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RESUM

El Cancer d’Endometri (EC) és el tumor més comu del tracte genital femeni.
Generalment s’associa a bon pronostic, no obstant el 20% dels EC associats a bon prondstic
presenten malaltia recurrent. El proposit d’aquesta tesi doctoral ha estat I'estudi de les
principals diferéncies en I'expressié de gens rellevants implicats en el desenvolupament, la
progressio i la recidiva del EC, aixi com dels gens relacionats amb la hipoxia, la resisténcia a
I'apoptosi i I'adaptacié a la radioterapia mitjancant la Immunohistoquimica i els Arrays
matricials de teixit. La classificacid histologica del EC pot ser dificil en alguns carcinomes dalt
grau o mixtes, per tant la determinacié de nous biomarcadors podria ser d’utilitat en el
diagnostic d’aquest grup de tumors. Per aquest motiu també hem volgut determinar una
firma de biomarcadors que ajudi a predir el tipus histologic en el EC.

En primer lloc hem comparat 24 recidives post radioterapia i 82 carcinomes primaris
d’endometri no recidivants i hem vist que les recidives post radioterapia presenten valors
més elevats de les proteines p53, HIF-1a, FLIP, Ki 67, p50, c-REL, Rel B i B-catenina. La
hipoxia és un dels factors més importants implicats en la radioresisténcia tumoral. Nosaltres
hem volgut veure si la linia de EC Ishikawa (IK) sotmesa a condicions d’hipdxia mostra un
perfil d’expressié similar a l'obtingut mitjancant TMAs. Hem vist que la hipoxia indueix
I'expressié nuclear de HIF-1a, FLIP, B-catenina i un augment de l'activitat de NF-kB, en canvi
aix0 no s’observa quan la linia cel-lular IK es sotmet a radiacié. A continuacido hem estudiat
els mecanismes moleculars implicats en la resisténcia a la mort induida per la hipoxia i hem
vist que aquesta activa tant la via NF-kB canonica com l'alternativa. Després de caracteritzar
les cinases implicades en l'activacié d’ aquestes vies hem observat que tant la cinasa IKKa
com IKKB son necessaries per l'acumulaci6 de RelA (p65) i p100, mentre que el
processament de p52 depéen de IKKa.

En segon lloc hem volgut estudiar ANXA2 com a biomarcador predictiu de recidiva en
el EC. Els nostres resultats ens mostren que ANXA2 juga un paper en promoure el procés de
metastasi en el EC i és un marcador predictiu de recidiva també en els EC de baix grau,
estadi I.

Finalment, atés que la determinacio del tipus histologic pot ser dificil en alguns EC
d’alt grau o mixtes endometrioides-no endometrioides, hem determinat una firma predictiva
de 9 biomarcadors interna i externament validada que permet predir el tipus histologic en el

EC. A més a més, els nostres resultats mostren que els components endometrioides i serosos
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dels carcinomes mixtes presenten caracteristiques immunohistoquimiques mixtes, cosa que
suggereix que existeix un solapament a nivell d’alteracions moleculars, independentment de

la morfologia de cada component.
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RESUMEN

El Cancer de Endometrio (EC) es el tumor mas comun del tracto genital femenino.
Generalmente se asocia a buen prondstico, sin embargo el 20% de los EC asociados a buen
prondstico presentan enfermedad recurrente. El propodsito esta tesis doctoral ha sido el
estudio de las principales diferencias en la expresién de genes relevantes implicados en el
desarrollo, la progresién y la recidiva del EC asi como de los genes relacionados con la
hipoxia, la resistencia a la apoptosis i la adaptacién a la radioterapia mediante Ia
Inmunohistoquimica y los Arrays matriciales de tejido. La clasificacion histoldgica del EC
puede ser dificil en algunos carcinomas de alto grado o mixtos, por lo tanto la determinacion
de nuevos biomarcadores podria ser de utilidad en el diagnéstico de este grupo de tumores.
Por ese motivo también hemos querido determinar una firma de biomarcadores que ayude a
predecir el tipo histoldgico en el EC.

En primer lugar, hemos comparado 24 recidivas post radioterapia y 82 carcinomas
primarios de endometrio no recurrentes y hemos visto que las recidivas post radioterapia
presentan valores mas elevados de p53, HIF-1a, FLIP, ki 67, p50, c-REL, Rel B i B-catenina.
La hipoxia es uno de los factores mas importantes implicados en la radioresistencia tumoral.
Hemos querido ver si la linea de EC Ishikawa (IK) sometida a condiciones de hipoxia
muestra un perfil de expresion similar al obtenido mediante TMAs. Hemos visto que la
hipoxia induce la expresion nuclear de HIF-1a, FLIP, B-catenina y un aumento de la actividad
de NF-kB, en cambio dichos cambios no se observan cuando la linea celular IK se somete a
radiacién. A continuacién hemos estudiado los mecanismos moleculares implicados en la
resistencia a la muerte inducida por la hipoxia y hemos visto que la hipoxia activa tanto la
via NF-kB candnica como la alternativa. Después de caracterizar las cinasas implicadas en la
activacion de estas vias hemos visto que tanto la cinasa IKKa como IKKB son necesarias para
la acumulacion de RelA (p65) y p100, mientras que el procesamiento de p52 depende de
IKKa.

En segundo lugar hemos querido estudiar ANXA2 como biomarcador predictivo de
enfermedad recurrente en el EC. Nuestros resultados muestran que ANXA2 juega un papel
en la promocién del proceso de metastasis en el EC y es un marcador predictivo de recidiva
incluso en los EC de bajo grado, estadio I.

Finalmente, dado que la determinacion del tipo histolégico puede resultar dificil en

algunos EC de alto grado o mixtos endometrioides-no endometrioides, hemos determinado
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una firma predictiva de 9 biomarcadores interna y externamente validada que permite
predecir el tipo histoldgico en el EC. Ademads, nuestros resultados muestran que los
componentes endometrioides y serosos de los carcinomas mixtos presentan caracteristicas
immunohistoquimicas mixtas, hecho que sugiere que existe un solapamiento a nivel de

alteraciones moleculares, independientemente de la morfologia de cada componente.
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SUMMARY

Endometrial Cancer (EC) is the most common tumor of the female genital tract. It is
usually associated with good prognosis. However, 20% of the EC associated with good
prognosis have recurrent disease. The aim of this work was to study the expression of
relevant genes involved in development, progression and recurrence of Endometrioid
Endometrial Carcinoma (EEC) and other genes involved in resistance to apoptosis, hypoxia
and adaptation to radiation, by using Immunohistochemistry and Tissue Micro Arrays.
Although classification of EC according to histological type is usually easy, it may be difficult
in some high grade or mixed EC. So, we additionally assessed a biomarker signature to
predict histological type in EC.

First, we compared 24 post radiation recurrences with 82 non-recurrent primary
endometrial carcinomas and observed that post radiation recurrences showed higher p53,
HIF-1a, FLIP, ki 67, p50, c-REL, Rel B and B-catenin expression values. Hypoxia is one of the
most important factors involved in radiation resistance in tumors. We wanted to know if
Ishikawa (IK) cell line subjected to hypoxic conditions showed an immunoexpression profile
similar to that of TMAs. We observed that hypoxia induced nuclear expression of HIF-1a,
FLIP, B-catenin and increased NF-kB activity. However, these changes were not observed
when IK cells were subjected to radiation. Then we have investigated the molecular
mechanisms involved in conferring hypoxia induced cell death resistance. We noticed that
hypoxia activates not only canonical NF-kB molecular pathway but also the alternative one.
After characterizing the kinases involved in the activation of these pathways we found that
both IKKa and IKKP are necessary to RelA (p65) and p100 accumulation whereas p52
processing is IKKa dependent.

Second, we identified ANXA2 as a predictive biomarker of recurrent disease in EC.
Our results showed that ANXA2 plays a role in promoting metastasis in EC and is a predictive
biomarker of recurrent disease also among low grade, stage I EC.

Finally, given that histological typing is difficult in some high grade or mixed
endometrioid- non endometrioid EC, we have assessed an internally and externally 9-
biomarker signature to predict histological type in EC. In addition, according to our results,
endometrioid and serous components of mixed carcinomas have mixed immunohistochemical
features suggesting they are molecularly ambiguous, regardless of the morfologic

appearance of each of them.
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ABREVIACIONS

ARID1A AT rich interactive domain 1A
APC Ademomatosis Polyposis Coli

ATM Ataxia Talangectasia Mutated

ATR AT-Related Kinase

ATRIP ATR Interacting Protein

BAD Bcl-2 Associated Death promoter
BID BH3 Interacting Domain death agonist
BRCA Breast Cancer

CCC Clear Cell Carcinoma

CDK4 Cyclin-Dependent Kinase 4

CEA Carcinoembryonic Antigen

Chk Checkpoint proteins

CK2 Casein Kinase 2

CKAP2 Citoskeleton-Asociated protein 2
CTC Circulating Tumor Cells

CSC Cancer Stem Cells

DD Death Domain

DDR DNA Damage Response

DNA Deoxyribonucleic Acid

DNA-PKcs DNA-Dependent Protein Kinase catalytic subunit
DISC Death- Inducing Signalling Complex
DNMT DNA Methyltransferases

DSBs Double-Strand Breaks

EC Endometrial Carcinoma
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EGFR Epidermal Grouth Factor Receptor
ER Estrogen Receptor

FIGO International Federation of Gynaecology and Obstetrics
FLIP FLICE Inhibitory Protein

FOLR1 Folat Receptor-1
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GDP Guanosin Diphosphate

G Grau histologic

GTP Guanosin Triphosphate

GOG Gynecologic Oncology Group

GNRH Gonadotropin-relasing hormone
GSK-3B Glycogen Sinthase Kinase-3 beta

HIF Hypoxia Inducible Factor

HNPCC Hereditary Nonpoliposis Colorectal Cancer
HMGA2 High Mobility Group AT-hook 2

HNF1B Hepatocyte Nuclear Factor-1f3

HSP Heat Shock Proteins

IGF-II Insulin-like Growth Factor II

IAP Inhibitor of Apoptosis Protein

IHQ Immunohistoquimica

IK Ishikawa

IKKs IkB Kinases

IMP/IGF2BP insulin-like growth factor II messenger RNA binding protein
IRIF Ionizing Radiation Induced “Foci”

MAPK Mitogen Activated Protein Kinase

MI Microsatellite inestability

MLH MutL Homolog

MSH MutS homolog

MMMT Malignant Mixt Mullerian Tumour

MMP7 Matrix Metalloproteinases 7

NEEC Non Endometrioid Endometrial Carcinoma
NF-KB Nuclear Factor-«kB

NIK NF-kB Inducing Kinase

NRF2 Erythroid-E2-related factor 2

PARP Poly (ADP-ribose) polymerase

PCR Polymerase Chain Reaction

PDGFR Platelet-derived Grouth Factor Receptor

PDK1 phosphatidylinositol-dependent kinase 1
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PI3K phosphatidylinositol 3-kinase

PIK3CA phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha
PIP2 Phosphatidylinositol 4,5-bisphosphate
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PMS Postmeiotic Segregation increased
POLE Polymerase €

PR Progeterone Receptor

PTEN Phosphatase and TENsin homologue
PIP3 Phosphatidylinositol 4,5 biphosphate
PIP3 Phosphatidylinositol 3,4,5 triphosphate
PUMA P53 Upregulated Modulator of Apoptosis
Rb Retinoblastome

RT Radioterapia

RTK Receptor Tyrosine kinase

SC Serous Carcinoma

SCE Serous Carcinoma of the Endometrium
SH groups SulfHydryl groups

TGF-B Tumor Grouth Factor- B

TMA Tissue Micro Array

TNM Tumor Node Metastasis

TNF-a Tumor Necrosis Factor a

VEGF Vascular Endothelial Grouth Factor
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1 INTRODUCCIO

1.1 L'ater

Es un érgan muscular, de parets gruixudes i localitzat a la pelvis entre la bufeta i el
recte, es considera que esta format per un fundus, un corpus o cos i un cérvix o coll.

Principalment distingim el miometri, muscular i gruixut (envoltat per una serosa i/o
adventicia) i I'endometri, una capa esponjosa i mucosa (Figura 1). L'Uter esta gairebé del tot
cobert pel peritoneu.

Les parets de I'Gter o miometri estan formades principalment per fibres de muscul llis i
teixit fibrds. També hi trobem teixit elastic, vasos sanguinis, limfatics i nervis. El miometri
augmenta molt durant I'embaras, proporciona proteccié al fetus i és un mecanisme per a

I’'expulsié d’aquest en el moment del part.

