, the median length of the segments involved in UPD/
UPP was higher than those affected by genomic losses (41.7 ver-
sus 34.8Mb) (Figure 2). While copy number losses are more fre-
quently affecting interstitial chromosome segments (28.8 versus
14.8%; P < 0.05), UPD/UFPP regions displayed a tendency for whole
chromosome events (35.2 versus 23.7%). On the other hand,
UPD/UPP and copy number losses shared a similar frequency of
telomeric events (34.3 versus 33.1%) (Table 2).

Genomic regions showing a frequency of UPD/UPP greater
than 10% were located at chromosomes 1, 3,5, 8,9, 10, 14, 17, 18,
19, 20, 21 and 22 (Table 3). Remarkably, there are several genomic
regions whose frequency of UPD/UPP events is equal or higher
than the frequency of copy number losses. This is the case for
genomic regions located at chromosome arms 3p, 5q, 9q, 10q,
14q, 17p, 17q, 20p, 21q and 22q, indicating a prevalence of UPD/
UPP over genomic loss. Among these regions, TSGs such as APC
and TP53 map to 5q (20% of UPD/UPP and 20% of losses) and
17p (23.3% of UPD/UPP and 23.3% of losses), respectively. Here,
we report a novel region of UPD/UPP in CRC at 10q11.23-q26.3
containing the TSG PTEN (13.3% of UPD/UPP and 6.7% of copy
number losses) as well as other tumor suppressor candidates,
such as TCF7L2 and DMBT1 (16.7% of UPD/UPP and 6.7% of copy
number losses). On the other hand, genomic regions with a
higher prevalence of copy number losses than UPDs/UPPs are
located on chromosomes 1p, 8p and 18. The analysis of the mini-
mal regions of interest led to the identification of several can-
didate TSGs reported in the COSMIC database, such as ARID1A
at 1p35.3 (13.3% of UPD/UPP, 20% of copy number losses), DLC1
at 8p22 (16.7% of UPD/UPP, and 33.3% of copy number losses),
and SMAD4 at 18q21.1 (20% of UPD/UPP and 36.7% of losses).
Furthermore, the Gene Set Enrichment Analysis showed a

2]

o]

Figure 1. Profile of CNAs and UPDs/UPPs from our study (A) and from the TCGA cohort (B). Chromosomes are represented in the outer ring of the circos plot. In the
middle, gained regions are in green and lost regions in red. The inner ring shows frequency of UPDs/UPPs in blue. To note, regions with high frequency of UPD/UPP

matched with regions with high frequency of copy number loss.
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Figure 2. Distribution of the length of UPD/UPP events and genomic losses. The
interquartile range is represented by the black box inside the violin plots. The
median is represented by the white dot. Events smaller than 2.5Mb have been
discarded.

Table 2. Distribution of UPDs/UPPs and genomic losses

Type of event UPDs/UPPs Genomic losses P value®
Whole chromosome® 38 (35.2%) 28 (23.7%) 0.0785
Span centromere® 17 (15.7%) 17 (14.4%) 0.8531
Telomeric p* 18 (16.7%) 20 (16.9%) 1
Telomeric q° 19 (17.6%) 19 (16.1%) 0.8591
Interstitial” 16 (14.8%) 34 (28.8%) 0.0156

*Events including the entire chromosome.

“Events including the centromere but not the entire chromosome.

‘Events including one of the two telomeres but not the centromere.

“Events comprised between two location within the same chromosome arm
not involving the centromere nor the telomeres.

“Fisher's exact test was performed to assess statistical significance.

statistically significant presence of TSGs in the recurrent regions
of UPD/UPP (P < 0.05) (Table 3).

In order to further narrow down novel TSGs potentially driv-
ing the selection of UPD/UPP events, we performed a cancer-
gene oriented CpG methylation analysis. Our data show that
the genes VCAN, FLT4, SFRP1 and GAS7 were located in regions
of recurrent UPD/UPP (>10%) and showed high levels of hyper-
methylation in CpG islands (Ap > 0.5). A total of 23.3% of the
samples showed UPD/UPP events affecting the hypermethyl-
ated gene GAS7. In addition, 46.7% of the remaining samples
showed genomic losses in 17p involving this gene. Moreover,
13.3% of the samples showed that the highly hypermethyl-
ated genes VCAN and FLT4 were included in regions with UPD/
UPP. Finally, the gene SFRP1, which is located in the commonly
gained region 8p11.21 in colorectal (and other) cancers, showed
13.3% of UPD/UPP and high levels of hypermethylation of
the promoter or exon of the gene in all samples displaying a
genomic gain.

Overall, a total of 14873 genes mapped to regions of UPD/
UPP present in at least 10% of the samples, whereas only 9092
genes were included in genomic losses. A detailed table showing
gene-centralized frequencies for each event (i.e. gains, losses,
UPDs/UPPs and LOH) is presented in Supplementary Material
(Supplementary Table 2, available at Carcinogenesis Online).
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Meta-analysis using TCGA dataset

Next, we cross-compared the results obtained in our analysis
using an independent sample set. Genome-wide CNAs and UPD/
UPP events were analyzed from 303 normal-matched colon ade-
nocarcinomas from the TCGA Level 1 dataset. An integrative cir-
cos plot with CNAs and UPD/UPP data is presented in Figure 1B.
A very similar profile of gains and losses was observed when
comparing CNAs from both cohorts. Despite the high concord-
ance of the regions affected by UPD/UPP, we detected a decreased
frequency of these events in the TCGA cohort. Regions showing
a frequency of UPD/UPP higher than 10% in both datasets were
located at 3p, 5q, 17, 18, 20, and 22. Of note, the frequency of
UPD/UPP at 5q involving the TSG APC was very similar in both
cohorts, showing a higher frequency of UPD/UPP (10.2-19.8% and
13.3-20% in the TCGA and our cohort, respectively) than copy
number losses (6.3-17.2% in TCGA and 6.7-20% in our cohort).
Regions with focal UPDs/UPPs were identified at 3p14.2, 16p13.3
and 20p12.1, which also matched with a high incidence of focal
deletions. Interestingly, the gene C20orf133 located at 20p12.1is
the most commonly affected gene by UPD/UPP in both cohorts
(26.7% in our cohort and 22.1% in TCGA). A gene-centered table
indicating all genomic events and their associated frequencies
from the TCGA dataset is presented in Supplementary Table 3,
available at Carcinogenesis Online.

Mutational status and FISH analysis of APC

We then explored whether UPDs/UPPs affecting the TSG APC act
as a “second hit" by analyzing if a mutation, when present, could
be homozygous. Sequence variations in the APC mutational
cluster region were found in three out of six samples with UPD/
UPP events at the chromosome arm 5q. All mutations identified
were nonsense. In sample 1, the mutation ¢.3871C>T was found
to be heterozygous in the tumor, showing a lower frequency of
the inactivating allele. On the other hand, in samples 33 and
50 nonsense mutations c.4360A>T and ¢.3856G>T, respectively,
were also found in heterozygosity in the tumor; however, the
frequency of the mutated allele was much higher than the nor-
mal one, suggesting that the inactivating allele is present in the
majority of the tumor cells (Figure 3A and B). In fact, we cannot
discard that partial heterozygosity is due to the presence of non-
tumoral infiltrating cells. In addition, fluorescent-labeled DNA
probes covering APC and a control region at 5931.2 were used to
perform FISH analysis onto two tissue microarrays containing
all samples included in our dataset. Interestingly, cases 33 and
1 displayed two signals of APC in 84% and 86% of all the cells,
respectively, confirming that these samples displayed UPD/UPP
in 5q (Figure 3C).

Discussion

Our study generated a profile of recurrent UPD/UPP regions in
sporadic CRC to identify novel TSGs important for this disease. By
utilizing the PSCBS algorithm in two different sample cohorts, we
confirmed that chromosomal regions with the highest frequency
of UPD/UPP mapped to chromosome arms 5q, 17p and 18q, con-
taining the TSGs APC, TP53, and SMAD4, respectively (13,14,16,18).
In addition, we have also identified regions of UPD/UPP affecting
chromosomes 1p, 3p, 8p, 9q, 10q, 14q, 19, 20p, 21q and 22q, several
of which have been previously reported as genomic losses in CRC
(1). Although UPD/UPP profiles are very similar between our cohort
and the TCGA sample set, some regions showed differences, most
probably due to the sample size and heterogeneity. Of note is the
high frequency of UPD/UPP events affecting chromosomes 6p
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Table 3. Minimal regions of frequent UPD/UPP*

Region Size (bp) Loss (%) UPD/UPP (%) LOH (%)° Number of genes® Genes of interest*
1p35.1-p36.33 15209290 16.7-20 133 30-33.3 243 ARID1A
144 372585 23 133 16.7 9
3p21.31-p26.3 46624171 33-6.7 133 16.7-20 314 VHL; MLH1
3g25.1 442601 0 133 13.3 7
5q14.1-q31.2 101633161 6.7-20 13.3-20 20-40 743 APC
8p12-p23.3 33954420 26.7-33.3 13.3-16.7 40-50 277 DLC1
8p11.21-p11.23 2364608 10-16.7 133 23.3-30 36
8p11.21-p11.21 9093559 0-33 13.3 13.3-16.7 41
8q21.13 333470 0 13.3 13.3 1
8q24.3 286530 0 13.3 13.3 1
9q21.13-q34.3 64365620 10-13.3 13.3 23.3-26.7 599 PTCH1; DAPK1
10q11.23-926.3 83250609 3.3-10 13.3-16.7 16.7-26.7 624 PTEN; TCF7L2; DMBT1,; PLCE1
14q11.2-q24.2 52186574 10-16.7 13.3-20 30 425
14431.3-932.33 21331905 16.7-20 13.3 30-33.3 286
17p13.3-q25.3 80999143 6.7-26.7 13.3-23.3 20-46.7 1434 TP53; NF1
18p11.32-923 77842670 3040 16.7-26.7 53.3-60 363 SMAD4
19p13.2-p13.3 9862965 0 13.3 133 307
19q13.32-q13.43 12657480 0-3.3 13.3 133 569 PEG3
20p12.1 780860 10-23.3 13.3-20 23.3433 1
20p12.1 96087 10 133 233 1
21p11.21-g22.3 37157795 0-10 16.7-23.3 20-30 307
22q11.1-q13.33 34352671 10 20 30 558 MYO18B
*Only regions showing UPDs/UPPs in more than 10% of the cases are listed.
°LOH represents frequencies of losses and UPDs/UPPs altogether.
‘Only RefSeq genes have been taken into account.
IGenes of recurrent somatic mutation (>8%) based on COSMIC database.
A
% . . §
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B
Normal Tumor

Tc.436[)A>T

Figure 3. UPD of chromosome 5 accompanied by a homozygous nonsense mutation of sample 33. (A) Tumor-matched normal PSCBS profiling of SNP array dala show-
ing total copy number (panel 1), decrease of heterozygosity (panel 2) and allele-specific copy number (panel 3). Dotted horizontal lines represent specific thresholds for
each parameter. As illustrated, APC is located in a region with cnLOH. (B) Sanger sequencing of the gene APC showing the existence of a nonsense mutation (c.4360A>T)
in the tumor. The mincrity allele could represent intratumoral heterogeneity and/cr infiltration of normal cells. (C) Microscopic assessment of FISH signals using fluo-
rescent probes covering the gene APC (red) and a control probe at 5931.2 (green). Single isolated nuclei displaying two copies of APC and the control probe confirmed
that most tumor population showed a disomic chromosome 5q within this sample. Scale bar = 5 pm.

and 12 in the TCGA cohort. Frequent allelic losses at these chro-
mosomes have been described previously in mismatch repair
deficient carcinomas (28). While only one sample in our cohort
showed microsatellite instability, many more microsatellite

instability positive samples are included in the TCGA cohort, thus

possibly explaining the frequency of such alterations.
The identification of LOH and high-level amplifications has
led to the discovery of driver TSGs and oncogenes, respectively
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(29,30). However, fewer studies have focused on regions with
recutrent UPD/UPP. Our data show that these regions frequently
coincide with genomic losses, suggesting that these events
might also be guiding the inactivation of TSGs. In fact, several
efforts have attempted to identify TSGs on chromosome arm 8p
due to its recurrent loss in CRC (31). Integrative analysis of our
data unveiled that the frequency of LOH in this genomic loca-
tion is between 40 and 50%, including UPD/UPP events (13.2-
16.7%) and copy number losses (26.7-33.3%). Among all genes
encompassed within this area, DLC1, which encodes a RhoGAP
protein that catalyzes the conversion of GTP-bound Rho to
the inactive GDP-bound form, falls within the minimal region
of UPD/UPP. DLC1, has been suggested to function as a TSG in
several common cancers including hepatocellular carcinoma
and CRC (32-34). Furthermore, mutations in this gene have
been identified in nearly 10% of all CRC reported in the COSMIC
database, thus representing a highly mutated gene and a good
candidate for biallelic inactivation via UPD/UPP or genomic loss.
Furthermore, hete we also report novel regions of UPD/UPF that
have not previously been associated with CRC. Among the 624
genes encompassing the 10q11.23-q26.3 region, PTEN stands
out having already been considered a TSG in CRC (35). Likewise,
TCF7L2, encoding a transcription factor that plays a key role in
the Wnt/B-catenin pathway, is also located within this region
and has been found to be mutated in 9% of CRC (1,36). Moreovet,
a candidate TSG located at 1p35.3, ARID1A, a subunit of the SWI/
SNF chromatin remodeler and transcription regulator of MYC,
showed a high frequency of UPD/UPP (16.7%) and has been also
found recurrently mutated (5%) in CRC (1,37).

The genome-wide integration of regions with UPD/UPP and
methylation patterns has provided insights into the identification
of novel putative TSGs. Of note, the genes VCAN, FLT4, SFRP1 and
GAS7 were among the highest hypermethylated genes and were
consistently involved in UPDs/UPPs. Foremost interesting is the
gene SFRP1, which is a soluble modulator of the Wnt/p-catenin
signalingpathway and is located at 8p11.21, a genomicregion with
a high incidence of copy number gains in CRC (38). Our results
revealed that in all cases with copy number gains of SFRP1, simul-
taneous hypermethylation of the promoter or the exon close to
the promoter occurred. SFRP1 has been already identified as being
hypermethylated in CRC (39); however, our data suggest the mech-
anism by which biallelic inactivation of this candidate TSG might
have arisen in the presence of copy number gains. Importantly,
gene expression data extracted from the Oncomine Portal (https://
www.oncomine.org) and the Cancer Genomics Browser (https://
genome-cancer.ucsc.edu) supported the hypothesis that the
aforementioned genes might be considered TSGs as three out of
four candidates (SFRP1, GAS7 and FLT4) showed downregulation in
colorectal tumors compared to normal mucosa (data not shown).

Besides whole chromosome or chromosomal arm UPD/UPP
events, we have also detected focal regions of UPD/UPP at 3p14.2,
16p13.3 and 20pl2.1, containing the genes FHIT, RBFOX1 and
C200rf133, respectively. Interestingly, these regions have been also
described as recurrent focal deletions in several cancer types, and
the genes located at these genomic regions are among the largest
genesin the genome (2). Whether deletions of these genes have an
impact on tumorigenesis or whether they occur as a consequence
of the genome plasticity in these regions (e.g. the presence of
fragile sites or the fact that they encode structural proteins which
carry tandem repeats prone to recombination) remains unknown
(40,41). Further analysis of genes with high incidence of UPD/UPP
is required in order to understand their functional role as TSGs.

Whole-chromosome UPD/UFPP can occur in cancet cells as a
consequence of segregation errors in mitosis through anaphase
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lagging and/or non-disjunction events (4). On the other hand,
homologous recombination, with the purpose of repairing a
double-strand break, has been proposed as a possible mecha-
nism of segmental UPD/UPF formation in cancer (42). In fact,
mitoticrecombination as a result of double strand breaks on the
long arm of chromosome 5 has been suggested to be the most
frequent mechanism to achieve cnL.OH affecting APC in patients
with familial adenomatous polyposis (43). Moreover, a high fre-
quency of segmental UPD has been described in base excision
repair deficient MUTYH-associated polyposis carcinomas (44). In
our sample set, the frequency of UPD in the genomic region 5q21
is as high as the frequency of genomic loss, suggesting that UPD
isindeed an alternative mechanism to acquire biallelic inactiva-
tion of APC. The higher prevalence of UPD/UFP in chromosome
5q, as well as in other chromosomes, compared to the frequency
of genomic loss, suggests that tumor cells need to preserve such
chromosomes in two or motre copies in order to maintain cel-
lular viability and fitness. Despite the fact that most of the cases
showed segmental UPD for 5q, one specific sample displayed
cnLOH involving the centromere region of chromosome 5, thus
indicating that one possibility for the origin of such rearrange-
ment was through a chromosome segregation error. As FISH
analysis proved that 16% of cells in this tumor showed mono-
somy or trisomy for the chromosome arm 5q, it is plausible to
hypothesize that a non-disjunction event occurred early in the
tumor development and originated the UPD, which resulted in
biallelic representation of a nonsense mutation required for
tumor progression. Furthermore, the TCGA dataset showed sev-
eral samples with whole chromosome 5 UPD events. Altogether,
this would indicate that mitotic recombination is not the only
mechanism to generate cnLOH affecting APC, and a missegrega-
tion event resulting in a whole chromosome UPD/UPP might as
well represent the second hit to achieve homozygosity for an
inactivating mutation.

In summary, sporadic CRC shows a specific pattermn of UPD/
UFPF, which greatly coincides with regions of recurrent genomic
losses. Further research efforts are needed to determine whether
other cancer types present unique landscapes of UPD/UPP as well.
The integrative analysis of regions with UPDs/UPPs, CNAs, meth-
ylation patterns, and mutational gene status provided further
evidence of novel putative TSGs. In fact, we propose that UPD/
UPP events act as the second hit suggested by Knudson. Finally,
our data show that cnL.OH affecting APC can occur by either chro-
mosome segregation errors or mitotic recombination events, thus
generating whole chromosome or segmental UPD, respectively.

Supplementary material

Supplementary Tables 1-3 can be found at http://carcin.oxford-
journals.org/
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Supplementary Table | . APC mutation cluster region PCR primers

Fragment start Fragment end

Primer Sequence (5'-3) (bp)? (bp)?
APC MCR A_For GGAAGGCAAAGTCCTTCACA 3081 3210
APC MCR A_Rev TGTCCAAAATGTGGTTGGAA
APC MCR B_For TTCCTTCATCACAGAAACAGTCA 3529 3776
APC MCR B_Rev CTTCAGCTGATGACAAAGATGAT
APC MCR C_For GCACAGAGTAGAAGTGGTCAGC 3674 3898
APC MCR C_Rev TGGAACTTCGCTCACAGGAT
APC MCR D_For CAGACGACACAGGAAGCAGA 3837 4077
APC MCR D_Rev AACATGAGTGGGGTCTCCTG
APC MCR E_For CCAAAAGTGGTGCTCAGACA 4051 4264
APC MCR E_Rev AGCTGTTTGAGGAGGTGGTG
APC MCR F_For CATGCCACCAAGCAGAAGTA 4256 4448
APC MCR F_Rev CACTCAGGCTGGATGAACAA
APC MCR G_For TTTGCCACGGAAAGTACTCC 4437 4681
APC MCR G_Rev TGTTGGCATGGCAGAAATAA
APC MCR H_For TGAAACAGAATCAGAGCAGCC 4572 4767

APC MCR H_Rev ACAGGCAGCTGACTTGGTTT

MCR, mutation cluster region.

