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PRESENTACIO

La present Tesi Doctoral esta estructurada seguint les directrius de la
normativa per a la presentacidé de tesi doctorals com a compendi de
publicacions, aprovada per el Consell del Departament de Medicina de la
Universitat de Barcelona el 17 de maig de 1997, i els acords de la Comissi6
de Doctorat de la Facultat de Medicina del 19 d’abril de 2006.

Els estudis que formen aquesta Tesi Doctoral pertanyen a una mateixa
linia d’investigacio, dirigida a aprofundir en la caracteritzaci6 i identificaci6 de
les formes hereditaries de cancer colorectal. Els resultats dels estudis han
aportat informacié rellevant i novedosa en aquest camp, i han sigut recollits
en dos articles originals, publicats en revistes d"amplia difusié internacional

amb un factor d’impacte global de 12,45 punts.
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CCR: cancer colorectal
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1. Epidemiologia del cancer colorectal

El cancer colorectal (CCR) és una de les neoplasies més frequents als
paisos occidentals. Al nostre pais, el CCR és la segona neoplasia més
freqient en homes i dones darrera del cancer de pulmdé i de mama,
respectivament. Si es consideren ambdos sexes conjuntament ocupa el
primer lloc en incidéncia, estimant-se en torn a 25.000 nous casos per any, i
representa la segona causa de mort per cancer’. La supervivéncia ha millorat
en els ultims anys, sent la supervivéncia mitjana als 5 anys comparable a la
dels paisos europeus (49,5% per cancer de colon i 43% per a cancer de
recte)®. Malgrat aquests avancos, a Espanya el CCR causa aproximadament
'"11% de les defuncions per cancer en homes i el 15% en dones®. Les taxes
brutes de mortalitat per cancer de colon i recte I'any 2000 varen ser 24,50
(4.726 defuncions) i 8,93 (1.722 defuncions) per 100.000, respectivament, en
homes, i 19,97 (4.029 defuncions) i 5,72 (1.155 defuncions) per 100.000,

respectivament, en dones®.

Els factors dietétics, hereditaris i I'estil de vida son factors etiologics
reconeguts en el desenvolupament de CCR. En quant a la dieta, les primeres
evidencies del seu efecte sobre el desenvolupament del CCR deriven de la
observacié d’'importants diferéncies en la incidencia d’aquesta neoplasia entre
diverses arees geografiques (augment en relaci6 amb la dieta occidental).
Malgrat la constatacié d’aquest fet des de fa décades, encara no ha sigut
possible determinar de manera inequivoca quins aliments o nutrients en sén
els principals responsables. Tanmateix, diversos estudis mostren una
associacié inversa entre el consum de fibra, vegetals i fruita, i el risc de CCR*

’ mentre que es detecta una relaci6 directa amb el consum de carn vermella®
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i greixos®. En quant a I'estil de vida s’estima que I'exercici fisic regular redueix
el risc de CCR en un 40%'°, presentant el consum de tabac'' i d’alcohol® una

relacié directa amb el risc de desenvolupar CCR.

El paper dels factors hereditaris en el desenvolupament del CCR esta
forca ben establert, de manera que sabem que aquests juguen un paper
primordial en una part significativa dels CCR. Actualment diferenciem tres
grans grups en funcié dels antecedents familiars: el CCR esporadic, definit
per la abséncia d’antecedents familiars de CCR; el CCR familiar, definit com
la preséncia d’antecedents familiars de CCR sense que es cumpleixin els
criteris diagnostics o moleculars de les formes hereditaries; i el CCR

hereditari, en el que coneixem la causa genética (Figura 1).

Figura 1. Classificaci6 del CCR.

69%

O CCR esporadic

W Malaltia imflamatoria intestinal
O Poliposi adenomatosa familiar
B Sindrome de Lynch

ECCR MYH

E CCR familiar

1% 2%

Aixi, en aproximadament el 3-5% dels casos, el CCR apareix en el
context d’'una malaltia hereditaria'?(Taula 1). Des d’un punt de vista clinic i

practic, aquest grup es divideix en cancer hereditari poliposic (ex: PAF,
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sindrome de Peutz-Jeghers, poliposi juvenil) i no polipdsic (principalment la
sindrome de Lynch, i recentment algunes formes de CCR associat al gen
MYH). En un percentatge menor de casos (inferior a I'1%), el CCR complica
una malaltia inflamatoria intestinal de llarga evolucié. Per ultim, en una
proporcié encara no ben definida (10-30% de tots els casos de CCR),
existeixen diversos graus d’agregacié familiar d’aquesta neoplasia, sense
arribar a complir els criteris establerts per a les formes hereditaries

t'* 1% anomentant-se globalment CCR familiar. Es ben

esmentades préviamen
conegut que I'edat de diagnostic del CCR i el nombre de familiars afectes sén
les variables que s’han vist associades a un major risc de presentar un CCR

en els diferents estudis'™°.

Taula 1. Principals sindromes hereditaries associades al cancer colorectal

(CCR).

Sindrome Gen causant | Risc de CCR

Poliposi adenomatosa familiar classica APC 100%°"

Poliposi adenomatosa familiar atenuada APC 80%%°

Poliposi i CCR associats al gen MYH MYH ~100%""

Sindrome de Lynch MLH1, MSH2, ~80%%
MSH6, PMS2

Sindrome de Peutz-Jeghers STK11 ~40%>

Poliposi juvenil SMAD4 10-40%*

BMPR1A

Malgrat que les sindromes hereditaries, especialment la PAF i la
sindrome de Lynch, representen una proporcié reduida del total de
neoplasies colorectals, tenen una gran importancia des d’'un punt de vista
fisiopatologic, clinic i terapéutic'®. En primer lloc, els coneixements adquirits
en relaci6 als factors que participen en el desenvolupament d’aquestes

malalties hereditaries han permes coneixer els mecanismes implicats en el
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CCR esporadic, ja que alguns dels gens que es troben mutats a nivell
germinal a la PAF i la sindrome de Lynch també tenen un paper clau en
aquesta darrera situacié®. En segon lloc, la identificacio dels gens
responsables ha permés establir el diagnostic presimptomatic dels individus
portadors de mutacions en aquests gens i, per tant, en risc de desenvolupar
la malaltia, amb la consequent repercussié en les estratégies de cribratge26.
Per ultim, el diagndstic molecular de les formes hereditaries possibilita
I'adopcié de mesures terapéutiques més radicals, diferents de les emprades a
les formes esporadiques, la qual cosa hauria de tenir un impacte favorable en
el pronostic d’aquests malalts.

Independentment de la naturalesa hereditaria o esporadica, el
desenvolupament del CCR contempla en la majoria dels casos la seqiencia
adenoma-carcinoma®. Aixi, multiples estudis epidemiologics i d’intervencio
han permeés caracteritzar la historia natural d’aquesta neoplasia, la qual
s’origina a la majoria de casos a partir d’'una lesié premaligna, 'adenoma o
polip adenomatos?’. Des d’un punt de vista fisiopatologic, a la actualitat esta
ben establert que existeixen dues vies patogéniques ben diferenciades®. La
primera d’elles, coneguda com a via supressora o de inestabilitat
cromosomica, implicada en el desenvolupament de la majoria de tumors
esporadics, comporta l'activacio de determinants oncogens (KRAS) i la
inhibici6 de gens supressors (DCC, APC, SMAD4, TP53)®. Lactimul
d’aquestes alteracions moleculars, independentment de I'ordre en que s’han
adquirit, és el responsable de la transformacié neoplastica. A banda
d’aquesta via, existeix un segon mecanisme que consisteix en I'acumul

d’errors durant la replicacié de 'ADN com a conseqUéncia de la preséncia de
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mutacions en gens responsables de la seva reparacié (MSH2, MLH1, PMS1,
PMS2, MSH6)"?. Aquests errors s’acumulen de manera predominant en
fragments repetitius d’ADN (microsatel-lits) repartits al llarg de tot el genoma,
el que comporta I'aparicio de mutacions en diversos gens diana. Aquesta via
mutadora o d’inestabilitat de microsatél-lits esta implicada en la sindrome de
Lynch i en el 15-20% dels CCR'. En relacié amb aquesta Gltima situacio,
recentment, s’ha descrit una tercera via de carcinogénesi en el CCR

anomenada CIMP (CpG island methylator phenotype)®® *°

, caracteritzada per
la hipermetilaci6 del promotor de determinats gens (principalment gens
supresors de tumors), amb la consequent silenciacié transcripcional. Aquest
fenotip metilador s’ha associat a un epidemiologia (més freqiient en dones),
una histologia (la anomenada via aserrada) i unes caracteristiques
moleculars (més freqiiéncia de mutacions somatiques al gen BRAF) diferents.
No obstant, encara existeix controvérsia principalment en quant a la seva

definicié, donat que no existeix consens en quant al panell de marcadors

moleculars a utilitzar.

2. Formes hereditaries de cancer colorectal no associat a poliposi.

Les formes herditaries de CCR es divideixen en sindromes
polipdsiques, entre les que es troben la PAF, la sindrome de Peutz-Jeghers,
la poliposi juvenil, la poliposi hiperplastica i les poliposis associades al gen
PTEN, i sindromes no poliposiques. Mentre que en les primeres el CCR
sempre esdevé en el contexte d’'una poliposi multiple, ja sigui adenomatosa,
hamartomatosa o hiperplastica, en les sindromes no polipdsiques el CCR es

desenvolupa en abséncia d’'un contexte clinica de poliposi. Classicament, el
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cancer colorectal hereditari no poliposic ha sigut sinonim de sindrome de
Lynch. No obstant, el millor coneixement d’aquesta sindrome, ha permes
establir que no només existeix un risc augmentat de desenvolupar CCR, sin6
també altres neoplasies. Aquest fet, juntament amb el descobriment d’altres
formes de cancer hereditari no polipdsic (com son algunes formes de CCR
associat al gen MYH), han fet que es tendeixi a parlar més de sindrome de

Lynch®'.

Actualment estan establertes dues formes de cancer hereditari no
associat a poliposi: la sindrome de Lynch i alguns casos de CCR associat al

gen MYH.

2.1.Sindrome de Lynch o cancer colorectal hereditari no poliposic

(CCHNP)

El CCHNP o sindrome de Lynch és una malaltia hereditaria amb patro
autosomic dominant deguda a mutacions germinals en els gens reparadors
de 'ADN. Malgrat tractar-se de la forma de CCR hereditari més frequent, en
la actualitat s’accepta que aquesta entitat representa entre '1% i el 5% del
total de casos de CCR?* %233 S’ha de tenir present que existeixen importants
variacions en relacié a I'estimacioé de la seva incidencia fruit del limitat nombre
d’estudis poblacionals i, probablement, de diversitats geografiques. No
obstant, el factor més determinant per a les discordances en quant a la seva
frequéncia de presentacio és la dificultat per a establir-ne la seva definicio i,

consequentment, el seu diagnostic.
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2.1.1. Caracteristiques cliniques

La sindrome de Lynch es caracteritza pel desenvolupament precog¢ de
CCR, habitualment abans dels 50 anys d’edat, localitzar-se preferentment al
colon dret, i tenir una elevada tendéncia a presentar neoplasies sincroniques
o metacroniques, bé en el propi colon, o en altres dorgans (endometri,

estdbmac, sistema urinari, ovari, vies biliars, budell prim? 3 ).

Menys
freqientment, poden presentar-se tumors cerebrals (glioblastomes) o cutanis
(queratoacantomes, adenomes sebacis o adenocarcinomes sebacis),
combinacions que reben el nom de sindrome de Turcot i sindrome de Muir-
Torre, respectivament, i constitueixen variants de la sindrome de Lynch®.
Histologicament, el CCR presenta unes caracteristiques relativament
constants i especifiques com son la infiltracié limfocitaria, la preséncia de
cél-lules en anell de segell, una pobre diferenciacié cel-lular o creixement

medul-lar'? 3739,

2.1.2. Caracteristiques moleculars

La causa de la sindrome de Lynch és la preséncia de mutacions
germinals en els gens reparadors dels errors de replicacid de ’ADN*. Fins al
moment actual es coneixen 5 gens que formen part d’aquesta maquinaria
reparadora: MSH2 localitzat a la regié cromosomica 2p16, MLH1 localitzat a
la regid6 cromosomica 3p21, PMS1 i PMS2 localitzats a les regions
cromosomiques 2q31 i 7q11, respectivament, i MSH6 localitzat a la regio
cromosomica 2p16. Es coneixen unes 300 mutacions germinals en aquests
gens, de les quals un 59% és troben en el gen MLH1 i un 38% en el gen

MSH?2, éssent rares les mutacions a la resta de gens® 34142,
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En condicions normals, la reparacié d’aquests errors de replicacié de
'ADN (errors d’aparellament i petites insercions o delecions d’'una o dues
bases) s’inicia per la uni6 d’heterodimers MSH2-MSH6 al fragment danyat
(Figura 2)*°. Aquesta primera fase va seguida per un canvi conformacional
d’aquestes molecules, el que facilita la uni6 del complex MLH1-PMS2.
Posteriorment, és produeix I'escissio de la cadena d’ADN afecta i la sintesi
d’'una de nova. Quan s’han de reparar insercions/delecions més llargues,

probablement intervé el complex MSH2-MSH3*.

Figura 2. Mecanisme de reparaci6 dels errors de replicacié de I’ADN.

e

é
2
1

Les mutacions germinals als gens reparadors de I’ADN tenen dues
conseqlencies somatiques detectables al si del tumor d’aquests pacients: la
preséncia d’inestabilitat de microsatél-lits i la pérdua d’expressio de la

proteina corresponent al gen mutat.
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a) Inestabilitat de microsateél-lits

Des del punt de vista molecular, el malfuncionament del sistema de
reparacid d’errors de replicaci6 de I'ADN es tradueix en l'acumul de
mutacions somatiques a dos nivells. Per una banda, a nivell de microsatél-lits,
que soOn petits fragments repetitius d’ADN distribuits al llarg de tot el

genoma*® 44

i majoritariament localitzats en ADN intronic i que, per tant, la
seva afectacid6 presumiblement no té un significat patologic. EI fendmen
d’inestablititat de microsatel-lits (Figura 3) constitueix un marcador fenotipic

de la sindrome de Lynch®

, estant present en més del 95% dels CCR en
aquests pacients. No obstant aixd, no es tracta d’'un biomarcador especific ja
que fins un 15% dels CCR esporadics poden presentar inestabilitat de

microsatel-lits degut a hipermetilaci6 somatica del promotor del gen MLH1,

amb la conseqient silenciacio génica®.
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Figura 3. Analisi del fenomen d’inestabilitat de microsatél-lits mitjangant
'estudi de 5 mononucledtids. El cas que es presenta correspon a un tumor

inestable.
MSI

... Normal .l

TR e e inn o W]

| Tumoral

NR21 BAT26 BAT25 NR24 MONQZ7 Penta D Penta C

Per altra banda, la segona consequéncia del malfuncionament del
sistema de reparacié d’errors de replicacié de 'ADN és I'afectacié d’unitats
repetitives de I'ADN incloses dins els marcs de lectura de diferents gens
(TGF-p, IGFRII, BAX), alguns dels quals juguen papers fonamentals a la

38, 43

regulacio del creixement, diferenciaci6 o mort cel-lular i, per tant, a

'oncogenesi.
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b) Pérdua d’expressié proteica

A banda de la inestabilitat de microsatéllits, els pacients amb
sindrome de Lynch presenten caracteristicament pérdua d’expressié de la
proteina corresponent al gen mutat a nivell del tumor*®. Aquesta alteracio pot
ser detectada mitjangant immunohistoquimica, amb un patré caracteristic en

funci6 del gen mutat (Taula 2).

Taula 2. Possibles patrons immunohistoquimics

Gen mutat Resultat immunohistoquimica
MLH1 MSH2 MSH6 PMS2
MLH1 - + + -
MSH2 + - - +
MSH6 + + - +
PMS2 + + + -

La pérdua d’expressioé d’aquestes proteines a les cel-lules tumorals és
suggestiu de mutacié germinal al gen corresponent (Figura 4). D’una forma
similar a la inestabilitat de microsatel-lits, la immunohistoquimica per les
proteines del sistema de reparacié de 'ADN ha demostrat ser una estrategia
efectiva per a la deteccié6 d’individus portadors de mutacions als gens
reparadors de '’ADN*®*’ amb I'avantatge de proporcionar informacié sobre el
gen potencialment mutat, i a més ser una técnica més senzilla que la
determinacié d’inestabilitat de microsatel-lits i, per tant, factible a la majoria de
centres. La pérdua d’expressié de MLH1 és un repte diagndstic donat que, a
banda de mutacions germinals, la metilacié del promotor de MLH1 i la seva
consequent silenciacié també n’és una causa, no existint alteracié germinal
en aquests casos. La deteccié de mutacions somatiques al gen BRAF pot ser

d’ajuda per diferenciar les dues situacions*®*°.
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Figura 4. Estudi immunohistoquimic d’expressié de MLH1. El cas que es
presenta s’observa pérdua d’expressié de MLH1 en el tumor, amb expressio

conservada en els limfocits.

2.1.3. Identificacio de la sindrome de Lynch

La identificacié d’'una mutacié germinal dels gens reparadors de ’'ADN
permet confirmar el diagnostic de sindrome de Lynch, i per tant, el diagnodstic
presimptomatic en els familiars en risc per aixi poder aplicar mesures
preventives. De fet, es coneix que la colonoscopia de vigilancia en aquest
pacients realitzada en intervals menors de 3 anys millora la supervivéncia®'.
Tanmateix, la heterogeneitat d’aquesta sindrome fa que el diagnostic a la
practica clinica sigui un repte constant, donat que pot ser indistingible del
CCR esporadic. En paral-lel amb la dificultat en la identificacio, els criteris
diagnostics han evolucionat amb la millor comprensié i caracteritzacio
d’aquesta malaltia. Aixi, la identificacié de la sindrome de Lynch es pot fer
mitjangant un cribratge molecular en el si del tumor amb l'analisi de la

inestabilitat de microsatél-lits i/o I'estudi de I'expressié de les proteines
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corresponents per immunohistoquimica, en combinaci® o no amb criteris

clinics (Taula 3).

Taula 3. Criteris clinics de la sindrome de Lynch

Criteris d’Amsterdam 11°?