Cavitat de I'Uter

\\ Endometri

~

Figura 1: Esquema de I'Uter

Miometri

L'Endometri, la membrana mucosa que encercla la cavitat uterina, té un gruix d’uns 2
mil-limetres aproximadament. Esta subdividit en tres capes diferents, des del punt de vista
histologic i funcional. La capa més profunda o capa basal, l'estrat basal, adjacent al
miometri, és el que sofreix els canvis menys dramatics durant el cicle menstrual i no es
descama durant la menstruacié. L'amplia zona intermitja es caracteritza per la preséncia
d’un estroma d’aspecte esponjos que es denomina estrat esponjds. La capa superficial, més
prima, que té un estroma d'aspecte compacte, es denomina estrat compacte. Les capes
compacta i esponjosa presenten canvis durant tot el cicle i es descamen durant la
menstruacid; d’aqui que se les conegui a les dues, conjuntament, com l'estrat funcional.

Aguest consisteix en un epiteli de superficie, invaginacions tubulars (glandules) i teixit
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connectiu en l'estroma inter glandular. La capa funcional varia en gruix i passa per un seguit
de fases durant el cicle menstrual. L'epiteli consisteix en una capa de cél-lules epitelials sobre

una membrana basal; les cél-lules sén columnars i ciliades (Figura 2).

Figura 2:Tall histologic d'un endometri en fase
proliferativa. (H&E 10X)

i AN )
Y A

Endometri Miometri

El cicle menstrual esta intimament relacionat amb el cicle ovaric. L'endometri sofreix

canvis ciclics hormonalment modulats. Els tres estadis de I'endometri sén els seglients:

« Fase proliferativa: l|la fase proliferativa es iniciada i mantinguda per la
produccid progressiva d’estrogens que té lloc des de que els fol-licles ovarics
inicien la maduracié fins a l'ovulacié sota la influencia de les hormones
gonadotrofiques de la glandula pituitaria (Hormona Estimulant del Fol:licle (FSH)
al principi de la fase fol-licular i Hormona Luteinitzant (LH) en el moment de
I'ovulacié). Durant la fase proliferativa la superficie de I'endometri es
reepitelitza; les glandules tubulars simples comencen a proliferar fins a formar
nombroses glandules que comencen a segregar en el moment de I'ovulacid (les
cel-lules epitelials de les glandules en formacio presenten activitat mitotica). Els
elements del teixit connectiu i 'aportacié vascular es reestableixen, és a dir,
I'estroma endometrial prolifera fins a formar un teixit de suport ricament

vascularitzat. En el moment de l'ovulacié es produeix I'extrusiéo de l'oocit
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secundari coincident amb el pic de concentracié de LH. A l'ovari les restes del
fol-licle madur (fol-licle de Graff) formen el que es coneix com a cos luti

constituit per cél-lules de la granulosa i de la teca i per estroma vascular.

+ Fase secretora: |'alliberacié de progesterona pel cos /uti, després de |'ovulacio,
posa en marxa la produccié d'una abundant i espessa secrecio, rica en glicogen,
en el lumen de les glandules per la qual cosa augmenten de tamany i esdevenen
tortuoses. A més els fibroblasts de I'estroma acumulen glicogen i greix. Al final
de la fase secretora es produeix la regressio del cos luti que es tradueix en un

descens dels nivells de LH, FSH i progesterona i l'inici de la fase menstrual.

+ Fase menstrual: En el cas que no existeixi implantacio, la produccié de
progesterona es inhibida per retroalimentacié negativa. En abséncia d’aquesta,
I'endometri no es pot mantenir i una gran part (la capa funcional de I'endometri)
es desprén durant el periode hemorragic denominat menstruacid, mentre la

capa basal es manté més o menys intacta (Figura 3).

Ovarian
cycle

Growing follicle Ovulation Corpus luteum Corpus albicans

3rc

Body
temp.

e i

Luteinizing hormone (LH)

Follicle-stimulating
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Progesterone

Ovarian
hormones

Uterine

Menses H Menses
—a—— Follicular phase —b-:-q—— Luteal phase —
0 days 14 days 28 days

Ovulation

Figura 3: Esquema que mostra la distribucié dels nivells hormonals al llarg del cicle menstrual.
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1.2 El cancer d’endometri

El cos uteri representa el segon lloc més comu de malignitat del tracte genital femeni.
Aguestes neoplasies es divideixen en epitelials, mesenquimals, tumors mixtes (epitelials i
mesenquimals) i tumors trofoblastics. Ens centrarem en l'estudi dels tumors epitelials i
tumors mixtes ja que son els més comuns. La figura 4 mostra la imatge macroscopica d'un

EC.

Figura 4: Imatge macroscopica d'un Carcinoma d’Endometri.

1.3 Incidéncia

El EC és el tumor més comu del tracte genital femeni, i el quart cancer més comu en
dones dels paisos desenvolupats (20-25 casos per 100.000 habitants per any) darrera del
cancer de mama, colon i pulmd (Figura 5). Aproximadament el 75% dels EC es localitzen a
I"Gter i s’associen a bon pronostic; no obstant, un nombre significatiu de pacients presenten
malaltia avangcada o recurrent. Als Estats Units, el EC compta amb 6000 morts per any

aproximadament (4-5 casos per 100.000 habitants).

M Incidence

M Mortality

Figura 5: Nombres estimats (milers) de nous casos de cancer (incidéncia) i morts (mortalitat) en dones
en regions desenvolupades I'any 2008. (Modificat de: Ferlay J; et al. Int J Cancer, 2010. 127(12). p.
2893-917) [1].
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En els ultims 30 anys hi ha hagut un increment en el nombre de casos diagnosticats
d’adenocarcinoma d’endometri. L'increment, als anys 70-80, de I'Gs d’estrogens amb la
terapia hormonal substitutiva durant la menopausa es considera un factor determinant tot i
gue també s’han de tenir en consideracid altres causes.

La majoria de casos es diagnostiquen en dones post menopausiques, entre 55-65
anys. El 25% es donen en dones pre menopausiques i només el 5% es diagnostiquen en

dones menors de 40 anys.

1.4 Classificacio del carcinoma d’endometri

El 1983 Bokhman i col-laboradors van descriure dos tipus principals de cancer
d’endometri (EC, Endometrial Carcinoma) [2]. Els tumors tipus I (80-85% dels casos) i els
tumors tipus II. Els tumors Tipus I estan relacionats amb estrogens i estan tipicament
representats per carcinomes endometrioides de baix grau (EEC, Endometrioid Endometrial
Carcinoma). Els tumors tipus I es desenvolupen en dones peri menopausiques i coexisteixen
o estan precedits per hiperplasia endometrial, particularment la hiperplasia atipica i
generalment estan associats a bon pronostic (I'index de supervivéncia a 5 anys és del 85-
90%). Contrariament, els tumors tipus II (10-15% dels casos) o no-endometrioides (NEEC,
Non Endometrioid Endometrial Carcinoma) sén tumors molt agressius i no estan relacionats
amb estimulacié estrogénica (Taula 1). Els tumors tipus II normalment es desenvolupen en
dones d’edat avangada, sorgeixen ocasionalment de polips endometrials o d’endometris
atrofics i estan associats a mal pronostic (els indexs de supervivéncia a 5 anys varien del 30
al 70%). Els NEEC inclouen principalment el carcinoma serés (SCE, Serous Carcinoma of the
Endometrium) que és el més comu, el carcinoma de ceél-lules clares (CCC, Clear Cell
Carcinoma) i I'adenocarcinoma mixt endometrioide-no endometrioide.

El carcinosarcoma o tumor milleria mixt maligne (MMMT, Malignant Mixt Mullerian
Tumour) s’ha inclos majoritariament en el grup de carcinomes tipus II, tot i que estan

constituits per un component d’origen epitelial i un component mesenquimal.
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Tipus I Tipus 11
Edat Pre i peri-menopausia Post-menopausia
Relacié amb Estrogens Present Absent
Lesié precursora-Hiperplasia Present Absent
Grau Baix Alt
Invasié miometrial Minima Profunda
Subtipus especifics Carcinoma Endometrioide Carcinoma No-Endometrioide
Comportament Estable Progressiu

Taula 1: Caracteristiques cliniques i patologiques del Carcinoma d’Endometri (Tipus I i II).

1.5 Factors de risc associats al cancer d’endometri

Les pacients amb cancer endometrial tipus I freqlientment sén obeses, diabétiques,
nul-lipares, hipertenses o tenen una menopausa tardana. L'augment en I'Gs del tamoxifé en
el tractament del cancer de mama també ha estat associat a un increment del risc de patir
cancer d’endometri, tot i que no hi ha un acord entre els diferents estudis. Per altra banda,
les pacients amb un gran nombre de parts, edat avancada del primer part i una “vida
menstrual” curta tenen un risc disminuit de cancer d’endometri post menopausic, cosa que
déna suport al paper protector de la progesterona en el context hormonal de la malaltia.
L'estimulacié estrogénica és la forca impulsora d’aquest grup de tumors. Aix0 pot ser el
resultat de cicles anovulatoris en el periode menopausic. L'Us d’estrogens com a terapia
hormonal de substitucié en dones grans és també un factor de predisposicié per al
desenvolupament del cancer d’endometri. En les pacients amb tumors tipus II, I'obesitat
representa un factor de risc menys important. No ho és en canvi, la multi paritat, la raca, o

el cancer de mama amb alteracions dels gens BRCA (Breast Cancer) (Taula 2).

Tumors tipus I Tumors tipus II
.I_Oa?ﬁcs):;g Obesitat (perod en menys intensitat)
Nuliparitat Multiparitat
Diabetis Melitus Raca negra
Hipertensid arterial Cancer de mama i mutacions en els
Familiar de primer grau amb EC gens BRCA (especialment SCE)

Taula 2: Factors de risc associats al EC.
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1.6 Histologia dels tumors epitelials

Els tumors epitelials (carcinomes) sén els més freqlients. Tendeixen a formar
estructures cohesives d’acord amb el seu grau de diferenciacié i presenten modificacions
estructurals i funcionals semblants als epitelis normals. Un adenocarcinoma d’endometri
conté glandules que s’assemblen a les de I'endometri normal. La majoria dels carcinomes

d’endometri son adenocarcinomes i, d’aquests el més comu és el tipus endometrioide (80%).

« Adenocarcinoma endometrioide

Representen un espectre de diferenciacié histologica que va des d’un carcinoma molt
ben diferenciat dificil de distingir de la hiperplasia complexa amb atipia fins a tumors
minimament diferenciats que es poden confondre, no només amb el carcinoma indiferenciat
sind també amb varis sarcomes.

Una caracteristica de I'adenocarcinoma endometrioide és la preséncia d’estructures
glandulars o villoglandulars (Figura 6). A mesura que la diferenciacié glandular disminueix i
es substituida per nius solids es diu que el tumor es desdiferencia i per tant, es classifica
com a menys diferenciat (grau més elevat). La invasié miometrial i les metastasis a noduls
limfatics sén freqlients i com a conseqiéncia, els indexs de supervivencia sén més baixos.

Les proliferacions endometrials poden presentar una varietat de tipus cel-lulars
diferenciats. Les variants del carcinoma endometrioide sén les seglients: variant amb

diferenciaci6 escamosa, variant Vvilloglandular, variant

secretora i variant de cél-lules ciliades [3].

Figura 6: Adenocarcinoma Endometrioide. H&E. 200X
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« Adenocarcinoma seros

Tipifica I'anomenat carcinoma d’endometri tipus II. Es caracteritza per un patré de
papil-les complex i es diferencia del tipus I per la falta d’associaci6 amb I’hiperestrogenisme
exogen o endogen, la falta d’associaci6 amb la hiperplasia endometrial i el seu
comportament agressiu. Les cél-lules i els nuclis sén generalment ovalats i no presenten
orientacié perpendicular a la membrana basal. Els nuclis
estan poc diferenciats, en situacié apical i amb macro
nucléols eosinofilics. Les mitosis, les cél-lules multi nucleades
i els cossos de psammoma estan bastant presents (Figura

7). Esta considerat un carcinoma d’alt grau per definicié [3].

Figura 7: Adenocarcinoma Serds.

H&E. 200X

- Adenocarcinoma de cél-lules clares

Es I'altre tipus majoritari dins del grup de carcinomes de tipus II. Es menys comU que
el carcinoma serdos (1-5%) pero0 també es ddéna en una poblaci6 de pacients

predominantment grans. Sovint son diagnosticats en estadis clinics avancats.