®Based on the alignment of the hg19_refGene_NM_001127511 cDNA.
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Abstract

Somatically acquired uniparental disomies (UPDs) are frequent events in solid tumors
and have been recurrently associated with cancer-related genes malfunctioning.
Nevertheless, studies assessing their functional consequences across several cancer
types are necessary. In the present study, we aimed at integrating UPD profiles with the
mutational status of a TSG panel in a tumor-type specific manner by using 548
gastrointestinal (Gl cancers) from the TCGA including colon adenocarcinoma (COAD),
rectum adenocarcinoma (READ), stomach adenocarcinoma (STAD), esophagus
adenocarcinoma (ESAD) and esophagus squamous cell carcinoma (ESCC) cohorts. Our
results showed that UPD profiles in COAD matched with those identified in READ
cohorts. In addition, UPD profiles of STAD, ESAD and ESCC showed significant
differences from those identified in COAD and READ cohorts, confirming the
existence of a cancer-specific landscapes of UPDs. Moreover, our analysis indicated
that such events act as a “second-hit”, in the Knudson’s model in order to achieve
biallelic inactivation of TSGs. SpecificallyAPC, ARID1IA and NOTCH1 were
recurrently inactivated by UPDs in CRC, STAD and ESCC, respectively. Furthermore,
while TP53 showed inactivation caused by UPDs at chromosome arm 17p across all
tumor-types, copy number losses were much more frequent for this genomic position.
By inferring genome ploidy, we demonstrated that an increased number of UPD events,
both affecting the whole chromosome or segmental, were detected in highly aneuploid
genomes compared to near-diploid tumors. Finally, our analysis showedRGat
inactivation in CRC is mainly involving a telomeric UPD at chromosome arm 5q,
suggesting a cluster of mitotic recombination breakpoints. In summary, our study
defines specific profiles of somatically acquired UPDs in Gl cancers and provides
further evidences of such event as a mechanism to inactivate TSGs.
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I ntroduction

Copy number alterations (CNAs) are a hallmark for several types of cancer, including
gastrointestinal (Gl) cancers (Gl), providing a consistent landscape of gains and losses
in a tumor-type specific manner (Beroukhim et al. 2010b; Zack et al. 2013b). A huge
challenge in genome-wide cancer studies is to distinguish driver CNAs, which lead to
development, progression and maintenance of tumors, from those considered passenger
events, resulting as a consequence of high rates of chromosome instability (Beroukhim
et al. 2007a). Therefore, several efforts have been made in order to identify tumor
suppressor genes (TSGs) in recurrent deleted regions, based on the “two-hit” hypothesis
(Knudson 1971). In this model, one copy of a TSG is inactivated by a nonsense or
frameshift mutation, and the other copy is inactivated by a similar mutation or by loss of
heterozygosity (LOH) acting as the “second hit”. However, specific regions of the
genome, e.g, fragile sites, have often limited the association between deletions and
driver TSGs (Rajaram et al. 2013a). Thus, the integration of the gene mutational status
with regions frequently involved in genomic imbalances has become essential in order
to report functional inactivation of genes (Bignell et al. 2010b). More recently, the
application of SNP arrays allowed the possibility to profile copy neutral LOH (cnLOH)

or somatically acquired uniparental disomies (hereafter referred as UPDs) in cancer
(Tuna et al. 2009; Makishima and Maciejewski 2011; Lapunzina and Monk 2011). UPD
was firstly described as a constitutional event, consisting in the inheritance of two
copies of chromosomes coming from the same parental origin caused by a meiotic error
and leading to development disorders (Engel 1980a). However, such an event has been
recurrently observed in several cancer malignancies, including both hematological and
solid neoplasms (Tuna et al. 2009; O’Keefe et al. 2010), thus becoming a somatically
acquired genomic event. In this context, somatic UPDs have arisen as an alternative
mechanism to act as the “second hit” in Knudson’s model. In fact, somatically acquired
UPD events have already been described involving several cancer-related driver genes
(Melcher et al. 2011; Zarzour et al. 2015). Similar to genomic losses, the mutational
status of genes located in recurrent regions of UPD can provide evidence to determine
whether a UPD event is indeed a driver alteration in cancer (Torabi et al. 2015). Yet,
few studies have focused on profiling such events in a genome-wide and tumor-type
specific manner.

Furthermore, whole genome duplication (WGD), giving rise to tetraploid genomes, has
been accepted as a common event in several tumor types and has been postulated as a
driver event in the progression of cancer (Storchova and Pellman 2004; Zack et al.
2013b). The consequence of a genome tetraploidization includes the acquisition of
numerical chromosome instability, which is defined by the increasing rate of mitotic
segregation errors. Recently, the usage of bioinformatic tools has allowed the
assessment of allele-specific copy number and, consequently, the identification of the
tumor ploidy (Van Loo et al. 2010; Carter et al. 2012). Thus, it has been systematically
established that highly aneuploid genomes are not rare in cancer, specially in epithelial
tumors, but very common (Storchova and Kuffer 2008; Zack et al. 2013b). In such a
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polyploid scenario, recurrent losses of the same parental chromosome could originate
recurrent UPDs to functionally inactivate of TSGs (Segditsas et al. 2009).

In the present study, we aimed at integrating a map of UPDs and the mutational status
of TSGs located in these recurrent regions, thus providing insights into the mechanisms
of bi-allelic inactivation in cancer. Moreover, by inferring tumor ploidy, we also
determined to which extent highly aneuploid genomes are enriched by UPD events and
the distribution of breakpoints of these events along specific chromosomes.
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M aterials and methods

TCGA samples or cohorts

Data from five tumor-types of the gastrointestinal tract were obtained from TCGA
project through the NCI's Genomic Data Commons (GDC) data portal
(https://portal.gdc.cancer.gdv/The samples for each tumor-type consisted in 434
paired samples of colon (COAD), 155 samples of rectum (READ), 325 of stomach
(STAD) and 120 of esophagus (ESCA) carcinomas. Esophagus cohort included two
datasets: esophageal adenocarcinoma (ESAD) and esophageal squamous cell carcinoma
(ESCCQC).

S\P array analysis

Affymetrix SNP 6.0 array data was used from the abovementioned cohorts, consisting
in tumor-matched normal blood samples. To identify copy number (CN) changes and
loss of heterozygosity (LOH) microarray data segmentation was performed using Paired
Parent-Specific Circular Binary Segmentation (Paired PSCBS) method implemented in
PSCBS package (Olshen et al. 2011). PSCBS uses a parametric bootstraping technique
to estimate the different allelic mean levels. LOH call is tested on the segments that are
not in allelic balance and is positive on those cases where the allelic CN is under a
certain threshold, derived from data that contemplates the background signal.
Unfortunately, the background signal estimation may fail on tumors that do not present
LOH, so we discarded those samples with a background sigp@d# > 0.75. After the
segmentation, those segments smaller than 2.5 Mbps were eliminated and two segments
were considered the same if the gap between them was shorter than 2.5 Mbp. Of all the
paired samples examined in this study, only those that presented less than 300 segments
were considered in further analyses.

Whole exome sequencing analysis

Whole exome sequencing data were extracted from all cohorts mentioned before from
the GDC data portal. In this regard, single nucleotide variants (SNVs) and short
insertions and deletions (INDELs) were considered. Annotated variant calling files were
used in the form of open-access Mutation Annotation Format (MAF) tab-delimited text
files. In order to base the somatic variant calling analysis on GATK Best Practices,
MuTect2-derived MAF files were selected (DePristo et al. 2011). In order to allow an
accurate annotation of missense variants with Oncotator
(http://portals.broadinstitute.org/oncotajprgenomic coordinates were switched from
genome build GRCh38 (hg38) to GRCh37 (hg19) using the NCBI Genome Remapping
Service [ttps://www.ncbi.nlm.nih.gov/genome/tools/remap). In addition, matching
with PSCBS results through an in-house automated pipeline was performed in R (R
Core Team 2017). Regarding SNVs and INDELs pathogenicity, truncating variants
(nonsense, frameshift and affecting splicing variants) were directly considered, whereas
in the case of missense variants six different prediction tools were assessed: PhyloP
(deleteriousness threshold of phyloP46way placental s¢hf), SIFT (prediction of
damaging), PolyPhen2 (HumVar prediction of probably damaging or possibly
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damaging), MutationTaster (prediction of disease-causing or disease-causing-
automatic), LRT (prediction of deleterious) and CADD (Phred seafg. Only those
missense variants predicted as pathogenic by at least 3 of the tools were considered for
further analysis. Additionally, genes obtained from the TSGene database
(https://biocinfo.uth.edu/TSGerelvere considered in order to identify those vasant
affecting TSGs (Zhao et al. 2016).

FISH on TMAs

Twenty colorectal adenocarcinomas provided by the Hospital Clinic of
Barcelona/IDIBAPS Biobank were included in this study. Clinical features of each
patient were previously described (Torabi et al. 2015). All patients signed the
corresponding informed consent and the sample collection was approved by the local
Ethics Committees. FISH analyses were performed in tissue microarrays poh 4-5
thickness containing two replicates of both tumor and normal adjacent mucosa for each
sample. Centromeric probes for chromosomes 7 and 15 labeled in green, and for
chromosomes 18 and 20 labeled in orange were used according the manufacturer’s
recommendations (Vysis Inc, Downers Grove, IL). Pretreatment included three xylene
incubations, increasing concentration of ethanol series, permeabilization with EDTA
and treated with pepsin. Next, slides were incubated in 1X PBS with ,Mg@lfixed

with 1% paraformaldehyde. Denaturation was performed in a Thermo Brite (Vysis) at
78°C during 6 minutes for panel 1 probe series and 85°C during 3 minutes for panel 2
probe series. Hybridization was performed at 37°C overnight. Post-hybridization washes
were performed in 0.4X SSC/0.3% NP40 at 74°C for 2 minutes and 2X SSC/0.1% NP40
at room temperature during 1 minute. A minimum of 100 cells was imaged with a
Nikon Eclipse 50i fluorescence microscope using the Isis Fluorescence Imaging System
(MetaSystems, Altlussheim, Germany).

Satistical Analysis

The Mann-Whitney sum-rank test was used in order to compare the number of UPD
events between tumor-types and also between highly aneuploid and diploid genomes.
Correlation analysis was applied when comparing ploidy values extracted from FISH

and ASCAT methods. The software GraphPad Prism 6.0 (GraphPad) was used to
calculate p-values and to depict the results.
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Results and Discussion

UPD profiling in Gl cancers

Genome-wide UPD analysis was performed in 265 colon (COAD cohort), 105 rectum
(READ cohort), 121 stomach (STAD cohort) and 57 esophagus (ESCA cohort) tumor-
matched normal carcinomas extracted from level 1 TCGA data portal by applying the
algorithm Paired PSCBS. Most of the samples showed, at least, one genomic region
affected by UPD (85.38% in COAD, 88.89% in READ, 91.74% in STAD and 96.49%

in ESCA cohorts). In particular, ESCA was the tumor type showing the highest number
of regions with UPD, with a median of five events per sample, compared to the other
tumor types R < 0.05). In contrast, COAD showed a median of three UPD events per
sample being the tumor type with statistically significant lower number of UPBs (

0.05) (Supplementary Fig. 1a). We then classified UPDs in two types of events: whole
chromosome and segmental UPDs, the last including both telomeric and interstitial
fragments. Overall, segmental UPDs were the most frequent alterations with a mean of
3.39 events per sample across all cohorts compared to 0.87 UPDs affecting whole
chromosome event® & 0.0001). Moreover, we observed a higher amount of segmental
UPDs in the upper Gl tract compared to colon and rectum (mean of 4,65 for ESCA and
STAD vs mean of 2,84 for COAD and REAP;< 0,0001) (Supplementary Fig. 1b).
Altogether, our analysis suggested that all these cancer types displayed high incidences
of chromosomal instability, both numerical and structural. Remarkably, the higher rate
of segmental UPDs in stomach and esophagus cancers suggested higher levels of
structural CIN in these cancer types compare to colon and rectum adenocarcinomas.
This prevalence of structural CIN in gastric and esophageal adenocarcinomas was
previously suggested in a study showing more focal amplifications events in upper Gl
tract compared to COAD and READ (Dulak et al. 2012). Higher rates of double strand
breaks formation, caused by the exposure to bile acids, might explain these results in
STAD and ESCA (Bernstein et al. 2005).

In order to establish an overview of recurrent regions affected by UPD in a tumor-type
manner, circos plots were generated for each individual cohort (Fig. 1a-e). In addition,
CNA profiles were also calculated in order to compare all chromosome imbalances,
both genomic gains and losses. An overlay between regions of UPD and genomic losses
is depicted in the corresponding ploBs< 0,001). The most frequently affected regions

by UPDs for each cohort are listed in Table 1. Our results showed that UPD profiles for
the COAD cohort mirrored those identified in the READ cohort, resembling the
observations as far as genomic copy number alterations is concerned. Nevertheless, the
UPD profile of the STAD, ESAD and ESCC cohorts showed significant differences
compared to the COAD and READ cohorts. Overall, STAD, ESAD and ESCC cohorts
displayed similar regions affected by UPD, although some specific differences were
also detected (Fig. 1a, b and c). First of all, we identified that chromosome arm
17p13.3-p13.1 showed the highest frequency of UPD events in esophagus and stomach
adenocarcinomas (up to 55.6% and 25.7% in ESAD and STAD, respectively), and it
was the second most frequent region in esophageal squamous cell carcinoma, rectal and
colon adenocarcinomas (up to 53.8%, 26.7% and 17.4% in ESCC, READ and COAD,
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respectively). When including copy number alterations in the analysis, chromosome
arm 17p also showed high frequencies of copy number losses across all cohorts, thus
being the most altered genomic region in the tumor types we studied. The second most
prevalent genomic region affected by UPD across all the tumor types was the
chromosome arm 9q. Specifically, UPDs affecting 9921.11-q34.3 were present in
64.1% of ESCC samples, and in 27.8% and 21.5% of ESAD and STAD samples,
respectively. Thus, the region 9921.11-q34.3 in esophagus squamous cell carcinomas
was the most frequently affected region by UPD across all cohorts (Fig. 1a). Finally,
UPDs at 5912.1-935.3 were the most common events in colon and rectum carcinomas,
affecting up to 20.4% and 32.4% of the samples, respectively (Fig. 1d and e). While this
alteration was present in a maximum frequency of 22.2% in esophagus
adenocarcinomas, it was rarely detected in stomach and esophagus squamous cell
carcinomas, showing a frequency of 9.1% and 10.7%, respectively. In contrast, these
latest cohorts showed high frequencies of copy number losses in this region of
chromosome 5q (61.5% in ESCC, 50.0% in ESAD and 38.8% in STAD datasets),
suggesting different mechanisms to achieve loss of heterozygosity. In summary, our
results demonstrate tumor-type specific UPD profiles. Whereas we identified UPDs
affecting chromosome 9qg21.11-gq34.3 in STAD, ESAD and ESCC cohorts, we rarely
detected this alteration in COAD or READ Furthermore, we confirmed that the UPD at
5q is the most frequent event in COAD and READ (Lips et al. 2007; Melcher et al.
2011; Zarzour et al. 2015; Torabi et al. 2015). These results suggest that the genomic
loss of chromosome 5q in colorectal cancer might be more detrimental for the tumor
cells compared to stomach and esophagus carcinomas.

Functional consequences of UPDs on tumor suppressor genes

In order to explore whether UPDs contribute to the inactivation of TSGs, we assessed
the exomes from all five tumor types extracted from the MAF masked files of the
TCGA. Only high-impact variants affecting TSGs (i.e., protein truncating and damaging
missense mutations) were considered in this analysis. Our results showed that the STAD
cohort is the tumor type with the highest amount of mutations per sample (mean of 19.2
mutations). Means of deleterious variants corresponding to C&&AD, ESAD and

ESCC cohorts were 13.7, 7.7, 7.2 and 5.5, respégtiée then evaluated which of
these variants were located in regions of UPD. Our analysis indicated that ESAD
showed the highest percentage of mutations in regions affected by UPDs (19.2%), while
the rest of the tumor types showed the frequencies of 15.8% in ESCC, 10.4% in STAD,
and 8.3% in COAD, 6.6% in READ cohorts.

Next, by integrating the mutational status of TSGs and genomic profiles, we assessed
which specific genes were inactivated as a consequence of a UPD. Common genes
inactivated by UPDs and CN losses, possibly representing the second hit, are listed in
Table 1. Our results identified th@P53 was simultaneously mutated and affected by a
UPD event in 50%, 38.5%, 11.5%, 10% and 9.8% of the cases in ESAD, ESCC, READ,
STAD and COAD, respectively. Moreover, a mutation in this TSG accompanied by a
copy number loss was detected in 44.9%, 38.8%, 28.9%, 20.5% and 17.5% of the cases
in READ, ESAD, COAD, ESCC and STAD, respectively. Therefore, our analysis
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shows that tumor samples williP53 mutated are recurrently perturbed by second hit
events, either UPD or genomic losses, across all tumor types. Likewise, our analysis
showed several examples of TSGs inactivated by UPDs in a tumor type dependent
manner. In colon and rectum adenocarcinomas, 22.2% and 29.9% of the samples,
respectively, showing an inactivating mutation ARC also presented UPD events at
5921, while only 16.2% and 20.9% of samples displayed copy number losses. In
esophagus squamous cell carcinoma, the second most mutated gene involved in regions
with UPD wasNOTCHL1. Strikingly, in all samples where an inactivating mutation at
NOTCH1 was detected, a UPD including this gene was also identified. Finally, in
stomach adenocarcinomasRID1A was the second most frequently inactivated gene
involved in UPDs. However, the chromosome region contaiARd 1A, 1p35.3, was

found in UPDs only in 13.2% of the STAD cases, suggesting that unknown TSGs in
other regions might also be affected by UPDs. To conclude this section, it is important
to highlight that our results confirmed that UPD events represent an important
mechanism to functionally inactivatBPC in colon and rectum adenocarcinomas
(Torabi et al. 2015). Moreover, we also identifd@TCH1 in esophagus squamous cell
carcinomas andARID1A in stomach adenocarcinomas as TSGs involved in UPDs
events, suggesting that the second hit to inactivate these TSGs is through these events.
Finally, we detected thatP53 was frequently inactivated by UPD across different
tumor types. These results altogether highlight the importance of UPD in cancer as a
mechanism to induce the inactivation of TSGs.

UPD is frequently detected in highly aneuploid genomes

Next, we aimed at assessing to which extent the total DNA content might be
contributing to the generation of UPD events. First, we sought to validate the ploidy
results provided by ASCAT by performing FISH analysis in a cohort of colorectal
adenocarcinomas previously studied in our laboratory (Torabi et al. 2015). We
quantified the chromosomes 7, 15, 18 and 20 using specific centromeric probes. Our
results showed that chromosomes 7 and 20 were recurrently gained with a median of
3.58 copies per chromosome 7 [2.02-5.59] and a median of 2.90 copies for chromosome
20, [1.88-6.01]. On the other hand, chromosome 18 was mainly lost showing a median
of 1.49 copies [1.09-3.45]. Chromosome 15, which usually shows copy number
neutrality in CRC, showed a median of 1.86 copies [1.18-3.16] (Supplementary Fig.
2a). In order to infer the genome ploidy based on the FISH results, we used the
weighted mean copy number of all four chromosomes in each sample. By applying this,
we detected that 60% of the samples showed a highly aneuploid genomes, which were
defined by ploidy values higher than 2.5 (Table 2). Similarly, ASCAT identified 50% of
cases with a highly aneuploid genome, confirming that ASCAT output was
experimentally validated (Table 2). In fact, ploidies inferred from both methodologies
showed a positive correlation between them (R = B.§;0.01) (Supplementary Fig.

2b). Therefore, our results further confirmed that most epithelial cancers contain highly
aneuploid genomes (Zack et al. 2013b). These results are compatible with the
hypothesis that samples with high aneuploid genomes might have undergone a whole
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genome doubling event and a subsequent loss of several chromosomes (Storchova and
Pellman 2004).