1. Minim 3 individus amb CCR o tumor associat al CCHNP (endometri,
intesti prim, uréter o pelvis renal), un dels familiars és de primer grau dels
altres dos, i

Minim dues generacions consecutives afectes, i

Minim un cas diagnosticat abans dels 50 anys, i

Exclusio del diagnostic de PAF, i

Confirmacio dels diagnostics amb informes anatomopatologics

o s wb

Criteris revisats de Bethesda®®

CCR diagnosticat abans dels 50 anys, o

CCR sincronic o metacronic, o un altre tumor associat a CCHNP1,
independentment de I'edat de diagnostic, o

3. CCR amb histologia de tumor amb IMS? diagnosticat abans dels 60 anys,
o

4. CCR amb un o més familiars de primer grau amb un tumor associat a
CCHNP', un dels cancers diagnosticats abans dels 50 anys, o

5. CCR amb 2 o més familiars de primer o segon grau amb un tumor
associat a CCHNP', independentment de I'edat
"Tumors associats a CCHNP: CCR, endometri, estémac, ovari, pancrees, uréter i pelvis
renal, tracte biliar, cerebral (glioblastoma), adenomes sebacis i queratoacantomes, i intesti
rim
E)Preséncia de limfocits infiltrants de tumor, reaccié Crohn-like, diferenciacidé mucinosa/anell
de segell, o medul-lar

Des de la descripci6é per primera vegada de la sindrome de Lynch fins
a la actualitat, els criteris diagnostics han anat evolucionat juntament amb el
millor coneixement del fenotip de la malaltia i la identificacié dels gens
causants, aixi com dels fendbmens moleculars que s’observen en el si del
tumor (inestabilitat de microsateél-lits i pérdua d’expressio proteica). Aixi, els
criteris clinics classics, els criteris d’Amsterdam®, fonamentals en el seu
moment per identificar els gens causants, avui en dia es consideren ja una

extratégia obsoleta com a eina per a la identificacié. Aixd és degut a que
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només un 45%-65% de les families que acompleixen els criteris d’Amsterdam
presenten mutacions germinals en alguns dels gens reparadors de '’ADN**. A
més, en una proporci6 no menyspreable de families que acompleixen
aquests criteris o que tenen una marcada historia familiar de CCR no és
possible identificar aquestes mutacions®>>’. Contrariament, families que no
acompleixen els criteris d’Amsterdam poden presentar mutacions germinals
en aquests gensss’ % Aquestes situacions indicarien que, per una banda,
probablement existeixen altres gens responsables de corregir errors de
replicacié6 de 'ADN desconeguts fins el moment i que, per altra, els criteris
clinics no son suficientment sensibles per a detectar totes les families amb
sindrome de Lynch. Per aquest motiu, es van disenyar els criteris de
Bethesda®®, uns criteris més sensibles pero menys especifics, modificats el
1999 i revisats el 2004°, amb la intencid d'identificar pacients amb una
elevada probabilitat de ser portadors de mutacions als gens reparadors de
'ADN, als quals estaria indicat determinar la preséncia del fendmen
d’'inestabilitat de microsatél-lits o immunohistoquimica per avaluar pérdua
d’expressio proteica en el si del tumor. En els pacients amb alteracié del
sistema de reparacié de 'ADN al tumor (definit com preséncia d’inestabilitat
de microsatél-lits i/o pérdua d'expressio), hauria d’'investigar-se la presencia

de mutacions en els gens reparadors de TADN>?,

Aquesta estratégia ha permés millorar substancialment el diagnostic
de la sindrome®, i de fet, constitueix I'estratégia més acceptada actualment

(Figura 5).
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Figura 5. Estratégia d’identificacié de la sindrome de Lynch basada en els

criteris revisats de Bethesda.

IMS i/o pérdua s
> d —Jpp| genétic
expressio germinal

Pacient Criteris -
amb P Revisats p| MSilo
CCR Bethesda IHQ

MSS ilo - .
| cxpresié normal P»| No més estudis

No obstant, aquests criteris han estat criticats degut a la seva complexitat, la
seva baixa especificitat i la necessitat d’estudi molecular del tumor, el qual en
ocasions no esta disponible. Aixi, de forma similar amb el que va passar amb
la sindrome del cancer de mama i ovari hereditari en el passat®® %, la
identificacié de la sindrome de Lynch es mou cap a algorismes més acurats i
models predictius, que combinen informacié clinica i molecular. En aquest
sentit, recentment, diversos grups interessats en el CCR hereditari han
dissenyat diferents models predictius per a la identificacié d’individus amb

mutacio als gens reparadors de TADN®*°.

El primer model predictiu de mutacions a la sindrome de Lynch va
apareixer el 1998, anomenant-se model de Leiden®’. Es tracta d’un model de
regressio logistica basat en una poblacié de pacients amb CCR atesos a una
unitat d’alt risc de CCR, dissenyat per identificar portadors de mutacions
germinals als gens MLH1/MSHZ2. Aquest ha estat I'unic model predictiu durant

els ultims anys. Les variables incloses en el model eren el compliment dels
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criteris d’Amsterdam, I'edat mitjana dels diagnostics de CCR, i la preséencia
d’algun cancer d’endometri a la familia. No obstant, aquest model encara
incorpora variables complexes (criteris d Amsterdam) i va ser desenvolupat
en una poblacié relativament petita d’individus d’alt risc. A més, no
contemplava la realitzacié d’estudis moleculars al si del tumor (inestabilitat de

microsatel-lits o immunohistoquimica).

Més recentment, han aparegut 3 nous models per a la identificacié de
portadors de mutacions als gens reparadors de 'ADN (Taula 4). El primer,
anomenat PREMM1 ,, esdevé d’'una analisi de regressio logistica realitzat a
una de les cohorts més grans publicades fins al moment d’individus en risc de
tenir una sindrome de Lynch®®. Els autors d’aquest estudi van realitzar
I'analisi mutacional de MLH1/MSH2 a una cohort de 1914 pacients als que
se’ls havia demanat I'estudi genetic en base a caracteristiques cliniques als
laboratoris Myriad Genetic Lab. a EE.UU. En base a caracteristiques
personals i familiars, es va dissenyar un model que va ser adequadament

validat a I'estudi, i que es pot consultat a internet (http://www.dfci.org/premm).

El model prediu la probabilitat de ser portador de mutacions als gens
MLH1/MSH2 amb una area sota la corba ROC (receiver operating
characteristic) de 0,80 (interval de confianga del 95%: 0,76-0,84). No obstant,
la validacié d’aquest model en una poblaci6 diferent a la que va ser dissenyat,

especialment a pacients amb CCR, no s’ha realitzat fins ara.

Els altres dos models inclouen informacié molecular per tal de refinar
la prediccio de la probabilitat de ser portador d’'una mutacié. El primer és
tracta d'un model desenvolupat al Regne Unit a una gran cohort de pacients

amb CCR de base poblacional amb una edat inferior a 55 anys®. Aquest
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model consisteix en dues fases: la primera es basa exclusivament en
variables cliniques (edat, sexe, localitzacié del tumor, preséncia de CCR
sincronic o metacronic, historia familiar de CCR o cancer d’endometri, i edat
del familiar amb CCR més jove), disponible a internet

(http://www1.hgu.mrc.ac.uk/softdata/mmrpredict.php); i la segona, basada en

dades d’inestabilitat de microsatel-lits o immunohistoquimica del tumor. L’area
sota la corba ROC d’aquest model, que prediu mutacions germinals a MLH1,
MSH?2 i també MSH6, va ser de 0,82 (IC 95%, 0,72-0,91). No obstant, la
aplicacié d’aquest model en una poblacié major de 55 anys o en aquells amb
altres neoplasies associades a la sindrome de Lynch no ha estat avaluada.
L’ultim model és un model mendelia per tal de determinar la probabilitat de
ser portador de mutacions germinals als gens MLH1, MSH2 i MSH6 basat en
dades cliniques, moleculars, i la prevalencga i penetranca de les mutacions
d’aquests gens a la poblaci6, segons els estudis epidemioldgics
disponibles®. Aquest model bayesia, utilitza el software gratuit CaGene

(http://www3.utsouthwestern.edu/cancergene) i permet establir la probabilitat

de ser portador de mutacié tant a pacients amb CCR com a familiars sans.
L’area sota la corba ROC va ser de 0,83 (IC 95%, 0,78-0,88). La aplicabilitat

d’aquest model a la practica clinica encara no s’ha avaluat.
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Taula 4. Models predictius per a la identificacio de la sindrome de Lynch

Model Poblacié Gens Tumors Metode Resultats
inclosos
Barnetson®™ | 870 pacients amb | Mutacions puntuals a | Colon i endometri | Model en dos fases: Predictors:
CCR <55 anys MLH1, MSH2, MSH6 1: Analisi de regressio logistica Edat, sexe, localitzacié del tumor,
de base i grans multivariat. multiples tumors, edat més jove de
poblacional reordenaments a 2: Refinament de la prediccié amb CCR a la familia (dicotomitzada a 50
MLH1, MSH2 informaci6é molecular del tumor (IMS | anys), preséncia de cancer
i IHQ). d’endometri a familiars de primer
grau.
AUC= 0,82 (IC 95% 0,72-0,91)
PREMMmbb 1914 individus Mutacions puntuals i Colon, endometri, | Analisi de regressié logistica Predictors:
sotmesos a grans reordenaments | altres neoplasies | multivariat Proband: nombre de CRC,
estudi genetic per | a MLH1, MSH2 associades a la adenomes, cancer d’endometri,
sospita clinica de sindrome de altres neoplasies associades a la
sindrome de Lynch, adenomas sindrome de Lynch, edat al
Lynch colonics diagnostic del CCR, adenomas i
cancer d’endometri.
Familiars: CCR, cancer d’endometri,
altres neoplasies associades a la
sindrome de Lynch, edat al
diagnostic del CCR i endometri als
familiars de primer i segon grau
AUC=0,80 (IC 95% 0,77-0,83)
MMRpro®* Validacio a 279 Mutacions puntualsi | Colon i endometri | Analisi mendelia i bayesia AUC de la validaci6=0,83 (IC 95%

individus de 226
families amb
diagnostic clinic

grans reordenaments
a MLH1, MSH2 i
MSH6

incorporant la penetranca i
prevalenca de les mutacions, i els
valors predictius de I'estudi
molecular del tumor amb IMS o IHQ.
Té en compte el nombre de familiars
i els individus no afectes.

0,78-0,88)

AUC: area sota la corba ROC; IMS: inestabilitat de microsatel-lits; IHQ: immunohistoquimica.




2.1.4.Estratégia de cribratge

L’analisi genétic dels gens reparadors de I'’ADN permet el diagnostic
presimptomatic dels familiars en risc®® % %°. Aixi, aquesta analisi mutacional
hauria d’oferir-se als familiars de primer grau (pares, germans i fills)
d’individus portadors d’'una mutacié germinal en alguns d’aquests gens. Amb
aquesta estratégia s’aconsegueix optimitzar la relacié cost-eficacia del
cribratge de la sindrome de Lynch’®, de manera que el seguiment endoscopic

pot centrar-se unicament en aquells membres portadors de mutacions.

El seguiment colonoscopic esta dirigit a la identificacié i reseccio de
polips adenomatosos, aixi com a la deteccidé de carcinomes en fases inicials

del seu desenvolupament’

. En els darrers anys s’ha demostrat que la
vigilancia peridodica mitjangant colonoscopies millora el pronostic dels
individus pertanyents a families amb aquesta sindrome, al haver-se
demostrat que la realitzacié en individus que pertanyen a families amb
sindrome de Lynch d’una colonoscopia cada 3 anys durant un periode de 15
anys s’associa a una disminuci6 del 62% en la incidéncia de CCR (p=0,02) i
del 66% en la mortalitat global (p=0,003) en relacié a la no realitzacié de
cribratge®’. L’intérval idoni entre exploracions no esta ben establert, encara
que el fet que alguns estudis hagin descrit I'aparici6 de CCR als dos o tres
51, 72, 73

anys d’haver-se realitzat una colonoscopia negativa i la més rapida

h35

progressio des d’adenoma a carcinoma a la sindrome de Lynch™ justificaria

un intérval d’1 6 2 anys entre exploracions. Encara que sense evidéncies
directes es recomana iniciar el cribratge endoscopic a partir dels 20-25 anys o
10 anys abans de I'edat de diagnostic del CCR en el familiar afecte més jove,

26, 68, 74

escollint la opcié més precog¢ (Figura 6).



En quant a les neoplasies extracoldoniques associades a la sindrome
de Lynch en individus portadors de mutacions en els gens responsables, el
registre de cancer de Finlandia ha permeés estimar la seva incidéncia: 60%
per el cancer d’endometri, 13% per al d’estobmac, 12% per al d’ovari, 4% per
al de vies urinaries, 3,7% per al cerebral, 3,3% per al de pelvis renal, i 2% per
al de vies biliars”. Tant els individus que han desenvolupat CCR como els
familiars en risc tenen una major probabilitat de presentar una neoplasia
extracolonica, el que podria justificar el cribratge de les mateixes’®. Malgrat
tot, a diferencia del que succeeix en relaci6 amb el CCR, no esta demostrada

la eficacia d’aquestes estratégies®® " "

, encara que s’assumeix que el
benefici podria ser major en aquelles families en les que existeix una major
agregacié d’'una determinada neoplasia extracolonica’. Al ser el cancer
d’endometri la neoplasia extracolonica més frequent, la majoria de grups

recomanen la realitzacié d’'una ultrasonografia pélvica anual o bienal a partir

dels 25-35 anys d’edat’® " ’° (Figura 6).

En resum, les recomanacions actuals en els pacients pertanyents a
families amb sospita de sindrome de Lynch contemplen fonamentalment la
realitzacié6 de l'analisi mutacional dels gens reparadors de 'ADN (MLH1,
MSH2, MSH6, PMS2)?® % En els individus portadors de mutacions o en
aquells casos en els que no és possible determinar-ne la seva preséncia,
estara indicat el cribratge endoscopic. A més, en funcié del predomini de
neoplasies d’un altre origen en el si d'una determinada familia, és convenient

efectuar altres exploracions dirigides a descartar la seva preséncia.
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Figura 6. Cribratge, vigilancia i tractament de la sindrome de Lynch

Sindrome de Lynch

Cribratge de CCR

Antecedent familiar
de > 2 neoplasies
urotelials o gastriques

Cribratge de
neoplasia
endometri / ovari

Exploracié: Colonoscopia
Edat d’inici: 20-25 anys.
Periodicitat: En funcio6 de I’edat:
<40 anys: cada 2 anys.

>40 anys: anual

Exploracio: ecografia ginecologica
transvaginal + citologia endometrial + CA125
Edat d’inici: 30-35 anys 6 10 anys abans del
cas més jove (el primer que passi).

Periodicitat: 1-2 anys.

No cribratge
especific

\ 4

- Adenoma irresecable per endoscopia
- Multiples adenomes.

-CCR

- Pretensi6 de reduccié de risc

Neoplasia urotelial:
Exploracié: citologia d’orina +
ecografia reno-vesical.

Edat d’inici: 30-35 anys 6 10
anys abans del cas més jove (el
primer que passi).
Periodicitat: 1-2 anys.

Neoplasia gastrica:

Exploraci6: fibrogastroscopia
Edat d’inici: 30-35 anys 6 10

anys abans del cas més jove (el
primer que passi).

Periodicitat: 1-2 anys.

- Neoplasia endometri/ovari
- Pretensio de reduccid de risc (no desig
reproductiu) en especial si:

a) Historia familiar de neoplasia
d’endometri, 6

b) Pacient portador de mutacié a MSH6.

Colectomia total
Vigilancia: FCS anual

Histerectomia + /-
salpingo-oforectomia
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2.1.5. Tractament

Donat que els pacients amb sindrome de Lynch presenten un risc
incrementat de desenvolupar tumors metacronics’', tenen una rapida
progressié des d’adenoma a carcinoma®® i que en moltes ocasions el
carcinoma s’origina en lesions planes dificils de tractar endoscopicament®’,
alguns grups recomanen la realitzacid d’una reseccid extensa (colectomia
total o proctocolectomia) per al tractament de les neoplasies colorectals®.
L’edat, la preséncia de comorbilitat, la opinié del pacient, aixi com la
localitzacié del tumor son factors a tenir en compte en la decisio terapéutica’®

(Figura 6).

No existeixen dades que recomanin la realitzaci6 d’'una colectomia
profilactica en pacients en risc o en portadors de mutacions en els gens

responsables de la sindrome de Lynch’®.

2.1.6. Vigilancia post-resecci6

Es ben conegut el fet que després del tractament quirdrgic del CCR en
pacients amb la sindrome de Lynch existeix un elevat risc de lesions
metacroniques, havent-se observat que la meitat dels pacients sotmesos a
una resseccio colonica segmentaria presenten una segona neoplasia
colorectal als 10 anys®. A més, el risc de desenvolupar un carcinoma de
recte en els pacients tractats mitjangant colectomia total és del 12% després
d’'un periode de seguiment de 12 anys®’. Aquesta situacié justifica la

vigilancia endoscopica després de la cirurgia®®.
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Finalment, és important assenyalar que, a l'actualitat, no existeixen
dades que demostrin la utilitat de les estratégies de quimioprofilaxi en

aquesta sindrome®* &,
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2.2. Cancer colorectal associat al gen MYH
2.2.1. MYH i la via del sistema per escisio de bases

Al-Tassan i col-laboradors®* van investigar una familia britanica en la
que tres germans presentaven adenomes colorectals multiples i CCR. La
sequenciaci6 total del gen APC, causant de la poliposi adenomatosa familiar,
a 'ADN germinal de dos dels germans afectes junt amb I'analisi d’haplotips i
d’expressio génica van excloure un defecte génic en aquest gen. L’analisi de
la inestabilitat de microsatel-lits a 'ADN extret d’'onze neoplasies d’aquesta
familia també va excloure un posible defecte en la reparacié de 'ADN. No
obstant, el patré6 de mutacions observades en els tumors d’aquests pacients
va facilitar la identificacié del gen causant. En aquest sentit, la sequenciacié
completa d’APC a cada un dels 11 tumors va revelar 18 mutacions
somatiques, 15 de les quals eren transversions G:C—T:A. Aquest tipus de
mutacions correspon només a un 10% de les identificades somaticament en
el gen APC, essent les mutacions de pérdua de pauta de lectura (frameshift) i
la pérdua d’heterozigositat (pérdua al-lélica) les que més freqientment
causen la inactivaci6 somatica del gen APC en els tumors colorectals. La
comparacié de les troballes en aquesta familia britanica amb una base de
dades amb més de 800 mutacions somatiques al gen APC en pacients amb
CCR esporadic o associat a la PAF va confirmar l'increment altament
significatiu de transversions G:C—T:A en aquesta familia. Els compostos
derivats de l'oxigen reactiu amb potencial lesiu per el ADN tenen un paper
important en processos com l'envelliment, el cancer i les malalties
neurodegeneratives. Als humans, s’estima que la freqiiéncia del dany oxidatiu

a I'ADN és de 10.000 lesions per céllula i dia®. La 8-oxo-7,8-
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dihidro2’deoxiguanosina (8-oxodG) és un dels productes nocius més estables
del dany oxidatiu a 'ADN i la seva concentracio és alta en el cancer de
mama, pulmo i ronyd. Aquest compost es mal aparella amb residus d’adenina
provocant les mutacions G—T i C—A a la nova cadena en la replicacié de
'ADN (Figura 7). La incorporaci6 d’8-oxodG a I'ADN té lloc a través de
'oxidacié directa dels residus de guanina en la cadena motlle o gracies a la
incorporacio d’8-oxodG procedent del conjunt de nucleotids lliures. Les
mutacions apareixen després de la replicacio de 'ADN degut a que les
polimerases incorporen adenosines a 8-oxodG a un ritme molt major del que

incorporen citosines.