Histologicament, les cél-lules contenen glicogen (d’aqui que els citoplasmes siguin clars), els
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« Adenocarcinoma mixt

Esta compost per carcinoma tipus I (endometrioide,
incloses les seves variants) i carcinoma tipus II (serds o de
cel-lules clares) on el component minoritari té una preséencia
de, com a minim, el 5% (Figura 9). El pronodstic depén de la

proporcié del component més agressiu [3].

Figura 9: Adenocarcinoma mixt
SCE-EEC. H&E. 200X

1.7 Histologia del Tumor Miilleria Mixt Maligne

El carcinosarcoma o tumor milleria mixt maligne (MMMT, Malignant Mixt Mullerian
Tumour) conté un patrd bifasic format per un component epitelial i un component
mesenquimal o sarcoma. Es una forma molt agressiva del cancer uteri i tot i que només
constitueix un 3-4% de tots els tumors d’endometri, el percentatge de mortalitat associat
amb aquest tipus de tumor és molt elevat. La taxa de supervivéncia a 5 anys varia d’'un 5%
a un 40%. El factor pronodstic més important és I'estadi tumoral. Aquests tumors els podem
trobar en qualsevol organ del tracte genital femeni per6 amb més freqiéncia els trobem a
I'endometri.

En la gran majoria de carcinosarcomes tant el component epitelial com el
mesenquimal son d’alt grau. El component sarcomatoide pot contenir elements heterolegs

malignes com cartilag o muscul esqueletic (Figura 10) [3].

Figura 10: Tumor mixt epitelial i mesenquimal. H&E. 200X

No esta clar si s'inicia amb un carcinoma que sofreix transformacié sarcomatoide o a
partir d’'un sarcoma que sofreix diferenciacié epitelial. Tot i que es classifica com un tumor

mixt epitelial i mesenquimal, estudis moleculars i immunohistoquimics doénen suport a la
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inclusié d'aquest en el grup de tumors epitelials malgrat que té pitjor pronodstic que la resta

de neoplasies epitelials.

1.8 Caracteristiques cliniques

La majoria de casos de EC debuten clinicament amb un sagnat uteri anormal. Degut al
fet que la majoria d'aquestes lesions es donen en dones post menopausiques,
aproximadament als 60 anys d’edat, la forma més comuna de presentacié és el sagnat post
menopausic, tot i que en edats més joves el signe clinic més freqlient és la meno
metrorragia. No obstant, en mostres que s’envien al Servei d’Anatomia Patologica per altres
raons (com per exemple, biopsia endometrial per infertilitat o histerectomia per prolapse
uteri), el carcinoma d’endometri i les lesions relacionades també poden ser troballes

incidentals.

1.9 Estadiatge

Després de la cirurgia es realitza I'estadiatge patologic. Juntament amb el grau
histologic és el factor prondstic més important.

La federacid internacional de Ginecologia i Obstetricia (FIGO, International Federation
of Gynaecology and Obstetrics) proposa el seglent sistema d’estadiatge per al carcinoma
d’endometri la finalitat del qual és la de proporcionar una terminologia uniforme per a la
millor comunicacié entre els professionals de la salut i per a proporcionar un pronostic
apropiat als pacients la qual cosa resulta en una millora en el tractament.

L'estadiatge dels tumors uterins es basa en la classificaci6 TNM (Tumor Node
Metastasis)/FIGO. L'any 1998 es va passar d'un sistema d’estadiatge basat en I'examen
clinic a un sistema quirdrgic en el qual es distingien 4 estadis diferents segons la localitzacié
del tumor. En l'estadi I les lesions estaven limitades a |'Uter, en l'estadi II es descrivia una
invasio local de la neoplasia i aquesta afectava organs o estructures adjacents a l'Gter.
L'estadi III indicava una expansio local i/o regional i I’estadi IV indicava invasié de la bufeta
i/o mucosa intestinal i/o metastasis a distancia. En I'actualitat (2009) s’han produit una serie
de canvis en el sistema d’estadiatge de la FIGO de 1998. La classificacié actual basada en

aquestes modificacions es mostra en la taula seglient (Taula 3).

16



Introduccid

Estadis FIGO T N M
0 Tis NO MO Tumor in situ
o , .
IA Tia NO MO Tumor_llmlt_a,t a I uter, no o <>
invasio miometrial
T
- o .
IB Tib NO MO Tumor Ilnjlltat_a I ute_r, >4
invasio miometrial
I T NO MO Invaglo de I,estron:\a ce|:\,/|cal,
pero no més enlla de I'uter
ITIA T3a NO MO El tumor invaeix serosa o
annexes
ITIB T3b NO MO Implicacio de la vagina o
parametris
ITIC1 T1-T3 N1 MO Ganglis pélvics implicats
I11C2 T1-T3 N1 MO Implicacioé Para-aortica
IVA T4 Qualsevol N | MO El tumor |nvae|>_< la bl_erta i/ola
mucosa intestinal
Metastasi a distancia que inclou
IvB Qualsevol T | Qualsevol N | M1 metastasi abdominal i/o ganglis
limfatics inguinals

Taula 3: Classificacid TNM/FIGO dels tumors no trofoblastics del cos uteri. Agrupament d’estadis del EC,
20009.

Les modificacions respecte la classificacié del 1998 es resumeixen a continuacio.
L'estadi IA (infiltracid miometrial <50% ) unifica els antics estadis IA i IB, I'estadi II ara
equival a l'antic estadi IIB (infiltraci6 de l'estroma cervical ) i finalment, [I'estadi III

actualment es divideix en IIIC1: Adenopaties pelviques (+) i IIIC2: Adenopaties paraodrtiques

(+).
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L'afectacié dels ganglis regionals i la determinacié de les metastasis ajuda a establir

les opcions de tractament (Taula 4).

N Ganglis limfatics regionals

NX No es poden determinar els ganglis limfatics regionals
NO No metastasis als ganglis limfatics regionals

N1 Metastasis als ganglis limfatics regionals

M Metastasis a distancia

MX No es poden determinar les metastasis

MO Abséncia de metastasis a distancia

M1 Metastasis a distancia

Taula 4: Estadiatge dels ganglis limfatics regionals i metastasis a distancia.

L'estadiatge, d’'acord amb la FIGO és el parametre de pronostic més robust pels
pacients amb EC. Aixi, la supervivéncia lliure de malaltia als 5 anys és d'un 95.4 % pels
estadis IB (invasié de menys de la meitat del gruix miometrial), i d'un 75 % pels estadis IC
(invasié de més de la meitat del gruix miometrial). Aquests valors estan basats en |'antic
estadiatge de la FIGO (1998) i son els que s’han utilitzat en la literatura majoritariament. La
taula segiient (Taula 5) mostra la supervivéncia a 5 anys de la resta d’estadis del EC d’acord

amb el tipus histologic.

. Supervivéncia als 5 anys

Estadi FIGO EEC SCE cce
I 95% 74% 88%
II 86% 56% 67%
III 67% 33% 48%
v 37% 18% 18%

Taula 5: Pronostic del cancer d’endometri. Supervivéncia als 5 anys segons estadi. Diferéncies entre
EEC, SCE I CCC. (In SEER Survival Monograph: cancer survival among adults US, 1988-2001)
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1.10 Grau histologic

El grau histologic (G), anomenat també diferenciacid, es refereix a la semblanca o no
que tenen les ceél-lules tumorals a les cél-lules normals del teixit en qlestié. Per tal de
determinar el grau d’un tumor es consideren diversos factors que inclouen l'estructura i el
patré de creixement de les cél-lules. El grau nuclear es refereix al tamany i forma del nucli
de les cel-lules tumorals i al percentatge de cél-lules del tumor que s’estan dividint.

Els adenocarcinomes no endometrioides (serds i cél-lules clares) es consideren d’alt
grau per definicié.

En el sistema de gradaciéo de la FIGO/ISGP de 1988, la determinacié del grau en
I'adenocarcinoma endometrioide d’endometri es basa principalment en caracteristiques

arquitecturals i es subdivideix en els seglients grups (Taula 6):

Grau 1 Ben diferenciat. Carcinomes en els que el patr6 de creixement solid
(glandular, no morular i no escamads) és inferior al 5%.

Grau 2 Moderadament diferenciat. Carcinomes en els que el patré de creixement
solid (glandular, no morular i no escamos) esta comprés entre el 6 i el 50%.

Grau 3 Pobrement diferenciat o indiferenciat. Carcinomes en els que el patrd de

creixement solid (no morular i no escamads) és superior al 50%.

Taula 6: Grau histologic.

Cal tenir present que el grau pot augmentar en una unitat si s’‘observen nuclis
notablement engrandits amb nucléols prominents.
Per conseglient, el coneixement dels graus nuclears [4] te sentit per augmentar o

mantenir el grau tal i com s’ha definit anteriorment (Taula 7).

Grau nuclear 1 Carcinomes en qué les cél-lules presenten nuclis ovalats amb la
cromatina regularment distribuida.

Grau nuclear 2 Carcinomes en queé les cél-lules presenten nuclis que no corresponen
ni al grau 1 ni al grau 3.

Grau nuclear 3 Carcinomes en qué les cél-lules presenten nuclis pleomorfics,

engrandits amb una cromatina distribuida irregularment de granuls

toscos i macro nucléols eosinofilics.

Taula 7: Grau nuclear.
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L'index de supervivéncia relativa a 5 anys és del 94% per als pacients amb tumors de
grau 1 i disminueix a un 84% i un 72% per als pacients amb tumors de grau 2 i grau 3

respectivament.

1.11 EIl carcinoma d’endometri recurrent

Una recidiva és la reaparicido del tumor maligne després d’un periode més o menys
llarg d'abséncia de malaltia. Els factors que s’han associat a un risc augmentat de malaltia
recurrent en els EC amb estadi inicial (I) sén el tipus histologic, la histologia G3, la invasio
miometrial =50%, la invasidé de I'espai limfovascular, les metastasis en ganglis limfatics i el
diametre tumoral =2 cm.

Els SCE s6n tumors més agressius i per tant presenten risc més elevat de patir
malaltia recurrent (el 50 % dels SCE recidiven); en canvi, només un 20% dels EEC recidiven.
Les recurréncies poden ser locals i/o distants (abdominals i toraciques). El EC recurrent es
limita a la pelvis en el 50% dels pacients i, en aproximadament la meitat d’aquests el tumor
es troba localitzat a la vagina. No obstant, la radiacio pot afectar el patrd de recidiva, ja que
els pacients que reben terapies de radiacid presenten menys recurréencies a nivell local. En
un assaig clinic fase III amb pacients EC de risc intermedi la incidéncia de recurréncia global
acumulada en dos anys era d’'un 12%, comparat amb el 3% dels pacients que van rebre
radioterapia [5].

Els mecanismes moleculars involucrats en les recidives poden incloure alteracions en
els gens responsables de la progressidé tumoral (invasid, formacié tumoral distant i

resisténcia a la hipoxia), perd també altres associats amb la resisténcia a la radiacié.

1.12 Biologia molecular del cancer

La carcinogénesi és un procés de multiples passos, tant a nivell fenotipic com
genetic, que resulten de l'acumulacié de varies alteracions géniques i epigenétiques. Un
tumor es forma a partir de I'expansié clonal d’'una cel-lula precursora que sofreix dany
genetic; tot i aixo, en el moment en que els tumors es fan clinicament evidents, les seves

cel-lules sén altament heterogénies. Davant la gran diversitat de cél-lules canceroses, Robert
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Weinberg i Douglas Hanahan van sistematitzar sis caracteristiques comunes que defineixen
les cel-lules tumorals [6]. 1) activacié de senyals de proliferacid; 2) insensibilitat a senyals
antiproliferatius; 3) evasié de la mort cel-lular programada o apoptosi; 4) potencial replicatiu
il-limitat; 5) alta capacitat angiogénica, i 6) invasié de teixits proxims i metastasi en teixits
llunyans. Posteriorment i com a resultat de les noves dades, n’hi han afegit unes quantes
més, com evasido de l'atac immunologic, inestabilitat gendomica, inflamacié o desregulacid
metabolica [7].

Les principals dianes del dany genétic sén quatre tipus de gens reguladors normals:
els protooncogens, els gens supressors tumorals, els gens que regulen la mort cel-lular
programada o apoptosi i els gens implicats en la reparacié del DNA. Tots ells estan implicats
en els processos anteriorment esmentats. El dany genétic que sofreixen aquests gens pot
afectar tant a segments grans dels cromosomes com a petits grups de nucleotids. Mutacions,
delecions, amplificacions, canvis epigenétics, miRNAs i translocacions cromosdomiques que

afecten aquests gens contribueixen a I'adquisicié del fenotip tumoral o carcinogenesi [8].