Next, we explored the ploidy computed by ASCAT from TCGA cohorts. We observed
that COAD and STAD cohorts were showing the lowest genome ploidy, with a median
of 2.44 and 2.60, respectively. On the other hand, READ showed a median of 2.96, and
ESCA showed a median of 3.07. We then aimed at comparing the frequency of UPD
events in highly aneuploid genomes versus the near-diploid samples. Overall, our
results showed that highly aneuploid tumors displayed a significantly higher amount of
UPD events than near-diploid tumoi® € 0.001) (Fig. 2a). In addition, when UPD
events were classified in whole chromosome and segmental UPDs, we also detected that
the number of these events was higher in highly aneuploidy turRoss Q.001 for

whole chromosome ar@ < 0.0001 for segmental UPDs) (Fig. 2b,c). To the best of our
knowledge, we report, for the first time, evidence that highly aneuploid tumor genomes
show higher prevalence of generating UPDs.

Comparison between UPDs and genomic losses of chromosome 5q in colorectal tumors

As UPDs and genomic losses were the most common events to inagiR@ten

COAD and READ cohorts, we mapped the breakpoints of any segment involving this
gene. As mentioned earlier, UPDs were more frequently observed than genomic losses
in these samples, thus suggesting that they represent the main event to generate a
complete inactivation oAPC. Our analysis indicated that 76.74% of the cases showed
telomeric UPDs affecting the majority of the chromosome arm 5q (median size was 111
Mb [72.27-136.51Mb]). In addition, 20.93% of samples showed UPDs affecting the
whole chromosome 5, and only a 2.33% displayed interstitial UPDs. When considering
copy number losses, 42% of samples showed interstitial deletions, (median size was
41.23 Mb [3.79-120.75 Mb]), 37.68% showed arm-level events with a peri-centromeric
breakpoint spanning up to the telomere, and the remaining 20.29% corresponded to
whole chromosome losses. We then assessed the localization of the breakpoints of each
alteration affecting chromosome 5. We identified differentially localized breakpoints
involving UPDs or copy number losses events. Telomeric UPDs showed breakpoints
extending from a location between the centromere andmlocus on chromosome

5g to the long-arm telomere, with a specific prevalence close to the centromere or in a
region close to 70-80 Mbp (Fig. 3). In contrast, breakpoints corresponding to copy
number losses were either affecting peri-centromeric loci, resulting in arm-level losses,
or a region close to 80 Mbp up and spanning to ARE locus, thus generating
interstitial deletions. (Fig. 3). Surprisingly, none of the breakpoints associated to copy
number losses were localized within the region of 70-80 Mbp, where the most recurrent
breakpoints for UPD events detected. Our analysis confirmed that bi-allelic inactivation
of APC is mainly achieved by telomeric UPDs caused by mitotic recombination events
(Lips et al. 2007; Melcher et al. 2011; Zarzour et al. 2015; Torabi et al. 2Zl¥i&de

results confirm previous findings in familial adenomatous polyposis patients, were
similar genomic breakpoints were detected and were also associated with mitotic
recombination events (Howarth et al. 2009). Altogether, this results further strength the
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hypothesis that colorectal tumor cells urge to maintain a disomy for chromosome 5
despite the benefit of inactivating APC

57



Resultats

Acknowledgments

The authors would like to thank the Biobank Platform from IDIBAPS for sample set
preparation. This work was supported by grants from the European Commission
(COLONGEVA to J.C.), the Instituto de Salud Carlos Ill and co-funded by the
European Regional Development Fund (ERDF) (CP13/00160 to J.C.), the CIBEREHD
program, the Agéncia de Gestido d'Ajuts Universitaris i de Recerca, Generalitat de
Catalunya (2014 SGR 135 and 2014 SGR 903). K.T. received a PIF-fellowship from
Universitat Autonoma de Barcelona.

Conflict of Interest: The authors declare that they have no conflict of interest.

58



Resultats

Figure L egends

Fig. 1: Genomic profilesof UPD and CNAsin Gl tract cancer. Circos plots showing
frequencies of UPDs, losses and gaingEsophageal Squamous Cell Carcinor(@s
Esophageal Adenocarcinomas(b), Gastric Adenocarcinomas (c), Colon
Adenocarcinomasd) andRectal Adenocarcinomgg). Chromosomes are represented

in the outer ring of the circos plots. Regions of UPD are represented in green in the
outer ring, and copy number losses and gains are depicted in blue and red, respectively,
in the following rings.

Fig. 2. Quantification of UPDs in highly aneuploid and near-diploid tumors. Box-

plots showing significant differences between highly aneuploid and near-diploid
genomes of all UPDs ever(® whole-chromosome UPOk) and segmental UPIs).

The Mann-Whitney sum-rank test was used to compare number of UPDs events
between the two groups of genome ploidies. P& 0.001, ****P < 0.0001.

Fig. 3. Location of telomeric UPDs and copy number losses breakpoints in
chromosome arm 5q. Histogram showing the breakpoints of telomeric UPDs and copy
number losses along chromosome 5. Chromosome positions were binned in groups of
5 Mbp.
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Supplementary Figure L egends

Fig. S1: Characterization of UPDs event across Gl datasets. Box-plot showing
significant differences ofa) UPD events between tumor-typeb) UPD segmental
events between upper- and lower-gastrointestinal tract.

Fig. S2: FISH and ASCAT ploidy values comparison. (a) Graph depicting weigthed
mean FISH signals of centromeric probes 7, 15, 18 and 20 in normal and tumor
samples. (b) Correlation analysis between FISH and ASCAT ploidy values.
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Table 1. UPD frequent regions

. 1st hit 2nd hit 2nd hit
Cohort ghr%nr:osome (Sleg ) EZ)D Meﬁ;ated Mutation UPD CN Loss
* P 9 (n) (n) (n)
5013.2-q35.3 110.1 10.2-20.4 APC 185 41 30
COAD 6p25.3-21.1 42.2 10.6-15.1
17p13.3-g25.3 81.1 10.6-17.4 TP53 137 23 68
5912.1-935.3 119.2 15.2-32.4 APC 67 20 14
READ 14911.2-q32.33 88.2 11.4-15.2
17pl13.3-p11.2 21.8 16.2-26.7 TP53 60 9 35
17q21.32-g25.3 33.7 15.2-19.0
9031.1-934.3 37.6 27.8
ESAD 17p13.3-p11.2 215 27.8-55.6 TP53 17 9 7
19p13.3-p13.11 16.1 27.8-33.3
3p26.3-p22.3 33.7 20.5
ESCC 9p24.3-q34.3 141 28.2-64.1 NOTCH1 4 4 0
17p13.3-g25.3 81.2 25.6-53.8 TP53 32 15 8
9p24.3-934.3 141 10.7-21.5
STAD 17p13.3-g25.3 81.2 14.9-25.6 TP53 57 12 21
19p26.3-p22.3 245 15.7-19.0
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Table 2. FISH and ASCAT ploidy

Sample Chr7®  Chri15® Chr18® chr20® 'SH = ASCAT
ploidy” ploidy
2T 3.21 n.a. 1.61 n.a. 2.41 2.24
5T 4.42 1.79 1.63 2.30 2.53 1.93
6T 3.73 3.16 1.53 4.39 3.20 3.87
8T 3.38 1.18 1.16 2.83 2.14 2.89
oT 3.56 1.48 1.56 3.75 2.59 2.14
10T 2.95 1.90 1.09 1.99 1.98 1.98
11T 3.92 2.24 1.49 5.39 3.26 3.59
12T 2.38 n.a. 3.45 n.a. 2.92 4.04
13T 3.76 1.81 1.45 4.37 2.85 4.29
33T 3.12 1.83 1.19 1.88 2.01 2.10
37T 3.59 n.a. 1.62 n.a. 2.61 3.29
40T 2.68 1.80 1.48 2.07 2.01 1.97
41T 5.07 2.10 1.32 6.01 3.63 2.37
42T 4.63 1.46 1.67 3.24 2.75 3.33
43T 3.21 2.11 1.19 2.90 2.35 2.37
44T 2.22 3.01 1.74 3.69 2.67 2.68
45T 3.99 2.16 1.47 4.95 3.14 4.24
46T 3.39 2.15 1.35 2.69 2.39 2.15
47T 2.02 n.a. 1.96 n.a. 1.99 2.45
50T 3.81 n.a. 1.41 n.a. 2.61 3.31

% alues indicated are weighted means of copy number of the corresponding
chromosome.

PMean of chromosomes 7, 15, 18 and 20 values.
n.a stands for not available.
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Abstract Human chromosomes occupy distinet tetritories in -~ and SCN3B. When CCND/! expression was reduced after si-
the interphase nucleus. Such chromosome tetritories (CTs) ate  lencing the major transcription factor of the WNT/3-catenin
positioned according to gene density. Gene-rich CTs are gen- signaling pathway, TCF7L2, the gene was repositioned and
erally located in the center of the nucleus, while gene-poor  mostly detected in the interior of the CT. Thus, we suggest a
CTs are positioned more towards the nuclear periphery.  non-random distribution in which over-expressed genes are
However, the association between gene expression levels  located more towards the periphery of the respective CTs.
and the radial positioning of genes within the CT is still under

debate. In the present study, we performed three-dimensional ~ Keywords 3D-FISH - Chromosome tertitory - Radial
fluorescence in situ hybridization experiments in the colorec-  positioning - Gene expression - Nuclear architecture -

tal cancer cell lines DLD-1 and LoVo using whole chromo- Colorectal cancer

some painting probes for chromosomes 8 and 11 and BAC

clones targeting four genes with different expression levels

assessed by gene expression arrays and RT-PCR. Our results Introduction

confirmed that the two over-expressed genes, MYC on chro-

mosome 8 and CCNDI on chromosome 11, ate located sig-  Chromosomes are organized in distinet territories in the inter-
nificantly further away from the center of the CT compared to phase nucleus, also known as chromosome territories (CTs)
under-expressed genes on the same chromosomes, i.e., DLCI  (Cremer and Cremer 2010). Based on three-dimensional

Keyvan Torabi, Darawalee Wangsa, and Immaculada Ponsa are co-first
authors.

Electronic supplementary material The online version of this article
(doi:10.1007/s00412-017-0629-6) contains supplementary material,
which is available to authorized users.

Thomas Ried August Pi i Sunyer (IDIBAPS), Rossello 153, 4th floor,
riedt@mail nih gov 08036 Barcelona, Catalonia, Spain

< Jordi Camps 3 Genetics Branch, Center for Cancer Research, National Cancer
jcamps @ clinic.cat Institute, National Institutes of Health, Bethesda, MDD 20892-8010,

USA

! Unitat de Biolo gia Cel lular i Genética Médica, Departament de 4 Institut de Biotecnologia i Biomedicina, Universitat Autdénorna de
Biologia Cel-lular, Fisiologia i Immunologia, Facultat de Medicina, Barcelona, 08193 Bellaterra, Catalonia, Spain
Universitat Autdbnoma de Barcelona, 08193 Bellaterra, Catalonia, 5

Advanced Optical Microscopy Unit, Scientific and Technologic
Centers, Facultat de Medicina, Universitat de Barcelona,
08036 Barcelona, Catalonia, Spain

Spain

Gastrointestinal and Pancreatic Oncology Group, Centro de

Investigacion Biomédica en Red de Enfermedades Hepéaticas ¥ ¢ CCR/LRBGE Optical Microscopy Core, National Cancer Institute,
Digestivas (CIBERehd), Institut d’Investigacions Biomeédiques National Institutes of Health, Bethesda, MD 20892, USA
Published online: 25 March 2017 @ Springer

69



Resultats

Chromosoma

fluorescence in situ hybridization (3D-FISH) of chromosome-
specific probes in interphase human lymphocyte nuelei and
confocal laser scanning microscopy, the existence of a gene
density radial distribution is now generally accepted.
Accordingly, gene-rich chromosomes are positioned in the
center of the nucleus compared to gene-poor chromosomes,
which are located closer to the nuclear periphery {Croft et al.
1999; Cremer et al. 2001; Boyle et al. 2001; Cremer et al.
2003). In confrast, in flat human fibroblast nuclei, a radial
distribution according to the chromosome size has been re-
ported (Sun et al. 2000, Bolzer et al. 2005). In different mouse
cell types, non-random correlations of chromosomes with
gene density as well as chromosome size have been described
{Mayer et al. 2003). Moreover, the radial distribution of C'Ts is
mostly conserved in primates and i cells carrying rearranged
chromosomes and is maintained in cells with artificially intro-
duced chromosomes and in human-mouse hybrid cell lines
{Tanabe et al. 2002; Sengupta et al. 2007, Meaburn et al.
2008; Sengupta et al. 2008). Other chromosomal features such
as regional gene-dense chromatin segments yielding R-bands
and gene-poor regions represented by G-bands have also been
considered decisive parameters determining the radial posi-
tioning of chromatin in the nucleus {Kipper et al. 2007,
Gindin et al. 2014). Furthermore, gene density also correlates
with chromatin structure; whereas gene-rich chromosomes
display less condensation and presence of open chromatin,
gene-poor chromosomes show high levels of condensation
and less accessible chromatin (Croft et al. 1999; Gilbert
et al. 2004).

A relationship between gene positioning and function in
individual CTs, as defined by transeriptional activity, has been
established. Several studies provided evidence that chromatin
regions containing highly over-expressed genes {e.g.. major
histocompatibility complex (MHC) locus, epidermal differen-
tiation complex (EDC) cluster, and the 11p15.5 region) either
looped out from the CT (Volpi et al. 2000; Williams et al.
2002; Mahy et al. 2002) or recurrently positioned in the pe-
riphery of the CT (Dietzel et al. 1999). However, so far, long-
range chromatin loops have not heen described as a common
conformation in interphase nuclei (Kiipper et al. 2007).
Recently developed biochemical approaches, such as chromo-
some conformation capture and its technical derivations, pro-
vided evidence that chromosomes form compartments com-
posed of topological associated domains (TADs), which are
chromatin domains in the order of 100 kbp to 1 Mbp, poten-
tially related to the regulation of gene expression (Dekker and
Heard 2015). In agreement with this, the presence of an
interchromatin compartment that expands between ~1 Mbp
chromatin domain clusters would provide access of the tran-
scriptionally competent chromatin to transcription factories
and might represent a model to explain the functional organi-
zation of higher order chromatin structures {(Popken et al.
2014). Several authors have claimed that the high-
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throughput detection of actively transcribed chromatin con-
tacts in frans could be due to the gene density radial distribu-
tion, as chromosomes encompassing large numbers of active
genes are prone fo be located in the center of the nucleus, thus
in closer contact to each other than gene-poor chromosomes
{Kalhor et al. 2012; Bickmore and van Steensel 2013). Taken
together, the relationship between structure and function of
genes within their CTs and their transcriptional activity still
remains elusive.

A major transcription factor in colorectal cancer is the ef-
fector of the WNT/B-catenin signaling pathway, TCF7L2
(sometimes referred to as TCF4) (Mosimann et al. 2009).
Upon nuclear internalization, {3-catenin functions as a tran-
scriptional co-activator, inducing the expression of several
genes that have T cell factor/lymphoid enhancer tamily
(TCF/LEF) DNA-binding sites in their regulatory regions.
The collection of genes regulated by 3-catenin/TCF includes
several proto-oncogenes involved in the cell cycle progression
such as MYC and CCND I, metalloproteinases such as MMP7,
members of the fibroblast growth factor family, and other
genes involved in the development of colorectal cancer
{Hatzis et al. 2008).

In the present study, we aimed at assessing whether the
position of over-expressed genes is different from genes
expressed at lower levels with respect to the CTs in which
they reside. Towards this goal, we performed 3D-FISH in
two karyotypically stable colorectal cancer cell lines: DLD-1
and LoVo. Cells were synchronized at G1- and S-phases, and
chromosome distribution and gene topology were analyzed.
BAC clones covering four genes with profoundly different
transcription levels were used to evaluate the distance from
each gene to the geometrical center of the corresponding CT.
Our data revealed that over-expressed genes are located more
towards the periphery of their respective CTs, while under-
expressed genes reside in the intetior of the tetritories. Most
importantly, we could show that genes, when silenced through
RNA interference, moved towards the intetior compartment
of the CT.

Materials and methods
Cell culture and cell cycle synchronization

DLD-1 and LoVo colorectal adenocarcinoma cell lines were
obtained from American Type Culture Collection and grown
at 37 °C and 5% of CO, in RPMI-1640 and Ham’s/F12 media,
respectively, supplemented with 1% L-glutamine, penicillin,
and 10% fetal bovine serum (Life Technologies). Both cell
lines are diploid and with stable karyotypes {(http://www.
nebinlm.nib gov/sky/). For synchronizing cells in S-phase,
double thymidine block was performed. Briefly, 70,000
DLD-1 cells were plated for at least 4 h and then blocked with
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thymidine (2 mM) for 18 h. After three washes with PBS, cells
were grown again with fresh media for 9 h. Then, a second
block with thymidine (2 mM)} for 17 h was performed. For
LoVo, both thymidine blocks were for 12 h at the same con-
centration after an initial incubation of 48 h of 200,000 cells.
After the second thymidine block, cells were released for 4 h
in normal media to let the cells progress into S-phase. In
unsynchronized cultures, the majority of cells were in G1;
hence, synchronization was not required. Fluorescence-
activated cell sorting (FACS) was used to assess cell percent-
age for each cell cycle phase after methanol fixation and
propidium iodide (50 pg/mlL) staining. Moreover, those cells
with doublet FISH signals in unsynchronized cell cultures,
indicative of sister chromatid separation after S-phase, were
not included in our analysis.

Small interfering RNA transfection

A small interfering RNA (siRNA) molecule was used against
TCF7L2 (3'-GGUCAACCAGUGUACCCAA-3") (Ambion)
to generate transient silencing of this gene using
Lipofectamine RNAIMAX (Life Technologies). The transfec-
tion was performed in a 6-well plate according to the sug-
gested procedure from Life Technologies. For each well,
25 pmol of siRNA were complexed with 7.5 pL of
RNAIMAX in 250 uL of Opti-MEM Reduced Serum
Medium { ThermoFisher Scientific) for 5 min at room tempet-
ature. The solution was then added in its entirety to 2 mL of
RPMI-1640 to each well. Plates were directly transferred to an
mcubator at 37 °C and 5% of CO,. Total RNA was collected
after 72 h following transfection. As a negative control, we
used the AllStars Negative Control siRNA (Qiagen), which
basically consists of a validated non-silencing siRNA with no
homology to any known mamimalian gene.