A Escherichia coli existeixen tres enzims que ajuden a protegir la
ceél-lula dels efectes mutagénics de la oxidacidé de la guanina. La glicosilasa
d‘ADN MutM elimina la base oxidada dels parells de base 8-oxodG:C a 'ADN
de doble cadena, la glicosilasa d’ADN MutY escindeix les adenines
incorporades per error i aparelladas amb 8-oxodG durant la replicacié, i la 8-
oxodGTPasa MutT impideix la incorporacié d’8-oxodGTP a la cadena naixent
d’ADN durant la replicacié. Els gens homolegs de mutM, mutY y mutT als
humans han estat identificats i es denominen OGG7%, MYH* i

MTH1/NUDT1%, respectivament.
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Figura 7. Esquema del sistema per escisio de bases.

Sistema per escisio de bases

DANY OXIDATIU
10.000 lesions/c/dia

Per determinar si un defecte heredat en la via de reparacié d’8-oxodG
era responsable del patr6 de mutacions somatiques G:C—T:A a la familia
estudiada, Al-Tassan i col-laboradors van sequenciar per complet els gens
OGG1, MYH i MTH1 a I'ADN extret de sang d’un dels familiars afectes.
D’aquesta forma es van identificar dues mutacions que canvien de forma no
conservativa dos aminoacids del gen MYH (Y165C i G382D), essent la resta
de germans afectes també heterocigots compostos per aquestes dues
mutacions. La resta de familiars no afectes eren o bé heterocigots per una

d’elles o no portadors, suggerint un patré d’heréncia autosomic recessiu.
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2.2. MYH i cancer colorectal

El gen MYH esta localitzat en el brag¢ curt del cromosoma 1 entre p32.1
i p34.3, té una longitud de 7.100 bases i conté 16 exons que codifiquen una
proteina de 535 aminoacids amb un 41% d’homologia amb la proteina

homologa MutY de I'E. col®. Els seus dominis funcionals han estats descrits

previament i s’esquematitzen en la Figura 8.

Figura 8. Esquema de la proteina MYH amb els dominis funcionals descrits

fins el moment, i algunes de les mutacions étniques més prevalents.
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A l'estudi d’Al-Tassan i col-laboradors I'han seguit diversos estudis®®%*

principalment focalitzats en pacients amb adenomes multiples que han
demostrat que les mutacions bial-léliques germinals al gen MYH s’associen a
una forma de poliposi adenomatosa familiar, amb un nombre de polips que

oscil-la entre 5-100. De fet, s’ha observat que les mutacions germinals
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bial-leliques al gen MYH sén la causa de entre el 25-60% de les poliposi amb
fenotip atenuat (<100 polips) i fins un 10% de la poliposi adenomatosa clasica
(>100-1000 polips). Aixi, actualment la forma de poliposi adenomatosa
causada per mutacions al gen MYH es coneix com Poliposi Associada al gen
MYH (PAM), essent la primera forma de sindrome polipdsica associada al

CCR amb un patré d’heréncia recessiu.

Una altra questié important detectada pels estudis mencionats ha estat
'existéncia de mutacions etniques o adscrites a un origen geografic concret
(Figura 8). Aixi, les mutacions G382D i Y165C corresponen a les
majoritariament detectades a la poblacié caucasica, mentres que altres
mutacions s’han descrit a poblacions com la pakistanesa®, la indu®, la

italiana®, la portuguesa % o la japonesa.

Per altra banda, estudis recents han demostrat que les mutacions
bial-leliques al gen MYH també predisposen al desenvolupament de CCR,
seguint un patré d’heréncia recesiva, amb un risc de CCR associat de més de

1>, Aixi, diversos estudi de base

93 vegades el de la poblacié genera
poblacional han mostrat que les mutacions en aquest son la causa de fins un
1% de tots els CCR, amb una penetranca del 100% als 60 afios?" %% A |a
majoria dels casos, s'acompanya d’un nombre variable de pdlips sincronics
(5-100). No obstant, cal destacar que en més d’'un 30% dels pacients amb
mutacions bial-léliques que han desenvolupat un CCR no presenten polips
sincronics, pel que la preséncia d’aquests com a possible aproximacié per a
la deteccié de portadors de mutacions és poc sensible?’. De fet, tot i que s’ha

suggerit que la preséncia de polips sincronics i una edat jove al diagnostic de

CCR podrien ser caracteristiques utils per a la deteccié dels pacients amb

56



CCR portadors de mutacions a MYH, no s’ha avaluat la seva eficacia en una

cohort de pacients amb CCR de base poblacional.

La predisposicié al CCR en aquells individus portadors de mutacions
monoal-leliques a MYH és un tema actualment controvertit. S’ha suggerit un
augment del risc de CCR seguint un patr6 autosomic dominant en base a la
deteccid, en alguns estudis, d’'una major agregacié familiar de CCR en
aquests individus®. Estudis més recents han demostrat un augment del risc
de CCR a edats avancades en relaci6 amb la heterocigosi, recolgant la
hipotesi de que el gen MYH podria actuar com a gen de susceptibilitat per al
CCR de baixa penetran9a21. No obstant, cap dels estudis de casos i controls
realitzats fins el moment ha pogut demostrar de forma indvidual un augment
del risc en els individus amb mutacié6 monoal-lélica al gen MYH (Taula 5), i
una meta-analisi recent ha demostrat un augment de risc no significatiu
associat als heterocigots (risc relatiu de 1,3 (IC 95%: 1,0-1,7; p=0,09)'%.
Totes aquestes discrepancies posen de manifest un efecte lleu de les
mutacions del gen en heterocigosi, pel que calen nous estudis amb

aproximacions metodologiques adequades (meta-analisi, estudis de cohorts

familiars) de tal d’esbrinar definitivament el risc associat en aquesta situacio.
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Taula 5. Estudis de casos i controls que han avaluat el risc associat a

mutacions monoal-léliques al gen MYH.

CASOS CONTROLS OR (IC 95%)
ESTUDI N Monoal-lélics N Monoal-lélics
(%) (%)

Fleischmann i col. 358 5(1,4) 354 1(0,3) 5,0 (0,7-32)
Wang i col. 444 10 (2,3) 313 4 (1,3) 1,7 (0,5-5,0)
Peterlongo i col. 555 4 (0,7) 918 7 (0,8) 0,9 (0,2-3,0)
Enholm i col. 1042 5(0,5) 424 0 -
Croitoru i col. 1238 29 (2,3) 1255 21 (1,7) 1,4 (0,8-2,5)
Farrington i col. 2239 45 (2,0) 1845 28 (1,5) 1,3 (0,8-2,1)
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3. L’estudi EPICOLON

A finals de 1999 es va comengar a gestar un dels projectes
cooperatius més ambiciosos portats a terme a I'Estat Espanyol en els ultims
anys, anomenat EPICOLON. Es tractava d'un estudi epidemiologic,
prospectiu i multicéntric d’ambit estatal i de base poblacional, impulsat des de
la Asociacion Espariola de Gastroenterologia, i en el que van participar més
de 25 hospitals distribuits per tota la geografia espanyola. La coordinacio
d’aquest estudi es va portar a terme pels grups d'oncologia digestiva de
I'Hospital Clinic, a carrec del Dr. Antoni Castells, i dels Hospitals del Mar,
Germans Trias i Pujol de Badalona, i Hospital General Universitario de
Alicante. En aquest projecte, des de novembre de 2000 fins octubre de 2001
es van enregistrar prop de 2000 pacients amb CCR, dels quals es va recollir
una detallada historia personal i familiar centrada en els antecedents
neoplastics, aixi com mostres de teixit tumoral i no tumoral de la majoria

d’ells.

Aquest projecte ha realitzat aportacions rellevants al coneixement de la
sindrome de Lynch i altres formes hereditaries de CCR, en especial pel que

respecte a epidemiologia, diagnostic, caracteritzacié molecular i pronostic*®

61, 101-105

La Unitat de CCR de I'Hospital Clinic de Barcelona és dipositaria de
gran part de les mostres obtingudes en el si del projecte EPICOLON. Aixo
permet disposar, de forma immediata, d’'un gran nombre de mostres en el que
poder realitzar estudis de recerca, dirigits a aprofundir en les caracteritzacio

de les formes hereditaries de CCR.
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JUSTIFICACIO | OBJECTIUS
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Justificacié general

El CCR és una de les neoplasies més prevalents als paisos
occidentals i un dels tumors on els factors genétics juguen un paper més
fonamental en el seu desenvolupament. Aixi, el anomenat CCR hereditari,
entés com aquelles formes degudes a l'alteracié en gens d’alta penetranca,
suposa entre el 3 i el 5% de tots els CCR'. Tot i que suposen un
percentatge baix de forma global, I'elevada prevalengca del CCR i les
consequencies catastrofiques de les sindromes hereditaries converteixen el
diagnostic d’aquests individus en un objectiu-fonamental en la practica clinica,
la qual cosa justifica I'existéncia de centres especialitzats en forma de
cliniques d’alt risc de CCR. En aquest sentit, el diagnostic d’'una sindrome
hereditaria, a banda de [linterés cientific, t¢ importants conseqiéncies
potencialment beneficioses. Per una banda, permet la vigilancia estricta del
pacient afecte, no només en relacié al CCR sino també a altres neoplasies
associades a cada sindrome®. Per altra banda, el diagndstic genétic permet
el diagnostic presimptomatic dels familiars portadors de la malaltia, i aixi
focalitzar els recursos en aquests, lliurant-se del seguiment aquells que no
tenen la mutacio.

Per tant, el primer pas consisteix en identificar els individus o pacients
gue potencialment poden tenir una malaltia hereditaria, per tal de realitzar en
ells els estudi moleculars adients. Les sindromes hereditaries es divideixen
des d'un punt de vista fenotipic i practic en sindromes polipdsiques,
fonamentalment la poliposi adenomatosa familiar, la poliposi associada al gen
MYH, la sindrome de Peutz-Jeghers i altres, i en sindromes no poliposiques,

encapcalades per la sindrome de Lynch i pel CCR associat al gen MYH.
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Mentre que a la practica clinica el diagnostic de les sindromes poliposiques
és senzill donada la seva expressivitat clinica, el diagnostic de les formes no
polipdsiques és un repte constant per al clinic, donat que en moltes ocasions
pot ser indistingible del cancer esporadic.

La sindrome de Lynch constitueix la forma més freqlient de cancer
hereditari. La instauracié dels criteris d’Amsterdam’ va ser cabdals per a
definir el CCHNP i identificar la seva base molecular. Posteriorment, aquests
criteris varen ser modificats (criteris d’Amsterdam IlI) per considerar-se els
originals massa restrictius®®>. Més tard, a 'any 1996, el National Cancer
Institute va proposar els criteris de Bethesda, els quals tenien com objectiu
identificar aquells pacients amb una major probabilitat de ser portadors de
mutacions i que haurien de ser avaluats mitjancant estudi d’inestabilitat de
microsatéllits®®. Aquests criteris van ser modificats el 1999 i finalment
revisats el 2004, i actualment constitueixen I'estratégia més acceptada per tal
d’identificar els pacients amb CCR portadors de mutacions als gens
reparadors de ’ADN. Aixi, en els pacients amb CCR que compleixen algun
dels 5 criteris revisats de Bethesda, esta indicada la realitzaci6é d'un cribratge
molecular del tumor per tal de detectar evidéncia d’alteracié del sistema de
reparacié de I'’ADN (inestabilitat de microsatél-lits i/o immunohistoquimica de
les proteines corresponents). No obstant aix0, aquests criteris han estat
criticats deguts a la seva complexitat i, consequentment, I'escassa aplicacio
que han tingut, la seva baixa especificitat i la necessitat d’estudi molecular del
tumor, que en ocasions no és possible. Aixi, recentment han aparegut varios
models predictius que, basats en analisis de regressio logistica, permeten

estimar la probabilitat de ser portador d’'una mutacié als gens reparadors,
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amb combinacié o no amb I'estudi de I'alteraci6 de la reparaci6é de 'ADN en el
si del tumor®*®. Aquests models aporten diferents avantatges en relacié als
criteris revisats de Bethesda®, principalment la facilitat d’Us (tots ells estan
disponibles a la xarxa de forma gratuita en un forma de facil ompliment) i,
sobretot, la quantificacié del risc, de forma que en funcié de la magnitud del
risc, I'actitud clinica preventiva i I'estrategia molecular podria ser diferent.
L’eficacia d’aquests models per a la detecci6 de la sindrome de Lynch en una
poblacio de pacients amb CCR de base poblacional no s’ha estudiat fins el
moment.

Per altra banda, la identificacié del CCR associat al gen MYH suposa
un repte clinic encara més gran que a la sindrome de Lynch donat que es
tracta d’'una sindrome de recent descripci6 i en la que la informaci6 sobre les
manifestacions fenotipiques i el risc associat a la preséncia de mutacions en
aquest gen és molt reduida. Aixi, en relaci6 amb el seu fenotip, s’ha descrit
que en més d’'un 30% dels portadors de mutacions bial-leliques, el CCR es
desenvolupa en abséncia de polips sincronics i a una edat jove21. Per altra
banda, el risc de CCR associat a la preséncia d’'una mutacié a un sol al-lel és
controvertida. Per tot aix0, calen més estudis en poblacions de CCR no
seleccionades per a caracteritzar millor la sindrome i establir el risc de CCR
associat a la preséncia de mutacions.

L’estudi EPICOLON va suposar el recull de més de 1200 casos de
CCR arreu de I'Estat Espanyol dels que es disposa d’informaci6 clinica
exhaustiva aixi com de mostres per a realitzar estudis moleculars a fi de
caracteritzar i identificar les sindromes hereditaries, i representa el fonament

d’aquesta Tesi Doctoral.
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Justificacio i objectius de I'estudi 1

Validation and extension of the PREMM; , model in a population-based cohort

of colorectal cancer patients (Gastroenterology. 2008 Jan;134(1):39-46).

La sindrome de Lynch és la forma més frequent de CCR hereditari,
suposant entre I'1-5% del total de casos'®. Es caracteritza pel
desenvolupament d’aquesta neoplasia i d’altres (principalment, endometri) a
edats joves. La sindrome té un patré d’heréncia dominant amb penetranca
variable, i la seva causa és la preséncia d’'una mutacié germinal als gens
reparadors de I’ADN, principalment MLH1 i MSH2 (>90% dels casos)'® perd
també MSH6""® i PMS2*".

La heterogeneitat de la sindrome fa que el diagndstic suposi un repte
per al clinic. Aixi, el diagnostic es pot fer mitjangant criteris clinics, criteris
moleculars (inestabilitat de microsatél-lits i/o immunohistoquimica per a les
proteines reparadores de I'ADN), o la combinaci6 d’ambdds. Actualment,
I'estratégia més acceptada és la realitzacié d’estudis moleculars en aquells
pacients amb CCR que compleixin algtin dels criteris revisats de Bethesda*®
% i estudi genetic només en aquells que presenten evidencia d’alteracié del
sistema de reparacié de ’ADN amb les técniques esmentades.

A Tligual del que va succeir amb la sindrome de mama i ovari
hereditaria, la identificaci6 de la sindrome de Lynch esta canviant cap el
disseny de models predictius quantitatius que permetin estimar la probabilitat
de ser portador de mutacions germinals als gens reparadors de I'ADN. El
model PREMM;1 ,, recentment desenvolupat, permet predir la probabilitat de
ser portador de mutacié germinal als gens MLH1 i MSHZ2 en base a dades

personals i a la historia familiar®®. EI model va ser desenvolupat utilitzant una
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gran cohort d’individus sotmesos a estudi genétic de MLH1/MSH?2 en base a
dades cliniques (personals i familiars). Mentres que el model discriminava de
forma acurada els individus portadors de mutacié en la cohort d’estudi, la
seva eficacia i utilitat en una poblacié no seleccionada de pacients amb CCR
era desconeguda. A més, I'eficacia del model PREMM; > en combinacié amb
I'estudi molecular del tumor tampoc havia estat mai avaluada.

Per tant, utilitzant les dades del projecte EPICOLON, el primer estudi
d’aquesta Tesi Doctoral va anar dirigit a avaluar l'eficacia del model
PREMM;, en una poblacié no seleccionada de pacients amb CCR, en
combinacié o no amb I'estudi d’alteracio del sistema de reparacié de 'ADN en

el si del tumor.
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Justificacio i objectius de I'estudi 2

Identification of MYH mutation carriers in colorectal cancer: a multicenter,
case-control, population-based study (Clin Gastroenterol Hepatol 2007;5:

379-87).