« Els oncogens

Els gens que promouen el creixement de les ceél-lules normals s’anomenen
protooncogens. Les mutacions que afecten aquests gens els converteixen en oncogens
potencialment actius de forma constitutiva que estan implicats en el desenvolupament
tumoral. Es caracteritzen per la capacitat que tenen de promoure el creixement cel-lular en
abséncia de senyals promotores del creixement normals.

Els factors de creixement i els seus receptors, les proteines transductores de senyal,
els factors de transcripcio, les ciclines i les cinases depenents de ciclina en sé6n alguns
exemples.

Existeixen diversos mecanismes mitjancant els quals es pot produir |'activacié dels
protooncogens: |'amplificacié geénica, les alteracions per mutacions, delecions, insercions i
translocacions cromosomiques [8].

La mutacio puntual dels gens de la familia RAS és I'anomalia aillada més freqlient dels
protooncogens en tumors humans (15-25%). Les proteines RAS (HRAS, KRAS, NRAS)
normals estan unides a la cara citoplasmatica de la membrana plasmatica, a les membranes

del reticle endoplasmatic i I'aparell de Golgi. Es poden activar mitjangant la unié del factor de
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creixement a receptors de la membrana plasmatica. RAS inactiu (unit a GDP, Guanosine
Diphosphate) canvia de conformacié gracies a l'intercanvi de GDP per GTP (GTP, Guanosine
Triphosphate) i genera RAS actiu el qual estimula la cascada de la proteina cinasa activada
per mitogens (MAPK, Mitogen Activated Protein Kinase) que estimula la proliferacioé cel-lular

[9] (Figura 11).

Figura 11: Model d’acci6 dels gens RAS. Un factor de creixement estimula el seu receptor i RAS
inactiu s’activa fins a un estat unit a GTP. La proteina RAS mutada estaria permanentment activada
degut a la incapacitat per hidrolitzar la GTP, de manera que s’estimularia les cél-lules de manera
continua sense cap desencadenant extern. (Downward J; et al. Nat Rev Cancer, 2003. 3(1): p. 11-22)

[9].

El 19% dels cancers d’endometri presenten mutacions de KRAS, la majoria dels
casos son endometrioides (81%). Les mutacions més frequients afecten el codé 12 del gen

KRAS (G12D (33%) i G12V (29%)) [10, 11].

+ Els gens supressors tumorals

Els productes dels gens supressors tumorals apliquen frens a la proliferacid cel-lular.
La perdua de la seva funcié i el fracas en la inhibicié del creixement contribueix en el procés
de desregulacié del cicle cel-lular i carcinogénesi. Les mutacions que es donen en els gens
supressors de tumors sén de pérdua de funcié i per aixo afecten els dos al-lels d’'un gen. Les
principals alteracions que s’observen i que inactiven la seva activitat funcional sén delecions,

mutacions sense sentit, mutacions que afecten el marc de lectura, insercions i mutacions
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amb sentit erroni. El gen del retinoblastoma, TP53, gens de la via TGF-B (Tumor Grouth
Factor- B) i PTEN (Phosphatase and TENsin homolog) entre altres, en sén exemples [8].
PTEN és un dels gens supressors tumorals més freqientment mutat en el EC (40%)

[11, 12]. El seu mecanisme d’acci6 el veurem més endavant.

+ Proteines que regulen |'apoptosi

L'apoptosi és un procés de mort cel-lular necessari per evitar I'acumulacié de cél-lules
amb mutacions. Existeixen dues vies diferents per activar I'apoptosi, la via intrinseca i la via
extrinseca. La via extrinseca s’inicia amb Fas/CD95 i el seu lligand, FasL. La interaccié entre
Fas i el seu lligand ddéna lloc a la formacié del complex de senyalitzacié inductor de mort
(DISC, Death- Inducing Signalling Complex). El domini de mort (DD, Death Domain)
intracel-lular atreu FADD (FADD, Fas Associated DD-containing protein) i aquesta recluta la
procaspasa 8. L’activacié autoproteolitica de la procaspasa 8 inicia la senyalitzacid
apoptotica. La caspasa 8 activa activa la caspasa 3 executora, la qual pot trencar el DNA i
altres substrats i causar la mort cel-lular. A més la caspasa 8 pot activar la proteina BID
(BID, BH3 Interacting Domain death agonist) i activar la via intrinseca. La via intrinseca pot
ser activada per varis estimuls que condueixen a una permeabilitzacié de la membrana
mitocondrial i una alliberacié del citocrom c. La integritat de la membrana esta regulada per
membres antiapoptotics (BCL-2, BCL-XL) i proapoptotics (BAX, BAK) de la familia de
proteines de Bcl-2. Les proteines BH3-only (BAD (BAD, Bcl-2 Associated Death promoter),
BID I PUMA (PUMA, P53 Upregulated Modulator of Apoptosis)) regulen I'equilibri entre els
membres pro i antiapoptotics detectant els estimuls inductors de mort i promovent
I'apoptosi. El citocrom c al citosol activa la caspasa 9 la qual pot activar les caspases
executores de la mateixa manera que ho fa la caspasa 8 a la via extrinseca. Les caspases
poden ser inhibides per una familia de proteines anomenades proteines inhibidores de
I'apoptosi (IAP, Inhibitor of Apoptosis Protein) (Figura 12).

Les cel-lules tumorals poden evadir I'apoptosi per varis mecanismes, alguns poden
afectar directament a les proteines components de la via de I'apoptosi en si mateixa, com la
sobreexpressido de FLIP (FLIP, FLICE Inhibitory Protein) o de BCL-2, o l'alteracié de les
Caspases, entre altres. Per altra banda, altres mecanismes poden resultar en la inhibicié de

I'apoptosi, com la pérdua de detectors de la integritat genomica, per exemple p53 [8].
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P53 pot activar I'apoptosi en resposta al dany al DNA quan aquest és irreparable. No
obstant, aproximadament el 50% dels cancers humans presenten alteracions del gen TP53 i
com a conseqléncia, les cél-lules amb p53 mutada sén més resistents a I'apoptosi, poden
reparar el dany del DNA i finalment promoure la supervivéncia [13]. Per altra banda, p53
mutada també pot inhibir els nivells de p53 wild- type [14].

FLIP es troba sobreexpressat en el EC i juga un paper en la resisténcia a l'apoptosi
induida per TRAIL [15]. S’ha vist que KSR1 regula la sensibilitat endometrial a I'apoptosi
induida per TRAIL regulant els nivells de FLIP [16]. Alguns autors suggereixen que
C/EBPalpha o les seves oncoproteines activen els gens BCL-2 i FLIP mitjancant la uni6 als
seus promotors amb preséncia de NF-kB p50[17].

Polimorfismes genétics en els gens de les Caspases poden afectar el risc de
desenvolupar cancer mitjancant I'alteracié dels nivells d’expressi6 i de les funcions d’aquests
gens. En un estudi de Xu HL i col-laboradors [18] es van relacionar variants genétiques de

caspasa 3 i caspasa 7 amb un risc augmentat de desenvolupar cancer d’endometri.

Caspase-3 Smac/DOBLO

o
@ — Apai-1

Apopiofic sidbalrales

Figura 12: Mecanisme apoptotic. (Ochoa E Biologia de sistemas: una mirada a lo mas profundo de
nuestro origen, evolucion y funcionamiento. Edu Computo A.C., UMSNH, ANUIES y SINED
(2010).MX[19]
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+« Reparacio del DNA

Diferenciem tres sistemes principals de reparacié del DNA: la reparacié dels errors
d’aparellament on estan implicats gens com MLH1 (MLH1, MutL Homolog 1), MSH2 (MSH2,
MutS Homolog 2), MSH3, MSH6, PMS1 (PMS1, Postmeiotic Segregation increased 1), MLH3 i
PMS2, la reparacio de la escissié de nucleotids i la reparacié dels trencaments de doble
cadena. La reparacié dels trencaments bicatenaris del DNA engloba la fusié no homologa
d’extrems (NHEJ, Non-Homologous End Joining) que funciona sobretot en fase G1/S (abans
de la replicacid) i la recombinaci6 homologa (HR, Homologous Recombination) que
teoricament actua en fase S/G2 quan ja hi ha dues cromatides germanes, de manera que
s’utilitza la doble cadena homodloga com a motlle per a la replicacié. En la HR hi estan
implicats gens com BRCA1 (BRCA1, Breast Cancer 1) i BRCAZ2.

Defectes en els gens necessaris per la reparacié de danys en el DNA poden conduir a
un risc augmentat de desenvolupar cancer. Concretament, alteracions en els gens
reparadors (MLH1, MSH2, MSH6, PMS2) donen lloc a la Inestabilitat de Microsatél:lits (MI,
Microsatellite Inestability) la qual es troba en neoplasies (coloniques, endometrials i altres)
de pacients amb cancer de colon hereditari no polipdsic (HNPCC, Hereditary Nonpoliposis
Colorectal Cancer) o Sindrome de Lynch perd també es troba en el 25-30% dels EC

esporadics [20, 21].

1.13 Alteracions moleculars del cancer d’endometri

Les alteracions moleculars implicades en el desenvolupament dels EC tipus I o EEC s6n
diferents de les del EC tipus II o NEEC [22-24].

EEC mostra inestabilitat de microsatel-lits, mutacions en PTEN, PIK3CA (PIK3CA,
phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha), K-RAS, i CTNNB1
[25]. En canvi, pel que fa als NEEC, els SCE es caracteritzen per presentar mutacions en
p53, sobreexpressid de p16, inestabilitat cromosomica i alteracions moleculars de E-
cadherina i C-erbB2 [25, 26]. Els CCC presenten immunotinciéo positiva per HNF1B
(Hepatocyte Nuclear Factor-1B) [27], mutacions en PIK3CA, PTEN i ARID1A (ARID1A, AT rich
interactive domain 1A) i pérdua del producte proteic de ARID1A, BAF250a [28].
Aproximadament el 67% dels adenocarcinomes endometrioides sén diploides mentre que

només el 45% dels no endometrioides ho sén. La immunotincié positiva de p53 es troba molt
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sovint en els NEEC pero ocasionalment la trobem als EEC, particularment en els tumors de
grau III [29] (Taula 8).

En general, les principals alteracions caracteristiques dels EEC (MI, mutacions en
PTEN, k-RAS, PIK3CA i CTNNB1) no es troben en els NEEC. No obstant, la deteccidé ocasional
d’aquestes alteracions moleculars en els NEEC indica que aquest es podria originar seguint
dues vies diferents: (1) de novo, a través de mutacions de TP53, LOH en diversos loci, i
altres alteracions que encara es desconeixen; o (2) mitjancant la desdiferenciacié d’'un EEC
preexistent. Aquesta hipotesi explicaria I'existéncia de carcinomes mixtes EEC-NEEC, i la
preséncia de MI, aixi com alteracions en PTEN, k-RAS o B-catenina en els NEEC. D’acord amb
aix0, els NEEC sorgits de novo (la situaci6 més comuna) complirien les caracteristiques
clinicopatologiques i moleculars dels NEEC (serds papil-lar pur o morfologia de cél-lules
clares, edat avancada, abséncia d’estimulacid estrogénica, falta d’hiperplasia endometrial
preexistent, mutacions de p53, abséncia de MI o mutacions de PTEN), mentre que el
carcinoma desdiferenciat presentaria caracteristiques superposades amb el EEC (morfologia
mixta EEC-NEEC, edat de presentacié anticipada, evidéncia d’estimulacid estrogénica o

hiperplasia preexistent, coexisténcia de mutacions de TP53, MI, o mutacions de PTEN) [30].