RNA extraction and qRT-PCR

RNA extraction was performed with the RNeasy Mini Kit
{Qiagen). RNA quantity was assessed using NanoDrop 1000
spectrophotometer (ThermoFisher Scientific). Briefly, 800 pl
oftotal RN A were reverse transcribed to complementary DINA
{cDNA) with the Verso cDNA Synthesis Kit {ThermoFisher
Scientific). Then, quantitative reverse transcription PCR
{gRT-PCR) using Power SYBR Green (Applied Biosystems)
was performed as previously described (Camps et al. 2013),
using specific primers for each of the four genes studied and
the housekeeping genes HPRTI and YWHAZ (Eurofins
Genomics). The 2727 algorithm was applied to estimate
the relative gene expression changes (Livak and Schmittgen
2001). All the primers used in this study are shown in
Table S1.
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3D-FISH

Cells were plated onto 20-mm? sterile glass coverslips in 6-
well plates and incubated overnight until 60-70% confluency
was reached. When indicated, cells were treated with thymi-
dine and washed out for synchronization at S-phase. First,
cells were washed in 1% PBS and fixed in 4% paraformalde-
hyde (PFA) for 10 min at room temperature. Two minutes
before finalizing the PFA treatment, two to three drops of
0.5% Triton X-100 were added. Then, PFA was washed out
in 0.05% Triton X-100 for 5 min, and subsequently, cells were
permeabilized in 0.5% Triton X-100 for 20 min, followed by
an overnight incubation in 20% glycerol at room temperature.
Next, three cycles of freezing and thawing in liquid nitrogen
were performed, while the coverslips were incubated in 20%
glycerol in between cycles. Afterwards, the cells were incu-
bated in HCI for 10-20 min, washed in 2% saline sodium
citrate (SSC), and incubated in RNase A (200 pug/mL) for
1 h at 37 °C. Finally, cells were incubated in 50% formam-
ide/2x SSC at 4 °C for at least 1 week before hybridizing.
Whole chromosome painting probes (WCPs) for chromo-
some 8 and 11 were prepared from flow-sorted chromosomes
and labeled with DY-505-dUTP (Dyomics). Four gene-
specific probes were generated using contigs of several bacte-
rial artificial chromosome (BAC) clones for the genes MYC
{chr8:128,748,315-128,753,680) (RP11-1136L8, CTD-
3056022, RP11-55J15) and DLCI (chr8:12,940,872—
13,134,057) (RP11-92C1, RP11-722B21, RP11-684F19),
both genes mapping 115 Mbp apart on chromosome 8, and
CCNDI (chrl11:69,455,873-69,469,242) (CTD-2507F7,
RP11-30016, RP11-186D19) and SCN3EB
{(chr11:123,499,895-123,525,315) (RP11-793D12, RP11-
764P17), both genes mapping 54 Mbp apart on chromosome
11. Escherichia coli containing the BAC clones were grown
following standard procedures and with the selective antibiot-
ic recommended by the BACPAC Resources Center. DNA
was extracted using the Qiagen Maxi Kit (Qiagen) and quan-
tified with NanoDrop. Each contig was differentially labeled
by the nick translation enzymatic reaction using Spectrum
Orange-dUTP (Abbott Molecular) for the genes DLCT and
SCN3B and DY-651 dUTP (Dyomics) for the genes MYC
and CCNDI. Cot-1 DNA and salmon sperm DNA were added
to the resulting enzymatic reaction in order to suppress repet-
itive sequences. As a result, CTs might not be totally repre-
sented when using a whole chromosome painting probe.
Probes were combined in two panels (panel 1: WCPS, MYC,
and DLCI; panel 2: WCP11, CCNDI, and SCNB3) and hy-
bridized to pretreated samples. Coverslips and probes were
co-denatured at 72 °C for 5 min in a ThermoBrite StatSpin
system ( Abbott Molecular) and hybridized at 37 °C for48 hin
a humidified chamber. After hybridization, coverslips were
washed with 2x SSC/NP-40 0.1% at 45 °C for 2 min and
twice with 2x SSC at room temiperature for 3 min. ProLong
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Gold Antifade Mountant with 4',6-diamidino-2-phenylindole
{DAPI) {ThermoFisher Scientific) was applied to the cover-
slips which were mounted on standard glass microscope
slides.

Microscope imaging

Images were acquired using a DeltaVision Elite High
Resolution Microscope {GE Healthcare Life Sciences), with
a 60%/1.42 Oil Plan APO and a 100%/1.4 Oil Super-Plan APO
oil immersion objectives and processed with the softWoRx
software (v6) {(GE Healthcare Life Sciences) at 896 x 896 size
and 16 bits. The voxel size was 0.1076 = 0.1076 % 0.2 pm for
%60 images and 0.0648 x 0.0648 x 0.2 um for 100 images.
Image deconvolution was performed using the Resolve3D
software integrated with softWoRx.

Three-dimensional distance measurements

3D-FISH measurements of at least 25 individual nuclei per
condition were performed using customized macros of Fiji-
Image] software package, based on 3D Objects Counter and
3D Image] Suite plugins (Bolte and Cordeliéres 2006; Ollion
et al. 2013). First, individual nuclei were cropped from a
merged image stack. Next, channels were split, and different
algorithms were used for each channel to calculate thresholds
of each individual object (i.e., Li for nucleus, Max entropy for
CTs, and Intermode for gene locus signals). In order to adjust
the thresholding for CT segmentation, we utilized the original
RGB image as a template to ensure that background was suf-
ficiently removed and that the created object reconstructed the
entire fluorescence signal. Threshold values were typically
found to vary between 10 and 15 units infraexperiment.
Once individual 3D objects were generated, they were
mmported to the 3D Roi Manager plugin (Fiji-Imagel), and
the following measurements were calculated. First, based on
the number of voxels contained in each object, volumes were
assigned to each nucleus and CT. In order to evaluate radial
distances of CTs and gene loci within the nucleus, eccentricity
values were obtained. Eccentricity is a measurement provided
by the Roi Manager plugin and corresponds to the ratio be-
tween the distance from the geometric center of the nucleus
{N,) to the center of the CT (CT,) or gene locus (G,) and the
nuclear radius (N,). N; is defined by the distance between the
N. and the CT, or G, plus the extended distance to the nuclear
periphery. Distances are presented as a scale where 0 corre-
sponds to the N, and 1 the nuclear periphery. Next, radial
distances from the geometric center of the CT (CT.) to the
center of the gene locus (G;) were also measured by calculat-
ing eccentricity values. In this case, CT radius (CT,) is defined
by the distance between the CT,. and the G, plus the extended
distance to the CT periphery. Similarly, radial distances are
presented as a scale where 0 corresponds the CT,, and 1 the
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petiphery. Of note, as CT shapes are highly irregular, distances
above 1 can be observed, especially in those instances where
the gene loci loop out from the CT.

Finally, absolute distances from the G, to the nearest border
of the corresponding CT were also scored. In addition, mea-
surements of signal co-localization as a surtogate of the posi-
tioning of the gene within its CT were calculated. In this re-
gard, the software quantified the number of voxels corre-
sponding to the gene locus, which overlapped with the CT.
‘When the level of co-localization was lower than 50%, the
distance between the gene locus and the border of the CT
was considered to be outside of the CT. On the other hand,
if the level of co-localization between the gene locus and the
CT was higher than 50%, the distance between this gene locus
and the CT was considered to be inside the territory, and this
value was multiplied by —1.

Statistical analysis

The paired Wilcoxon test was used in order to compare gene
radial distances within CTs and distances from the G, to the
closest border. Proportion test was applied when comparing
gene loop proportions. Mann-Whitney sum-rank test was ap-
plied when comparing gene radial distances and distances
from the G, to the closest border between siRNA, siNEG,
and untreated cultures. Kruskal-Wallis test was used in order
to compare gene radial distances in a gene density manner.
p values and graphs were calculated and designed using the
software GraphPad Prism 6.0 {GraphPad) and R version 3.2.2.
All distributions were computed using the kernel density esti-
mator method.

Results

Gene-rich chromosomes occupy a more internal position in
the nucleus. Yet, the spatial positioning of specific genes in
their respective chromosome territories during interphase is
still a matter of debate, and so is the question whether tran-
scriptional activity determines their localization. In the present
study, three-color 3D-FISH experiments were performed in
DLD-1 and LoVo cells to assess the localization of transcrip-
tionally active and inactive genes within chromosome tetti-
tories CT® and CT11 in different phases of the cell cycle. Cells
were synchronized at Gl- and S-phases in order to assess
higher order of chromatin arrangements through the cell cycle.
Representative maximum intensity projections of a three-
dimensional image stack nuclei are shown in Fig. 1a, b.
Furthermore, a schematic illustration of a three-dimensional
reconstruction for a nucleus and all distance measurements
analyzed in this study is depicted in Fig. le—e. Our results
provide insights into the structure-function relationship of ge-
nomic loci in the interphase nucleus.
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Fig. 1 Image representations of 3D-FISH analysis. a A representative
maximum projection of a pseudoconfocal image stack for each
fluorochrome is depicted for DLD-1 nuclei in S-phase showing a
WCPS, MYC, and DLC! and b WCP11, CCNDI, and SCN3B. DAPI
was used as DNA counterstain. ¢ Enlarged picture of a selected
nucleus. d Three-dimensional reconstruction of the CTs and the
corresponding FISH signals for gene probes. e A schematic
representation illustrating all measurements assessed. Nuclear radial

Nuclear and CT volumes through different stages
of the cell cycle

First, we sought to investigate whether the size of interphase
nuclei and CTs differed between G1- and synchronized S-phase
cells. An enrichment of at least 65% of cells in either G1- or S-
phase was achieved in both cell lines. G1- phase cells showed a
median nuclear volume of 1388 and 665 pum®, in DLD-1 and
LoVo, respectively, while cells in S- phase showed a median

73

position of chromosome territory (N.-CT7,: center of the nucleus (N,).
center of the chromosome territory (CT.); nuclear radial position of
over-expressed or under-expressed gene (N.-G.: G; colored in hlue
represents over-expressed gene, G, colored in red represents under-
expressed gene); over-expressed or under-expressed gene radial
position with respect to the center of the territory (C7.-G,.). Both types
of measurements were assessed in the two homologous CTs. Scale bars
correspond to 3 pm

nuclear volume of 2180 and 1151 pum® (Fig. 2a). In order to
evaluate if this increase in nuclear size was influenced by
changes in the chromatin as a consequence of possible ge-
nome doubling, we assessed the volume of specific CTs.
Our results showed a statistically significant increase in the size
of CTs in S-phase compared to G1- phase cells. Thus, while
DLD-1 cells in G1 showed a median volume of 7.81 and
8.99 um® for CT8 and CTI11, respectively, DLD-1 S- phase
cells showed a median of 14.34 and 19.72 pm3 (Fig. 2b. c).
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Fig. 2 Measurements of nuclear
and CT volumes. a Bar plot
showing the volume
measurements of G1- and S-
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Similarly, LoVo cells in G1 showed a median volume of 3.53
and 6.81 pm® for CT8 and CT11, and S- phase cells showed
median volumes of 7.6 and 10.27 um® for CT8 and CTI1,
respectively (Fig. 2b. d). Moreover, when comparing CTs,
our analysis showed that chromosome 11, although it is smaller
in size compared to chromosome 8 (134 vs 145 Mbp, respec-
tively), displayed a significantly greater volume (19.72 and
10.27 um® for chromosome 11 and 14.34 and 7.60 pm’ for
chromosome 8 in S- phase DLD-1 and LoVo cells, respective-
ly; p < 0.0001) (Fig. 2b). In addition, further analysis of the
nuclear radial positioning showed that CT8 remained invari-
ably nearby to the nuclear periphery (range from 0.67 to 0.71 in
DLD-1 and LoVo cells) through different stages of the cell
cycle, while CT11 in S- phase cells was preferentially posi-
tioned more interior compared with G1- phase (from 0.71 in
G1-to0 0.67 in S- phase DLD-1 cells, p = 0.069 and from 0.64
in G1-to 0.55 in S- phase LoVo cells, p < 0.001) (Fig. Sla, b).

Nuclear radial gene distribution is independent
of expression levels

In order to assess the nuclear positioning of genes that are either
transcribed or not in these cell lines, we chose four differentially
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expressed genes based on microarray data previously generated
in our laboratory (Camps et al. 2009). Gene expression levels of
the genes MYC, CCNDI, DLCI, and SCN3B were assessed by
semi-quantitative RT-PCR in both cell lines and different cell
cycle phases. Our results showed a consistent over-expression
of MYC and CCNDI, while DLCI and SCN3B were under-
expressed normalized to the housekeeping gene [/PRTI. These
differences were highly evident in G1- phase cells (Fig. S2).
First, we measured the distance from each locus-specific
gene probe set to the geometrical center of the nucleus. Our
results suggested that the nuclear radial position of differen-
tially expressed genes was statistically independent of the
gene expression levels, both in DLD-1 and LoVo cells.
Specifically. our data indicated that the highly expressed gene
MYC was positioned towards the nuclear periphery to a sim-
ilar level than the under-expressed genes DLC! and SCN3B
(Fig. 3). In addition, this lack of correlation between nuclear
location and transcriptional activity was independent of the
cell cycle stage. Next, we assessed whether other factors such
as local gene density were determining gene-specific nuclear
arrangements. To this end, we examined the local gene density
of a 10-Mbp genomic window covering our genes of interest
and define whether they were located in a gene-dense R-band
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Fig. 3 Gene density-based nuclear radial positioning. Distances between
the genes of interest and the center of the nucleus (N.-G.) in a G1- phase
DLD-1 cells, b G1- phase LoVo cells, ¢ S- phase DLD-1 cells, and d S-
phase LoVo cells. Black line indicates genes within R-bands, and gray

or gene-poor G-band. Specifically, MYC, DLCI, and SCN3B,
which all are located in chromatin segments assigned to G-
bands (12.9, 18.4, and 26.1 genes/Mbp, respectively), were
positioned closer to the nuclear periphery compared to
CCND1, which is located in a gene-dense R-band (37.1
genes/Mbp) and towards to the nuclear center. Although this
difference in nuclear positioning was statistically significant in
the G1- phase of DLD-1 and Lo Vo cells (p < 0.01) (Fig. 3a, b),
it was less evident in S- phase cells (Fig. 3c, d).

Positioning of genes within the CT is associated
with transcription activity

We then measured the position of individual genes with
respect to their corresponding CT (CT.-G,, i.e., eccen-
tricity values) to assess whether the topological

N C-G c Radial dlstance (S-phase)

lines correspond to genes contained in G-bands. The Kruskal-Wallis test
was used in order to determine whether CCNDI median values were
different compared to MYC, DLC!, and SCN3B medians (n > 50)

distribution of genes is affected by their transcriptional
activity. Our results indicated that the two highly
expressed genes (MYC and CCNDI) were radially posi-
tioned further away from the center of their correspond-
ing CT compared to the under-expressed genes (DLCI
and SCN3B) in both G1- and S- phase DLD-1
(Fig. 4a, b) and LoVo cells (Fig. S3a, b). Specifically,
while the median radial measurements of the under-
expressed genes in DLD-1 and LoVo were 0.816 and
1.005 in G1- and in S- phase cells, respectively, the
over-expressed genes were located 1.32 and 1.27-fold
more external of the CT (p < 0.0001) (Table S2).
Next, we also analyzed the co-localization between in-
dividual gene probes and their corresponding CT, as-
suming that the higher the co-localization, the more in-
ternal the gene was positioned. In contrast, when the

@ Springer

75



Resultats

a G1-phase
10 *kk 10 il
S g S 8 T
S s
172} 7]
© 6 ° 6
T =
2 ®
L" 4 Lu 4
Q@ Q@
o 2 : o 2
— =
0l I
bLC1 MYC SCN3B CCND1
c G1-phase
07 inside the outside the =mDLCT
CT CT mEMYC
40
=
> 30
Q
=
g
g 20
w
10
06 -04-02 0 02 04 06 08 1.0 12 14
Distance (um)
509 . )
inside the outside the BB SCN3B
40 CT CT mm CCND1
9
= 30
2
(]
& 20
i
10
06-04-02 0 0204 0608 1.0 1.2 1.4
Distance (pm)
e

G1-phase

CT -G _radial distance

Frequency (%)

<

c

Chromosoma
S-phase
10 10 i
Q
8 2 8
o
L0r)
6 o © 6
| o
=]
4 S 4
Q@
’ 5 7 E
= i
0- 0-
DLC1 MYC SCN3B CCND1
S-phase
504 . . .
inside the outside the ®mDLC1
CT CT = MYC
40
30 1
20 -
10
0_
-06-04-02 0 0204 06 0810 12 14
Distance (um)
50

inside the
CT

outside the =B SCN3B
CT == CCND1

-06-04-02 0 0204 06 0810 12 14
Distance (pm)

S-phase

@ Springer

76



Resultats

Chromosoma

4 Fig. 4 Positioning of differentially expressed genes within their
corresponding CTs. Box plots showing radial distances (i.e.,
eccentricity values) of MYC vs DLCT and CCNDYI vs SCN3B in a Gl-
and b S- phase DLD-1 cells. Histograms and distributions of the distances
between the center of the gene and the closest CT border depicted in bins
0f 0.2 yum are plotted for ¢ G1- and d S- phase DLD-1 cells. Dashed line
at § indicates the border of the CT; thus, positive values indicate that co-
localization of the gene signal and the CT painting probe was lower than
50%. In contrast, negative values indicate that co-localization of the gene
signal and the CT painting probe was higher than 50%. Adjusted
distributions computed using kernel density estimator method have
been added to the plots. Indicated by arrowheads in the representative
examples are loci looping out of the corresponding CT in e G1-and fS-
phase DLD-1 cells. Scale bars correspond to 5 um. The Wilcoxon test
was used to compare median radial measurements between over-
expressed and under-expressed genes (n > 50). *p < 0.03, **p < 0.01,
and *#*¥p < 0.001

level of co-localization was low, the gene was posi-
tioned in a more peripheral region of the CT and thus
more exposed to the interchromatin compartment. By
measuring the overlapping volume of FISH signals for
the gene probes and their corresponding CTs, we could
demonstrate that CCNDI and MYC co-localization
values were significantly lower compared to SCN3B
and DLCI in both Gl- and S- phase DLD-1 cells
(Fig. S4a, b). By combining the co-localization analysis
and measurements between G, and the nearest border of
the corresponding CT, we further evaluated the position
of the over-expressed genes MYC and CCNDI com-
pared with their under-expressed counterparts DLCI
and SCN3B in both cell cycle stages in DLD-1
(Fig. 4¢, d) and LoVo (Fig. S3¢, d). Our data showed
that the under-expressed genes exhibit a median distance
of —0.070 pm, indicating a more interior positioning
within the CT, whereas the over-expressed genes
displayed a median distance of 0.047 pm, indicative
of a more external positioning irrespective of the cell

cycle phase (Table 1). In addition, since FISH is a
single-cell level experiment, we assessed in how many
CTs the over-expressed gene is located more externally
than the under-expressed (Table 1). These results con-
firmed that MYC and CCNDI were positioned more
externally in 60.5 and 64.7% of the CTs analyzed,
respectively.

Finally, we then assessed patterns that would resem-
ble gene looping out from their corresponding CT by
considering the loci that showed a radial distance above
3, given the fact that 1 is the border of the CT, and
were located at least 0.3 pm outside the CT. Based on
these criteria, we could identify patterns of chromatin
suggesting looping out preferentially affecting the over-
expressed genes (4.35% for MYC, 4.85% for CCNDI,
0.72% for DLCI, and 0% for SCN3B; p < 0.01) in
DLD-1 (Fig. 4e, {) and LoVo (Fig. S3e, I).