Recentment s’ha demostrat la implicacié del sistema per escisié de
bases en la carcinogénesi colorectal®. Aixi, estd ben establert que les
mutacions germinals bialleliques al gen MYH predisposen al
desenvolupament d’adenomes multiples i CCR, amb un patré d’heréncia
recessiu® 9699 111112 'No obstant, la influéncia sobre el risc de CCR de les
mutacions monoal-léliques és controvertit, havent-se suggerit un lleuger
augment del risc amb un patré d’heréncia dominant, comportant-se com un

gen de baixa penetranca en aquesta situacic®™ '"°.

Per altra banda, al tractar-se d’'una sindrome de recent descripcid, es
desconeix encara amb precisié el fenotip de la malaltia. EI CCR associat al
gen MYH s’ha observat habitualment en el contexte d'una poliposi
adenomatosa amb un fenotip atenuat. No obstant, en més dels 30% dels
casos, el CCR es desenvolupa en abséncia de polips sincronics®'. Aixo fa
que el diagnostic d’aquesta forma de CCR hereditarri suposi un repte
diagnostic, donat que no disposem d’uns criteris establerts per la seva
identificacio.

Per tot aix0, el segon estudi d’aquesta Tesi Doctoral va dirigit a avaluar
la implicacié de les mutacions al gen MYH en el CCR, utilizant una cohort de

pacients amb CCR de base poblacional com é€s EPICOLON.

Els objectius especifics d’aquest estudi van ser:
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. Establir la prevalenca de les mutacions germinals al gen MYH als pacients

amb CCR a Espanya.

Avaluar la implicacio de les mutacions monoal-léliques al gen MYH en la

agregacio familiar d’aquesta neoplasia i/o0 neoplasies associades.
Establir el risc de CCR associat a la preséncia de mutacions al gen MYH.

Establir factors predictius per a la detecci6 de pacients amb CCR

portadors de mutacions al gen MYH.
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Validation and Extension of the PREMM, > Model in a Population-Based

Cohort of Colorectal Cancer Patients

FRANCESC BALAGUER,* JUDITH BALMANA,* SERGI CASTELLVI-BEL,* EWOUT W. STEYERBERG,®
MONTSERRAT ANDREU,! XAVIER LLOR," RODRIGO JOVER,* SAPNA SYNGAL,** and ANTONI CASTELLS* for the
Gastrointestinal Oncology Group of the Spanish Gastroenterological Association**

*Department of Gastroenterology, Institut de Malalties Digestives i Metaboliques, Hospital Clinic, Centro de Investigacion Biomédica en Red de Enfermedades
Hepéticas y Digestivas, Institut d’Investigacions Biomédiques August Pi i Sunyer, University of Barcelona, Barcelona, Catalonia, Spain; *Department of Medical
Oncology, Hospital Vall d’Hebron, Barcelona, Catalonia, Spain; SDepartment of Public Health, Erasmus Medical Center-University MC Rotterdam, the
Netherlands; 'Department of Gastroenterology, Hospital del Mar, Barcelona, Catalonia, Spain; "Department of Gastroenterology, Hospital Universitari Germans
Trias i Pujol, Badalona, Catalonia, Spain; *Department of Gastroenterology, Hospital General Universitario de Alicante, Alicante, Spain; and the **Division of
Gastroenterology, Brigham and Women’s Hospital and Population Sciences Division, Dana-Farber Cancer Institute, Boston, Massachusetts

Background & Aims: Early recognition of patients
at risk for Lynch syndrome is critical but often
difficult. Recently, a predictive algorithm—the
PREMM, ; model—has been developed to quantify
the risk of carrying a germline mutation in the
mismatch repair (MMR) genes MLH1 and MSH2.
However, the model’s performance in an unse-
lected, population-based colorectal cancer popula-
tion as well as its performance in combination with
tumor MMR testing are unknown. Methods: We
included all colorectal cancer cases from the EPI-
COLON study, a prospective, multicenter, popula-
tion-based cohort (n = 1222). All patients under-
went tumor microsatellite instability analysis and
immunostaining for MLH1 and MSH2, and those
with MMR deficiency (n = 91) underwent tumor
BRAF V600E mutation analysis and MLHI1/MSH2
germline testing. Results: The PREMM,, model
with a =5% cut-off had a sensitivity, specificity, and
positive predictive value (PPV) of 100%, 68%, and
2%, respectively. The use of a higher PREMM,,
cut-off provided a higher specificity and PPV, at
expense of a lower sensitivity. The combination of
a =5% cut-off with tumor MMR testing maintained
100% sensitivity with an increased specificity (97%)
and PPV (21%). The PPV of a PREMM, , score =20%
alone (16%) approached the PPV obtained with
PREMM, ; score =5% combined with tumor MMR
testing. In addition, a PREMM, , score of <5% was
associated with a high likelihood of a BRAF V600E
mutation. Conclusions: The PREMM, , model is
useful to identify MLH1/MSH2 mutation carriers
among unselected colorectal cancer patients. Quan-
titative assessment of the genetic risk might be
useful to decide on subsequent tumor MMR and
germline testing.

Lynch syndrome, also called hereditary nonpolyposis
colorectal cancer, is the most common form of he-
reditary colorectal cancer (CRC), accounting for 1% to 5%
of all colorectal malignancies.’-3 It is characterized by
early onset of CRC and other adenocarcinomas, predom-
inantly endometrial cancer. The syndrome is inherited in
an autosomal dominant pattern with variable penetrance
and occurs as a consequence of germline mutations in
the mismatch repair (MMR) system,* mainly in MLHI
and MSH2 (>90% of cases)! but also in MSH6° and
PMS2.¢ The abnormal function of these genes leads to the
accumulation of errors during DNA replication, particu-
larly in repetitive sequences (microsatellites). As a result,
tumors in patients with Lynch syndrome characteristi-
cally demonstrate microsatellite instability (MSI)” as well
as loss of protein expression corresponding to the mu-
tated gene.®

The heterogeneity of Lynch syndrome complicates
early recognition, which is critical and often not straight-
forward. The diagnostic criteria continue to evolve as
understanding and characterization of this disorder im-
prove. Indeed, identification of Lynch syndrome can be
done by tumor MMR screening using MSI testing and/or
immunostaining, in combination or not with clinical
criteria. At present, the most widely accepted strategy
relies on tumor molecular analysis in patients fulfilling
the revised Bethesda guidelines.” Nevertheless, as in he-
reditary breast-ovarian cancer syndrome in the past,®10
Lynch syndrome identification is moving toward more
refined algorithms and multivariable models that com-

Abbreviations used in this paper: CRC, colorectal cancer; MLPA,
multiple ligation probe amplification; MMR, mismatch repair; MSI,
microsatellite instability; PPV, positive predictive value.
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bine personal and familial data to obtain a quantitative
estimation of the risk.!1-14

The PREMM;, , model'! is a recently developed Web-
based logistic regression model that predicts the likeli-
hood of germline mutations in the MLHI and MSH2
genes on the basis of personal and family history of
individuals. It was developed in a large and diverse cohort
of probands undergoing genetic testing on the basis of
their clinical history. Whereas the model accurately dis-
criminates gene mutation carriers in this subset of indi-
viduals at moderate to high risk for Lynch syndrome,!!
its usefulness in an unselected CRC population is un-
known. Furthermore, efficacy of the PREMM, , model in
combination with tumor MMR testing has not yet been
assessed.

Using data from the EPICOLON study'$-'°—a prospec-
tive, multicenter, population-based cohort collected to
establish the incidence and characteristics of hereditary
and familial CRC forms in Spain—we assessed the efficacy
of the PREMM,, model, in combination or not with
tumor MMR testing, for the identification of MLHI and
MHS2 gene mutation carriers among unselected CRC
patients.

Materials and Methods
Patients

Between November 2000 and October 2001, all
newly diagnosed CRC patients in 25 hospitals were in-
cluded in the EPICOLON study.!>!¢ Exclusion criteria
were familial adenomatous polyposis, personal history of
inflammatory bowel disease, and patient or family refusal
to participate in the study. The study was approved by
the institutional ethics committee of each participating
hospital, and written informed consent was obtained
from all patients.

Demographic, clinical, and tumor-related characteris-
tics of probands, as well as a detailed family history were
obtained using a pre-established questionnaire. Pedigrees
were traced backward and laterally as far as possible, or at
least up to second-degree relatives, in terms of cancer
history. Age at cancer diagnosis, type, location, and tu-
mor stage of the neoplasm and current status were re-
corded for each affected family member.1516

Tumor Microsatellite Instability Analysis and
Immunostaining

Tissue samples from tumor and normal colonic
mucosa were obtained from each patient, immediately
frozen in liquid nitrogen, and stored at —70°C until use.
In cases where no frozen tissue was available, formalin-
fixed, paraffin-embedded samples were used. Genomic
DNA was isolated using the QiaAmp Tissue Kit (Qiagen,
Courtaboeuf, France).

Microsatellite instability testing and immunostaining
for MLH1 and MSH2 were performed in all patients
regardless of age, personal or family history, and tumor
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characteristics. In addition, in those patients with a
PREMM; , score =20%, immunostaining for MSH6 and
PMS2 was also performed. Paraffin-embedded sections
were immunostained with antibodies against mismatch
repair proteins (anti-MSH2, Oncogene Research Prod-
ucts, Boston, MA; anti-MLH1, PharMingen, San Diego,
CA; anti-MSH6, BD Transduction Laboratories; anti-
PMS2, PharMingen), as described elsewhere.!> Tumor
cells were judged to be negative for protein expression
only if they lacked staining in a sample in which normal
colonocytes and stroma cells were stained. If no immu-
nostaining of normal tissue could be demonstrated, the
results were considered ambiguous.

Microsatellite status was assessed using the S-marker
panel proposed by the National Cancer Institute, as de-
scribed elsewhere.1517.18 Tumors were classified as stable
if none of the markers showed instability. Tumors with 2
or more unstable markers were classified as high level
MSI (MSI-H) and tumors with 1 unstable marker were
classified as low-level MSI (MSI-L).

Germline MLH1/MSH2 Mutation Analysis

Patients found to have tumors with MMR defi-
ciency (demonstrated by either MSI-H and/or lack of
protein expression) underwent MSH2/MLH] germline ge-
netic testing. Moreover, all patients with a PREMM; ,
score =20% with MMR-proficient tumors also underwent
genetic testing.

Germline mutational analysis was performed by both
multiple ligation probe amplification (MLPA) analysis
and sequencing, as described elsewhere.!5

Tumor BRAF V600E Mutation Analysis

Tumor BRAF V600E mutation analysis was per-
formed in all patients with MSI (high and low) and/or
lack of MLH1/MSH2 protein expression by direct se-
quencing in tumor DNA, as described elsewhere.!®

Application of the PREMM, ; Model

The PREMM;, , model is a clinical model created
to predict the likelihood of finding a MLHI or MSH2
mutation in at-risk individuals.!* The original study an-
alyzed MLH1/MSH2 mutation prevalence in a large co-
hort of patients undergoing genetic testing at Myriad
Genetic Laboratories Inc (Salt Lake City, UT). A multi-
variable model using logistic regression and including
variables related to the proband and relatives was devel-
oped. The prediction rule is available as a Web-based tool
at the Dana-Farber Cancer Institute web site (http://
www.dfci.org/premm). We calculated the PREMM;,
score for each patient included in the study using the
SPSS V11.0 software package (SPSS Inc, Chicago, IL).

Statistical Analysis

Sensitivity, specificity, and positive predictive
value (PPV) of the PREMM,, model, either alone or in
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Table 1. Clinical and Molecular Characteristics of Patients Results

Included in the Stud . . .
Y Characteristics of the Patients

Ch teristi Val . . . .
aractenstics alues During the study period, 1222 patients with

Age (y)? 70+ 11 pathologically confirmed colorectal adenocarcinoma

gﬂif::o?sc)l:lr(ny:))r: no. (%) 731(59.8) were diagnosed and included in the EPICOLON project.
Proximal to splenic flexure 357 (29.2) Demographic, clinical, and tumor-related characteristics
Distal to splenic flexure 865 (70.8) of patients included in the study are summarized in
Tumor TNM stage: no. (%) Table 1.
I 161 (13.2) One hundred eleven (9.1%) patients showed tumor
’ S37io7 6 MSL 83 of them (6.8%) were MSI-H and 28 (2.3%) were
v 214(17.5)  MSIL-L. Likewise, 81 (6.6%) patients had a tumor with loss
Degree of differentiation: no. (%) of protein expression in either MLH1 (60 cases) or MSH2
Well 292(23.9) (21 cases). No patients with tumors that were MSI-L had
Moderate 835(68.3)  Jack of MMR protein expression. However, expression of
Mtf,;s:)us carcinoma type: no. (%) 122 gf)& both proteins was retained in 10 tumors with MSI-H,
Synchronous colorectal cancer: no. (%) 71(5.8) whereas loss of MLH1 or MSH2 expression was found in
Microsatellite instability, high: no. (%) 83 (6.8) 8 patients whose tumor did not show MSI. Overall, 91
Microsatellite instability, low: no. (%) 28(2.3) (7.4%) patients were found to have a tumor demonstrat-
Loss of MLHl/M$H2 protein expression: no. (%) 81 (6.6) ing MMR deﬁciency (defined as MSI-H and/or loss of
Tumor. MMR deﬁmencyb: no. (%) 91 (7.4) MLH1 or MSH2 expression)
Germline MLH1 mutation: no. (%) 3(0.25) . ’ .
Germline MSH2 mutation: no. (%) 5(0.4) BRAF V600E mutation was detected in 20 of 83 (24.1%)

MSI-H tumors and in 18 of 60 (30%) tumors exhibiting
*Expressed as mean = standard deviation. loss of MLH1 expression. In addition, only 2 of 28 (7..1%)
bTumor MMR deficiency demonstrated by either high microsatellite MSI-L tumors showed the BRAF V600E mutation,
instability and/or loss of MLH1/MSH2 protein expression. whereas it was not observed in any tumor with loss of
MSH2 expression.

Germline genetic testing identified 8 (0.7%) unambig-

combination with tumor MMR testing, were calculated ~ UOUS mutations in either MSH2 (S cases) or MLHI (3
with respect to the presence of MLHI/MSH2 germline cases) genes.

mutations. These performance characteristics depend on
the cut-off used for the predicted risk of mutation, and
we therefore arbitrarily evaluated the following cut-off

MMR, mismatch repair.

Efficacy of the PREMM, , Model for the
Identification of MLH1/MSH2 Gene Carriers

levels: <5%, =5%, =10%, =20%, and =40%. Ninety-five The distribution according to the PREMM; , pre-

percent binomial confidence intervals were calculated on  dicted likelihood of carrying a MLHI1/MSH2 germline

the basis of the Adjusted Wald method.?° mutation in the cohort was: <5%, 826 (68%); 5-9%, 266
Continuous variables were expressed as mean * stan- (22%); 10-19%, 98 (8%); 20-29%, 23 (2%); and >40%, 9

dard deviation and compared by the Student ¢ test. Cat- (0.7%).

egorical variables were compared by the x? test, applying We first evaluated the PREMM,, model for its ability

the Yates correction when needed. to identify MLHI1/MSH2 mutation carriers within the

All P values were two sided. A P value of less than .05  large cohort of CRC patients. Performance characteristics
was considered to indicate a statistically significant dif- of the PREMM;, , model for the identification of MLH1/
ference. All calculations were performed using the 11.0 ~ MSH2 gene carriers depended on the cut-off used for the
SPSS software package (SPSS Inc). predicted risk of mutation (Table 2). Using a cut-off of

Table 2. Performance Characteristics of the PREMM, , Model for the Identification of MLH1/MSH2 Gene Mutation Carriers

Without tumor MMR test results@ With MSI-H or abnormal IHC tumor results@
Sensitivity Specificity Positive predictive value Sensitivity Specificity Positive predictive value
Strategy No. (%) (95% Cl) (95% Cl) (95% Cl) No. (%) (95% Cl) (95% Cl) (95% Cl)
PREMM, , =5% 396 (32.0) 100 (70.6-100) 68 (65.4-70.6) 2(1-4) 39 (3.2) 100 (70.6-100)  97.4 (96.4-98.2) 20.5(10.5-35.8)
PREMM, , =10% 130 (10.6) 5(40-93.7) 89.8(88-91.4) 6(1.99.9) 1(1.7) 5(40-93.7) 98.8(97.9-99.3) 28.6 (13.5-50.2)
PREMM; » =20% 2 (2.6) 62 5(30.4-86.5) 97.7 (96.8-98.5) 15 6 (6.4-32.2) 14 (1.1) 62 5(30.4-86.5) 99.3(98.6-99.6) 35.7 (16.2:61.4)
PREMM, , =40% 9(0.7) 5(6.3-59.9)  99.4(98.8-99.7) 22.2(5.3-55.7) 7(0.6) 5(6.3-569.9)  99.6(99-99.8) 28.6 (7.6-64.8)

MMR, mismatch repair; MSI-H, high microsatellite instability; IHC, immunohistochemistry; 95% Cl, 95% confidence interval.
aTumor MMR testing by either microsatellite instability or MLH1,/MSHZ2 immunostaining.
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Figure 1. Positive predictive value for detecting germline MLH1/MSH2
gene mutations according to the PREMM; » score.

=5%, the model had a sensitivity of 100%; therefore, no
mutation carriers would be missed if molecular evalua-
tion was restricted to individuals with a PREMM), , score
of =5%. Using higher cut-offs of 10%, 20%, and 40% led
to a progressive loss of sensitivity (75%, 62.5%, and 25%,
respectively). As expected, specificity increased with
higher cut-offs and ranged from 68% with a 5% cut-off to
99.4% with a 40% cut-oft. Positive predictive values of
different cut-offs for the PREMM;, , model are depicted in
Figure 1.

Use of the PREMM ; Model in Combination
With Tumor MMR Testing

The addition of tumor MMR testing, either by
MSI analysis or immunostaining, to the PREMM;,
model enhanced its performance by improving both
specificity and PPV (Table 2). A PREMM; , score of =5%
in combination with abnormal MMR testing was associ-
ated with a sensitivity of 100%, specificity of 97.4%, and
PPV of 20.5%. The maximum PPV (36%) was achieved
using a PREMM; , score of =20% in combination with an
abnormal tumor MMR result. The incremental gain ob-
tained by the addition of MSI/immunohistochemistry
testing was less at higher PREMM, , cut-off values; at a
PREMM; , cut-off of 40%, the addition of MSI/immuno-
histochemistry testing did not lead to an improvement in
specificity.