Tipus 1 Tipus II/No
/Endometrioide endometrioide
Inestabilitat de microsatel-lits 20-40% 0-5%
Mutaci6 de PTEN 30-50% 10%
Mutaci6 de k-RAS 15-30% 0-5%
Mutacié de PIK3CA 30% 5%
Mutacié de B- 25-40% 0-5%
Catenina/CTNNB1
Alteracié de p53 10-20% 90%
Inactivacié de p16 10% 40%
Inactivacié de E-cadherina 10-20% 80-90%
Amplificacié de ERBB2 29% 43%
Amplificacié de Ciclina D1 2-5% 26-42%
(CCND1) i E (CCNE1)

Taula 8: Principals alteracions del EC [22-24].
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Recentment s’han utilitzat les tecnologies d’alta capacitat per a determinar
I'expressié de gens, com per exemple els micro arrays de cDNA, per tal de definir les
empremtes genétiques d'una gran varietat de cancers, entre ells el d’endometri [31-33].
Aquestes han demostrat que el perfil d’expressié dels EEC és diferent dels NEEC. S’ha vist
que els gens que s’expressen de forma diferencial en els EEC sén aquells relacionats amb la
homeostasi endometrial i que es coneix que estan regulats hormonalment durant el cicle
menstrual mentre que els tumors tipus II solen sobreexpressar gens implicats en la regulacio
del punt de control del fus mitdtic, i associats amb aneuploidia i fenotip agressiu.
Recentment s’han reclassificat els EC. Kandoth i col-laboradors (The Cancer Genome Atlas
Research Network, TGCA) [34] van caracteritzar 373 EC mitjangcant seqiienciacié de DNA,
seqlienciacié de RNA, seqienciacié de miRNA, analisi de metilacié del DNA i assaigs proteics.
L'agrupacio jerarquica de les alteracions somatiques del nimero de copies va agrupar els
casos en quatre grups. El clister 1 contenia casos sense alteracions en el nombre de copies i
estava principalment format per EEC. Els clisters 2 i 3 contenien EEC perd presentaven
alteracions especifiques com I'amplificacié de IGF1R o de 1q. El clister 4 contenia la majoria
de SCE i carcinomes mixtes, perd també un 12% de EEC (principalment grau 3) i
presentaven moltes alteracions en el nombre de copies. De la mateixa manera, |'analisi de
seqlienciaci6 de l'exoma distingia quatre grups de tumors: en general, els SCE i
aproximadament el 25% dels EEC d’alt grau tenien moltes alteracions en el nombre de
copies, pocs canvis en la metilacié del DNA, baixos nivells de ER/PR i mutacions de TP53. La
majoria dels EEC tenien poques alteracions en el nombre de copies o mutacions de TP53
pero freqientment tenien mutacions de PTEN, CTNNB1, PIKC3A, ARID1A, KRAS i ARID5B.
Un subgrup de EEC presentava un gran augment de la freqiéncia mutacional transversal i
noves mutacions en punts calents o “hotspots” en POLE (POLE, Polymerase €). Aixi doncs, es
reclassifica el EC en quatre categories: POLE (ultramutats), MI (hipermutats), baix nombre
de copies i alt nombre de copies (Figura 13). Aquesta reclassificacié permetra millorar el

tractament adjuvant de les pacients amb EC agressiu [34].
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Figura 13: Espectre de mutacions en el EC. a) freqliéncies de mutacié (eix vertical, panell superior) per
cada tumor (eix horitzontal). Les substitucions de nucleotids es mostren en el panell central amb una
alta frequéncia de canvis de C—A en les mostres amb mutacions de POLE. b) Els tumors es van
classificar en 4 grups mitjancant 1) les freqiéncies i patrons de substitucié de nucleotids, 2) I'estat de
MSI, i 3) el cluster del nombre de copies. c) els tumors amb mutacions de POLE presenten, de manera
significativa, millor supervivéncia lliure de progressié (PFS, Progression Free Survival) mentre que els
tumors amb un alt nombre de copies tenen el pitjor pronostic. d) els gens mutats de manera recurrent
son diferents en els quatre grups. Es mostren les freqiéncies de mutacio de tots els gens que estaven
mutats de manera significativa en almenys un dels grups. (MUSIC, FDR < 0.05, indicat amb asterisc).

(Kandoth et al., Nature 2013,497(7447):p. 67-73) [34].

+ Alteracions moleculars dels carcinomes endometrioides

Inestabilitat de microsateél:-lits (MI)

La perdua d'estabilitat gendmica té lloc a les primeres etapes del procés de
tumorigenesi. Aquest fenomen contribueix a crear un ambient que permet que tinguin lloc
les alteracions en gens clau en el control de la proliferacio cel-lular, com els oncogens i els
gens supressors tumorals. Els microsateél-lits sén particularment susceptibles a errors en la
replicacié. La inestabilitat de microsatél-lits és una situacié en la qual la longitud d’un
microsatel-lit ha augmentat o ha disminuit, cosa que implica un canvi somatic en el seu

tamany. Els aparellaments incorrectes del DNA normalment tenen lloc durant la replicacio,
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pero la majoria es rectifiquen gracies a la maquinaria de reparacié de la cél-lula. Quan no es
poden reparar els errors, s'adquireix la MI i es desenvolupa el tumor. La MI es troba en
cancers (colonic, endometri i altres) de pacients amb cancer de colon hereditari no poliposic
(HNPCC, Hereditary Nonpoliposis Colorectal Cancer) o Sindrome de Lynch perd també es
troba en el 25-30% dels EC esporadics. El EC és la segona neoplasia més comuna en dones
amb HNPCC. Aquests pacients tenen una mutacié germinal en els gens MLH-1, MSH-2, MSH-
6 0 PMS-2 (“primer hit”), perd el EC només es desenvolupa amb I'aparicié de la delecié o
mutacié del segon al-lel de MLH-1, MSH-2, MSH-6 o PMS-2 (“segon hit"). Després de que
tinguin lloc els dos “hits” el paper deficient en la reparacié dels errors en el DNA per part
d’aquests gens causa l'adquisici6 de la MI i el desenvolupament del tumor. En els EC
esporadics en canvi, la inactivacié de MLH-1 per hipermetilacié del promotor és la causa
principal de la deficiencia en la reparacid, la qual normalment té lloc en la lesié precursora
(hiperplasia atipica). Per tant, és un esdeveniment que té lloc en estadis inicials de la
patogénia del EC.

La instauracié de la MI, anomenat fenotip mutador, déna lloc a la subsequent
acumulacié de varies mutacions. Les repeticions en tandem curtes, com els microsateél-lits,
com hem dit, son particularment susceptibles de sofrir alteracions perd0 normalment estan
localitzades en regions no codificants del DNA i la preséncia d’insercions o delecions no déna
lloc a proteines anormals. No obstant, algunes repeticions en tandem, com les repeticions de
mononucleotids, de vegades estan localitzades en la seqliéncia codificant de gens importants
(BAX, MSH3, MSH6). Aquestes mutacions s’interpreten com a esdeveniments secundaris en
la via del fenotip mutador en cancers amb MI, i probablement sén els responsables de la

progressio tumoral [20, 21, 35, 36].

PTEN

La via PI3K (PI3K, phosphatidylinositol 3-kinase)/AKT és una de les vies més
freqientment alterades en el EC [37]. Aproximadament el 80% dels EEC tenen una o més
alteracions somatiques que afecten aquesta via [38].

PTEN és un gen supressor tumoral localitzat al cromosoma 10g23.2 que codifica per
una fosfatasa lipidica que antagonitza la via PI3K/AKT desfosforilant fosfatidilinositol 3,4,5
trifosfat (PIP3, Phosphatidylinositol 3,4,5 triphosphate), el producte de PI3K. Aquest és un

missatger important que regula la fosforilacid de la proteina AKT o proteina cinasa B. La
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disminucié de l'activitat de PTEN ddéna lloc a un augment de la proliferacié cel-lular i

supervivéncia a través de la modulacié de diferents vies moleculars (Figura 14).

PTEN \/

PH Domain-Containing Protein
e.g. PDK1, AKT

Figura 14: Activitat catalitica de PTEN. PTEN catalitza la defosforilacié PIP3 a la posicié D3 resultant en
PIP2 (PIP2, Phosphatidylinositol 4,5-bisphosphate). PTEN antagonitza I'activitat fosfatidilinositol 3 cinasa
estimulada pel receptor tirosina cinasa (RTK, Receptor Tyrosine kinase) que catalitza la produccié de
PIP3. Aquest fosfolipid permet el reclutament de molécules de senyalitzacié a la membrana via dominis
d’homologia plecstrina (PH, pleckstrin-homology) com per exemple PDK1 (PDK1, phosphatidylinositol-
dependent kinase 1) i membres de la familia AKT. (Chow L.M.; et al. Cancer Lett, 2006. 241(2): p. 184-
96) [39].

PTEN esta freqlientment alterat al EC. Pot estar inactivat per diferents mecanismes
com mutacions puntuals, pérdua d’heterozigositat (LOH, Loss Of Heterozigosity),
hipermetilacié del promotor, miRNAs, repressid transcripcional, interrupcié de les xarxes de
RNAs enddgens competitius o modificacions post traduccionals [40]. Com a gen supressor
teoricament necessita alteracions en els dos al-lels per participar en el desenvolupament i la
progressio tumoral. En primer lloc normalment es donen les mutacions puntuals, en canvi les
delecions sén caracteristiques del segon “hit”. No obstant, s’ha demostrat recentment que
una alteracié es suficient per inactivar PTEN i per tant participar en la tumorigénesi [41]. El
40% dels EC presenten LOH del cromosoma 10g23.2 i el 37-61% dels EEC tenen mutacions
de PTEN [42, 43]. També s’han detectat mutacions d‘aquest gen en hiperplasies
endometrials coexistint amb MI, cosa que suggereix que les mutacions de PTEN sén un

esdeveniment precog en el EC [39] (Figura 15).
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Figura 15: La hiperplasia d’endometri presenta freqiientment inactivacié de PTEN i en combinacié amb
MI inicia el procés neoplasic donant lloc al EEC. (Modificat de: Chow L.M.; et al. Cancer Lett, 2006.
241(2): p. 184-96) [39].

B-catenina

B-catenina (3p21) (CTNNB1) és un dels components principals de la unitat E-
cadherina-catenina, important per a la diferenciacié cel-lular i el manteniment de
I'arquitectura dels teixits normals. També és important per la transduccié de senyals.

B-catenina esta involucrada en la via Wnt. La proteina APC (APC, Ademomatosis
Polyposis Coli) regula a la baixa els nivells de B-catenina col-laborant amb la cinasa glicogen
sintasa (GSK-3b, Glycogen Sinthase Kinase-3 beta) induint fosforilacié dels residus de
serina-threonina codificats a I'ex6 tres del gen CTNNB1 i la seva degradacié a través de la via
d’ubiquitinitzacié del proteasoma. Les mutacions a I'exd 3 de B-catenina ddénen lloc a una
estabilitzaci6 de la proteina, acumulacié citoplasmatica i nuclear i participacié en la
transduccié de senyals i I'activacié transcripcional a través de la formacié de complexes amb
les proteines d'unié al DNA. Aquestes mutacions a I'exé6 3 amb acumulacié nuclear de B-
catenina es troben en el 14-44% dels EC. Es creu que és un esdeveniment inicial en la

genesi dels tumors endometrials [44-47].

Els receptors hormonals

En I'endometri els receptors d’estrogens (ER, Estrogen Receptor) i els receptors de
progesterona (PR, Progesterone Receptor) s’expressen en la primera meitat del cicle
menstrual i es deixen d’expressar en la fase I(tia.

Historicament s’ha considerat que els estrogens promouen el cancer d’endometri
mitjancant l'activacié de la proliferacio. Aquests es poden unir als receptors nuclears,
promoure l’'expressié d’altres gens i augmentar l'index mutacional. No obstant, la seva
expressio s’associa a bon pronostic. Més del 95% dels EC expressen ER, en canvi el PR no

sempre s’expressa. Els tumors ER+/PR- tendeixen a tenir pitjor pronostic i no responen a les
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terapies amb progestagens. Existeixen dues formes del Receptor d’Estrogens, la forma
original, ERa (codificat al cromosoma 6) i ERB (codificat al cromosoma 14) el qual s’ha
identificat més recentment. Els dos receptors s’'uneixen amb igual afinitat als estrogens i es
coneix poc sobre els gens que estan regulats per ERB en comparacié amb ERa. Pel que fa al
PR també existeixen dues isoformes, A i B, les dues codificades al cromosoma 11 i es creu
que es necessiten les dues per a la diferenciaciéo endometrial .

Els receptors de les hormones esteroidees, ER i PR, s’‘associen als carcinomes
d’endometri tipus I i a la hiperplasia d’endometri. Per altra banda, la seva pérdua s’associa a
una disminucid de la supervivéncia global i a una disminucié de la supervivéncia lliure de

malaltia, histologia no endometrioide, invasié miometrial i augment de |'angiogénesi [48-50].