Topological reposition of over-expressed genes
after silencing TCF7L2

In order to functionally determine whether such gene-
specific chromosomal localization was indeed dependent
on transcriptional levels, we took advantage of a consti-
tutive activated signaling pathway in the majority of
colorectal cancer cells, i.e., the WNT/B3-catenin pathway.
Using siRNA-mediated gene silencing, we inhibited the
expression of TCF7L2 (siTCF7L2), which is the molec-
ular effector of the WNT/p-catenin pathway and acts as
a modulator of the transcriptional activity of MYC and
CCNDI. To assess the gene silencing efficiency, we
measured the levels of the remaining TCF7L2 messen-
ger RNA (mRNA) after 72 h following transfection and
showed that silencing was above 70% in S- phase DLD-
1 cells (Fig. 5a). We performed this analysis in

Table 1 Gene distances with

respect to the border of CTs Cell Chr. Cell cycle Over-expressed Under-expressed p val°® Gene
line phase gene (umy* gene (pm)*® positioning

()"

DLD-1 CT8 Gl 0.050 —0.052 0.0208 6143

) 0.071 —0.066 0.0059 59.68

CT1l Gl —0.046 -0.109 0.0001  66.67

S 0.080 -0.073 0.0025 6286

LoVo CTR Gl 0.050 —0.090 00042 6333

S —0.046 —0.044 0.1811 5357

CTll Gl 0.043 -0.133 0.0001 85.14

) 0.010 0.005 0.1340 5862

*Distances are indicated as the median of n > 50 territories

b Positive values correspond to loci outside the CTs, while negative values correspond to loci inside the CTs

“Wilcoxon matched pairs signed rank test

dPercentage of CTs with the over-expressed gene located more externally than the under-expressed gene
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Fig. 5 Repositioning of CCND/ upon silencing of TCF7L2 in DLD-1.
Bar plots showing the fold change expression levels of a TCF7L2 and b
CCNDI in siRNA-treated cells. In both analyses, expression levels of
TCF7L2 were compared agamst the siNEG transfection. YWAHZ was
used as a normalization gene. ¢ Box plot showing the significant
differences of CCND/ radial distances in siTCF7L2 compared to
siNEG and untreated cells. d Histogram showing the distribution of the
distance between CCNDI and the closest border of CT11 depicted in bins
of 0.2 pm of siTCF7L2, siNEG, and untreated cells. Adjusted
distributions computed using kernel density estimator method have

synchronized S- phase cells in order to achieve the
highest level of gene silencing. Thus, we interrogated
the effect of silencing 7CF7L2 on the mRNA levels
of MYC and CCNDI. In contrast to previous reported
data, we did not observe a downregulation of MYC up-
on silencing 7CF7L2 in any of the cell lines we ana-
lyzed. On the other hand, we did detect a 50% down-
regulation of CCND/ in DLD-1 cells upon silencing of
TCF7L2 (Fig. 5b). Therefore, we utilized this model to
examine whether the radial distribution of CCND/I with-
in CT11 was modified upon silencing of its transcrip-
tional regulator TCF7L2.

Next, we measured the radial distance between the center
of the CT11 and CCNDI (i.e., eccentricity values) and the
distance from CCND/ to the nearest border of CT1l in
siTCF7L2-treated DLD-1 cells compared to the mock trans-
fection (i.e., sSINEG). The localization of SCN3B was used as a
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SCN3B

been added to the plots. e Representative maximum projections of all
channels of siNEG and siTCF7L2-treated cells showing the
repositioning of CCND/ from the periphery of the CT to the mterior.
Arrowheads in the merged image show how CCND/ FISH signals are
located in the periphery of CTs in the siNEG nuclei and in the interior of
the CTs in the siTCF7L2-treated cells. Scale bars correspond to 5 pm.
Mann-Whitney sum-rank test was used to compare CCND/ median
radial distances between different experiments (untreated, siNEG, and
SIRNA). *#¥+¥kp < 0.0001

negative control in the radial positioning analysis of 3D FISH
images. While the radial positioning of CCND/ in the siNEG-
transfected cells remained unchanged compared with untreat-
ed cells, the radial positioning of CCND! in siTCF7L2 exhib-
ited a more central position (1.64 vs 0.93 in siNEG vs
siTCF7L2-treated cells, respectively; p < 0.0001) (Fig. 5c).
Specifically, the comparison between radial positioning of
CCNDI and SCN3B showed that upon silencing of 7CF7L2,
CCNDI was more proximal to the center of the CT than
SCN3B (0.93 and 1.16, respectively), thus inverting the orig-
inal distribution observed in wild-type cells. Likewise, the
distance measurements from CCNDI to the border of the
CT11 confirmed that in siTCF7L2-treated cells, CCNDI
was located more in the interior of CT11 compared to
SINEG (from 0.059 to —0.076 um in siNEG vs siTCF7L2-
treated cells, respectively; p < 0.01) (Fig. 5d, e).
Accordingly, as the expression of MYC was not reduced upon
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silencing of TCF7L2, the radial positioning was conserved
(1.71 vs 1.33 in siNEG vs siTCF71.2-treated cells, respective-
ly) (Fig. S5a). However, the combination of co-localization
and distance analysis with respect to the CT8 border did detect
a slight relocation of MYC to the interior of the CT in
siTCF7L2-treated cells (from 0.101 to 0.024 pum siNEG vs
siTCF7L2-treated cells, respectively; p = 0.031) (Fig. S3b).

Altogether, these results suggest that the repositioning of
CCNDI in the CT is triggered by its transcriptional inactiva-
tion upon silencing TCF7L2. This provides experimental ev-
idence in isogenic controlled models that transcriptional activ-
ity of specific genes is correlated, and perhaps dependent, on
their position in the CT in which they reside.

Discussion

It is generally accepted that gene density is the main feature in
organizing the distribution of chromosomes within the inter-
phase nucleus (Cremer and Cremer 2001). In the present
study, we performed 3D-FISH analysis in two different cell
cycle stages to assess nuclear architecture of specific genes
and CTs in a dynamic system. Our data revealed that S- phase
cells displayed at least 1.5-fold increase in nuclear volume
compared to G1- phase cells. Chromosome territories CT8
and CT11 scaled up accordingly. Despite similar chromosome
lengths, CT11 volumes were significantly larger than CT8 in
both cell lines. Such discrepancy in the volume of both equal-
ly sized chromosomes might be explained by differences in
the gene density. This would be consistent with previous re-
ports that indicate that gene-rich chromosomes show larger
volumes, which potentially result from a less condensed chro-
matin state (Croft et al. 1999; Miiller et al. 2010). Enrichment
for hypersensitive DNase [ sites is characteristic of gene-dense
genomic segments and thus could be one of the causes of a
more open chromatin conformation (Gilbert et al. 2004,
Sehgal et al. 2014). However, limitations on the chromosome
painting probe resolution and image processing need to be
considered while performing 3D-FISH experiments (Fritz
et al. 2016). In addition, the finding of very subtle differences
in the radial position of CTs in G1- and S- phase cells indicates
that the radial position of the CTs is highly invariable during
interphase (Gerlich et al. 2003; Strickfaden et al. 2010; Miiller
et al. 2010). In fact, long-range repositioning of CTs has been
shown during DNA damage repair induction, in nuclear lam-
ina dysfunctions, in lymphocyte activation, and in cell differ-
entiation (Cremer et al. 2006; Mehta et al. 2010; Mehta et al.
2013; Ioannou et al. 2015; Ranade et al. 2016; Sehgal et al.
2016b). Other studies focused on the three-dimensional topol-
ogy of each CT reported that the uniqueness of each chromo-
some pair provides specific non-random intrachromosomal
arrangements and structural organization, which can change
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during cell cycle and might be related to global expression
programs of individual chromosomes (Sehgal et al. 2016a).

Several studies assessed the correlation between levels of
gene expression and the radial nuclear distribution. Some
findings support a more nuclear internal location of expressed
genes compared with the more peripheral location of silent
genes (Zink et al. 2004; Williams et al. 2006), while such
correlation was not found by other authors (Nielsen et al.
2002; Murmann et al. 2005; Meaburn and Misteli 2008).
Recently, the use of chromosome conformation capture tech-
niques has identified TADs as the main unit of chromatin
spatial organization {Dixon et al. 2012). These TADs are de-
fined by the number of sequenced ligation products, which
reflects the amount of DNA interactions and thus chromatin
proximity. In addition, TADs have been divided into those
corresponding to enriched areas of active chromatin and those
representing a silent state (Wang et al. 2016). In our study,
despite the over-expression of MYC, we did not observe a
more interior nuclear positioning compared to DLCI, whose
expression is much lower. One possible explanation could be
linked to the recent observations suggesting that transcription-
al levels in ~1 Mbp chromatin domains, rather than in indi-
vidual genes, determine the nuclear radial position (K6lbl
et al. 2012). Thus, we argue that the sum of transcription of
all genes in the corresponding chromatin domains
encompassing MYC, DLCI, and SCN3B could be similar.
These chromatin domains might be consistent with the exis-
tence of TADs. Nevertheless, our data do show that CCND,
which is the only one of the four genes we analyzed that
resides in a gene-dense R-band, is located more towards the
interior of the nucleus compared to SCN3B, MYC, and DLCI,
which are all located in a gene-poor G-band. This is in agree-
ment with previous reports showing that regional gene density
is a decisive parameter to determine the nuclear radial posi-
tioning in lymphocytes and fibroblasts (Kipper et al. 2007).
Therefore, we further support that positioning of genes within
the interphase nucleus, not the CT, is independent on expres-
sion but dependent on local gene density.

The relationship between transcriptional activity and gene
positioning with respect to the corresponding CT has been re-
currently questioned. This association has been described for
gene loci with cell type-related functions and coordinated pat-
terns of gene expression such as MHC and EDC and for gene
loci with distinctive expression levels during cell differentiation
(Volpi et al. 2000, Williams et al. 2002; Stadler et al. 2004,
Wiblin et al. 2005). Moreover, other studies have demonstrated
that genes reproducibly locate at the border of the inactive X
chromosome irrespective of their transcriptional activity
{Clemson et al. 2006). The recent application of Hi-C to assess
single-cell chromosome conformation suggested that the locali-
zation of transcriptionally active gene domains to the edges of
CTs is a hallmark of large-scale chromosome structure and spa-
tial nuclear arrangement (Nagano et al. 2013). Nevertheless,
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limited experimental data have been reported for specific genes
involved in physiological conditions, including cell cycle regu-
lation. Our data show that cell cycle-related over-expressed
genes are positioned further away from the center of its CT
compared to under-expressed genes in two different in vitro
models of adherent colorectal cancer cells. In fact, overall there
was no circumstance in which the under-expressed gene was
located more externally in the CT compated to the transcription-
ally active gene. One of the most well-studied regions in the
human genome is the gene-rich chromosome band 11p15.5,
which contains ubiquitous active genes in several cell types.
Chromatin at 11p13.5 frequently extends away from the chro-
mosome 11 tetritory, and treatment with global transctiption in-
hibitor actinomycin D and the RNA polymerase II inhibitor 5,6-
dichloro-1-beta-D-ribofuranosylbenzimidazole pattially de-
creases loci located beyond the chromosome edge (Mahy et al.
2002). The observation of chromatin looping out from the terri-
tory was not uncormmon in our models. The co-localization anal-
ysis confirmed that over-expressed genes preferentially occupied
positions away from the CT, indicating long-range chromatin
decondensation to mediate transcription activity. However, it is
noticeable that chromatin loops were preferentially observed in
only one of the homologous chromosomes for both MYC and
CCND{. Whether this implies that one locus is more transcrip-
tionally active than the other (i.e., monoallelic expression) as it
has been suggested in X-inactivated and a few autosomal genes
needs further exploration (Gimelbrant et al. 2007; Takizawa et al.
2008). The biological correlation between form and function is
further proved when TCF7L2 downstream-regulated genes are
assessed for their radial positioning with respect to the corre-
sponding CT. Not unexpectedly, silencing of the transcription
tactor TCF7L2 resulted in downregulation of CCNDI (Hatzs
et al. 2008). We observed repositioning of CCNDI to a radial
position closer to the center of the CT. Of note, the position of
CCND! in TCF7L2 downregulated cells was closer to the center
than the transcriptionally inactive gene SCN3B. To the best of
our knowledge, this is the first experimental evidence in a con-
trolled system to show how induced transcriptional inactivation
resulted in repositioning of genes in their CT. To this end,
genome-wide transcriptional profiling would provide the chance
to explore global gene expression changes upon deregulation of
TCF7L2 or any other transcription factor and their chromatin
conformation rearrangements.

In summary, our results provide strong evidence of a gene
positioning pattern that reflects expression levels: over-
expressed genes show a more external position within the cor-
responding CT compared to under-expressed genes. Moreover,
despite differences in chromatin condensation throughout the
cell cycle, no major long-range dynamics has been observed
tor the CTs. This is one of the first studies where such measure-
ments have been performed in cancer cell lines after silencing a
specific transcription factor to advocate that gene radial position
in CTs is determined by gene expression levels. Further studies

@ Springer

80

to understand relationships of nuclear structure and function in
space and time, i.e., the 4D Nucleome, are needed to reveal the
general principles of nuclear organization.
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Supplementary Figure 4
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Resultats

Table S1. Primer sequences for gRT-PCR

Gene Forward Reverse

myc GGACCCGCTTCTCTGAAAGG TAACGTTGAGGGGCATCGTC

DLC1 AGGAACGCTGCCATGCTAGA AAAATCCAGTGCTGGAGCAGA
CCND1 CAGAAGAGCGCGAGGGAG CACAGGAGCTGGTGTTCCAT
SCN3B AACGCGTCTGACTACCTTGC GTCAGCTGGCCTCATGTCAC
HPRT1 TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT
YWHAZ ACTTTTGGTACATTGTGGCTTCAA CCGCCAGGACAAACCAGTAT

Table S2. Gene radial distances with respect to the center of the CT

Cell Cell cycle Over-expressed Under-expressed p-valueb
line  Chr. phase gene® gene®
T8 G1 1.131 0.852 0.0004
DLD-1 S 1.429 1.042 0.0106
CT11 G1 0.974 0.808 0.01
S 1.687 0.985 0.0074
cT8 Gl 1.080 0.825 0.0019
LoVo S 0.935 0.902 0.0743
cT11 G1 1.075 0.765 0.0001
S 1.124 1.024 0.0109

? Values are indicated as the median of n > 50 territories.
® Wilcoxon matched-pairs signed rank test.
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4 Discussio

4.1 Eines d’estudi de la CIN al CRC

La presencia de CNAs és una caracteristica de la majoria de tumors solids
(Beroukhim et al. 2010a). Aquestes alteracions es caracteritzen per ser guanys
i perdues somatigues de cromosomes sencers causats per errors de
segregacié en mitosi. Alhora, les CNAs també inclouen guanys i perdues de
regions sub-cromosomiques, causades en aquest cas per diversos
mecanismes estructurals. Les CNAs sOn una caracteristica especialment
important al CRC, ja que al voltant del 85% de tumors s’engloba dins de I'entitat
del CRC amb inestabilitat cromosomica (Pino and Chung 2010). Tal i com ja
s’ha descrit en la introduccio, els tumors amb aquest tipus d’inestabilitat
presenten una elevada taxa d’alteracions cromosomiques, conduint-los a

presentar uns cariotips altament aneuploides (Lengauer et al. 1998).

L's de técniques de citogenéetica classica i molecular va permetre la
identificacid d’aquests cariotips altament aneuploides per tal d’entendre el
complex escenari que comporta adquirir inestabilitat cromosomica.
Posteriorment, aquests tipus d’estudis van deixar pas a l'analisi mitjancant
metodologia basada en arrays de CGH. Aquest tipus de metodologia,
juntament amb millores tecnologiques com els arrays d’SNPs o la seqienciacio
de nova generacio (NGS, de l'angles Next Generation Sequencing), son els
procediments meés usuals avui en dia a I'’hora d’estudiar les CNAs, entre altres
tipus d’alteracions. Aixi, durant les dultimes dues decades, la irrupcio i
consolidacié d’aquesta metodologia ha portat a la identificacié de patrons de
CNAs especifics per diferents tipus de cancer (Zack et al. 2013a). No obstant,
el primer gran repte que apareix en el moment d’avaluar aquests perfils
caracteristics de guanys i péerdues cromosOomiques, esta en determinar les
CNAs responsables de la iniciacid i/o progressido del tumor respecte els
esdeveniments més eventuals fruit de la inestabilitat cromosomica innata que
presenta el cancer. Una estratégia per assolir aquest repte és la d’estudiar
grans cohorts de tumors i aixi proporcionar evidéncies que les alteracions més
freqUents puguin ser els esdeveniments amb un paper més funcional pel mateix

cancer. D’'aguesta manera, juntament amb la millora tecnologica, s’ha de
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destacar el paper de grans projectes que han proporcionat I'oportunitat
d’estudiar el cancer a gran escala, mitjan¢ant I'estudi potencial de milers de
mostres. El The Cancer Genome Atlas (TCGA), coordinat pel National Cancer
Institute (NCI) i pel National Human Genome Research Institute (NHGRI), és un
d’aquests grans projectes, vigent des de 2005. L’objectiu principal del TCGA és
el de caracteritzar diferents tipus de cancer, 33 fins a data d’avui, en termes de
CNAs, expressio genica, metilacid, microRNAs, variants de sequéncia, entre
d’altres anomalies caracteristiques del cancer (Chang et al. 2013). L’Gs
recurrent de cohorts extretes del TCGA ha portat a la publicacié de multiples
estudis amb el suficient poder estadistic per aportar conclusions biologicament
rellevants sobre el coneixement d’aquesta malaltia (Cancer Genome Atlas
Network et al. 2012).

Es en aquest escenari on se situen part dels resultats presentats en aquesta
tesi. L’estudi inicial, corresponent al capitol I, analitza dues cohorts de CRC
diferents, una d’elles extreta del TCGA (n=303). A nivell experimental, les
mostres de l'altra cohort (n=30) corresponen a DNA de tumors primaris
procedents de pacients amb CRC. Aquestes mostres s’han estudiat al nostre
laboratori mitjancant I'is de dues plataformes d'array diferents, la primera
correspon a un array de CGH anomenada Human Genome CGH Microarray
244A (Agilent) i la segona a un array d’'SNPs, anomenada Genechip Human
Mapping 250K Sty array (Affymetrix). L’0s d’aquestes dues plataformes ha
permeés la comparacio i validacio de la deteccio de segments de CNAs entre els
dos tipus d’arrays. Aixi, els resultats extrets d’ambdues plataformes han estat
molt similars, on el 92% del segments de CNAs han concordat entre les dues
analisis. Paral-lelament, per a la comparacié entre la nostra cohort i la del
TCGA, s’han usat els resultats extrets dels arrays d’'SNPs, ja que la cohort del
TCGA es basa en mostres analitzades mitjancant aquesta metodologia,

especificament la plataforma Genome-Wide Human SNP array 6.0 (Affymetrix).
4.2 Perfils genomics de CNAs al CRC

La nostra cohort consisteix en mostres procedents de 30 pacients amb
adenocarcinoma de colon. Cadascuna de les mostres tumorals ha estat

comparada amb una mostra de la respectiva mucosa normal adjacent. Aquesta
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condicio ha portat a la deteccié Unica de CNAs a nivell somatic, i per tant,
especifiques de la iniciacid i/o progressié del tumor. Analisis d'arrays
comparant el DNA tumoral amb un DNA normal de referéncia, tenen el risc
potencial de sobreestimar la deteccio de CNAs a causa de la multitud de CNVs,

a nivell polimorfic, que es troben repartits per tot el genoma (Zhang et al. 2009).

El perfil genomic de CNAs, a nivell general, extret d’aquestes analisis mostra
guanys recurrents als cromosomes i/o regions cromosomiques 7, 8q, 13 i 20q, i
pérdues recurrents als cromosomes i/o regions cromosomiques 4, 8p, 14, 15,
17p i 18, confirmant aixi el perfil caracteristic de CNAs en CRC descrit amb
anterioritat a la literatura (Camps et al. 2009; Cancer Genome Atlas Network et
al. 2012). Aquest perfil tant conservat amb guanys i perdues tant freqiients com
la dels cromosomes 7 i 18, respectivament, confirma la importancia d’aquests
esdeveniments en la progressié del CRC (Ried et al. 1996; Nakao et al. 2004).
De fet, els guanys del cromosoma 7 i de la regi6 cromosomica 20q s’han
identificat multiples vegades com a alteracions que es donen en fases
primerenques, adenomes de baix grau, de la sequéencia adenoma-carcinoma
del CRC (Ried et al. 1996; Meijer et al. 1998; Hoglund et al. 2002; Carvalho et
al. 2009; Shi et al. 2012). Els nostres resultats mostren guany als cromosomes
7 1209 en un 66,7% de les mostres. Per altra banda, I'analisi de FISH en teixit
parafinat dels centromers d’aquests mateixos cromosomes, exposat al capitol Il
d’aquesta tesi, mostra un nombre modal superior a dos en un 82% i un 62% de
les mostres analitzades pels cromosomes 7 i 20, respectivament. Aquestes
diferencies en percentatge entre les diferents metodologies d’analisi es deuen a
casos potencials de genomes poliploides, en els quals 3 0 4 senyals de FISH
d’'un centromer en concret, equivalen a regions neutrals a nivell de nhombre de
copies en els resultats de I'array. Pel que fa a la pérdua del cromosoma 18, es
considera que aguesta €s un pas clau en la progressié d’adenoma avancat a
carcinoma (Grade et al. 2006). Globalment, la gran majoria d’aquestes
alteracions, descrites en adenomes i carcinomes, s’han identificat ben
conservades en metastasi i linies cel-lulars provinents de tumors primaris (Korn
et al. 1999; Platzer et al. 2002). Els nostres resultats confirmen la recurréencia
d’aquesta alteracio, ja que un 50% dels tumors analitzats per arrays mostren

pérdues al cromosoma 18. Les analisis de FISH per aquest mateix cromosoma
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confirmen aquesta perdua recurrent mostrant una mediana de 1,48 en namero
de copies per tota la cohort. Cal destacar que altres alteracions observades
freqientment a la nostra cohort, com el guany del cromosoma 13 o la pérdua
del bra¢ curt del cromosoma 17, també formen part de les alteracions més

comunes en la progressio del CRC (Meijer et al. 1998; Diep et al. 2006).