Characteristics of Patients With Low
PREMM; ; Scores

The PREMM,; , score correlated not only with the
prevalence of germline mutations but also with the fre-
quency of MMR deficiency (Table 3). Although 52 of 826
(6.3%) individuals with a PREMM,, score <5% had a
MSI-H tumor or showed loss of MLH1 and MSH2 on
immunohistochemistry, none of them carried a germline
MLHI1/MSH2 mutation and 17 (33%) were associated
with BRAF V600E mutation in the tumor (Table 3).
Interestingly, in patients with abnormal MMR tests,
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BRAF V600E mutation was significantly associated with a
PREMM; , score <5% (P = .009). In fact, 17 of 20 (85%)
patients with a MMR-deficient tumor associated with
BRAF V600E mutation had a PREMM,, score <5%,
whereas none of the 14 patients with a MMR-deficient
tumor and PREMM; , score =20% showed this variant
(Table 3). As recent data demonstrate that BRAF muta-
tions are rare in Lynch syndrome tumors, the findings are
consistent with the conclusion that a low PREMM,,
score indicates a low likelihood that a patient with CRC
has Lynch syndrome.

Characteristics of Patients With High
PREMM; ; Scores

When patients with a PREMM, , score =20% were
stratified according to their MMR status (Table 4), pa-
tients with MMR-deficient tumors differed from those
with MMR proficiency in some clinical characteristics:
they are more likely women (P = .02), have a lower
prevalence of previous or synchronous adenomas (P =
.002), a higher prevalence of endometrial cancer (P =
.003), more first-degree relatives with CRC (P = .01), and
more second-degree relatives with endometrial cancer (P
= .03). Therefore, a high PREMM; , score in combination
with MMR proficiency identified a significant group of
families, recently characterized in our series, with a less
penetrant cancer phenotype,'® in line with a similar
group with Amsterdam I criteria recently described as
familial CRC type X syndrome.?!

We further examined potential etiologies of the CRC in
the patients with high PREMM, , scores based on their
MSI status. Five of 14 (36%) patients with PREMM,,
score =20% and a MMR-deficient tumor carried a MLH1/
MSH?2 germline mutation. We further investigated poten-
tial etiologies of the high PREMM;,, scores for the 9
individuals who were not found to carry germline MLH1/
MSH2 mutations by performing supplemental analyses
of PMS2 and MSH6 immunostaining, and BRAF muta-
tion analysis. In these nonmutation carriers, no BRAF

Table 3. Prevalence of MLH1/MSH2 Germline Mutations
and Mismatch Repair Deficiency According to the
PREMM, , Score

MLH1,/MSH2 Tumor MMR Tumor MMR deficiency?

PREMM, » germline deficiency? associated with BRAF
score No. mutation (%)? (%)t V600E mutation (%)?

<5% 826 -(-) 52 (6) 17 (2)

5-9% 266 2(0.8) 18 (7) 2(0.7)

10-19% 98 1(1) 7(7) 1(1)

20-39% 23 3(13) 7 (30) -(-)

=40% 9 2(22) 7(78) -(-)

Total 1222 8 91 20

MMR, mismatch repair.

aPercentages referred to each PREMM, , category.

bTumor MMR deficiency demonstrated by either high microsatellite
instability and/or loss of MLH1/MSH2 expression.



January 2008

LYNCH SYNDROME IDENTIFICATION BY THE PREMM, , MODEL 43

Table 4. Personal and Familial Characteristics of Patients With PREMM, , Score =20% According to the Mismatch Repair

Status
MMR proficiency MMR deficiency
(n = 18) (n = 14) P value
Personal characteristics
Age (y)2 66.0 = 15.5 60.7 = 19 .39
Female: no. (%) 4(22.2) 9 (64.3) .02
Previous CRC: no. (%) 6(33.3) 2(14.2) .34
Synchronous CRC: no. (%) 7 (38.9) 3(21.4) .45
Previous or synchronous adenoma: no. (%) 11 (61.1) 1(7.1) .002
Endometrial cancer: no. (%) -(=) 6 (42.9) .003
Other Lynch-syndrome-associated cancers?: no. (%) 6 (33.3) 7 (50) .34
Proximal CRC: no. (%) 7 (38.9) 6 (42.9) .82
Familial characteristics
Age of FDR with CRC (y)? 457 +11.3 40.4 £ 7.2 13
FDR with CRC: no. (%) 6 (33.3) 11 (78.6) .01
=2 FDR with CRC: no. (%) 3(16.7) 7 (50) .06
FDR with endometrial cancer: no. (%) 7 (38.9) 3(21.4) .45
=2 FDR with endometrial cancer: no. (%) 2(11.1) 1(7.1) 1.0 (%)
FDR with other Lynch-syndrome—-associated cancers?: 2(11.2) 6 (42.9) .09
no. (%)
Age of SDR with CRC (y)? 459+7.8 46.3 £ 5.6 .84
SDR with CRC: no. (%) 1(5.6) 4 (28.6) .14
=2 SDR with CRC: no. (%) -(-) 2(14.3) .18
SDR with endometrial cancer: no. (%) -(=) 4 (28.6) .03
SDR with other Lynch-syndrome-associated cancers?: 1(5.6) 2(14.3) 57
no. (%)
Amsterdam Il criteria: no. (%) 4(22.2) 10(71.4) .005

MMR, mismatch repair; CRC, colorectal cancer; FDR, first-degree relatives; SDR, second-degree relatives.

3Expressed as mean * standard deviation.

bStomach, ovaries, urinary tract, small intestine, pancreas, bile ducts, brain, or sebaceous glands.

mutation was found, and normal PMS2 and MSH6 pro-
tein expression was observed in all tumors.

To better characterize the subset of patients with a
PREMM; , score =20% and MMR-proficient tumors (n
= 18), MSH6 and PMS2 immunostaining and MLHI/
MSH?2 germline gene testing were performed in all of
them. With respect to immunostaining, normal MSH6
and PMS2 protein expression was observed in all tu-
mors. Furthermore, MLHI1/MSH?2 gene testing did not
show any deleterious mutations. Finally, we performed
MYH analysis, and one patient was found to have a
biallelic MYH mutation (G382D/Y165C) in a nested
study performed in the EPICOLON cohort.2?2 The pa-
tient was a 49 year-old-man with 2 synchronous CRCs
and 25 synchronous adenomas and no family history
of any neoplasia.

Discussion

Extensive knowledge now available about the
Lynch syndrome has encouraged researchers to look for a
systematic, quantitative, and objective approach to iden-
tify these patients.!1-13.23 We recently developed the Web-
based PREMM, , model'! on the basis of a logistic regres-
sion analysis from a large cohort of patients at risk for
hereditary CRC who underwent genetic testing to quan-
tify the relative importance of known clinical parameters
in Lynch syndrome and predict the likelihood of carrying

a mutation in the MLHI and MSH2 genes. Although the
model performed well among individuals at moderate
risk for Lynch syndrome, its usefulness and performance
in a nonselected, population-based cohort of CRC pa-
tients, either alone or in combination with tumor MMR
testing, was unknown.

Our study of 1222 population-based CRC cases dem-
onstrates that the PREMM, , model constitutes a useful
approach to identify MLHI1/MSH2 gene mutation carriers
among patients with CRC, either alone or in combina-
tion with MMR tumor testing. The quantitative assess-
ment of the genetic risk obtained with the PREMM; ,
model may drive subsequent decisions about molecular
testing. Moreover, the combination with tumor MMR
analysis identified a sizable subgroup of patients with a
heterogeneous high CRC risk, potentially involving fa-
milial CRC type X syndrome, MYH-related cancer, and
other, still unknown inherited disorders.

The first important finding is the demonstration that
a PREMM,, cut-off of =5% identified all MLHI and
MSH?2 mutation carriers among unselected CRC patients.
The use of a higher PREMM, , cut-off provided a higher
specificity and PPV, at the expense of a lower sensitivity.
The negative predictive value of a PREMM; , score <5%
was 100%, thus reinforcing the consistency of this cut-off
point. Therefore, for the clinician in general practice,
whose first decision point is to see if a patient with CRC
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needs further molecular evaluation for Lynch Syndrome,
a score of <5% indicates that no further referral is likely
to be necessary, whereas a score of =5% should lead to
further molecular evaluation. The low specificity of a 5%
cut-off for the presence of germline mutations necessi-
tates further refinement of the likelihood of carrying a
mutation prior to proceeding to genetic testing. Our data
demonstrate that the combination of the PREMM,,
score with tumor MMR testing improved its specificity
and PPV. Indeed, using a cut-off of =5%, the addition of
an abnormal tumor MMR test result provided a specific-
ity of 98% and a PPV of 21%.

An interesting finding was that the PREMM, , model,
in combination with tumor MMR testing, is able to
identify a subset of patients resembling the recently de-
scribed familial CRC type X syndrome,?! families who
fulfill the Amsterdam I criteria without evidence of MMR
deficiency. Individuals in such families have a lower in-
cidence of CRC than those in families with Lynch syn-
drome, whereas incidence for other cancers may not be
increased. The molecular etiology of this disorder re-
mains unknown, with a probable heterogeneous genetic
basis. In our study, patients with a PREMM;,, score
=20% with MMR-proficient tumors had features similar
to those with familial CRC type X syndrome?!: weaker
family history of CRC and other malignancies and lower
incidence of endometrial cancer. Interestingly, one pa-
tient with a high PREMM,, score and no evidence of
MMR deficiency carried biallelic MYH mutations
(Y165C/G382D).

We are aware that our study has some limitations.
First, the relatively low number of patients with MLH1/
MSH2 mutations may constitute a potential drawback of
the analysis, thus restraining the reliability of perfor-
mance features. Second, the model does not account for
MSHG6 gene mutations, although it is certain that this
gene is responsible for a small proportion of Lynch syn-
drome cases. Finally, genetic testing was mainly per-
formed in those patients whose tumors showed MMR
deficiency, even though it is unlikely that gene carriers
were undetected when both MSI analysis and immuno-
staining were performed systematically. In addition, to
exclude this possibility, patients with a PREMM; , score
=20% also underwent genetic testing.

In the last few years, there has been much interest in
establishing different strategies to improve the identifi-
cation of patients with Lynch syndrome. These ap-
proaches range from using clinical criteria alone (ie, the
Amsterdam criteria)?* to universal tumor molecular test-
ing (ie, immunostaining) in any given CRC patient.?’ The
current most widely accepted recommendation, on the
basis of combination of the revised Bethesda guidelines
and tumor MMR testing,” has been found to be an
effective and efficient strategy for Lynch syndrome iden-
tification.!'s However, these clinical criteria have been
criticized because of the use of broad and complex vari-
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analysis g not available

Figure 2. Proposed algorithm for the identification of MLH1/MSH2
gene carriers among patients with colorectal cancer. CRC, colorectal
cancer; MMR, mismatch repair.

ables, which make them difficult to remember for a
general health care professional, their low specificity,
their inability to establish the likelihood of carrying a
mutation in a given patient, and the difficulty of obtain-
ing tumor samples from affected relatives to perform the
MMR analyses.?? A potential advantage of the PREMM, ,
model with respect to the revised Bethesda guidelines
relies on its quantitative nature. In fact, the model dem-
onstrated a reasonable ability to discriminate among risk
groups for probability of mutation with respect to the
prevalence of mutations observed in the MLHI/MSH2
genes and the prevalence of MMR deficiency. The latter
correlation was especially relevant given that a PREMM; ,
score of <5% identified the subset of MMR-deficient
tumors associated with the somatic BRAF V600E muta-
tion, a circumstance consistent with what is seen in the
sporadic CRC setting.26-28 Taking into account these
results and the performance characteristics of the pre-
dicted model’s risk groups, in combination or not with
tumor MMR testing, we propose a strategy for MLHI1/
MSH?2 genetic testing in the clinical practice (Figure 2).
According to this algorithm, a PREMM,, score <5%
could be considered a reliable cut-off to exclude those
CRC patients who do not need further risk assessment
because of its 100% negative predictive value for detecting
germline MLHI/MSH2 gene mutations. In patients reach-
ing this cut-off, further decisions could also be made on
the basis of PREMM,, score. In patients with a score
between 5% and 19%, tumor MMR testing should be
performed to achieve a reasonable PPV. Finally, consid-
ering the PPV of a PREMM,, score =20% alone (16%)
and the significant increase of the PPV at that point
(Figure 1), it seems reasonable to pursue direct genetic
testing in patients reaching such a score, particularly if a
tumor sample is not available. It is important to note,
however, that in addition to the risk estimate generated
from the predictive model, other important factors (ie,
accessibility to genetic services, timelines of genetic in-
formation, insurance coverage, and availability of tumor
block) may help determine which strategy is the most
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convenient in a given patient. In that sense, the
PREMM;,, model can be used by general health care
providers to decide whether to refer a patient to a high-
risk colorectal cancer clinic for appropriate genetic coun-
seling, as well as by geneticists working in such units to
decide on the proper molecular strategy. The use of the
same algorithm in both clinical settings may contribute
to a more rational referral and management approach of
patients with suspected Lynch syndrome.

In conclusion, our study demonstrates that the
PREMM; , model is useful to identify MLHI/MSH2 mu-
tation carriers among unselected CRC patients. The
quantitative assessment of the genetic risk might be use-
ful to decide subsequent molecular testing and contrib-
ute to identify other high-risk individuals who may ben-
efit from genetic risk assessment.

Appendix

Following is a list of investigators from the Gas-
trointestinal Oncology Group of the Spanish Gastroen-
terological Association who participated in the Epicolon
study. Hospital 12 de Octubre, Madrid: Juan Diego Mo-
rillas (local coordinator), Raquel Mufioz, Marisa Man-
zano, Francisco Colina, Jose Diaz, Carolina Ibarrola,
Guadalupe Lépez, Alberto Ibafiez; Hospital Clinic, Bar-
celona: Antoni Castells (local coordinator), Virginia
Pifiol, Sergi Castellvi-Bel, Francesc Balaguer, Victoria
Gonzalo, Teresa Ocafia, Maria Dolores Giraldez, Maria
Pellisé, J. Ignasi Elizalde, Josep M. Piqué; Hospital Clinico
Universitario, Zaragoza: Angel Lanas (local coordinator),
Javier Alcedo, Javier Ortego; Hospital Cristal-Pifior, Com-
plexo Hospitalario de Ourense: Joaquin Cubiella (local
coordinator), M?® Soledad Diez, Mercedes Salgado, Eloy
Sanchez, Mariano Vega; Hospital del Mar, Barcelona:
Montserrat Andreu (local coordinator), Xavier Bessa,
Agustin Panadés, Asumpta Munné, Felipe Bory, Miguel
Nieto, Agustin Seoane; Hospital Donosti, San Sebastian:
Luis Bujanda (local coordinator), Juan Ignacio Arenas,
Isabel Montalvo, Julio Torrado, Angel Cosme; Hospital
General Universitario de Alicante: Artemio Payd (local
coordinator), Rodrigo Jover, Juan Carlos Penalva, Cris-
tina Alenda; Hospital General de Granollers: Joaquim
Rigau (local coordinator), Angel Serrano, Anna Giménez;
Hospital General de Vic: Joan Salé (local coordinator),
Eduard Batiste-Alentorn, Josefina Autonell, Ramon Bar-
niol; Hospital General Universitario de Guadalajara: Ana
Maria Garcia (local coordinator), Fernando Carballo, An-
tonio Bienvenido, Eduardo Sanz, Fernando Gonzalez,
Jaime Sanchez; Hospital General Universitario de Valen-
cia: Enrique Medina (local coordinator), Jaime Cuque-
rella, Pilar Canelles, Miguel Martorell, José Angel Garcia,
Francisco Quiles, Elisa Orti; Hospital do Meixoeiro, Vigo:
Juan Clofent (local coordinator), Jaime Seoane, Antoni
Tardio, Eugenia Sanchez; Hospital San Eloy, Baracaldo:
Luis Bujanda (local coordinator), Carmen Muifioz, Maria
del Mar Ramirez, Araceli Sdnchez; Hospital Universitari
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Germans Trias i Pujol, Badalona: Xavier Llor (local coor-
dinator), Rosa M. Xicola, Marta Pifiol, Mercé Rosinach,
Anna Roca, Elisenda Pons, José M. Hernandez, Miquel A.
Gassull; Hospital Universitari Miatua de Terrassa: Fer-
nando Ferndndez-Bafares (local coordinator), Josep M.
Viver, Antonio Salas, Jorge Espinds, Montserrat Forné,
Maria Esteve; Hospital Universitari Arnau de Vilanova,
Lleida: Josep M. Refié (local coordinator), Carmen Piiiol,
Juan Buenestado, Joan Vifias; Hospital Universitario de
Canarias: Enrique Quintero (local coordinator), David
Nicolas, Adolfo Parra, Antonio Martin; Hospital Univer-
sitario La Fe, Valencia: Lidia Argtiello (local coordinator),
Vicente Pons, Virginia Pertejo, Teresa Sala; Hospital Uni-
versitario Reina Soffa, Cérdoba: Antonio Naranjo (local
coordinator), Maria Dolores Giraldez, Maria del Valle
Garcia, Patricia Lopez, Fernando Lopez, Rosa Ortega,
Javier Bricefio, Javier Padillo; Fundacié Hospital Son
Llatzer, Palma de Mallorca: Angels Vilella (local coordi-
nator), Carlos Dolz, Hernan Andreu.
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Background & Aims: Whereas it has conclusively been
demonstrated that biallelic MutY human homolog (MYH) mu-
tations confer a significant risk for colorectal cancer (CRC),
the influence of monoallelic mutations remains controver-
sial. Characterization of MYH-associated CRC is critical to
identify individuals who might benefit from preventive
strategies. This prospective, multicenter, case-control, pop-
ulation-based study was aimed at (1) establishing the CRC
risk associated with specific germline MYH mutations and
(2) devising a set of clinical criteria to identify MYH carriers

among newly diagnosed CRC. Methods: Genotyping for
Y165C and G382D was performed by TagMan technology.
Single-stranded conformation polymorphism analysis was
performed in heterozygotes to screen for mutations in the
entire gene. All individuals were re-screened for any addi-
tional pathogenic variant. Results: Biallelic and monoal-
lelic MYH mutations were found in 8 (0.7%) and 19 (1.7%)
of 1116 CRC patients, respectively. None of the 934 control
subjects carried biallelic mutations, whereas 22 (2.3%) of
them were monoallelic carriers. In a meta-analysis includ-
ing all previous case-control studies, monoallelic MYH car-
riers were not at increased risk for CRC (odds ratio, 1.11;
95% confidence interval, 0.90-1.37), although a significant
association was found with the Y165C mutation in either
homozygotes or heterozygotes (odds ratio, 1.67; 95% confi-
dence interval, 1.17-2.40). Furthermore, presence of more
than 15 synchronous colorectal adenomas or CRC diag-
nosed before the age of 50 years was the most effective set
of criteria for the identification of biallelic MYH mutation
carriers. Conclusions: This study proposes the first set of
clinical criteria designed to identify CRC patients with bi-
allelic MYH mutations, and it argues against an increased
risk for monoallelic carriers.