+ Alteracions moleculars dels carcinomes no endometrioides

53
DNA damage
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Figura 16: Mecanisme d’actuacio de p53.

Les mutacions de TP53 permeten el creixement continuat de les cél-lules mutades
cosa que permet I'acumulacié de més mutacions i la possibilitat d'una expansid clonal de nius
neoplasics. Les mutacions de TP53 son actualment les alteracions genétiques més
freqientment identificades en el carcinoma serds d’endometri [52]. Les alteracions de TP53
es creu que tenen lloc en les fases inicials de la carcinogenesi del SCE i que estan implicades
en la seva evolucié. Els resultats més recents han trobat mutacions fins a un 90% dels SCE
[53]. El tipus de mutacié més comu és la mutacié amb sentit erroni o missense (51,57) i en
un estudi de Jia i col-laboradors [52] les mutacions en el cod6 248 de CGG a TGG o a CAG

van ser les més frequentment identificades. S’ha vist que el 76% dels SCE tenen
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sobreexpressi6 de p53 per immunohistoquimica [54]. La mutacié6 de TP53 sense
sobreexpressio de la proteina pot ser deguda a una proteina inestable o absent [52, 55]. Per
altra banda també es pot observar sobreexpressié de la proteina sense mutacié del gen cosa

que indica que probablement hi ha altres métodes d’inactivacié funcional de TP53 [56].

E-cadherina

El gen supressor de tumors CDHI codifica per la proteina E-cadherina. Es una
molécula d’adhesié cel-lular depenent de calci (Ca2+), la pérdua de la qual es relaciona amb
la transicié epiteli- mesénquima [57].

En els EC s’observa una reduccié en I'expressié de E-cadherina. S’observa LOH al
cromosoma 16g22.1 en el 60% dels NEEC i en canvi només en el 22% dels EEC [58]. La
hipermetilacié del promotor de CDH1 també és frequent entre els EC (21-40%) perd no
sempre correlaciona amb una disminucié de I’'expressio [59].

L'expressié d'aquesta proteina s’associa a una disminucié de la mortalitat per EC i a

una disminucié de la progressié de la malaltia i de les recidives a distancia [60].

Les claudines

Les claudines pertanyen a una familia de proteines de membrana que formen part de
les unions estretes entre cél-lules (TJ, Tight Junctions). L'organitzacié dels complexes E-
caderina/B-catenina de les unions adherents (AD, Adherent Junctions) durant Ia
transformacid cel-lular és ampliament reconegut; en canvi, les implicacions de les TJs en
aquest procés sén més desconegudes. Tant la claudina 3 com la claudina 4 s’han vist
altament expressades en cancer de mama, prostata, ovari i pancrees i més recentment en el
carcinoma serds papil-lar uteri [61]. Alguns estudis suggereixen que poden estar implicades

en processos d’'invasid i metastasi [62].

HER-2/neu

La familia de receptors tirosina cinasa del factor de creixement epidérmic (EGFR,
Epidermal Grouth Factor Receptor) esta formada per quatre membres: EGFR (ErbB1), HER-
2/neu (ErbB2), HER-3 (ErbB3) i HER-4 (ErbB4). HER-2 es troba sobreexpressat en
aproximadament un 20% dels cancers de mama. La dimeritzacié de HER-2 amb qualsevol

dels altres membres doéna lloc a una autofosforilacid dels residus tirosina del domini
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citoplasmatic dels receptors i inicia una varietat de vies de senyalitzacié. Pel que fa al cancer
d’endometri, també es troba sobreexpressat i amplificat de forma més frequent en els NEEC,
en comparaciéo amb els EEC (43% i 29% respectivament). Els alts nivells d’expressié de HER-
2/neu s’han associat a resisténcia a la quimioterapia i baixa supervivéncia, cosa que
suggereix que aquestes cél-lules tenen un comportament biologic més agressiu i un

avantatge pel que fa al creixement respecte les cél-lules HER-2/neu negatives [63, 64].

16

P16 és un inhibidor de la cinasa depenent de ciclina 4 (CDK4, Cyclin-Dependent
Kinase 4) i s’expressa en alguns teixits normals i tumorals. Es una proteina supressora de
tumors codificada pel gen CDKNZ2A. Juga un paper important en la regulacié del cicle cel-lular
aturant la progressid de la fase G1 a la fase S. Molts tumors presenten una downregulacié de
p16, no obstant també es troba sobreexpressada en una gran varietat de tumors, entre ells,
el d’endometri [65, 66]. Aproximadament el 80-90% dels carcinomes serosos papil-lars
expressen pl6 enfront d’'un 30-40% dels EEC [67, 68]. Per aquest motiu s’ha proposat com
a marcador addicional, dins d’un panell immunohistoquimic, per a distingir els SCE dels EEC

[65].

HMGA2 (high mobility group AT-hook 2

El factor de transcripci6 HMGA2 es troba en teixits embrionaris i és un regulador
important de la diferenciacio, creixement, apoptosi i transformaciéo maligna de les cél-lules.
Es troba sobreexpressié d'aquesta proteina en moltes neoplasies epitelials i mesenquimals.
La immunotincié nuclear de HMGA2 és molt comuna en els carcinomes serosos (91%) i en

les seves lesions precursores, i és negativa en la majoria de EEC [69].

IMP/IGF2BP (insulin-like growth factor II messenger RNA binding

protein)
IMP/IGF2BP constitueixen una familia de proteines d’'unié al mRNA necessaries per al

desenvolupament fetal [70].
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Aqguestes proteines es poden unir fortament i de forma especifica a transcrits d’'mRNA
com els que codifiquen pel factor de creixement tipus insulina II (IGF-II, Insulin-like Growth

Factor II), molécules d’adhesié cel-lular i altres.

IMP2/IGF2BP2 (insulin-like growth factor II messenger RNA binding
protein 2)

Es troba localitzat al cromosoma 3g27.2. Recentment ha estat implicada en la
diabetis tipus 2 [71]. Zhang L i col-laboradors [72] han vist que IMP2 s’expressa en les
cel-lules glandulars dels endometris proliferatius i inactius, i que aquest patré es manté en
els SCE. En canvi, en els EEC I'expressiéo de IMP2 es perd en un 25-90% de les cel-lules
tumorals. De la mateixa manera IMP2 es perd en el component endometrioide dels

carcinomes mixtes d’endometri, mentre que el component serds en manté |I'expressio.

IMP3/IGF2BP3 (insulin-like growth factor II messenger RNA binding
protein 3)

Esta localitzat al cromosoma 7p11.5. Com la resta de proteines de la seva familia
esta altament expressada en teixit fetal, en canvi en teixits adults només s’expressa en les
gonades. No obstant, s’expressa en un cert nombre de cancers on ha estat implicada en
creixement, migracid i invasid. S’ha vist immunoexpressada en un 94-100% dels carcinomes

serosos d’endometri i només en un 7-25% dels carcinomes endometrioides [73-75].

FOLR1 (Folat Receptor-1

El receptor de folat és una proteina de membrana unida al glicosil-fosfatidilinositol
que facilita I'entrada del folat a la cél-lula el qual es necessari per regular els diferents
processos cel-lulars. Principalment intervé en la sintesi de nucleodtids de novo. Hi ha tres
gens que codifiquen pels receptors de folat, hFRa, hFRB, i hFRy també anomenats FOLR1,
FOLR2 i FOLR3, respectivament. A més de la seva funci6 com a transportador
transmembrana també intervé en la proliferacié. L'associacié entre el receptor de folat i la
proliferacié és encara desconeguda pero s’ha vist sobreexpressidé d’aquest en els carcinomes
serosos d’ovari i d’endometri (48%) [76]. Es creu que les terapies anti-FOLR poden ser Utils
en el tractament de les neoplasies amb alts nivells d’expressié d’aquests receptors en les

seves cel-lules tumorals.

35



Introduccid

Mesotelina

La mesotelina és una proteina de membrana que s’expressa a les cél-lules
mesotelials normals i que esta sobreexpressada en la majoria de mesoteliomes i carcinomes
de pancrees, d'ovari (70%) i de pulmd (50%). Tot i que s’ha demostrat que pot estar
implicada en I'adhesid cel-lular, la funcid biologica d’aquesta proteina es poc coneguda. S’ha
vist que l'expressié de mesotelina indueix I'expressié de Metaloproteinases 7 de la matriu
extracel-lular (MMP7, Matrix Metalloproteinases 7) [77] i que confereix resisténcia a
I'apoptosi en resposta a TNF-a [78]. Wang i col-laboradors han demostrat que en silenciar el
gen que codifica per la mesotelina (MSLN) mitjancant un lentivirus amb expressié de
microRNA (miRNA) anti mesotelina, es reduia de forma significativa la viabilitat i la capacitat
d’invasié de les cel-lules del carcinoma d’ovari [79]. Pel que fa al EC, Dainty i col-laboradors
han observat una sobreexpressio de mesotelina (32%) en els SCE en correlacié6 amb FOLR1

[76].

Ciclina E

La ciclina E (CCNE) és un component de la via del Retinoblastoma (Rb). La
fosforilacid del Rb, l'alliberacié de E2F i la conseqlient transicié a la fase S esta regulada per
dos tipus de ciclines-Cdks, les ciclines tipus D que activen les Cdk 4/6 i les ciclines E que
activen Cdk2. En algunes séries de cancers ovarics [80], colonics, gastrics [81, 82] i de
mama [83] s’ha vist amplificacié del gen amb una freqiuéncia del 2-20%, la qual en alguns
casos ddéna lloc a un augment dels nivells de mRNA. En un estudi amb TMAs de 1500
carcinomes de bufeta es va veure sobreexpressié de Ciclina E en un 1,9% dels casos [84].
En carcinomes endometrials s’ha vist que la sobreexpressido de Ciclina E s‘associa amb el
grau histologic i immunotincié de p53. A més, en un treball de Cassia R i col-laboradors, el
54.5% dels casos amb sobreexpressio de la proteina eren NEEC i I'amplificacié6 de CCNE
s’associava al tipus histologic [85]. No obstant, es creu que, freqientment, els mecanismes
implicats en aquesta sobreexpressié son mutacions en vies reguladores, més que en la

Ciclina E en si mateixa.

NRF2 (Erythroid-E2-related factor 2)

NRF2 és un factor de transcripcid nuclear que s’‘ocupa de mantenir la homeostasis

intracel-lular a través de la regulacié de la transcripcid de gens diana. La funcié biologica
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principal de NRF2 és antioxidant. Generalment aquesta proteina es manté a nivells basals
baixos regulada per Keap 1, un regulador negatiu, mitjancant ubiquitinitzacié i processament
per part del proteasoma [86]. Els components quimico-preventius |'estabilitzen i activen la
resposta antioxidant depenent de NRF2.

Recentment s’han observat mutacions i canvis dels nivells d’expressié d’aquesta
proteina en varis cancers, incls el EC [87, 88]. La desregulaci6 de NRF2 ddna lloc a una
sobreexpressido dels gens diana que intensifica l'efecte protector de NRF2 i confereix
avantatge a les cél-lules tumorals i resisténcia a la quimioterapia [87-89]. Chen N i
col-laboradors han vist que l|'expressié de NRF2 esta altament relacionada amb els
carcinomes serosos d’endometri i sembla no estar relacionada amb els EC tipus I. L'expressid
intensa i difusa s’observa no només en els SCE sin6 també en les seves lesions precursores
cosa que indica que aquesta alteracié de l'expressido és un esdeveniment primerenc en la

transformacio neoplasica del SCE [90].

« Gens implicats en la resisténcia a I'apoptosi en el cancer
d’endometri

L'apoptosi és un mecanisme de mort cel-lular programada necessari per mantenir
I’'nomeostasi cel-lular. Aquest procés permet que cél-lules que ja no son necessaries o han
estat danyades, es renovin. El fet que es produeixin alteracions en proteines que regulen
I'apoptosi pot resultar en el desenvolupament i progressid del cancer aixi com en la

resisténcia a tractaments.

FLIP, FLICE Inhibitory Protein

La proteina inhibitoria de FLICE (FLIP, FLICE Inhibitory Protein) és un inhibidor de
I’'apoptosi iniciada per la unid als receptors de mort. La forma llarga de FLIP, FLIP-L té un alt
grau d’homologia amb caspasa-8 i conté dos dominis efectors de mort (DED) i un domini
similar a caspasa, tot i que aquest no té activitat proteolitica. D'aquesta manera, alts nivells
de FLIP dénen lloc a una inhibici6 de Iactivaci6 de la caspasa-8 i de I'apoptosi
desencadenada pels receptors de mort (Figura 17).