Amb la finalitat de validar els resultats obtinguts en la nostra cohort vam
comparar els perfils obtinguts de CNAs amb la cohort extreta del TCGA.
Qualitativament, els resultats de la nostra cohort mostren un alt grau de
coincidencia amb la cohort de CRC extreta del TCGA. No obstant, s’observen
algunes discrepancies a nivell quantitatiu. En general, la gran majoria de
regions implicades en guanys o perdues en la nostra cohort mostren una
frequéncia més baixa de l'alteracié en concret en la cohort del TCGA. Aix0 pot
ser degut, simplement, a la diferencia de mostres que engloba cadascuna de
les dues cohorts. D’altra banda, també pot ser degut a la potencial inclusio
recurrent de mostres amb inestabilitat de microsatél-lits (MSI) en la cohort del
TCGA. Mentre que en la nostra cohort disposem d’informacié clinica molt
detallada de gran part dels pacients, incloses les analisis per detectar si els
tumors es classifiquen dins el grup amb MSI, la informacié clinica de les
mostres del TCGA no sempre és prou completa. De fet, en la nostra cohort, tan
sols hi ha dos casos que no mostren cap CNA, un de les quals si que presenta
MSI i un altre que correspon a un pacient amb CRC de tipus X, els quals
tampoc acostumen a presentar CNAs (Goel et al. 2010). Mentre que la resta de
tumors de la nostra cohort, presenten un perfil de CNAs compatibles amb el

CRC amb CIN, alguns casos del TCGA no mostren cap o gairebé cap CNA.

El segon gran repte a assolir per part dels estudis genomics és el d’identificar
els gens clau, possibles dianes terapeutiques, que formen part de les CNAs,
entre altres tipus d’alteracions, i que aporten una seleccié positiva al tumor.
Aixi, les regions amplificades han estat recurrentment associades a la
preséncia d'oncogens. Els guanys -caracteristics del CRC com el del
cromosoma 7, o les regions cromosomiques 8g o 20qg, contenen oncogens
reconeguts en aquest tipus tumoral com son, EGFR, MYC o AURKA,
respectivament (Carvalho et al. 2009). D’altra banda, basat en la teoria dels

two-hit de Knudson, una de les aproximacions més usades a I'hora d’identificar
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nous TSGs ha estat la de determinar la regid minima de perdua en estudis de
grans cohorts de tumors i avaluar el gens localitzats en aquesta regio per tal
d’assignar si la pérdua d’algun d’aquests pot ser un esdeveniment important
per al desenvolupament del cancer. Un clar exemple és la presencia de dos
TSGs, com son SMAD2 i SMAD4, a la regi6 cromosomica 18q que
recurrentment es troba perduda al CRC. En aquest cas, tots dos gens formen
part de la via de senyalitzaciéo de TGF-3 i es troben mutats al CRC en un 6 i
10%, respectivament (Cancer Genome Atlas Network et al. 2012). Una altra
estrategia ha estat la identificaci6 de delecions focals, tant en hemi- com
homozigosi, involucrant normalment un gen, freqientment observades al
cancer. S’han desenvolupat diverses metodologies bioinformatiques per tal de
determinar regions focals afectant significativament diversos tipus de cancers
(Beroukhim et al. 2007b). Aquesta estrategia ha portat a la successiva
identificacio de diversos TSGs en diversos tipus tumorals. Tanmateix, alguns
casos de delecions focals es localitzen en llocs fragils, els quals son regions
cromosomiques amb tendencia a trencar-se (Rajaram et al. 2013b). En la
nostra cohort hem identificat diversos exemples d’aquests esdeveniments
focals, els quals inclouen els gens FHIT, RBFOX1 i C200rf133, localitzats en
les regions cromosomiques 3pl4.2, 16p13.3 i 20pl2.1, respectivament. Tots
tres casos sén gens molt grans, entre 1,5 i 2 Mb, localitzats en llocs fragils i
amb altes frequéncies de perdua en diferents tipus de cancer, a més del CRC
(Smith et al. 2006; Camps et al. 2008; Beroukhim et al. 2010a). Diversos
estudis suggereixen que aquestes alteracions corresponen a esdeveniments
fortuits i estan altament representades a causa d’una expansio clonal, pero que
no aporten cap mena d’avantatge selectiva al tumor. Aixi, aguestes delecions
es formen simplement per la fragilitat de la regié cromosomica en la qual es
localitzen (Beroukhim et al. 2010a; Bignell et al. 2010a; Dereli-Oz et al. 2011).
Contrariament, altres autors suggereixen que els gens localitzats a aquestes
delecions focals presenten un paper funcionalment important per a la iniciacié
i/o progressio del cancer (Hazan et al. 2016). La hipotesi d’aquest estudi és la
de que els gens situats en llocs fragils tenen un paper modulador de la resposta
al dany al DNA (DDR, de I'anglés DNA-Damage Response) quan estan actius.

A Tlinactivar-se via delecid perden aquesta funcié i es desencadena un
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descontrol de la DDR a causa d’estres replicatiu provocant conseqientment

I'adquisicio d’inestabilitat genomica (Hazan et al. 2016).
4.3 Disomia uniparental: alteracié cromosomica comuna al cancer

La UPD es va descriure per primera vegada a I'any 1980 com I'heréncia de dos
cromosomes homolegs que provenen de la mateixa via parental (Engel 1980b).
Aquest esdeveniment ha estat llargament associat a alteracions a nivell
constitucional causades, principalment, per errors en meiosi. Tanmateix, durant
els ultims anys la UPD ha anat prenent molt interes en I'estudi del cancer (Tuna
et al. 2009). L'Us generalitzat dels arrays d’'SNPs ha millorat la deteccié de
UPDs en estudis genomics del cancer, mostrant regions cromosomiques
recurrentment afectades per aquest tipus d’esdeveniment en diferents tipus
tumorals (Makishima and Maciejewski 2011). De la mateixa manera que en
estudis de CNAs, el repte dels estudis genomics de UPDs en cancer, és el
d’identificar les alteracions que confereixen una avantatge selectiva a la cel-lula
tumoral, i diferenciar-les dels simples esdeveniments eventuals fruit de la
inestabilitat genomica propia del tumor. Una d’aquestes avantatges pot ser el
paper que la UPD adquireix esdevenint un mecanisme per a la inactivacié de
TSGs al cancer. Basat en la teoria dels two-hit de Knudson, un TSG pot estar
inactivat a causa d’'una mutacio, somatica o germinal, en un dels seus dos
al-lels (Knudson 1971). Posteriorment, mitjancant la perdua del cromosoma que
conté I'al-lel normal i la subsequent duplicacié del cromosoma que conté I'al-lel
mutat, la cel-lula tumoral acaba amb la preséncia d'un TSG inactivat, en
ambdos al-lels, pero sense péerdua de material genomic (Tuna et al. 2009). Tot i
la potencial transcendéncia d’aquest esdeveniment, pocs estudis genomics de
grans cohorts similars als que s’han fet per a I'avaluacié de CNAs, han descrit
regions cromosomiques afectades per UPD en cancer.

Es arrel d’aquest context que hem establert un perfil genomic de UPDs en dues
cohorts diferents de CRC, descrit en el capitol | d’aquesta tesi. De manera
similar que en el cas de les CNAs, I'is aparellat del DNA de la mucosa normal i
el DNA tumoral de cadascun dels pacients és essencial a I'hora d’identificar
exclusivament les UPDs somatiques, especifiques de la iniciacid i/o progressio
del tumor (Bacolod et al. 2009). En aquest sentit, hem pogut descartar regions
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cromosomiques homozigotes constitucionals, compartides en ambdds teixits i
conegudes de I'anglés com identical-by-descent (IBD) (Bacolod et al. 2009). De
fet, la majoria d'algoritmes bioinformatics usats en ['actualitat per inferir
segments de CNAs i UPDs funcionen molt millor en estudis aparellats (Olshen
et al. 2011; Li et al. 2014). A més, l'avaluacio de la ratio al-lelica per part dels
algoritmes basats en dades d’arrays d’'SNPs, té una gran avantatge respecte
els basats en arrays de CGH, i és el fet que es pot inferir la puresa del tumor
(Van Loo et al. 2010; Carter et al. 2012). Tot i els esforcos del patolegs, la no
inclusié de cel-lules normals o cél-lules no canceroses en mostres tumorals és
practicament impossible. El grau de preséncia d’aquests tipus cel-lulars és una
variable clau en la detecci6é d’alteracions cromosomiques. Mentre que en una
mostra amb poca presencia de cel-lules normals sera molt facil determinar les
alteracions cromosomiques propies del tumor, en una mostra on el percentatge
d’aquest tipus cel-lular sigui molt elevat, les mateixes alteracions s’observaran
de manera més diluida (Van Loo et al. 2010; Li et al. 2014). A aquesta dificultat,
s’afegeix el fet que entre les cel-lules d’un mateix tumor existeix, sovint, una
gran variabilitat a nivell d’anomalies cromosomiques, fet conegut amb el terme
heterogeneitat intra-tumoral (Burrell et al. 2013b; Williams et al. 2016). Aixi, la
preséncia de cel-lules normals, sumat a I'heterogeneitat tumoral inherent del
cancer, comporta I'ls necessari d’algoritmes complexos que considerin la
cel-lularitat especifica de cada mostra tumoral (Van Loo et al. 2010; Li et al.
2014). Tenint en compte aquests factors, tots els resultats descrits referents a
perfils de UPDs, estan basats en I'is de l'algoritme PSCBS, el qual computa
llindars diferents en funcié de la puresa especifica de cada tumor (Olshen et al.
2011).

4.4 Perfils genomics de UPD al CRC

Malgrat el recent interes en caracteritzar regions de UPD genomiques al
cancer, el nombre d’estudis publicats fins a I'actualitat sembla ser insuficient
per tal de determinar les alteracions especifiqgues que confereixen un avantatge
positiu a la carcinogénesi colorectal. Contrariament, I'escenari actual mostra
una variabilitat de regions cromosomiques descrites com a frequents, les quals
depenen de la metodologia i cohorts utilitzades en cada cas. D’entrada, I'estudi

d’Andersen i col-laboradors va ser dels primers en determinar que la UPD és

92



Discussi6

frequent al CRC. El grup va utilitzar la plataforma Genechip Mapping 10K
(Affymetrix) per analitzar 15 tumors primaris microdisseccionats i identificar com
a regions de UPD frequents els bragcos cromosomics 3p, 8p, 13q i 20q
(Andersen et al. 2007). Posteriorment, Kurashina i col-laboradors, van analitzar
94 tumors primaris, comparats amb les respectives mucoses normals, i van
destacar les regions cromosomiques 5q, 8p, 11, 14, 15, 17p i 18qg com a
frequentment afectades per UPD (Kurashina et al. 2008). Ambdds estudis
comparteixen Unicament la identificacié de 8p com a regid frequent de UPD.
Cal destacar, que I'observacio recurrent de LOH en aquest brag cromosomic en
diversos tipus tumorals ha incrementat la cerca de gens candidats a ser TSGs
en aquesta regié (Pole et al. 2006; Chua et al. 2009). Els nostres resultats
confirmen I'afectacié recurrent a 8p en CRC, ja que la meitat dels casos
mostren perdues o UPDs en aquesta regié cromosomica. En un altre estudi,
Melcher i col-laboradors analitzen 16 tumors amb CIN, i identifiquen les regions
cromosomiques 5921.1-g22.3 i 17p13.2-p13.1 com a les regions més frequients
de UPD en CRC esporadic, amb un 31 i un 25%, respectivament (Melcher et al.
2011). Anteriorment, Lips i col-laboradors van analitzar una cohort especifica
de 78 tumors rectals dividits en adenomes i carcinomes. Mitjancant I'is de la
plataforma GeneChip Mapping 10K 2.0 arrays (Affymetrix) van observar que el
grup de carcinomes mostrava UPDs involucrant els cromosomes 9 i 12, i les
regions cromosomiques 5q i 17p. Tanmateix, I'inica regié de UPD destacable a
nivell de frequéncia al grup d’adenomes es localitzava a 5q (Lips et al. 2007).
Recentment, I'estudi de Zarzour i col-laboradors ha analitzat, mitjangant la
plataforma Human610-Quad chips (Illumina), 216 mostres en les que
s’inclouen, 60 adenomes, 36 carcinomes d'estadiatge | i 120 carcinomes
d’estadiatge Il (Zarzour et al. 2015). Mentre que en la cohort de carcinomes
d’estadiatge Il s’identifiquen UPDs a 5q, 11q, 15q, 17p, 18q, 18q, 20p i 22q
amb una frequéncia superior al 10%, en la cohort d’adenomes la UPD a 5q és
I'dnica que supera el mateix llindar de freqiencia. Un estudi més recent no
detecta aquesta alteraci6 en mucosa normal comparat amb els respectius
carcinomes, on la UPD a 5q torna a ser I'esdeveniment més freqiient (Conconi
et al. 2016). Referent al nostre estudi, el perfil global de UPDs mostra regions
recurrents superiors al 10%, als bracos cromosomics 1p, 3p, 5q, 8p, 9q, 10q,

14q, 17p, 20p, 21q i 22q i als cromosomes 18 i 19. A més de la UPD a 8p, cal
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destacar les regions cromosomiques 5914.1-931.2, 17p13.3-g25.3 i 18p11.32-
023, ja que son les tres més afectades per UPD i les més descrites en els
estudis ja publicats. Aquestes tres regions de UPD s’han identificat també en
diverses linies cel-lulars de CRC (Gaasenbeek et al. 2006; Melcher et al. 2007).
Les tres regions inclouen TSGs molt involucrats en les vies de progressio del
CRC com APC a 5q, TP53 a 17p i SMAD4 a 189 (Baker et al. 1989; Fearon
and Vogelstein 1990). No obstant, la UPD a 5q sembla ser la més frequent
d’entre totes les descrites a CRC fins al moment (Tuna et al. 2009). A més, la
identificacio frequent de UPD a 59 en adenomes, suggereix que aquest
esdeveniment és una de les primeres alteracions del procés de carcinogéenesi
del colon i del recte (Lips et al. 2007; Zarzour et al. 2015). Segons aquests
autors, la UPD a 5q és el principal mecanisme pel qual el TSG APC perd la
seva funcio, especialment en la fase d’adenoma. De fet, la inactivacio d’APC
s’ha definit com a un dels esdeveniments més primerencs en la progressio
d’adenoma de baix grau a adenoma avancat del model adenoma-carcinoma del
CRC (Fearon and Vogelstein 1990).

45 UPD com a mecanisme alternatiu d'inactivacio de TSGs

Els estudis genomics en grans cohorts de cancers han permeés la identificacio
de patrons de CNAs especifics per tipus tumoral (Beroukhim et al. 2010a).
Tanmateix, manquen estudis similars on es caracteritzi la UPD. A més, la
integraci6 amb dades mutacionals és essencial a I'hora de determinar quin
paper funcional aporten aquestes alteracions al tumor. Amb el proposit de
confirmar que els perfils de UPD observats en CRC sén especifics d’aquest
tipus tumoral, hem estudiat diferents cohorts tumorals del tracte gastrointestinal
extretes del TCGA. A més, hem integrat aquestes dades amb ['analisi
mutacional de les mateixes mostres per tal d’identificar la preséncia de TSGs
inactivats en les regions de UPD. Aixi, al capitol Il d’aquesta tesi hem comparat
els perfils de UPDs, a més dels de CNAs, en tumors de colon (COAD, de
'angles Colon Adenocarcinoma) i recte (READ, de [langlés Rectum
Adenocarcinoma) per separat, estomac (STAD, de [langles Stomach
Adenocarcinoma) i esofag, que alhora es subdivideix en adenocarcinoma
(ESAD, de I'angles Esophagus Adenocarcinoma) i escamos (ESCC, de I'anglés

Esophagus Squamous Cell Carcinoma).
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En esofag, Nancarrow i col-laboradors van determinar que les regions mes
frequents de UPD en ESAD es localitzaven als bragos cromosomics 2p, 2q, 94,
171179 (Nancarrow et al. 2008). Posteriorment, el mateix grup va analitzar una
altra cohort ’ESAD mostrant resultats molt similars als obtinguts anteriorment i
confirmant que la UPD és un esdeveniment molt freqtient en I'adenocarcinoma
d’esofag (Frankel et al. 2014). D’altra banda, el perfil genomic de UPDs en
ESCC és forca diferent segons un estudi on s'identifiquen els bracos
cromosomics 2p, 5p, 19p, i 20q afectats per aquest tipus d'alteracié (Hu et al.
2010). A nivell general, les nostres analisis extretes de les cohorts del TCGA
mostren que a part d’algunes diferencies quantitatives, els dos tipus de tumors
d’esofag comparteixen les dues regions més freqiients de UPD, localitzades als
bracos cromosomics 9q i 17p. Referent a la regid 17p, en totes dues cohorts
s’observen mutacions inactivants de TP53 en aquells tumors que mostren UPD.
De fet, TP53 és el gen amb més variants identificades en regions afectades per
UPD en ambdues cohorts. Pel qué fa al cromosoma 9, cal destacar que la
cohort ’ESAD tendeix a presentar UPD al brag llarg, mentre que en ESCC la
UPD involucra el cromosoma sencer. Curiosament, la cohort dESCC mostra
gue en tots els casos on hem identificat una mutacié inactivant al TSG
NOTCH1, hem detectat també una UPD al cromosoma 9. Contrariament, tot i
I'elevada frequiéncia de UPDs al brac 99, no hem detectat mutacions inactivants
de NOTCH1 en ESAD. Mentre que variants puntuals en aquest gen s’han
identificat préviament en ESCC, no s’han descrit en ESAD (Agrawal et al.
2012). De fet, la via de senyalitzacid de Notch, mitjancant la inactivacié de
NOTCH1, es troba afectada en la majoria de tumors epitelials escamosos,
inclosos els carcinomes de pell, cavitat oral, esofag i pulmé (Sakamoto 2016).
Aquests resultats confirmen que la UPD influeix en la via Notch, inactivant
NOTCH1 especificament en ESCC.