Although it is assumed that up to 20%-25% of colorectal
cancer (CRC) cases develop as a result of inherited genetic
factors, known genes predisposing to this malignancy account
for less than 5%.! Besides the APC gene causing familial adeno-
matous polyposis and the mismatch repair genes responsible
for Lynch syndrome, recent studies have identified a new gene
involved in hereditary CRC, MutY human homolog (MYH), which
encodes a member of the base excision repair system.? This

system is constituted by 3 enzymes (MYH, OGG1, and MTHI)
that contribute to protect cells against the mutagenic effects of
aerobic metabolism.> MYH is a DNA glycosylase that acts at a
third level of defense, being responsible for the removal of
adenines mispaired with 8-oxoguanine, one of the most muta-
genic DNA products of oxidative DNA damage. Failure to
correct these mispairs leads to G:C—T:A transversions in target
genes, including APC.2 Up to now, pathogenic variants in the
base excision repair system have been limited to the MYH gene,
with no unambiguous mutations found in the MTHI and
OGGI genes.>*S

Since the first description of the association between the
MYH gene and CRC in a British family by Al-Tassan et al,?
biallelic MYH mutations have been consistently found to pre-
dispose to an attenuated form of familial adenomatous polyp-
osis. Indeed, germline MYH mutations are responsible for as
much as 40% of attenuated familial adenomatous polyposis
without mutations in the APC gene, especially in those
cases with a recessive family history.#® The 2 most common
variants in the MYH gene are Y165C and G382D missense
mutations, both accounting for more than 80% of all MYH
variants reported in white populations.>= Other pathogenic
variants have been found in different ethnic populations,®’
thus being consistent with founder effects.

Recent studies have demonstrated that biallelic MYH gene
mutations also predispose to CRC with an autosomal recessive
pattern, accounting for up to 1% of these neoplasms.8-12 In this
setting, biallelic MYH mutations have been found to be associ-
ated with a 93-fold excess risk of CRC, with an almost complete
penetrance at 60 years of age.!l3 In contrast, the influence of
monoallelic MYH mutations on CRC risk remains controversial.
Although no single study has found statistically significant
evidence,”"1* a recent meta-analysis of published data has dem-
onstrated an almost significant heterozygous gene effect (rela-
tive risk [RR], 1.3; 95% confidence interval [CI|, 1.0-1.7; P =
.09).% In agreement with this putative association, Farrington

Abbreviations used in this paper: Cl, confidence interval; CRC, colo-
rectal cancer; MYH, MutY human homolog; OR, odds ratio; RR, relative
risk; SSCP, single-strand conformation polymorphism.

© 2007 by the AGA Institute
1542-3565/07/$32.00
doi:10.1016/j.cgh.2006.12.025
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et al,!'! in the largest population-based case-control study eval-
uating CRC risk in MYH mutation carriers, found an excess risk
only for heterozygotes older than the age of 55 years, suggesting
that monoallelic MYH mutation carriers could be at increased
risk later in life. Overall, these discrepancies underscore a weak
gene effect, thus needing larger sample sizes, population-based
studies, specific-mutation analysis, and proper methodologic
approaches such as meta-analysis or kin-cohort studies to as-
certain the effect of low-penetrance genes.

Accurate characterization of patients with MYH-associated
CRC is critical to identify patients who might benefit from
genetic testing and, consequently, from specific screening and
surveillance strategies. However, little is known about clinical
characteristics of patients with MYH-associated CRC, especially
regarding personal conditions and familial background. In that
sense, it has been mentioned that the presence of multiple
polyps could constitute a phenotypic marker of MYH-associ-
ated CRC, but up to 25%-33% of them do not have synchronous
adenomas.”!115 In addition, patients with germline MYH mu-
tations are significantly younger than non-mutation carri-
ers.>1216 Finally, a family history of CRC has also been noticed
in some studies®>?!¢ but not confirmed in others.>1216 Al-
though all these characteristics have been suggested as poten-
tially useful criteria to select out for MYH genetic testing, there
is no study evaluating their performance to identify MYH mu-
tation carriers among CRC patients in a general population
setting.

Here we present a prospective, multicenter, case-control,
population-based study, performed within the Epicolon
project,’”1® which was aimed at (1) establishing the CRC risk
associated with specific germline MYH mutations and (2) char-
acterizing patients with MYH-associated tumors to define a set
of recommendations to identify MYH mutation carriers among
newly diagnosed CRC cases.

Patients and Methods
Study Population

Between November 2000-October 2001, all patients
with newly diagnosed CRC in 25 Spanish hospitals were in-
cluded in the Epicolon project, a clinical epidemiology survey
aimed at establishing the incidence and characteristics of he-
reditary and familial CRC forms in Spain.!”!8 Nineteen of these
25 centers also agreed to participate in a nested case-control
study aimed at evaluating the incidence and characteristics of
MYH-associated CRC. Patients with familial adenomatous pol-
yposis, germline APC, MSH2 and MLHI mutation carriers, or
personal history of inflammatory bowel disease, and those who
refused to participate in the study were excluded from this
analysis. The study was approved by the institutional ethics
committee of each participating hospital, and written informed
consent was obtained from all patients.

Demographic, clinical, and tumor-related characteristics of
probands, as well as a detailed family history, were obtained.!”
Pedigrees were traced backward and laterally as far as possible
or at least up to second-degree relatives, regarding cancer his-
tory. Age at cancer diagnosis, type, location, and tumor stage of
the neoplasm, and current status were registered for each af-
fected family member.

Tissue samples from tumor and normal colonic mucosa were
obtained from each patient, immediately frozen in liquid nitro-

CLINICAL GASTROENTEROLOGY AND HEPATOLOGY Vol. 5, No. 3

gen, and stored at —70°C until use. In cases without frozen
tissue, formalin-fixed, paraffin-embedded samples were used.
Genomic DNA was isolated by using the QiaAmp Tissue Kit
(Qiagen, Courtaboeuf, France).

As part of the Epicolon project, microsatellite instability
testing and immunostaining for DNA mismatch repair proteins
were performed in all patients regardless of age, personal and
family history, and tumor characteristics, as described else-
where.l” Patients found to have tumors with microsatellite
instability and/or lack of protein expression underwent germ-
line genetic testing for MSH2 and MLHI. In addition, patients
with more than 15 synchronous colorectal adenomas also un-
derwent germline APC gene testing. As mentioned above, cases
with mutations in these genes were excluded from the present
analysis.

Age- and sex-matched control subjects with no personal
history of cancer at the time of ascertainment were recruited
from a large cohort of individuals attending the outpatient
clinics of orthopedic surgery departments of participating in-
stitutions. Information on family history of colorectal neoplasia
or previous colonoscopy reports was not available for these
subjects. Genomic DNA was obtained from peripheral blood
samples.

Germline MYH Gene Mutation Analysis

A 3-stage approach was performed to identify individ-
uals carrying heterozygous or homozygous variants in the MYH
gene (GenBank accession number NM_012222). First, we
screened for the 2 most common mutations, Y165C and
G382D, by allelic discrimination with allele-specific TagMan
probes and resolved on a 7300 Real Time PCR System (Applied
Biosystems, Foster City, CA). Second, in heterozygotes for the
Y165C or G382D mutations, the coding region and exon-intron
boundaries of the entire MYH gene were screened by single-
strand conformation polymorphism (SSCP) analysis. Primer
details are available on request. Samples with abnormal band
shifts were sequenced in forward and reverse orientations by
using the BigDye terminator v31 cycle sequencing kit (Applied
Biosystems). With this approach, we identified all homozygotes
or compound heterozygotes of any subjects in whom at least
one allele was either Y165C or G382D. In addition, to minimize
the probability of underdetecting individuals with other muta-
tions, CRC patients with more than 15 synchronous adenomas
were also evaluated by SSCP, although no mutation was found
by the previous approach. Third, all CRC patients and control
subjects were re-screened for any pathogenic variant found in
the SSCP analysis by allelic discrimination with allele-specific
TaqMan probes.

To allow comparison of our results, we used the MYH
sequence used by previous authors (GenBank accession number
U63329) for the G382D, Y165C, 1103delC, and 1186_
1187insGG mutations, instead of the actual reference sequence
(GenBank accession number NM_012222), which has 11 addi-
tional codons in exon 3, resulting in changes in numbering all
variants (G393D, Y176C, 1138delC, and 1220_1221insGG, re-
spectively).

Statistical Analysis

To test the association between the MYH gene and CRC
risk, odds ratios (ORs) and 95% CIs were calculated for each
genotype.!® Because of the low frequency of some variants, the
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n/N n/N 95% CI % 95% CI
Balaguer et al 19/1108 21/934 —.— 11.35 0.76 [0.40, 1.42]
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Zhou et al 6/438 3/469 = 2.60 2.10[0.57, 7.81]
Total (95% Cl) 10582 9728 ’ 100.00 1.11 [0.90, 1.37]
Total events: 191 (cases), 162 (controls)
Test for heterogeneity: Chi2 = 7.36, df = 9 (P =.60), 2= 0%
Test for overall effect: Z = 0.98 (P=.33) ; | i | | ;
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Kambara et al 0/92 1/53 0.79 0.06 [0.00, 3.80]
Peterlongo et al 3/555 2/918 L 3.97 2.59 [0.42, 15.87]
Tenesa et al 6/928 6/845 —1— 10.08 0.91 [0.29, 2.83]
Wang et al 71444 2/313 7.32 2.22[0.58, 8.42]
Webb et al 16/2557 1712695 + 27.76 0.99 [0.50, 1.97]
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Figure 1. Meta-analysis of case-control studies evaluating the risk of CRC associated with MYH gene mutations. Top panel, monoallelic G382D or
Y165C mutation carriers; bottom panel, Y165C mutation carriers, in homozygotes or heterozygotes.

analysis of individual allele effects was limited to the G382D
and Y165C mutations. Analyses were done for biallelic, mono-
allelic, and any mutation carriers.

A meta-analysis including all previous case-control studies
evaluating the CRC risk associated to the Y165C and G382D
MYH mutations was performed (Figure 1). The homogeneity of
effects throughout studies was appraised by using a homoge-
neity test based on the y? test. Because of the low power of this
test, a minimum cutoff P value of .1 was established as a
threshold of homogeneity, lower values indicating heterogene-
ity. In addition, the I? statistic was calculated to assess the
impact of heterogeneity on the results. This statistic describes
the percentage of the variability and in effect estimates that it is
due to heterogeneity rather than sampling error (chance). A
value >50% might be considered substantial heterogeneity.
Meta-analysis was performed by combining OR of the individ-
ual studies in a global OR, under the assumption-free model (or
fixed effects model). We chose to use the fixed effects model to
obtain more precision on the estimates, because the Cls are
narrower than with the random effects model. Significance and
95% CI were provided for the combined OR. The analysis was
performed for monoallelic and any mutation carriers. All cal-

culations were performed with the freeware program Review
Manager 4.2.8 developed by the Cochrane Collaboration
(Copenhagen, Denmark).

To identify personal and/or familial characteristics associ-
ated with the presence of germline MYH mutations, univariate
and multivariate analyses were performed with respect to bial-
lelic, monoallelic, and any mutation carriers. For the univariate
analysis, categorical variables were compared by the x? test,
applying the Yates correction when needed, and continuous
variables by the Student ¢ test. Variables achieving a P value of
less than .1 were subsequently included in the multivariate
analysis by using a stepwise backward logistic regression pro-
cedure to identify independent predictors of germline MYH
mutations.

Performance characteristics (sensitivity, specificity, positive
and negative predictive value, and overall accuracy) of each
independent variable selected in the multivariate analysis and
their combination were calculated with respect to the presence
of MYH mutations.

Continuous variables were expressed as mean * standard
deviation. All P values were two sided, and a value less than .05
was considered statistically significant. Calculations were
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Table 1. Characteristics of the 1116 Patients With CRC

Characteristics

Age (y)? 70.0 = 11.4
Gender, n (%)

Female 461 (41.3)
Site of tumor, n (%)

Proximal to splenic flexure 313(28.0)
TNM tumor stage,? n (%)

| 132 (11.8)

Il 464 (41.6)

1] 297 (26.6)

\% 185 (16.6)
Synchronous CRC, n (%) 8 (5.2)
Synchronous colorectal adenomas, n (%) 298 (26.7)
Past history of CRC, n (%) 14 (1.3)
Past history of any non-colorectal neoplasia, n (%) 96 (8.6)
Family history of CRC,¢ n (%) 184 (16.5)

3Expressed as mean * standard deviation.
bReferred to 1078 CRC patients.
‘Referred to first- and/or second-degree relatives.

performed with the SPSS software version 11.0 (SPSS Inc,
Chicago, IL).

Results

During the study period, 1978 patients with newly
diagnosed CRC were included in 25 centers. One hundred
seventeen patients were excluded because tumor developed in
the context of familial adenomatous polyposis (n = 11) or
inflammatory bowel disease (n = 14), germline MSH2 and
MLHI gene mutations (n = 11), patients did not consent to
participate in the study (n = 32), or incomplete family history
(n = 49). Of the remaining 1861 eligible patients, 1116 were
diagnosed in centers agreeing to participate in the nested case-
control study aimed at evaluating the incidence and character-
istics of MYH-associated CRC. Characteristics of this group of

Table 2. Risk of CRC Associated With Germline MYH Mutations

CLINICAL GASTROENTEROLOGY AND HEPATOLOGY Vol. 5, No. 3

patients (Table 1) did not differ from the whole series.!® Simul-
taneously, 934 control subjects were also included.

Germline MYH Mutations

Biallelic MYH mutations were found in 8 (0.7%) CRC
patients. In addition to the G382D and Y165C missense muta-
tions, we identified 2 additional, previously described, patho-
genic mutations*?2! (1103delC and 1186_1187insGG) in 3
patients (Table 2). Monoallelic MYH mutations were identified
in 19 (1.7%) CRC patients, 15 for the G382D mutation and 4
for the Y165C mutation.

None of the 934 control subjects carried biallelic mutations,
whereas 22 (2.3%) of them were monoallelic carriers, 20 for the
G382D mutation, 1 for the Y165C mutation, and 1 for the
1186_1187insGG mutation (Table 2).

Two previously reported MYH non-pathogenic variants,?
Q324H and V22M, were found in 7 (0.6%) and 2 (0.2%) CRC
patients, respectively, who were either heterozygotes for the
Y165C or G382D mutations (n = 5) or had more than 15
synchronous colorectal adenomas (n = 4). In the control group,
the V22M and Q324H variants along with a previously reported
non-pathogenic polymorphism?® (IVS11-9C—T) were identified
in 3, 4, and 1 heterozygotes for the Y165C or G382D mutations,
respectively.

Demographic, phenotypic, and familial characteristics of pa-
tients with germline MYH mutations are shown in Table 3.

Colorectal Cancer Risk Associated
With MYH Mutations

Biallelic MYH mutation carriers had an unequivocal
increased CRC risk in relation to non-mutation carriers (P <
.009). Quantification of this risk was not feasible because
no control subject was homozygote for any MYH mutation
(Table 2).

On the contrary, monoallelic MYH mutations were not as-
sociated with an increased risk of developing CRC (OR, 0.72;
95% CI, 0.39-1.33; P = .30) (Table 2). An almost identical result

Cases Controls
(n = 1116) (n = 934) OR (95% ClI)
Non-mutation carriers, n (%) 1089 (97.5) 913 (97.8) 1 (reference)
Biallelic mutation carriers, n (%) 8(0.7) 0(-) NA
Y165C/Y165C 2(0.2) 0(-) NA
Y165C/G382D 2(0.2) 0(-) NA
G382D/G382D 1(0.1) 0(-) NA
G382D/1103delC 1(0.1) 0(-) NA
1186_1187insGG/1186_1187insGG 2(0.2) 0(-) NA
Monoallelic mutation carriers, n (%) 19 (1.7) 22 (2.3) 0.72(0.39-1.33)2
Y165C/- 4(0.4) 1(0.1) 3.35(0.50-22.30)°
G382D/- 15 (1.3) 20(2.1) 0.63 (0.32-1.22)°
1186_1187insGG/- 0(-) 1(0.1) NA
Any mutation carriers, n (%) 27 (2.4) 22 (2.3) 1.03 (0.58-1.80)
Y165C 8(0.7) 1(0.1) 6.70 (1.08-41.30)¢
G382D 19 (1.7) 20 (2.2) 0.79 (0.42-1.48)¢

NA, not applicable.