S’ha observat que FLIP esta altament expressat en molts tumors, com en cancer de

prostata [91], cancer gastric [92], carcinoma de bufeta [93], limfoma de Hodgkin [94] i en
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linies cel-lulars de cél-lules mesotelials malignes [95]. Pel que fa el EC, FLIP es troba

sobreexpressat respecte l'endometri normal i correlaciona amb invasi6 miometrial i

metastasis als ganglis limfatics [15, 96].

! Fasl (death ligand)
Fas (death receptor)
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Figura 17: Senyalitzacié per receptors de mort en abséncia o preséncia de FLIP. A) En abséncia de FLIP
la caspasa-8 es activada. Com a resultat, el fragment amino-terminal de caspasa-8 que conté DED es
manté unit al complex inductor de mort, mentre el dimer de caspasa-8 activa s’allibera al citoplasma per
iniciar la cascada apoptotica. B) La forma curta de FLIP cel-lular (c-FLIPs) inhibeix el processament de la
caspasa 8. C) La forma llarga de FLIP cel-lular (c-FLIP.) te dos DED i un domini similar a caspasa sense
activitat proteolitica. La caspasa 8 es pot processar de forma parcial perd no es pot alliberar al citosol.

(Thome M, Tscop J. Nat Rev Immunol, 2001. 1(1): p. 50-8) [97].

CK2, Casein Kinase 2

La proteina caseina cinasa 2 (CK2, Casein Kinase 2)) és una serina/treonina cinasa
que ha estat implicada en creixement cel-lular, diferenciacid, proliferacié i apoptosi. S'ha vist
que pot estar des regulada en varis tumors [98]. CK2 és un enzim que consisteix en dues

subunitats catalitiques (a, a’) i una subunitat reguladora (B). En la subunitat reguladora
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trobem residus cisteina que juguen un paper important en la unié de la cinasa a les
estructures nuclears. L'activitat de CK2 pot jugar un paper en el creixement cel-lular a través
de la seva senyalitzacié en llocs clau de la matriu nuclear i estructures de la cromatina [99].
De fet, alguns estimuls de creixement poden promoure l’expressido nuclear de CK2, i
s’observa una major localitzacié nuclear de CK2 en ceél-lules tumorals en comparacié amb
cel-lules normals [100]. Pel que fa al EC, en un estudi del nostre grup vam observar que la
intensitat de la immunotici6 de CK2B era més elevada en el EC en comparacié amb
I'’endometri normal, i aquesta correlacionava amb |'expressié de AKT, PTEN, B-catenina i
FLIP, cosa que suggeria un paper de CK2 en la proliferacié cel-lular i la resisténcia a

I'apoptosi [101, 102].

NF-kB, Nuclear Factor-kB

NF-kB és una familia de factors de transcripcié que s’activen per una gran varietat
d’estimuls, com citocines, radiacié ionitzant i drogues quimioterapeutiques [103] i que
controlen diferents esdeveniments moleculars com respostes a |'estrés, viabilitat cel-lular,
angiogénesi i progressio tumoral [104].

La familia de NF-KB esta formada per 5 subunitats estructuralment relacionades que
pertanyen a dues classes:

Primera classe: esta formada per RelA (p65), RelB, i c-Rel que es sintetitzen com a
formes madures.

Segona classe: formada per NF-kB1 (p105) i NF-kB2 (p100) que sofreixen el procés
d’ubiquitinitzaci6 i degradacié per la via del proteasoma per generar les subunitats madures
p50 i p52, respectivament.

Aquestes proteines comparteixen un domini Rel d’homologia, que controla Ia
interaccié amb el DNA, la dimeritzacié i les interaccions amb els factors inhibidors IkB (IkBa,
IkBB, IkBeg, Bcl-3). En l'anomenada via canonica o classica, els heterodimers d’NF-kB
contenen c-Rel o Rel-A units a p50 i estan presents al citoplasma units a IkB. Mitjancant un
estimul, les IkB cinases (IKKs, IkB Kinases) fosforilen IkB que s’ubiquitinitza i es degrada per
la via del proteasoma deixant que NF-kB transloqui al nucli i actui com a factor de
transcripcid. Alguns dels gens diana poden inhibir I'apoptosi (BCL-XL, FLIP) o promoure la
progressio del cicle cel.lular (Ciclina D1). NF-kB pot estar sobreregulada per una inactivacié

de PTEN.
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En la via no candnica o alternativa els dimers estan formats per Rel-B i p100.
Aquesta via activa la cinasa IKKa que sera l'encarregada de fosforilar p100. Un cop
fosforilada sera proteolitzada i es generara la forma madura. Finalment els dimers
translocaran al nucli on activaran la transcripcié de gens diana (Figura 18).

L'activacio de les dues vies augmenta en una gran varietat de cancers, inclos el EC [105], on

controlaria la proliferacié i I'apoptosi i per tant, seria important en la carcinogénesi.

NF-kB signalling pathways

Canonical Pathway Alternative Pathway

Figura 18: Vies canonica i alternativa d’activacié de NF- kB. (Dolcet X; et al.

Virchows archieves,2005. 446: p. 475-82) [106].

+ Altres gens implicats en la progressio del cancer

d’endometri

Annexina A2

Annexina A2 és una proteina multi funcional d'unié als fosfolipids depenent de calci
que s’uneix al col-lagen tipus I, a la catepsina B i a tenascina-C. Basicament esta implicada
en el manteniment de la comunicacié entre el microambient intracel-lular i extracel-lular.
Interacciona amb els fosfolipids de membrana i la matriu extracel-lular i ajuda en el
manteniment de la plasticitat i el reagrupament del citoesquelet d’actina [107]. També juga
un paper important en el sistema d’activacié del plasminogen i actua com un receptor
activador del plasminogen a la superficie cel-lular de les cél-lules endotelials i tumorals, on fa

de mitjancer en el procés de conversio del plasminogen a plasmina [108].
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Varis estudis han trobat un augment dels nivells tissulars d’annexina A2 en neoplasies
de mama, pancrees, fetge, ronyo, orofaringe i intesti [109]. S’ha vist que promou la invasié
cel-lular i metastasi en neoplasies de la mama, cervell, fetge, ovari i pancrees i millora la
motilitat i adhesié cel-lular en el carcinoma de prostata i hepatocel-lular [109-113]. En
I'’endometri s’ha vist que annexina A2 contribueix en la patogénia de |'adenomiosi [114].
També s’ha vist una sobreexpressié d’ANXA2 en EC estadi I en comparacié amb I'endometri
normal [115], i una sobreexpressi® d’ANXA2 s’ha relacionat amb marcadors de transicio

epiteli-mesénquima (EMT).

1.14 Hipoxia i cancer

Thomlinson i Gray (1955), basant-se en observacions en seccions histologiques de
carcinoma bronquial, van ser els primers en indicar de manera clara que la hipoxia podia
estar present en els teixits tumorals. La hipoxia cel-lular es déna en la majoria, sind tots, els
tumors solids com a conseqliéncia d’un desequilibri entre I'aportacié d’oxigen i el creixement
tumoral. Evidencies cliniques uneixen la hipoxia tumoral amb la formacié del cancer, la
progressio del cancer, i la resisténcia a la quimioterapia i a la radioterapia [116, 117]. En el
carcinoma d’endometri la hipoxia s’ha associat amb la invasié miometrial i amb les recidives
post radioterapia [118].

L'ambient hipoxic es caracteritza per I’acidosi i la baixa disponibilitat de nutrients, aixo
indueix mecanismes d’adaptacio cel-lulars i gendomics que permeten a les cél-lules adaptar-se
a l'estrés a través de la promocié d’'un comportament més agressiu del tumor i resisténcia a
la terapia [117]. Tot i que l'adaptacié gendomica resulta en inestabilitat gendmica, que
permet el creixement de clons tumorals resistents, l|'adaptacid6 cel-lular a baixes
concentracions d’oxigen és un procés que s’aconsegueix a través de nombrosos mecanismes
com l'angiogénesi i la transicio de la fosforilaciéo oxidativa a la glicolisi, i esta controlat
principalment pel Factor de transcripcié Induible per Hipoxia 1 (HIF-1, Hypoxia Inducible
Factor-1). L'acumulacié de HIF-1 esta regulada principalment per la hipoxia. Tot i que s’ha
vist que molts estimuls indueixen la seva activacié, com els bacteris o els estrogens [119,
120].

A més a més de HIF-1 hi ha altres factors de transcripci6 que s’activen a

concentracions baixes d’oxigen com la familia de gens NF-kB. Un treball recent suggereix

41



Introduccid

associacions transcripcionals entre HIF1a i NF-kB de manera que p65 augmenta |I'expressio
de HIF-1a a través de l'activacié del seu promotor en cél-lules de EC IK (IK, Ishikawa). Per
altra banda, la sobreexpressié de HIF-1a també activa la transcripciéo depenent de NF-kB, i

doéna suport a I'existéncia d’una retroalimentacié positiva [121].

HIFla

HIF1a és un factor de transcripcié heterodiméric que consta de dues subunitats HIF-
1a, i HIF-1B. HIF-1B s’expressa de forma constitutiva, en canvi |'estabilitat de la proteina
HIF-1a és oxigen-dependent. Els nivells proteics de HIF-1a s6n baixos sota condicions
aerobiques. Aquest control dels nivells de proteina I’'exerceix una classe de prolil hidroxilases,
les quals amb preséncia d’oxigen hidroxilen HIF-1a en dos residus de prolina (Pro 402 i 564).
Aquesta hidroxilacié és un primer pas necessari pel reconeixement i unié a la proteina Von
Hippel-Lindau, la qual dirigira HIF-1a per a la ubiquitinitzacié i degradacié proteasdmica
[122]. Sota condicions d’hipoxia HIF-1a no es degrada per la via del proteasoma,
s’estabilitza, transloca al nucli, dimeritza amb HIF-1B i inicia la transcripcié de diversos gens
relacionats amb la glicolisi, I'angiogénesi i I'hnomeostasi d’oxigen [123] (Figura 19). HIF-1
indueix I'expressié d’enzims glicolitics i transportadors de glucosa i permet la supervivéncia
de les cel-lules tumorals controlant la produccié suficient d’ATP. HIF-1a també controla
I'angiogenesi induint la transcripcié del factor de creixement endotelial vascular (VEGF,

Vascular Endothelial Grouth Factor), de manera que augmenti la disponibilitat d’oxigen

[124].
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1.15 Tractament

 Lacirurgia

La cirurgia és el tractament primari pel EC. Normalment inclou I'extraccié quirldrgica
de l'Gter, el cérvix, els ovaris i les trompes de fal-lopi (histerectomia amb salpingo-
oforectomia).

El tractament adjuvant després de la cirurgia i I'estadificacié dels tumors es basa en el
risc de recidiva i persisténcia de la malaltia, que ve determinada per |'estadiatge quirurgic i
els factors pronostics. Segons les recomanacions del grup d’oncologia ginecologica (GOG,
Gynecologic Oncology Group) els pacients amb cancer d’endometri s’estratifiquen en tres

grups de risc (Taula 9):

Baix risc Risc intermedi Alt risc

EEC G3 estadi IA
(0]
EEC G1-2-3 estadi IB-1II

Baix Alt EEC G1-2-3
estadi III-1V
EEC G1-2 estadi Amb factors de mal o]
IA pronostic (=2 factors) NEEC (seros-
papil-lar, cél-lules
Sense factors de | -Edat > 60 anys clares)
mal pronostic -Invasidé miometrial >50% Estadi I-II-III-IV
‘Tumor > 2 cm
-G3
-Invasio vasculo-limfatica

Taula 9: Grups de risc

La linfadenectomia pélvica i para- aortica es apropiada quan hi ha evidéncia
d’indicadors de baix pronostic (alt grau, morfologia no endometrioide, invasid miometrial
profunda o extensié al cérvix o annexes).

El paper de la linfadenectomia en dones amb tumor d’endometri en les primeres
etapes és controvertit ja que en assaigs grans aleatoris no s’ha trobat benefici en la
supervivencia global o lliure de recidives [126, 127]. Per tant, no es recomana com a
procediment rutinari amb finalitats terapeutiques. Aixi mateix cap estudi de tractament

adjuvant ha demostrat de manera convincent benefici en la supervivéncia en tumors
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considerats de risc intermedi amb estadis I/1I, tot i que es recomana en estadis II per guiar

I’'estadi quirdrgic i la terapia adjuvant [128].