A nivell de cancer gastric, s’ha descrit molt recentment que els bragos
cromosomics 5q, 11p, 11qg i 12g presenten freqglieéncies elevades de UPD
(Arakawa et al. 2017). El mateix estudi compara els perfils genomics de tumors
avancats amb els perfils de tumors primerencs, els quals mostren CNAs pero
cap UPD. Les nostres analisis mostren que la regid més afectada en STAD es

localitza a 17p. Similar a les cohorts descrites anteriorment, TP53 torna a ser el

95



Discussi6

gen amb més mutacions inactivants en els tumors on s’observa UPD a 17p. En
aguesta cohort, ARID1A és el segon gen amb meés mutacions inactivants
localitzades en regions de UPDs. Cal destacar, que la regi6 cromosomica
1p35.3, on es localitza el gen, no s’inclou entre les més frequents de UPD en
STAD. Aquest gen és un membre de la familia de remodeladors de la
cromatina SWI/SNF, encarregats de regular la transcripcio de MYC entre altres
gens (Wu et al. 2014). Diversos autors han descrit mutacions recurrents a
ARID1A, i 'han associat amb funcions supressives de tumor en cancer gastric i
colorectal, entre d’'altres (Wang et al. 2011; Cancer Genome Atlas Network et
al. 2012).

Finalment, en colon i recte la UPD més frequent torna a involucrar el
cromosoma 5, com ja s’ha descrit al capitol | d’aquesta tesi, amb pics regionals
de fins al 20% i 32%, respectivament. En ambdos tipus tumorals, APC és el
gen amb més mutacions inactivants en les mostres on s’observa UPD a 5q. El
gen APC té un paper funcional clau en la via de senyalitzacié Wnt, regulant (3-
catenina, i es considera com a TSG per excel-lencia al CRC esporadic, trobant-
se mutat fins a un 81% dels casos sense fenotip hipermutador (Cancer
Genome Atlas Network et al. 2012). A més, variants que afecten aquest gen

s’associen a diverses formes hereditaries del CRC (Lynch et al. 2003).

Globalment, els nostres resultats confirmen ['existencia d’anomalies
caracteristiques per tipus tumoral. Mentre que en CRC la UPD a 5q és
I'alteraci6 més observada, als altres tipus tumorals la perdua del mateix brag¢ és
sempre meés frequent que la UPD. A nivell d’exemple, APC esta involucrat en
perdues cromosomiques en un 38,8%, 59% i 32,2%, en ESAD, ESCC i STAD,
respectivament. Contrariament, aquest TSG esta involucrat en UPDs en un
16,7%, 5,1% i 7,4% en els mateixos tipus tumorals. La pérdua del brag llarg del
cromosoma 5 s’ha descrit en altres neoplasies, especialment en sindromes
mielodisplasiques, on la presencia d’aquesta i d’altres anomalies citogenétiques
estan associades a un pitjor pronostic (Fenaux and Kelaidi 2006). En canvi, la
UPD a la mateixa regié sembla ser un tret caracteristic i unic del CRC (Tuna et
al. 2009). L'elevada frequéncia d'aquesta anomalia en CRC, no només
confirma I'especificitat de I'alteracio per tal d’inactivar APC, sin0 que també

suggereix que la cel-lula necessita mantenir gran part del cromosoma 5 amb
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meés d’una copia, per tal de mantenir intacte la seva viabilitat. Si existeixen gens
localitzats al bra¢ 5q claus per a la supervivéncia de la cél-lula tumoral en CRC
caldra demostrar-ho amb més analisis funcionals. A part de la inactivacié
recurrent d’APC en COAD i READ, cal fer emfasi en les inactivacions de
NOTCH1 en ESCC i ARID1A en STAD, confirmant I'especificitat de la UPD a
I'hora d’inactivar vies de senyalitzacié que condueixen la carcinogénesi d’'un
tipus tumoral concret. Tanmateix, és important tenir en compte que aquest
mecanisme és responsable també d’inactivar TP53 TSG implicat en multiples

tipus tumorals.

A més de les diferencies qualitatives, també hem observat diferéncies
guantitatives entre tipus tumorals. Especificament, la cohort d’esofag és el tipus
tumoral amb major nombre de UPDs, amb una mitjana de 6,18 esdeveniments
per cas, confirmant estudis anteriors on es suggereix que aquest tipus
d’alteracié és la més frequent en cancer d’esofag (Frankel et al. 2014). Tot
seguit, se situa la cohort d’estbmac amb una mitjana de 5,62 esdeveniments
per mostra. Finalment, se situen recte i colon amb unes mitjanes de 4,46 i 3,28
esdeveniments per mostra, respectivament. Aquestes diferéncies es mantenen
estables quan només es tenen en compte UPDs segmentals, ja siguin
telomeriques o intersiticials, indicant que el cancer d'esofag i el d’estbmac
acumulen més inestabilitat cromosomica estructural comparat amb el CRC.
Previament, ja s’havia descrit un increment de CIN estructural en
adenocarcinomes de la part alta del tracte gastrointestinal, d’esofag i estomac,
comparat amb adenocarcinomes colorectals (Dulak et al. 2012). En aquest
estudi, Dulak i col-laboradors observaven un increment d’amplificacions focals
en tumors d’esofag i estbmac comparat amb tumors colorectals. S’ha suggerit
que la constant exposicidé a acids biliars, a la qual estan sotmesos l'esofag i
'estobmac, col-labora a la carcinogenesi mitjancant la formacid de DSBs
(Bernstein et al. 2005). Aquest increment de formacié de DSBs contribueix en
I'elevada inestabilitat cromosomica estructural observada en tumors esofagics i

gastrics comparat amb tumors colorectals (Dulak et al. 2012).
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4.6 La UPD és més frequent en casos altament aneuploides

Tradicionalment I'inica manera de determinar la ploidia d'un tumor era
mitjancant I'obtencié de metafases de les cél-lules tumorals en divisio i comptar
el numero total de cromosomes observats. Arrel de I'Us dels arrays d’SNPs,
diverses eines bioinformatiques s’han desenvolupat per tal de determinar el
nombre de copies a nivell al-lelic i aixi quantificar la ploidia general del tumor
(Van Loo et al. 2010; Carter et al. 2012). Gracies a I'is d’aquestes eines s'ha
descrit la ploidia gendmica en grans cohorts de diferents tipus de cancer (Zack
et al. 2013a). L’elevada frequieéncia de genomes altament aneuploides, entre els
que s’inclouen genomes propers a ser triploides i superiors (més de 58
cromosomes), fa pensar que la tetraploiditzacié del genoma seguit de la pérdua
consecutiva de diversos cromosomes €s habitual en la progressio del cancer,
especialment en tumors d’origen epitelial (Carter et al. 2012). De fet, s’ha
descrit que les cel-lules tetraploides mostren més CIN numerica, ja que
aquestes cel-lules tenen més cromosomes per poder perdre que no pas un
genoma diploide, on la monosomia té efectes molt perjudicials (Storchova and
Pellman 2004; Storchova and Kuffer 2008). L’Us de 'ASCAT en la nostra i en
les cohorts del TCGA ha confirmat que gran part dels casos, entre un 44,3% i
un 63,9% depenent del tipus tumoral, corresponen a genomes amb valors de
ploidies superiors a 2,5. Un genoma amb una ploidia de 2,5 correspon a un
cariotip de 58 cromosomes definit com a cariotip hipotriploide (entre 58-68
cromosomes). Els nostres resultats mostren que els casos altament
aneuploides presenten un nombre de UPDs significativament més elevat que
els casos propers a ser diploides, confirmant que els tumors que provenen de
duplicacions del seu genoma presenten una elevada taxa d'errors de
segregacid en mitosi. Si en aquests tumors existeix un preferencia per perdre
cromosomes que provenen de la mateixa via parental caldra demostrar-ho a
partir de més estudis. D’altra banda, la diferencia en nombre de UPDs entre
diferents grups de ploidies tumorals es manté quan es comparen UPDs
telomeriques i intersticials. Ambdos tipus d’esdeveniments, sOn anomalies
iniciades per defectes estructurals i no pas per defectes de segregacid mitotica.
Aquests resultats suggereixen que els genomes que potencialment provenen

d'una tetraploiditzaci6 adquireixen paral-lelament a [lincrement de CIN
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numerica un increment de CIN estructural. De fet, I'adquisici6 de CIN
estructural, mitjancant la identificacido d’un increment de I'estrés replicatiu de la
cel-lula, s’ha descrit recentment en tumors amb CIN elevada, relacionant

ambdos tipus d’inestabilitats, numerica i estructural (Burrell et al. 2013a).

4.7 La UPD telomerica és el tipus d’esdeveniment més present, afectant

principalment a APC

Tot i la recurrent descripcio de la UPD com a un esdeveniment que involucra un
cromosoma sencer, la gran majoria d'alteracions observades en cancer
corresponen a anomalies segmentals (Tuna et al. 2009; O’Keefe et al. 2010).
Especificament, les UPDs telomeriques, aquelles que inclouen la gran majoria
d’'un bra¢c cromosomic, sén les més descrites a la literatura (Makishima and
Maciejewski 2011). Les diferents cohorts del TCGA que hem analitzat
confirmen que la telomerica és el tipus de UPD més frequient amb una mitjana
de 1,89, 2,31, 2,47 i 3,12 esdeveniments per colon, recte, estbmac i esofag,
respectivament. La UPD telomerica involucrant el bra¢c 5q és de les més
frequents, considerant totes les cohorts estudiades del TCGA. La inactivacio
recurrent d’APC causada per aquest esdeveniment, suggereix que aquesta és
una alteracié important per a la iniciacio i/o progressio del CRC. De fet, la UPD
a 5g s’ha descrit com un esdeveniment primerenc, afectant a adenomes
frequentment (Zarzour et al. 2015). D’altra banda, en mdltiples casos on no
s’observa UPD a 5q, una pérdua a nivell de bra¢ cromosomic o a nivell
intersticial pot resultar també en la inactivacio d’APC. Entre les diferents
cohorts de CRC analitzades en aquesta tesi, s’han recollit més de cent casos
amb APC afectat, ja sigui per delecio o per UPD. Les frequencies dels dos tipus
d’alteracions sén similars, tot i que la regié cromosomica que afecta cadascun
dels esdeveniments és diferent. Mentre que les perdues a nivell de brag tenen
com a punt de trencament localitzacions properes al centromer, les delecions
intersticials s’agrupen en regions més properes al locus d’APC. Contrariament,
la gran majoria de casos on APC esta involucrat en regions de UPD, aquestes
son telomeriques, afectant una regio forca amplia a nivell de brag cromosomic.
Cal destacar que la distribucié dels punts de trencament al llarg del bra¢ 5q
associats a la UPD telomerica difereix de I'observada per les perdues. Els

nostres resultats mostren que en la gran majoria de casos els punts de
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trencament es localitzen entre les 65 i les 80 Mb del bra¢ 5g. Aquesta analisi,
confirma els resultats publicats per Howarth i col-laboradors, els quals van
observar una distribucié similar referent als punts de trencament a 5q
associada a tipus d’alteracio (Howarth et al. 2009). Aquests autors van analitzar
pacients FAP, els quals es caracteritzen per presentar inactivacié germinal
d’APC. El mateix grup aporta evidéncies sobre la presencia de punts de
recombinacié meiotica a la localitzaci6 cromosomica on s’acumulen els
trencaments associats a la UPD telomerica de 5q. De fet, observen un
enriquiment de punts de trencament entre les 68 i 71 Mb del bra¢ 5g, on
s’acumulen sequencies de repeticid del tipus LCR (de l'angles, Low Copy
Repeats). Aquests LCRs, incrementen la probabilitat de trencaments al DNA i
de I'estancament de la forca de replicacid, que conduira finalment la cel-lula a
intentar reparar el trencament mitjancant replicacio associada a trencament
(BIR, de l'angles Break Induced Replication) creant finalment la regié6 de UPD
telomerica. D’altra banda, els autors suggereixen que els trencaments
associats a perdues no es poden reparar a causa de la proximitat dels mateixos
al centromer, on les sequencies altament repetitives poden conduir a
'aparellament de sequencies no especifigues. Contrariament, els nostres
resultats no reforcen I'Gltim punt d’aquesta hipotesi, ja que molts dels casos on
s’observa una UPD telomeérica els punts de trencament es localitzen en regions
pericentromeriques. Finalment, els autors suggereixen que la péerdua de 5q
acostuma a succeir en casos molt aneuploides, on la consequéncia de
I'alteracio no és tant perjudicial per la cél-lula, mentre que la UPD a la mateixa
regio és un esdeveniment primerenc que inicia la carcinogenesi (Howarth et al.
2009). Aquests resultats, explicarien I'elevada frequencia de UPD a 59 que
s’observa en adenomes (Lips et al. 2007; Zarzour et al. 2015). Alguns dels
tumors de les cohorts que hem estudiat no presenten CNAs, perdo mostren la
UPD telomérica a 5q o una delecié afectant especificament APC. D’altra banda,
la perdua del bra¢ sencer tendeix a presentar-se acompanyada d’altres

anomalies citogenetiques, resultant en genomes forca aneuploides.

Un altre estudi en CRC identifica casos de UPDs telomeriques no associades al
bra¢g cromosomic 5q (Middeldorp et al. 2008). En aquest cas, Middeldorp i
col-laboradors observen una frequiéncia molt elevada de UPDs en carcinomes
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de pacients amb MAP (de l'angles, MUTYH-Associated Polyposis), comparat
amb la freqliéncia mitjana trobada en casos esporadics. Aquests tumors
presenten una elevada taxa de mutacions associada als defectes en la via de
reparacié per excisio de bases (BER, de l'anglés Base Excision Repair),
caracteristica dels pacients amb mutacié germinal del gen MUTYH. La gran
majoria dels esdeveniments que es descriuen en aquests carcinomes son
UPDs segmentals i inclouen les regions cromosomiques 17p (57%), 18q (52%),
159 (52%) i 6p (36%). Els autors suggereixen que I'increment de mutacions que
presenten aguests tumors, associats als defectes de la via BER, afavoreixen
els esdeveniments de la recombinaci6 mitdtica com a via de reparaci
alternativa (Middeldorp et al. 2008). Aquest fet podria ser la causa de I'elevada
freqiencia de UPDs segmentals que presenten aquests carcinomes comparat

amb casos esporadics.

Altres estudis similars s’han realitzat en pacients amb neurofibromatosi de tipus
| (Garcia-Linares et al. 2011). Aquests pacients desenvolupen neurofibromes
causats per la inactivacio dels dos al-lels del gen NF1 (Serra et al. 1997). En
aguest estudi, Garcia-Linares i col-laboradors identifiquen LOH a 17q, afectant
principalment el TSG NF1 en un 24.9% dels neurofiboromes analitzats. Entre
aguests, un 62% mostren UPD telomérica, mentre que el 38% restant mostren
delecions focals, entre 80 kb i 8Mb, afectant especificament NF1. Els autors
conclouen que la recombinacié mitotica és el mecanisme més freqlent per
formar les UPDs a 17q i, consequentment, inactivar NF1. Aquests resultats,
com els observats en APC en les nostres cohorts de CRC, confirmen la

inactivacio mitjancant UPD telomerica de TSGs especifics de tipus tumoral.

4.8 La importancia de [larquitectura nuclear en la formaci6 de UPDs

segmentals

La recombinacié homologa (HR, de I'angles Homologous Recombination) €s un
mecanisme especialitzat per a la reparacio de DSBs (Moynahan and Jasin
2010). Normalment, aquest mecanisme utilitza sequencies de DNA identiques
com a motlle per a reparar aquests DSBs. Aixi, després de la replicacio del
DNA aquest mecanisme disposa d'una cromatide germana per recombinar i

poder reparar el trencament conservant la informacié genética. Tanmateix,
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altres sequencies homologues, com les corresponents al cromosoma homoleg,
també poden utilitzar-se com a motlles per a la reparacié (Moynahan and Jasin
1997; Neuwirth et al. 2007). Aquest tipus de recombinacié resulta en una
perdua d’heterozigositat, la qual pot comportar la inactivaci6 d’'un gen en
concret. Estudis en llevats han demostrat que, generalment, la cel-lula prioritza
I's de cromatides germanes a I'hora de recombinar (Kadyk and Hartwell 1992).
No obstant, s’ha observat que la inactivacié de RecQ, una familia d’helicases
amb un paper clau en I'HR, és suficient per incrementar l'intercanvi entre
cromosomes homolegs (Carotenuto and Liberi 2010). Tot i aquesta inactivacio,
la recombinaci6é entre cromatides germanes continua sent més frequent. Cal
destacar, que mutacions germinals en tres gens de la familia d’helicases RecQ
estan implicades en cinc malalties d’herencia recessiva com sén les sindromes
de Bloom pel gen BLM, de Werner pel gen WRN, i de Rothmund-Thomson,
Rapadilino i Baller-Gerold pel gen RECQ4 (Chu and Hickson 2009). Entre
aquestes sindromes, la més estudiada és la de Bloom, els individus de la qual
presenten un increment d’inestabilitat genomica, caracteritzat per un excés no
nomes d’intercanvi entre cromatides germanes sind també entre cromosomes
homolegs, per la qual cosa desenvolupen predisposicid al cancer (Ellis and
German 1996).

Un altre dels factors que pot estar implicat en la generacié d’intercanvi entre
cromosomes homolegs és la proximitat espacial d’aguests cromosomes en el
nucli interfasic. Aixi es pot hipotetizar que la prioritat que té la cel-lula de
recombinar amb la cromatide germana es pot deure a la baixa probabilitat de
contacte entre les molécules de DNA de cromosomes homolegs (Moynahan
and Jasin 2010). En qualsevol cas, I'elevada freqtiéncia de UPDs segmentals,
potencialment formades per HR, observades al cancer fan pensar que ja sigui
la proximitat espacial o mutacions en RecQ poden ser determinants en afavorir
la recombinacié entre cromosomes homolegs. En quant a la possible implicacio
de la distribuci6 espacial dels cromosomes homolegs, el fet que les UPDs
siguin especifigues de cromosoma podria suggerir que certs cromosomes
homolegs es troben en relativa proximitat al nucli interfasic. Per exemple,
increment en el nombre de UPDs segmentals en genomes altament

aneuploides, descrit en el capitol Il d’aquesta tesi, podria suggerir que en
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aguests casos els cromosomes homolegs es troben més propers dins del nucli
interfasic. Arrel d’aquesta hipotesi, €és necessari entendre diversos conceptes
de l'arquitectura nuclear per tal d’adquirir el coneixement necessari sobre el
possible paper que té I'estructura del nucli en la formacié de UPDs. El dogma
central en el camp de l'arquitectura nuclear exposa que els cromosomes
ocupen unes arees concretes dins el nucli interfasic anomenades territoris
cromosomics (CTs, de I'angles Chromosome Territories) (Cremer and Cremer
2010). Aquests CTs es disposen dins el nucli duna manera no aleatoria,
seguint una organitzacio radial en funcié de la densitat genica del cromosoma
(Croft et al. 1999; Boyle et al. 2001; Cremer and Cremer 2001). Aquesta
organitzacié nuclear ha estat confirmada mitjancant I's de técniques de Hi-C,
les quals evidencien que els CTs més rics en gens, a l'estar recurrentment
posicionats al centre del nucli tenen una frequéncia de contacte entre ells molt
més elevada que els CTs més pobres en gens (Lieberman-Aiden et al. 2009;
Kalhor et al. 2011). En aquest sentit, els nostres resultats mostren una clara
associacio entre densitat genica del cromosoma, i la freqiencia de UPDs
telomeriques en CRC (Annex; Figura 16). Aixi, la proximitat entre cromosomes
homolegs en el nucli interfasic podria explicar una elevada frequencia de UPDs
telomériques en determinats cromosomes. Tanmateix, cromosomes que no son
especialment rics en gens, també mostren regions intra-cromosomiques
frequentment afectades per UPD en CRC, com és el cas del brag cromosomic
8p, la qual cosa obre la porta a pensar que no solament la posicio del CT, sind
per exemple I'estructura de la cromatina pugui estar implicada en la generacio
de UPDs.