@Excluding biallelic carriers.

bExcluding biallelic and monoallelic G382D mutation carriers.
°Excluding biallelic and monoallelic YA65C mutation carriers.
9Excluding other mutation carriers.
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Table 3. Demographic, Phenotypic, and Familial Features of CRC Patients With Germline MYH Mutations

Other Previous non-  Family history of
Age nonpathogenic Synchronous Synchronous CRC (age at any neoplasia (age
ID (y) Sex Mutation 1 Mutation 2 variants adenomas (n) CRC diagnosis, y) at diagnosis, y)
27010 69 F Y165C Y165C — Yes (50) No No No
1057 47 F Y165C Y165C — Yes (1) No No Father: stomach
(61)
13054 64 F Y165C G382D — Yes (1) No No Brother: CRC (49);
aunt: endometrial
(60)
3007 49 M Yie5C G382D — Yes (25) Yes Sarcoma (47) No
1055 73 M G382D G382D — Yes (20) Yes No No
12079 45 M G382D 1103delC No No No No
12014 69 F 1186_1187insGG 1186_1187insGG — No No Breast (59)  Cousin: CRC (40)
12016 45 F 1186_1187insGG 1186_1187insGG — Yes (70) No No No
28037 65 M Y165C — Q324H No No No No
13028 64 M Y165C — — No No No Uncle: polyps
20005 69 F Y165C — — No No No No
24057 76 M Y165C — — No No No No
9020 78 M G382D — Q324H Yes (1) Yes No No
26035 53 M G382D — Q324H No No No No
9072 82 M G382D — V22M Yes (1) No No Father: stomach
(71); sister: CRC
(73)
6029 76 F G382D — — No No No No
7075 83 M G382D — — Yes (5) No No No
7081 81 F G382D — — No No No Brother: stomach
(64)
13062 76 F G382D — — No No No No
12090 60 M G382D — V22M No No No Mother: CRC (71);
cousin: CRC (95)
12052 79 F G382D — — No No No Sister: ovarian (71)
3008 56 F G382D — — No No No Mother: stomach
(67)
5063 50 M G382D — — Yes (64) Yes No No
12107 73 F G382D — — No No No No
13051 75 F G382D — — No No No Brother: liver (78)
15025 76 M G382D — — No No No Brother: lung (41)
5062 85 F G382D — — No No No No

was obtained when the analysis was performed in the subset of
individuals older than S5 years of age (OR, 0.68; 95% CI,
0.33-1.38; P = .29). However, in the whole series, the monoal-
lelic effect was much larger for Y165C carriers (OR, 3.35; 95%
CI, 0.50-22.30; P = .38) than for G382D carriers (OR, 0.63; 95%
CI, 0.32-1.22; P = .16) (Table 2), although this difference was
not statistically significant (OR, 5.33; 95% CI, 0.70-38.40;
P =17).

To further explore mutation-specific effects in CRC risk, we
estimated this correlation for each individual MYH mutation in
either homozygotes or heterozygotes. In this analysis, the
Y165C mutation was significantly associated with an increased
risk of developing CRC (OR, 6.70; 95% CI, 1.08-41.30; P =
.046), whereas this correlation was not observed for the G382D
mutation (OR, 0.79; 95% CI, 0.42-1.48; P = .45).

To date, 9 case-control studies have reported the frequency
of Y165C and G382D MYH mutations.?~!31522-24 To further
explore the risk associated with monoallelic carriers, we per-
formed a meta-analysis pooling our data with those from pre-
vious studies, providing information on 10,627 cases and 9728
controls (Figure 1). The OR for monoallelic carriers was 1.11
(95% CI, 0.90-1.37), whereas the ORs associated with monoal-

lelic G382D or Y165C mutations were 1.10 (95% CI, 0.86-1.40)
and 1.24 (95% CI, 0.83-1.84), respectively. When the analysis
was extended to specific MYH mutations in either homozygotes
or heterozygotes, we found a statistically significant risk for
CRC associated with the Y165C mutation (OR, 1.67; 95% CI,
1.17-2.40), whereas the risk associated with the G382D muta-
tion was almost significant (OR, 1.27; 95% CI, 1.00-1.61).

Individual and Familial Features Associated
With MYH Mutations

Patients with CRC and biallelic MYH mutations were
younger (P = .002), and they more frequently had tumors
located in the proximal colon (P = .04), synchronous CRC (P =
.05), and synchronous colorectal adenomas (P = .006) than
non-mutation carriers (Table 4). However, 2 of the 8 (25%)
biallelic carriers did not have adenomas at CRC diagnosis, and
only 4 of them (50%) had more than 15 synchronous adenomas.
Regarding familial characteristics, there were no differences
between biallelic mutation carriers and those without MYH
mutations in any of the evaluated parameters (Table 5). When
variables identified in the univariate analysis were included in a
logistic regression model, CRC diagnosis before 50 years of age



384 BALAGUER ET AL

CLINICAL GASTROENTEROLOGY AND HEPATOLOGY Vol. 5, No. 3

Table 4. Individual Characteristics of CRC Patients With Germline MYH Mutations (Univariate Analysis)

Biallelic Monoallelic Y165C
Non-mutation mutation mutation mutation Any mutation
carriers carriers P carriers P carriers P carriers P
(n = 1089) (n=28) value (n = 19) value (n=28) value (n = 27) value

Age (y)? 70.1 +11.3 57.7 £2.2 .002 71.3 *10.5 .65 628 +11.3 .07 67.3 + 125 .20

Age, n (%) .001 1 .07 .02
>50y 1029 (94.5) 4 (50.0 18 (94.7) 6(75.0 22 (81.5)
<50y 60 (5.5) 4 (50.0) 1(5.3) 2 (25.0) 5(18.5)

Gender, n (%) .28 .64 72 .26
Male 642 (59.0) 3(37.5) 10 (52.6) 4 (50.0) 13(48.1)

Female 447 (41.0) 5(62.5 9 (47.4) 4 (50.0 14 (51.9)

Site of tumor, n (%) .04 .79 .008 13
Proximal to splenic flexure 301 (27.6) 5(62.5 6 (31.6) 6 (75.0 11 (40.7)

Distal to splenic flexure 788 (72.4) 3(37.5 13 (68.4 2(25.0 16 (59.3)

TNM tumor stage,® n (%) .31 .81 74 42
Il 579 (55.1) 6(75.0 11 (57.9) 5(62.5 17 (63.0
-V 472 (44.9) 2 (25.0) 8(42.1) 3(37.5) 10 (37.0)

Degree of differentiation,® n (%) 12 27 .66 .07
Poor 241 (24.4) 4(57.1) 7 (38.9) 1(16.7) 11 (44.0)
Moderate 670 (67.8) 3(42.9) 9 (50.0) 5(83.3 12 (48.0)

Well 77 (7.8) 0(-) 2(11.1) 0(-) 2(8.0)
Mucinous CRC,¢ n (%) .59 .06 .16 A1

Yes 118 (11.9) 1(14.3) 5(27.8) 2(33.3) 6 (24.0)

No 870 (88.1) 6 (85.7) 13(72.2) 4 (66.7) 19 (76.0)
Previous CRC, n (%) 14 (1.3) 0(-) 1.00 0(-) 1.00 0(-) 1.00 0(-) 1.00
Previous colorectal adenomas, 20 (1.8) 1(12.5) 14 0(-) 1.00 0(-) 1.00 1(3.7) .40

n (%)
Previous colorectal neoplasia, 29 (2.7) 1(12.5) .20 0(-) 1.00 0(-) 1.00 1(3.7) .52
n (%)

Previous non-colorectal 108 (9.9) 2(25.0) .19 0(-) .24 1(12.5) 57 2(7.4) 1.00

neoplasia, n (%)

Synchronous CRC, n (%) 54 (5.0) 2 (25.0) .059 2(10.5) .25 1(12.5) .34 4 (14.8) .04

Synchronous colorectal 288 (26.5) 6 (75.0) .006 4(21.1) .79 4 (50.0) .22 10 (37.0) .22

adenomas, n (%)

More than 15 synchronous 9(0.8) 4 (50.0) .001 1(5.3) .16 2 (25.0) .002 5(18.5) .001

colorectal adenomas,
n (%)
Synchronous colorectal 307 (28.2) 6 (75.0) .008 4(21.1) .49 4 (50.0) .23 10 (37.0) 31

neoplasia, n (%)

3Expressed as mean * standard deviation.
bReferred to 1078 CRC patients.

‘Referred to 1013 CRC patients. Mucinous carcinoma type was defined by the presence of more than 50% mucinous carcinoma cells.

(RR, 9.68; 95% CI, 1.81-51.63; P = .008) and presence of more
than 15 synchronous colorectal adenomas (RR, 49.94; 95% CI,
9.38-265.93; P < .0001) were independently associated with
biallelic mutation carriers.

Monoallelic MYH mutation carriers did not significantly
differ from non-mutation carriers in any evaluated individual
or familial characteristics (Tables 4 and 5).

On the basis of the observation that the Y165C mutation
could confer a higher CRC risk compared with the G382D
mutation, we evaluated individual and familial features of
Y165C mutation carriers (Tables 4 and 5). Indeed, patients who
were homozygotes or heterozygotes for this mutation were
younger (P = .07), they more frequently had tumors located in
the proximal colon (P = .008) and more than 15 synchronous
colorectal adenomas (P = .002) than non-mutation carriers.
The logistic regression analysis identified tumor location (RR,
6.76;95% CI, 1.33-34.44; P = .02) and presence of more than 15
synchronous colorectal adenomas (RR, 22.12; 95% CI, 3.80-

128.72; P = .001) as parameters independently associated with
Y165C mutation carriers.

Finally, when the analysis was repeated regarding carriers of
any MYH mutation, these patients more frequently had more
synchronous CRC (P = .04) and more than 15 synchronous
colorectal adenomas (P = .001) than non-mutation carriers
(Tables 4 and 5). The logistic regression analysis identified the
presence of more than 15 colorectal adenomas (RR, 27.27; 95%
CI, 8.45-88.04; P < .0001) as the only independent predictor of
any mutation carriers.

Performance Characteristics and Efficiency
of Clinical Criteria for the Identification
of MYH Mutation Carriers

To define clinical criteria for selecting patients who
should be submitted to MYH genetic testing, variables indepen-
dently associated with germline MYH mutations were consid-
ered as putative strategies. Performance characteristics of each
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Table 5. Familial Characteristics of CRC Patients With Germline MYH Mutations (Univariate Analysis)

Biallelic Monoallelic Y165C
Non-mutation  mutation mutation mutation Any mutation
carriers carriers P carriers P carriers P carrier P
(n = 1089) (n = 8) value (n = 19) value (n=8) value (n = 27) value
FDR or SDR with CRC, n (%) 181 (16.6) 1(12.5) 1.00 2(10.5) .75 1(12.5) 1.00 3(11.1) .60
FDR or SDR with CRC or other 330 (30.3) 2(25.0) 1.00 6(31.6) 90 3(37.5) .70 8(29.6) .94
related malignancies,? n (%)
FDR or SDR with CRC 31 (2.8) 1(12.5) 21 0(-) 1.00 1(12.5) .21 1(3.7) .55
diagnosed <50y, n (%)
FDR or SDR with CRC or other 68 (6.2) 1(12.5) 40 0(-) .62 1(12.5) 41 1(3.7) 1.00
related malignancies?
diagnosed <50y, n (%)
FDR with CRC, n (%) 149 (13.7) 1(12.5 1.00 2(10.5) 1.00 1(12.5) 1.00 3(11.1) 1.00
FDR with CRC or other related 265 (24.3) 2(25.0 1.00 5(26.3) .79  3(37.5) 41 7 (25.9) .85
malignancies, n (%)
FDR with CRC diagnosed 27 (2.5) 0(-) 1.00 0(-) 1.00 O() 1.00 0(-) 1.00
<50y, n (%)
FDR with CRC or other related 52 (4.8) 1(12.5) .33 0(-) 1.00 1(12.5) .33 1(3.7) 1.00

malignancies diagnosed
<50y, n (%)

FDR, first-degree relative; SDR, second-degree relative.

“Related malignancies include endometrial, gastric, ovarian, hepatobiliary, small bowel, brain, renal pelvis, and ureter.

individual parameter and their combination for the identifica-
tion of biallelic mutation carriers are shown in Table 6. Whereas
presence of more than 15 synchronous colorectal adenomas
was the single, more discriminative feature, addition of CRC
diagnosed before the age of 50 years to this variable was the
most effective set of criteria for the identification of biallelic
MYH mutation carriers (RR, 45.80; 95% CI, 10.35-202.13; P <
.0001), with a sensitivity of 75% and a positive predictive value
of 8.1% (Table 6).

Discussion

This study represents the first reported attempt to de-
fine a set of recommendations for the identification of MYH
mutation carriers among patients with newly diagnosed CRC.
Indeed, results of this investigation indicate that patients with
CRC and more than 15 synchronous colorectal adenomas or
younger than S0 years might benefit from MYH genetic testing
because of the high probability of carrying a germline mutation
in this gene. In addition, this study argues against an increased
CRC risk for monoallelic carriers and suggests a mutation-
specific effect, with a stronger pathogenicity of the Y165C
mutation compared with the G382D mutation.

The strength of this study relies on the fact that it was
performed on a general population basis, it involved a large
series of well-characterized patients regarding individual phe-
notype, family history, and tumor molecular profile,!” and it
adequately matched control subjects. We are aware, however,
that the relatively low number of some specific MYH variants,
especially in the case of the Y165C mutation, might constitute
a drawback of the study, thus precluding demonstrating un-
equivocally the association between monoallelic gene muta-
tions and CRC risk.

Association between biallelic germline MYH mutations and
CRC has been conclusively established during the last few
years.>!115 However, clinical criteria to identify those patients
carrying this genetic alteration have not been defined so far. In

a previous non-population-based study involving 444 patients
with CRC and 140 individuals referred for APC analysis in
whom germline mutation was not found, both presence of
multiple polyps and early-onset cancer were suggested as po-
tential criteria to drive MYH genetic testing.”!115 However, it
has been argued that presence of polyps could be a quite
insensitive phenotypic marker because up to one third of these
patients did not have synchronous lesions.”!! Similarly, data on
the predictive value of family history of CRC have also resulted
in some conflicting results.>!216 The lack of agreement with
respect to clinical recommendations for indicating MYH genetic
testing probably reflects the absence of prospective analyses
specifically designed for this purpose.

The present population-based study confirms that the pres-
ence of more than 15 synchronous colorectal adenomas and
tumor diagnosis before 50 years of age are independent predic-
tors of biallelic MYH mutations, and it provides evidence of
their effectiveness. In fact, performance characteristics of this

Table 6. Performance Characteristics of Clinical Criteria for
the Identification of Biallelic MYH Mutation

Carriers?
Biallelic MYH mutations
Criteria Se Sp PPV NPV OA
CRC diagnosed <50y 50.0 94.0 6.1 99.6 941
Presence of >15 synchronous 50.0 99.0 28.5 99.6 98.7
colorectal adenomas
CRC diagnosed <50y or 75.0 93.8 8.1 99.8 93.7

presence of >15
synchronous colorectal
adenomas

Se, sensitivity; Sp, specificity; PPV, positive predictive value; NPV,
negative predictive value; OA, overall accuracy.
@Results are expressed in percentage.
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set of recommendations indicate that they are the most accu-
rate clinical criteria tested so far for the identification of MYH
mutation carriers among CRC patients, with a sensitivity of
75% and a positive predictive value of 8%. It is important to note
that application of these parameters to previous studies has
resulted in similar figures,!? thus minimizing the possibility of
potential differences because of geographical variations. Unfor-
tunately, the relatively low number of mutations identified in
this study precluded the performance of an internal validation
following a split-sample approach.

Interestingly, family history of CRC or other malignancies
was not associated with germline MYH mutations. This circum-
stance was suggested in a previous study, in which biallelic and
monoallelic carriers were more likely to have first-degree or
second-degree relatives with CRC (RR, 1.54; 95% CI, 1.10-
2.16).° Similarly, Jo et al' indicated that 7 of 9 patients with
biallelic MYH mutations seen in a high-risk gastrointestinal
cancer clinic reported family histories consistent with the he-
reditary nonpolyposis CRC syndrome. Although differences in
the study population might explain these somehow contradic-
tory results, it is important to point out that the suspected
diagnosis of Lynch syndrome in all those 7 patients was mainly
based on the fulfillment of criterion number 1 of the revised
Bethesda guidelines, ie, CRC before age S0 years,!¢ thus rein-
forcing the usefulness of our set of recommendations.

The causative involvement of monoallelic MYH mutations in
the pathogenesis of this neoplasm remains controversial. In
fact, although a recent meta-analysis®'®!® and a kin-cohort
study® have suggested an increased CRC risk in heterozygotes,
no single case-control study has demonstrated it.8-!3 The
present study was also underpowered to confirm such associa-
tion, but it provided additional information to ascertain the
effect of low-penetrance variants. Indeed, we conducted a meta-
analysis including all previous case-control studies, generating
nearly 11,000 cases and 10,000 controls, and its results suggest
a lack of CRC risk for monoallelic carriers. However, when we
performed a mutation-specific analysis, both our series and the
meta-analysis showed that the Y165C mutation (either in ho-
mozygotes or heterozygotes) was associated with a higher prob-
ability of CRC compared with the G382D mutation. This mu-
tation-specific effect on CRC risk is consistent with results from
in vitro assays in which the effective adenine glycosylase activity
of the Y165C variant was much more compromised than that
corresponding for the G382D mutation.>?

The lack of association of CRC risk and monoallelic carrier
status found in our study is in agreement with the largest
survey performed so far?® but in contrast with other previous
population-based studies.>!! Although methodologic biases
cannot be ruled out, these discrepancies are probably due to
population differences and underscore the need for more well-
conducted population-based studies to better determine the
risk for monoallelic carriers. In that sense, our results argue
against an increased CRC risk in this setting, on the basis of
both the meta-analysis and the fact that monoallelic carriers do
not differ from non-mutation carriers in any evaluated clinical
characteristics. However, future investigations should take into
account the possible mutation-specific effect to confirm our
observation.

Characterization of an inherited disorder predisposing to
CRC might have noteworthy clinical implications regarding
treatment, surveillance, and screening. Regarding the therapeu-
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tic management of MYH-associated CRC, it is tempting to
suggest a similar approach for individuals with familial adeno-
matous polyposis because of the high probability of developing
synchronous colorectal lesions. Similarly, surveillance strategies
in patients submitted to partial colectomy should take into
account the putative propensity to develop metachronous le-
sions. Screening recommendations for biallelic and monoallelic
carriers are more uncertain and clearly claim for further studies
assessing the natural history of this inherited disorder. For this
purpose, identification of individuals with germline MYH mu-
tations is the obvious first step, and, accordingly, clinical crite-
ria proposed in this study (ie, patients with CRC and more than
15 synchronous colorectal adenomas or diagnosed before the
age of 50 years) might be a relevant contribution. Screening for
the most common mutations, which might differ depending on
the population, could be performed with TagMan technology,
followed by analysis of the entire gene by using SSCP or dena-
turing high-performance liquid chromatography in heterozy-
gotes. If replication studies validate this set of recommenda-
tions, systematic application of them could allow the detection
of the majority of biallelic carriers and, consequently, a vast
amount of obligate monoallelic carriers among first-degree rel-
atives, thus providing the opportunity to better ascertain CRC
risk in such individuals.

Appendix

Investigators From the Gastrointestinal
Oncology Group of the Spanish
Gastroenterological Association Who
Participated in the Study

Hospital 12 de Octubre, Madrid: Juan Diego Morillas
(local coordinator), Raquel Muifioz, Marisa Manzano, Francisco
Colina, Jose Diaz, Carolina Ibarrola, Guadalupe Lépez, Alberto
Ibanez; Hospital Clinic, Barcelona: Antoni Castells (local coor-
dinator), Virginia Pifiol, Sergi Castellvi-Bel,
Rodriguez-Moranta, Francesc Balaguer, Antonio Soriano, Rosa
Cuadrado, Maria Pellisé, Rosa Miquel, J. Ignasi Elizalde, Josep
M. Piqué; Hospital Clinico Universitario, Zaragoza: Angel Lanas
(local coordinator), Javier Alcedo, Javier Ortego; Hospital Cris-
tal-Pifior, Complexo Hospitalario de Ourense: Joaquin Cubiella
(local coordinator), Ma Soledad Diez, Mercedes Salgado, Eloy
Sanchez, Mariano Vega; Hospital del Mar, Barcelona: Montser-
rat Andreu (local coordinator), Xavier Bessa, Agustin Panadés,
Asumpta Munn, Felipe Bory, Miguel Nieto, Agustin Seoane;
Hospital Donosti, San Sebastidn: Luis Bujanda (local coordina-
tor), Juan Ignacio Arenas, Isabel Montalvo, Julio Torrado, Angel
Cosme; Hospital General Universitario de Alicante: Artemio
Payéd (local coordinator), Rodrigo Jover, Juan Carlos Penalva,
Cristina Alenda; Hospital General de Granollers: Hospital
General de Vic: Joan Salé (local coordinator), Eduard Batiste-
Alentorn, Josefina Autonell, Ramon Barniol; Hospital General
Universitario de Guadalajara: Ana Marfa Garcia (local coordi-
nator), Fernando Carballo, Antonio Bienvenido, Eduardo Sanz,
Fernando Gonzilez, Jaime Sdnchez; Hospital General Universi-
tario de Valencia: Enrique Medina (local coordinator), Jaime
Cuquerella, Pilar Canelles, Miguel Martorell, José Angel Garcia,
Francisco Quiles, Elisa Orti; Hospital do Meixoeiro, Vigo: Juan
Clofent (local coordinator), Jaime Seoane, Antoni Tardio, Eu-
genia Sanchez; Hospital San Eloy, Baracaldo: Luis Bujanda
(local coordinator), Carmen Mufioz, Maria del Mar Ramirez,

Francisco
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Araceli Sanchez; Hospital Universitari Germans Trias i Pujol,
Badalona: Xavier Llor (local coordinator), Elisenda Pons, Rosa
M. Xicola, Marta Pifiol, Mercé Rosinach, Anna Roca, José M.
Herndndez, Miquel A. Gassull; Hospital Universitari Matua de
Terrassa: Fernando Fernandez-Baiiares (local coordinator), Jo-
sep M. Viver, Antonio Salas, Jorge Espinds, Montserrat Forné,
Maria Esteve; Hospital Universitari Arnau de Vilanova, Lleida:
Josep M. Reiié (local coordinator), Carmen Pifiol, Juan Buenes-
tado, Joan Vifas; Hospital Universitario de Canarias: Enrique
Quintero (local coordinator), David Nicolas, Adolfo Parra, An-
tonio Martin; Hospital Universitario La Fe, Valencia: Lidia
Argiiello (local coordinator), Vicente Pons, Virginia Pertejo,
Teresa Sala; Hospital Universitario Reina Sofia, Cérdoba: An-
tonio Naranjo (local coordinator), Maria del Valle Garcia, Pa-
tricia Lopez, Fernando Lopez, Rosa Ortega, Javier Bricefio, Javier
Padillo.
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La present Tesi Doctoral la formen dos estudis que tenen com objectiu
comu aprofundir en la caracteritzacié i identificaci6 del CCR hereditari,
utilitzant una cohort de base poblacional de pacients afectes d’aquesta
neoplasia. Per una banda, s’ha avaluat la implicacié de les mutacions al gen
MYH en el CCR en el nostre medi, contribuint a I'establiment del risc associat
a les mutacions en aquest gen i al disseny d’uns criteris clinics que poden
ajudar al seu diagnostic. Per altra banda, s’ha validat un nou model predicitu
per a la identificacié de la sindrome de Lynch -el model PREMM1 >- que pot
canviar en un futur proxim I'estratégia diagnostica d’aquesta sindrome.

La forca global dels estudis, enmarcats dins el projecte EPICOLON,
radica en el gran nombre de pacients inclosos de manera prospectiva i
seguint uns criteris ben definits, i també en la informacié recollida respecte a
caracteristiques demografiques, cliniques, familiars i relacionades amb el
tumor. A més, el fet que el disseny de I'estudi sigui de base poblacional fa
que els pacients inclosos siguin representatius de la poblacié del nostre pais,
i que les dades obtingudes siguin més precises i extrapolables.

El primer estudi d’aquesta Tesi Doctoral demostra que el model
PREMM; , constitueix una eina efectiva per a la deteccid de pacients amb
CCR portadors de mutacions als gens MLH1/MSH2, tant per si mateix com,
sobretot, en combinacié amb I'estudi molecular del sistema de reparacié de
I’ADN realitzat en el si del tumor. Aixi, la valoracié quantitativa del risc pot ser
molt atil a I'hora d’establir estratégies d’estudi molecular. A més, la
combinacié del model PREMM;, amb I'estudi molecular del tumor és capag

d’identificar un subgrup heterogeni de pacients amb alt risc de CCR, incloent
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el anomenat CCR familiar -tipus X''*, el CCR associat al gen MYH i altres
trastorns hereditaris amb causa geneética encara desconeguda.

La primera dada important d’aquest estudi és la demostracié que el
model PREMM; ;, emprant un punt de tall >5%, identifica tots els pacients
portadors de mutacié als gens MLH1/MSHZ2 en una poblacié no seleccionada
de pacients amb CCR. La utilitzacié d’'un punt de tall superior aporta major
especificitat i valor predictiu positiu, a expenses d’'una menor sensibilitat. El
valor predictiu negatiu d’aquest valor va ser del 100%, recolzant la
consisténcia d’aquest punt de tall. Aixi, des d’un punt de vista practic, aquest
valor es podria utilitzar a la practica clinica per tal de decidir si un pacient
requereix una avaluacié adicional mitjangant estudis moleculars. La baixa
especificitat d’'un valor de PREMM;, >5% (68%) clarament requereix un
refinament de la prediccié de ser portador d’'una mutaci6. Aixi, les dades
d’aquest estudi mostren que la combinacié d’un valor de PREMM;, >5% amb
I'estudi molecular del tumor augmenta clarament I'especificitat (98%) i el valor
predicitu positiu (21%).

Una altra dada interessant d’aquest estudi és que de la combinacié del
model PREMM; ; amb I'estudi d’alteracié del sistema de reparacié de I'’ADN,
s’identifica un subgrup de pacients que no mostren alteracié d’aquest sistema
i que clinicament s’assembla molt a I'anomenat CCR familiar tipus X', definit
com aquelles families que compleixen els criteris d’ Amsterdam | (que tradueix
una historia familiar dominant de CCR) perd no presenten alteracié del
sistema de reparacié de 'ADN. Els individus d’aquestes families tenen un risc
menor de desenvolupar un CCR que a la sindrome de Lynch, i no sembla

haver un risc augmentat per altres neoplasies. L’etiologia d’aquesta sindrome
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és desconeguda, amb una probable base genética heterogénia. En aquest
estudi, els pacients amb un PREMM, >20% sense alteraci6é del sistema de
reparacio de '’ADN presenten caracteristiques cliniques similars a aquesta
sindrome: menys historia familiar de CCR, i menys historia personal i familiar
de neoplasies associades. A més, de manera interessant, un dels pacients
amb PREMM; ; elevat i sistema de reparacié de 'ADN indemne presentava
mutacions bial-1éliques germinals al gen MYH (Y165C/G382D).

Tanmateix, aquest estudi té€ una série de limitacions. En primer lloc, el
baix nombre de pacients amb mutacié als gens MLH1/MSH?2 pot representar
un inconvenient en relacié a la fiabilitat dels resultats. En segon lloc, el model
no té en compte les mutacions al gen MSH6, tot i que aquestes representen
una proporcidé petita a la sindrome de Lynch. Finalment, I'estudi genétic
només es va fer en aquells casos de pacients amb alteracié del sistema de
reparacié de I'ADN, tot i que és altament improbable que, donat que I'estudi
molecular del tumor es va fer de forma sistematica a tots els pacients, es
deixés d’identificar algun pacient amb mutacié. A més, per excloure aquesta
possibilitat, es va fer igualment I'estudi genétic a tots els pacients amb un
valor de PREMM; » >20%.

La principal avantatge del model PREMM;,, en relaci6 amb I'estrategia
actual d’identificacié de la sindrome de Lynch basada en l'aplicacio dels
criteris revisats de Bethesda®, és que permet la quantificacio del risc. De fet,
el model és capacg de discriminar entre diferents grups de pacients en funcio
de la probabilitat de ser portador de mutacié als gens MLH1/MSHZ2. Aquesta
correlacio és especialment rellevant donat que un valor de PREMM; ; <5% va

identificar el subgrup de pacients amb alteracié del sistema de reparacié de
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I'ADN associat a mutacions al gen BRAF, observat caracteristicament en el
CCR esporadic amb hipermetilacié del promotor del gen MLH1'"®. Tenint en
compte aquests resultats, es proposa una nova estratégia per al diagnostic
molecular dels pacients amb sospita de sindrome de Lynch. Aixi, els pacients
amb un PREMM, > <5% no requeririen més avaluaci6 del risc donat el valor
predictiu negatiu del 100% associat a aquesta condicio. En els pacients amb
un PREMM; , >5%, I'estrategia molecular dependria de la magnitud d’aquest
valor: mentre que en aquells que tinguessin un valor >20% es podria plantejar
I'estudi genétic directe (sobretot en casos en els que no es disposa de tumor),
en els que tinguessin un valor entre 5-20%, I'estudi molecular del tumor
millloraria clarament el valor predicitiu positiu (del 2 al 21%).

En conclusid, l'aplicaci6 del model PREMM4, ha demostrat ser una
estrategia util per a la deteccié de la sindrome de Lynch. La seva facilitat
d’aplicacié i la seva naturalesa quantitativa la fan una eina molt atractiva a la
practica clinica ja que es podria utilitzar tant en atencié primaria per decidir
quins pacients han de ser derivats per a completar I'estudi com als propis
centres especialitzats per tal de decidir I'estrategia molecular més adient.

El segon estudi d’aquesta Tesi Doctoral avalua la prevalenca de les
mutacions germinals al gen MYH als pacients amb CCR. Aquest estudi
estableix que la prevalenca d’aquesta sindrome en els pacients amb CCR en
el nostre pais és <1%, i aporta les primeres recomanacions cliniques per a
identificar els pacients amb CCR portadors de mutacions bial-leliques en
aquest gen. Aixi, els resultats d’aquest estudi indiquen que els pacients amb
>15 adenomes sincronics al CCR i aquells menors de 50 anys es podrien

beneficiar de I'estudi genétic de MYH donada I'elevada probabilitat de ser
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portadors de mutacions en aquest gen. Per altra banda, aquest estudi aporta
informacié relevant en quant al risc de CCR associat a mutacions
monoal-leliques en aquest gen, observant una major patogenicitat de la

mutacié Y165C en comparacié amb la G382D.

L’associacio entre mutacions germinals bial-leliques al gen MYH i el
CCR ha estat ampliament demostrada en els ultims anys®" %¢°°. No obstant,
fins al moment actual no es disposava d’uns criteris clinics per a identificar els
pacients amb CCR portadors de mutacions en aquest gen. En un estudi previ
que incloia 444 pacients amb CCR seleccionats i 140 pacients amb poliposi
sense mutacio a APC, la preséncia de polips i una edat de presentacio jove
es van suggerir com a potencials criteris per a la seva identificacio®.
Tanmateix, es va observar que la preséncia de polips per si sol constitueix un
criteri poc sensible donat que més del 30% dels pacients amb CCR portadors
de mutacions bial-léliques al gen MYH no presenten adenomes?'. Aquestes
contradiccions demostren la necessitat d’estudis prospectius en poblacions
no seleccionades que permetin establir els criteris clinics diagnostics més

adients.

El segon estudi d’aquesta Tesi Doctoral confirma que la presencia de
>15 adenomes sincronics i un diagnostic de CCR efectuat abans dels 50
anys son factors predictius independents de la preséncia de mutacions
bial-léliques al gen MYH. La combinacié d’aquests criteris tenen una
sensibilitat del 75% i un valor predictiu positiu del 8%. Es important destacar
que l'aplicacié d’aquests criteris als estudis poblacionals previs aporta la

mateixes dades.
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Una altra dada interessant d’aquest estudi és el fet que la historia
familiar no és predicitiva de ser portador de mutacions. Un estudi previ havia
suggerit que els individus portadors de mutacions bi 0 monoal-léliques tenien
més probabilitat de tenir antecedents familiars de primer o segon grau de
CCR (risc relatiu, 1,54; IC 95%, 1,1-2,16)*°. De manera similar, un altre

estudi'’®

indicava que 7 de 9 pacients amb mutacions bial-léliques al gen
MYH analitzats en el contexte d’una clinica d’'alt risc de CCR tenien una
historia consistent amb una sindrome de Lynch. Tot i que diferéncies en la
poblacio estudiada poden explicar aquests resultats contradictoris, és
important assenyalar que en aquest ultim estudi tots els pacients complien el

criteri 1 revisat de Bethesda (CCR diagnosticat abans del 50 anys) reforcant,

per tant, la solidesa dels criteris clinics proposats en el present estudi.

La causalitat de les mutacions monoal-leliques en la patogénesi del
CCR és controvertida. Tot i que una meta-analisi recent suggeria un augment
del risc de CCR'"®, cap dels estudis de casos i controls de forma individual ho
ha pogut demostrar. El present estudi tampoc confirma I'associacié (odds
ratio, 0,76; IC95%: 0,40-1,42). No obstant, aporta informacié addicional per a
realitzar una meta-analisi incloent tots els estudis de casos i controls
realitzats fins el moment (11.000 casos i 10.000 controls). El resultat
d’aquesta meta-analisi mostra absencia d’associaciéo de forma global (odds
ratio, 1,11; 1C95%: 0,90-1,37). No obstant, a I'analitzar I'efecte especific de
cadascuna de les mutacions prevalents, la meta-analisi revela un risc
augmentat de CCR en aquells individus portadors de la mutacié Y165C (en
heterocigosi o homocigosi) (odds ratio, 1,67; 1C95%: 1,17-2,40), en

comparacié6 amb la mutacio G382D. Aquest resultat és consistent amb
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estudis in vitro que mostren que la mutacié Y165C compromet de forma més

severa I'activitat glicosilasa MYH'"".

La manca d’associaci6 entre les mutacions monoal-léliques i el risc de
CCR observada en el present estudi coincideix amb els resultats de I'estudi
poblacional més gran realitzat fins el moment''?, i entra en contradiccié amb

estudi previs® % 112

Aquestes variacions probablement tradueixen
diferéncies poblacionals i emfatitzen la necessitat de més estudis de base
poblacional per tal de determinar de forma definitiva el risc associat a
mutacions monoal-léliques. Per altra banda, é€s important analitzar possibles

gens modificadors i I'efecte especific de cada mutacié a I'hnora d’establir el

risc de CCR en aquesta situacio.

En conclusio, aquest segon estudi de la present Tesi Doctoral suposa
un primer pas per la identificacié del CCR associat al gen MYH. El diagnodstic
d’aquesta sindrome hereditaria és fonamental en el moment actual per tal de
poder definir la seva historia natural i, eventualment, poder establir

estrategies de prevencio efectives en els pacients portadors de mutacions.
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Els resultats obtinguts en els estudis que componen aquesta Tesi

Doctoral permeten extreure les seglients conclusions:

El model PREMM;, amb un punt de tall >5% té un comportament
similar als criteris revisats de Bethesda per a la identificaci6 de
pacients amb CCR portadors de mutacions als gens MLH1/MSH?2.

La combinacié del model PREMMq, amb [l'estudi del sistema de
reparacio de 'ADN en el si del tumor millora la seva efectivitat, en
especial pel que fa a la especificitat i al valor predictiu positiu.

El model PREMM;, es correlaciona no només amb la preséncia de
mutacions als gens MLH1/MSHZ2 (PREMM; ; >5%), sino també amb la
preséncia d’alteracié del sistema de reparacié de 'ADN associat a
mutacions somatiques al gen BRAF (PREMM1 2 <5%).

El model PREMM;y, en combinacié amb l'estudi de l'alteracié del
sistema de reparacié a 'ADN en el si del tumor permet definir un grup
heterogeni d’alt risc de CCR, que inclou el CCR familiar tipus X.

La principal avantatge del model PREMM;, en comparaci6 amb els
criteris revisats de Bethesda és la quantificaci6 del risc. Aquesta
quantificacié pot ser util a la practica clinica per decidir la derivacié
dels pacients a cliniques d’alt risc de CCR, aixi com establir I'estratégia
molecular més adient.

A la poblacié espanyola, un 0,8% de tots els CCR sén deguts a la
preséncia de mutacions bial-léliques al gen MYH.

Els individus portadors de mutacions bial-léliques desenvolupen CCR a

una edat més jove que els que no tenen aquestes mutacions (57 anys)

95



96



i, a més, presenten habitualment >15 adenomes sincronics. No obstant
aixo, un terg d’ells no presenten adenomes sincronics.

La preséncia de mutacions monoal-léliques no s’associa a una major
historia familiar de CCR i/o neoplasies relacionades.

Tot i que de forma global les mutacions monoal-léliques no s’associen
a un major risc de CCR, els portadors de la mutacié Y165C tenen una
major probabilitat de desenvolupar aquesta neoplasia.

La utilitzacié de les variables predictives independents de mutacions
bial-leliques (CCR diagnosticat abans dels 50 anys i >15 adenomes
sincronics) podria ser una estrategia util per a la identificacié d’aquests

individus.
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