Tal i com es presenta en el capitol Ill d'aquesta tesi, I'ls de pintats
cromosomics mitjancant 3D-FISH ens ha permes avaluar la localitzacié nuclear
del cromosoma 8 i 11, els quals presenten frequencies de UPD en CRC molt
diferents entre ells. Mentre que el cromosoma 8 presenta frequéncies elevades
de UPD en CRC, el cromosoma 11 gairebé no en presenta. D’entrada, tot i la
diferencia en densitat génica, no hem observat patrons diferencials de
posicionament radial nuclear entre els dos territoris, localitzant-se ambdds en
zones meés aviat periferiqgues i mostrant distancies similars entre cromosomes

homolegs. A més, la posici6 radial és similar durant el cicle cel-lular, confirmant

103



Discussi6

aixi que el posicionament dins el nucli interfasic dels CTs s’estableix a G1 i es
manté molt estable durant tot el cicle cel-lular (Strickfaden et al. 2010; Mdller et
al. 2010). Aquesta distribuci6é tan conservada s’ha descrit en diverses espécies
de mamifers, evidenciant la importancia que aquesta organitzacié nuclear té en
la funcionalitat de la cel-lula (Tanabe et al. 2002). De fet, grans moviments o
canvis en la localitzaci6 de CTs dins el nucli interfasic, modificant aquesta
arquitectura tant conservada, s’han descrit Unicament en condicions molt
especifiques, com per exemple en cancer, algunes laminopaties i processos de
diferenciacio cel-lular (Bridger et al. 2014; loannou et al. 2015b; Sehgal et al.
2016). Recentment, un treball realitzat en linies cel-lulars de CRC ha confirmat
que Lamina B2 (LMNB2), una proteina de la lamina nuclear, té un paper
important en el manteniment de la distribucio territorial de cromosomes
aneuploides en el nucli interfasic (Ranade et al. 2017). Un altre estudi confirma
que existeixen moviments de CTs dins el nucli interfasic arrel d’induir dany al
DNA (Mehta et al. 2013). Els autors suggereixen que el moviment dels CTs
succeeix per tal de reparar el possible dany. A més, el grup identifica que
generalment sén els CTs meés rics en gens els que porten a terme aquest
moviment, suggerint una reparacié guiada per la densitat genica especifica de
cada cromosoma. Més recentment, en un estudi molt similar a l'anterior,
loannou i col-laboradors aporten meés evidencies de moviments de CTs arrel de
la induccio de dany al DNA (loannou et al. 2015a). En aquest dltim estudi el
cromosoma 8, entre d’altres, presenta diferencies significatives de moviments
intra-nuclears entre limfocits exposats a dany al DNA i limfocits no exposats.
Paral-lelament, un altre grup ha induit DSBs en regions de DNA associades a
la lamina nuclear (LADs, de l'angles Lamina Associated Domains), i ha
determinat que la uni6 d’extrems no homolegs (NHEJ, de l'angles Non-
Homologous End Joining) és el mecanisme pel qual la cel-lula repara aquests
trencaments (Lemaitre et al. 2014). Aquest mecanisme, a diferéncia de I'HR, no
requereix de sequéncies homologues per tal de reparar els DSBs ja que lliga
directament els extrems trencats (Moore and Haber 1996). Contrariament, quan
el DSB es localitza en DNA de l'interior del nucli o dels porus nuclears, la
cel-lula activa la resposta al dany de DNA i el trencament es repara mitjancant
HR (Lemaitre et al. 2014). Aixi, els autors suggereixen un model on la posicio

nuclear és un factor clau per a la determinacio del mecanisme de reparacié del
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DNA per part de la cél-lula. En aquest sentit sdn necessaris més estudis per tal
d’entendre si la distribucié dels cromosomes en el nucli interfasic pot estar
relacionada amb [l'etiologia de UPDs i si factors implicats en l'arquitectura
nuclear poden ser dependents de tipus tumoral, la qual cosa podria explicar
I'aparicio de patrons de UPD especifics, tal i com s’ha descrit en els capitols | i

Il de la secci6 de resultats.

A més de l'estudi de distribucié radial dels CTs, l'analisi de quatre gens
localitzats en regions diferents dels cromosomes 8 i 11 ens ha permes
l'avaluacié del paper de diferents variables en el posicionament de la
cromatina, a nivell genic, dins el nucli interfasic. Per comencar, tot i que el brag
curt del cromosoma 8 tendeix a presentar més UPDs que el brag llarg en CRC,
el gen DLC1, localitzat a 8p22, no mostra diferéncies significatives de
posicionament nuclear respecte MYC, localitzat a 8g24.21. Contrariament, si
que s'observen diferéncies significatives en el cas de la comparacidé entre
CCND1 i SCN3B, localitzats a 11913.3 i 11924.1, respectivament. Aixi CCND1,
es localitza més a l'interior del nucli que el gen SCN3B. Globalment, aquests
resultats contradiuen una teoria llargament discutida a la literatura, la qual
s’associa una elevada expressio de gens individuals amb un posicionament
meés a linterior del nucli interfasic (Zink et al. 2004; Williams et al. 2006). Les
nostres analisis mostren que el gen MYC, altament expressat en les dues linies
cel-lulars estudiades, es posiciona freqientment a prop de la periféria del nucli,
de la mateixa manera que ho fan els dos gens infra-expressats que s’han
estudiat, DLC1 al mateix cromosoma 8, i SCN3B al cromosoma 11. Treballs
més recents utilitzant microscopia d’alta resolucié argumenten que la posicio
radial dins el nucli no s’estructura a nivell de gens individuals siné a nivell de
dominis cromatinics definits com a regions aproximades d’1Mb (Kaolbl et al.
2012). L'expressio global dels gens inclosos en aquests dominis podria ser el
factor que determina la posicié dins el nucli. Recentment, I'is de la Hi-C, ha
definit uns dominis cromatinics anomenats TADs (de l'angles, Topologically
Associated Domains), confirmant la mida dels dominis descrits per microscopia
(1Mb), com a unitat basica d’organitzacido nuclear a nivell de la cromatina
(Dixon et al. 2012). D’altra banda, els nostres resultats mostren que mentre

MYC, DLC1 i SCN3B, localitzats en regions cromosomiques pobres en gens o
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bandes G, se situen més cap a la periferia del nucli, CCND1, el qual esta
localitzat en una regié cromosomica rica en gens o banda R, se situa més cap
al centre. Aquests resultats suggereixen una distribucié radial dins el nucli en
funcié de la densitat genica local, confirmant aixi estudis previs que descriuen
que la densitat genica local és un parametre decisiu a I’hora d’establir la posicid

radial dins el nucli interfasic (Kupper et al. 2007).

4.9 L'expressio genica és un factor clau per a la localitzacié intra-

cromosomica dels gens

A continuacié vam estudiar la relacioé entre I'activitat transcripcional i la posicio
dels gens dins els propis CTs. El model d’arquitectura nuclear anomenat CT-IC
diferencia dos compartiments cromatinics dins els CTs, I'actiu (ANC, de I'angles
Active Nuclear Compartment) i linactiu (INC, de l'anglés Inactive Nuclear
Compartment). Els autors del model proposen que I'ANC esta format
principalment per cromatina transcripcionalment activa i descondensada. A
meés, 'ANC també el formen canals intercromatinics que connecten l'interior i
exterior del CT amb el citoplasma mitjancant el porus nuclears, proporcionant
un espai on la transcripcié dels gens es pot dur a terme. Contrariament, el
component inactiu esta format per cromatina més compactada. La funcionalitat
d’aquest model es basa en el fet que els gens altament expressats es localitzen
en regions més properes al compartiment intercromatinic, on poden tenir accés
més facil a les maquinaries de transcripcié. Aixi, el grup del Dr. Cremer, va ser
pioner en suggerir que gens altament expressats tendeixen a situar-se a
I'exterior del territori comparat amb gens amb nivells d’expressié més baixos
(Zirbel et al. 1993). Tanmateix, diversos treballs no han observat cap mena de
relaciéo entre I'expressié génica i la localitzacié dins el propi CT (Kurz et al.
1996; Clemson et al. 2006). Els nostres resultats mostren que tot i que de
manera general els quatre gens estudiats es troben a la periféria del propi CT,
els gens sobre-expressats, MYC i CCND1, es troben radialment disposats més
lluny respecte el centre del CT comparat amb els gens infra-expressats, DLC1 i
SCN3B, respectivament. A més, mitjancant una analisi de co-localitzacio de
pixels en imatges tridimensionals, hem identificat que les senyals de
fluorescéncia dels gens sobre-expressats i el CT corresponent co-localitzen

menys, comparat amb les senyals dels gens infra-expressats i el mateix CT.
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Aquests resultats confirmen que MYC i CCND1 es troben recurrentment a la
cara exterior del propi CT, mentre que DLC1 i SCN3B es mantenen a la cara
interior. Tot i la gran heterogeneitat que s’observa en experiments on s’avaluen
cel-lules uniques, cap de les condicions analitzades mostra, a nivell global, que
els gens infra-expressats es localitzin més freqientment a l'exterior del CT
comparat amb el gens sobre-expressats. Diversos estudis han descrit regions
cromatiniques que contenen gens altament expressats i que es localitzen a la
periferia del CT corresponent (Dietzel et al. 1999; Volpi et al. 2000; Williams et
al. 2002; Mahy et al. 2002). Alguns d’aquests estudis identifiquen no només
gue aguestes regions se situen més a l'exterior del CT, sind que a més ho fan
en forma de llargues estructures cromatiniques definides com a loops (Volpi et
al. 2000; Williams et al. 2002; Mahy et al. 2002). No obstant, la poca evidencia
microscopica de l'existencia d’aquestes estructures cromatiniques €s un dels
punts de discussi6 més evidents entre els diferents models d’arquitectura
nuclear proposats fins a dia d’avui (Kupper et al. 2007; Cremer and Cremer
2010). Un dels models més contraris a l'existencia frequent d’aquestes
estructures és el CT-IC, mencionat anteriorment (Cremer et al. 2015). En
aquest model, es considera altament improbable el contacte generalitzat entre
CTs. Contrariament, diversos models s’oposen a aquesta individualitat i
suggereixen que existeix un contacte global entre CTs. Entre aquests models
destaca I'anomenat ICN (Branco and Pombo 2006). Els autors d’aquest model
proposen que els loops sén estructures prou comunes i que ajuden a la
interconnexié entre CTs. Aquests loops col-laboren en la co-regulacio de
multiples gens en punts concrets del nucli on es localitzen les maquinaries
necessaries per a la transcripcio (Kosak and Groudine 2004b; Fraser and
Bickmore 2007b). L'Us actual i més generalitzat de tecniques derivades de la
3C aporten evidéncies sobre 'arquitectura nuclear des d’'un punt de vista més
probabilistic que els estudis de 3D-FISH (Dekker et al. 2002). Un dels models
d’organitzacid6 meés reconeguts extrets mitjancant Hi-C és el proposat per
Lieberman-Aiden i col-laboradors, el qual suggereix que la cromatina es plega
dins el nucli interfasic organitzant-se com a un globul fractal (Lieberman-Aiden
et al. 2009). L'avantatge d'aquest tipus d’organitzacié és que la cromatina pot
descondensar-se facil i rapidament gracies a la inexistencia d’entrecreuaments

cromatinics que defineix el model del globul fractal. Aquest estudi confirma
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'existencia de compartiments actius on la cromatina es troba més
descondensada que la cromatina localitzada als compartiments inactius
(Lieberman-Aiden et al. 2009). Recentment, un estudi de Hi-C, a nivell de
cel-lules individuals, confirma la presencia de cromatina transcripcionalment
activa en dominis propers a la periféria dels CTs (Nagano et al. 2013). A més,
I'estudi proposa la poca probabilitat de contacte entre dominis actius mitjancant
loops. D’altra banda, estudis de models de polimers confirmen l'existencia
generalitzada de diferents mides de loops associats a co-regulacié (Mateos-
Langerak et al. 2009; Di Stefano et al. 2013). Tot i la discrepancia que existeix
en la presencia generalitzada de loops en nuclis interfasics, les nostres analisis
mostren unes estructures cromatinigues compatibles amb la descripcié de
loops, i representades de manera especifica als gens sobre-expressats. A més,
en gran part dels nuclis on hem identificat una d’aquestes estructures, aquesta
es localitza al CT més descondensat. Més estudis sOn necessaris per tal
d’entendre si aquests gens s’expressen de manera mono-al-1€élica, i si els al-lels

que s’expressen son els que formen aquestes estructures cromatiniques.

Finalment, vam poder demostrar la relacié entre lactivitat génica i el
posicionament respecte el CT mitjancant I'Us de tecniques de RNA
d’interferéncia induint el silenciament del factor de transcripcié TCF7L2. Aquest
factor de transcripcio té un paper modul-lador de la via de senyalitzacio Wnt/B-
catenina, la qual esta constitucionalment activada en la majoria de cél-lules de
CRC (Mosimann et al. 2009). TCF7L2 s’associa amb [3-catenina quan aquesta
entra al nucli, i regulen MYC i CCND1, entre d’altres gens involucrats en el
desenvolupament del CRC (Hatzis et al. 2008). No obstant, els nostres
experiments no van demostrar un descens en l'expressio de MYC després de
la inactivacio temporal de TCF7L2. Consequientment, en aquestes cel-lules
MYC no mostra diferencies de localitzacio respecte el CT8 comparat amb les
cel-lules no tractades. Contrariament, si que vam poder demostrar un descens
aproximat del 50% en I'expressi6 de CCND1. D’aquesta manera, els nostres
resultats mostren que a causa del descens d’expressié de CCND1, aquest gen
es re-posiciona cap a l'interior del CT11. De fet, aquesta va ser I'inica condicié
estudiada on el gen SCN3B es va observar freqientment meés lluny del centre

del CT que CCND1. Resultats similars es van obtenir en I'estudi de Mahy i
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col-laboradors, on a consequencia de l'addici6 d’'un inhibidor global de la
transcripcio, com és l'actinomicina D, es va observar un descens dels loops de
la regid cromatinica 11p15.5 en el CT11 (Mahy et al. 2002). Tanmateix, els
nostres resultats son els primers en avaluar aquest re-posicionament usant una
inhibicié transcripcional més especifica. Globalment, aquests resultats
evidencien la funcionalitat d’'una distribuci6 cromatinica a nivell de CT,

confirmant I'existéncia de la relacié estructura-funcié dins el nucli interfasic.
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5 Conclusions

Chapter |

1. CRC shows a specific pattern of UPDs, mainly involving chromosome
arms 5q, 14q, 17p, 189 and 21q.

2. UPD regions match with copy number losses profiles, providing regions
with a high incidence of loss of heterozygosity in CRC.

3. TSGs are significantly located in recurrent regions of UPD.

4. UPD acts as a second hit in order to biallelically inactivate APC in CRC.
Chapter lI

5. UPD genomic profiles are cancer-specific.

6. The integrative analysis of regions affected by UPDs and copy number
losses with gene mutational status provides further evidence that UPD
acts as the “second hit” in order to inactivate TSGs.

7. Highly aneuploid genomes present a higher number of whole-
chromosome and segmental UPDs events compared to near-diploid
genomes.

8. Segmental UPDs including both, telomeric and interstitial, are more
frequent events compared to whole-chromosome UPDs.

9. APC inactivation in CRC is mainly involving a telomeric UPD at
chromosome arm 5q, clustering between 60 and 80 Mbp, potentially

caused by a mitotic recombination event.
Chapter 11l

10.CT8 and CT11 displayed similar radial position in the interphase nucleus
in CRC cell lines.

11.Nuclear radial gene distribution is independent of expression levels

12.Over-expressed genes show a more external position with respect the
CT compared to under-expressed genes.

13.Silencing of TCF7L2 cause down-regulation of CCND1 and reposition of

this gene to a more internal location within CT11.
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7 Annex

Proporcio de UPDs segmentals
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Figura 16. Proporci6 de UPDs segmentals per cromosoma. En vermelll s'indiquen els
cromosomes amb més densitat genica (17 i 19) i amb menys densitat genica (13 i 18). A més,
també s’indiquen els cromosomes 8 i 11, els quals s’ha estudiat la seva distribucié radial dins

el nucli interfasic en el tercer capitol d’aquesta tesi.
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8 Agraiments

Abans de sentir el tret de sortida, sGc conscient que €s una cursa dura, exigent
i amb molt de desnivell. Una cursa que tot i haver-la entrenat molt, mai estas
del tot preparat per fer-la. De fet, molts amics em pregunten sovint "Per qué
corres curses tant llargues?" Els dubtes apareixen a la linia de sortida. Respiro
profundament i penso en la preparacié que he fet per arribar aqui...

Per comencar m’agradaria agrair el suport dels meus primers companys
d’entrenaments; Javi, Alba, Jordi R, Agustin, Sergio, Gemma D, Laia, Rita,
Marta, Paula, Kristin, Pi, Anna D, Viceng, Angels, M2 Angels, Ana, Quima, Jordi
B, Carme, Cristina, Alberto i tothom que ha passat per la Unitat en aquest
temps. Pero, per cOrrer aquesta cursa és necessari ser més complert i entrenar
en tot tipus de terrenys i condicions. Per aix0 en els meus viatges entre el
Vallés i Barcelona vull agrair als meus companys d’entrenament de laltra
banda de la serra de Collserola; Eva, Isa, Claudia, Elena A, Martina G, Queralt,
Marcos, Sebas, Paula, Clara E, Jenny, Esther, Irene, Manuel, Elena V, Maria,
Saray, Lorena, Mireia, Coral, Laia, Maria V, Guillaume, Renata, Pau, Juanjo,
Sergi, Txell, Antoni C, Maribel, Anna B i Maria C.

Pero tard o d’hora, sé que I'entrenament recurrent en territori conegut porta a la
confianca excessiva. Coneixer el cami és bo, pero coneixer on estan posades
cadascuna de les pedres pot afectar negativament la progressio d’'un corredor.
En aquest sentit només puc agrair a tota la gent que treballa al laboratori del
Dr. Thomas Ried perque correr en territori desconegut mai havia sigut tant
familiar. Gracies especialment a tu Thomas per ser l'estandard d’aquesta
manera d’adoptar corredors foranis. Gracies Dara per ensenyar-me tant. |
moltes gracies David, Rudiger i Laura per cérrer amb mi durant aquells mesos.
Danke!

Capitol a part mereixen els meus tres entrenadors oficials. Gracies Jordi, Rosa i
Imma per tot I'esfor¢ dedicat durant aquest temps a ensenyar-me a correr amb
bona tecnica. Sobretot pel tipus de corredor que acostumo a ser, poc precis i
amb altes probabilitats de lesionar-me per correr com no és degut. Em reitero,
gracies!

Perd per correr una cursa com aquesta €s necessari molt més que fisic i bona
tecnica. Els constants canvis de desnivell, el correr de nit, les relliscades, el
dolor... Per sobreposar-te a tots aquests factors cal una ment forta i positiva.
En aquest punt haig d’'agrair a tota la gent que en algun moment de la cursa
m’ha avituallat, animat, o fins i tot ha corregut amb mi una estona. Gracies
especialment al grup de seguidors incondicionals de I'esplai, al grup de biolegs
de la UAB, al Superhullahop Team i als amics del barri de Gracia.
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Especial mencié d’agraiment mereixen els organitzadors, aquells que m’han
proporcionat tot el necessari per realitzar la cursa en bones condicions. Gracies
especialment als meus pares pero també a la resta de familia.

| finalment vull agrair a les meves llebres, les que fan que el cami sigui més
facil, més planer i més emocionant. Gracies Clara, Albert i Guifré. | a tu Martina
per cérrer amb mi els trams més dificils de la cursa.

Tot just arribo a meta i €s en aquest precis instant d’extrema realitzacio que sé
perfectament com respondre a la pregunta.

- Corro perque fer-ho tan ben acompanyat és un plaer.

Moltes gracies a tots!
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