El risc de recidiva després de la cirurgia en dones amb malaltia de baix risc és molt
baix (5% o menys) i per tant, no es recomana tractament addicional. En canvi, després de la
cirurgia, les dones amb EC de risc intermedi-alt normalment reben radioterapia (RT)
adjuvant. Les pacients amb tumors amb caracteristiques d’alt risc (alt grau, invasio profunda
del miometri, implicacié del cérvix) també reben, normalment, terapia adjuvant per radiacio.
I finalment, en dones amb malaltia disseminada es pot considerar la gquimioterapia

citotoxica o la terapia sistémica hormonal amb progestagens [128].

+ La radioterapia

La radioterapia és un tractament que utilitza raigs X d’alta energia o altres tipus de
radiaciéo per matar les cél-lules tumorals o aturar-ne el creixement. Es pot utilitzar com a
tractament Unic o en combinacié amb altres tractaments com la quimioterapia o la cirurgia.
Els EC irradiats es divideixen en dos grups, els tractats amb radiacié pélvica externa i els
tractats amb braquiterapia o radioterapia interna. En la braquiterapia, la font de radiacié es
col-loca dins de la cavitat vaginal.

Tant la radiacié pélvica externa com la braquiterapia s’utilitzen per irradiar llocs de
potencial metastatic d’expansid local del tumor, com per exemple, la regié supravaginal, els
parametris i els ganglis limfatics regionals. Aix0 es deu al fet que la cavitat abdominal és el
lloc més comu de fracas en el tractament, particularment en pacients amb NEEC. En concret,
la braquiterapia de la cavitat vaginal, sutilitza Unicament per tractar la part superior de la
vagina, degut al fet que és un lloc comu de recurréncia pélvica [129].

Com hem dit, la RT adjuvant es limita als pacients amb factors de risc intermedi i alt.

Per aquells pacients amb caracteristiques de risc intermedi-alt, la braquiterapia
vaginal proporciona un bon control regional, menys morbiditat i millor qualitat de vida en
comparacié amb la RT pélvica externa.

Pels pacients amb estadi I-III amb caracteristiques d’alt risc, la quimioterapia sola no
ha mostrat benefici comparat amb la RT pélvica externa. En un assaig que comparava la

radiacié pelvica externa amb o sense quimioterapia es va veure que la terapia combinada
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oferia una millor supervivencia lliure de malaltia. La radiacié pelvica externa millora el control
local de manera significativa dels pacients amb estadi I, tot i que aix0 no implica un

avantatge en la supervivéncia [129].

« Induccioé de mort cel-lular per radioterapia (RT)

La finalitat de la radioterapia és la de destruir o disminuir el nombre de cel-lules
tumorals.

La radiacié ionitzant indueix dany al DNA (DNA, Deoxyribonucleic Acid) ja sigui
directament, causant trencaments de la doble cadena (DSBs, Double-Strand Breaks) o de

cadena simple (SSB, Single Strand Breaks), o indirectament via la generacié de radicals

lliures (Figura 20).

A B
Direct Action  Indirect Action
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Figura 20: DSBs sén els responsables de la mort cel-lular. Incds un SSB es suficient per matar una
cel-lula o pertorbar la integritat genomica causada per la radioterapia. La radiacié actua directament (A)
o indirectament (B) al DNA cel-lular. (Baskar R; et al. Int J Med Sci, 2012. 9(3): p. 193-9)[130].

La radioterapia danya tant les cél-lules normals com les ceél-lules tumorals per6 a
diferéncia de les cél-lules tumorals, les cél-lules normals s6n més eficients en reparar el dany
al DNA ja que proliferen menys i per tant tenen més temps per reparar el dany abans de la
replicacio.

Hi ha varis factors que repercuteixen en I'éxit de la radioterapia. Les cel-lules son
més radiosensibles quan es troben en fase de mitosi (G2/M), pero I'efectivitat de la
radioterapia també depéen d’altres factors intrinsecs com la dosi total, lindex de

fraccionament, la transferéncia lineal d’energia (LET) o la radio- sensibilitat del teixit.
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La presencia d'O, influeix la terapia de radiacid. Quan un material biologic absorbeix
la radiacié els radicals lliures (R’) que es generen inicien una serie d’esdeveniments que
desemboquen en un dany bioldgic. Aquestes molécules s6n molt inestables i reaccionaran
rapid amb 'O, per produir RO, i finalment ROOH en la molécula diana, cosa que déna lloc a
un canvi estable. En aquest moment es diu que el dany esta quimicament " fixat” [131]. A
continuacié aquest dany pot ser reconegut per les vies moleculars que participen en la
resposta al dany del DNA (DDR, DNA Damage Response) per tal de reparar-lo, aturar el cicle
cel-lular (senescéncia) o del contrari, destruir les cél-lules danyades.

La DDR engloba un grup de varies vies moleculars interrelacionades. En general
aquest sistema es divideix en dues parts, els sensors i transductors del dany del DNA i els
efectors de la resposta al dany del DNA. Un dels sensors/transductors importants és la
proteina ATM ( ATM, Ataxia Talangectasia Mutated). ATM, juntament amb MRN i altres
proteines s’uneixen als DSB, permeten la fosforilaci6 de H2AX, el reclutament d’altres
proteines i la formacié final dels “foci” induits per la radiacié (IRIF, Ionizing Radiation
Induced “Foci”). Un altre dels sensors/transductors importants és la proteina cinasa
dedenent del DNA (DNA-PKcs, DNA-Dependent Protein Kinase catalytic subunit) que
juntament amb el complex Ku70-Ku80 s’uneix als extrems dels DSBs. Finalment, la proteina
ATR (ATR, AT-Related Kinase) juntament amb ATRIP (ATRIP, ATR Interacting Protein) actua
principalment en resposta al dany de cadena simple.

Les Chkl o Chk2 (Chk, Checkpoint proteins) sén substrats clau de ATM i ATR.
Aquestes fosforilen altres substrats necessaris per l'activacid dels punts de control del cicle
cel-lular per finalment, en cas de no poder reparar el dany, aturar-lo. Quan el dany no es pot
reparar també es pot promoure la mort cel-lular o apoptosi [132](Figura 21).

Mutacions en aquests gens resulten en un augment de la probabilitat de

desenvolupar cancer [133]
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Figura 21: Vies de resposta al dany del DNA en animals. Deteccié dels DBS i ssDNA a través dels sensors
(es mostren en verd), les cinases transductores de senyal (es mostren en vermell), els mediadors (es
mostren en gris) i els efectors (es mostren en blau) que condueix a la reparacié del dany, control del

cicle cel-lular, apoptosi o senescéncia. (Yoshiyama KO; et al. Biology,2013. 21;2(4): p. 1338-56)[132].

Aixi doncs, després del tractament amb radioterapia les cel-lules tumorals poden
morir per varis mecanismes: Apoptosi, catastrofe mitotica (aquestes son les 2 formes de
mort induides per la radiacié ionitzant més comunes), necrosi, senescéncia i autofagia.
L'apoptosi es caracteritza per la formacid de cossos apoptotics, nuclis amb fragmentacio del
DNA i cromatina condensada amb una participacié especial dels mitocondris i es la forma
principal de mort induida per radioterapia. La catastrofe mitotica és un tipus de mort que
normalment té lloc després d’un error en la segregacio dels cromosomes, aixd déna lloc a la
formacio de ceél-lules gegants amb nuclis aberrants. En la necrosi s’'observen nuclis atipics, es
desintegren els organuls cel-lulars, es produeix un trencament de la membrana cel-lular i
com a conseqiéncia es produeix una pérdua del contingut intracel-lular. L'autofagia és una
forma de mort programada en la qual la cél-lula s'autodigereix. I finalment, la senescéncia es
refereix a una forma permanent de pérdua de la capacitat proliferativa.

Hi ha varies vies moleculars que s’han vist implicades en les diferents formes de mort
cel-lular induida per radioterapia. Aquestes involucren principalment el gen TP53 i les

alteracions afecten principalment la supervivencia cel-lular (Figura 22). Per compensar la
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pérdua d'una de les vies de reparacid del DNA, les cél-lules poden activar vies alternatives.
Aguest mecanisme també podria ser responsable de la disminucié de la resposta a la radio-
quimioterapia.

Les principals vies implicades en la resisténcia a la radioterapia sén les vies de

transduccié ATM/TP53, RAS-MAPK, entre altres [134].

Involved molecular
Cancer cells pathways

l ; ATMWMp53-BAX-Cytocrom C-
Apoptosis Caspases

Genome instability
l Mitotic catastrophe —» | pH3-Caspases-Cytocrom C

MNecrosis —» | TNFePARP-JFK-Caspases
Senescence —— | MYCINKA-ARF-ph3-p21
Autophagy ——» | PIBK-AKT-mTOR

Cell death

Figura 22: Tipus de mort cel-lular induida per radiacié. Vies moleculars implicades. (Modificat
de: Baskar R; et al. Int J Med Sci, 2012. 9(3): p. 193-9) [130].

+ La quimioterapia

La quimioterapia consisteix en l'administracié de farmacs a l’‘organisme per tal
d’aturar el creixement o eliminar les cél-lules tumorals. Aquest tractament es potencialment
efectiu per aquells cancers disseminats. Pot ser sistémica o regional. La quimioterapia
combinada normalment funciona millor que la quimioterapia amb un Unic farmac. Els

farmacs que més frequentment s’utilitzen sén:

- Carboplatin (Taxol®)
- Paclitaxel
- Doxorubicin (Adriamicin®)

- Cisplatin
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Les combinacions més freqlients sén carboplatin+paclitaxel i doxorubicin+ cisplatin

[135]

« L’hormonoterapia

La terapia hormonal [136] consisteix en la utilitzacié d’hormones o medicaments que
bloquegen les hormones per combatre el cancer. Es una opcié disponible nicament en els
tumors de tipus endometrioide amb receptors hormonals positius.

En aquests casos es pot considerar tractament amb:

- Progestagens

o Els analegs de progesterona més utilitzats son I'acetat de
medroxiprogesterona (Povera®) i I'acetat de megestrol (Megace®).

o Algunes vegades la hiperplasia endometrial o cancers d’endometri en fase
molt inicial es poden tractar amb un aparell intrauteri que conté
levonorgestrel, un progestagen. Aquest normalment es combina amb un altre
analeg de la progesterona, medroxiprogesterona o agonistes de I'hormona

alliberadora de gonadotropina.

- Tamoxife
o Esun farmac antiestrogénic que normalment s’utilitza per al tractament
del cancer de mama i que es pot utilitzar per al tractament del EC

avangat o recurrent.

- Fulvestrant
o Es un farmac antagonista dels ER sense efecte agonista que accelera la
degradacio del ER per part del proteasoma i que ha estat utilitzat en

cancers de mama metastatics o localment avangats.
- Agonistes de I'hormona alliberadora de gonadotropina (GNRH)

o Aquests farmacs s’utilitzen per disminuir els nivells d’estrogen en dones

que encara tenen els ovaris funcionals.
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- Inhibidors de I"'aromatasa
o Son utils per evitar la formacio d’estrogen. Normalment s’utilitzen per al
tractament del cancer de mama pero poden ser (tils per al tractament
del cancer d’endometri (per exemple: anastrozol (Arimidex®), letrozol

(Femara®)

1.16 Terapies dirigides contra el cancer d’endometri

Les terapies dirigides son aquells tractaments que actuen sobre gens o proteines
concretes que contribueixen al creixement i a la supervivéncia tumoral. Actualment
existeixen diversos agents i estratégies que es troben en diferents fases cliniques per tal

d’estudiar la seva activitat antitumoral i la seva aplicacié en humans.

Inhibidors de la via PI3K/AKT/mTOR

La via PI3K/AKT/mTOR és la via que esta alterada amb més freqliencia al EEC,
normalment per mutacions del gen supressor PTEN o per mutacions activadores de PIK3CA
[37]. Aix0 fa creure que inhibidors de PI3K com Wortmannin o ZSTK474 es poden utilitzar
com a agents anticancerigens [137]. Aquests tipus de tumors també sdn susceptibles a
tractaments amb inhibidors de mTOR (rapamicina i derivats) com CCI-779 (temsirolimus),
RADO0OO1 (everolimus), AP23573 (deforolimus), els quals s’utilitzen actualment en assaigs
clinics Fase II en cancer d’endometri recurrent [138-140]. També existeixen tractaments
combinats com un inhibidor dual de PI3K i mTOR, BEZ235 que ha estat sintetitzat
recentment el qual ha demostrat ser més eficient que rapamicina, ja que pot inhibir
I'activacid feedback de la via PI3K/AKT causada per rapamicina [141].

Altres agents com MKC-1 (EntreMed), un inhibidor oral del cicle cel-lular, redueix
phospho-AKT i ha estat avaluat recentment en un assaig clinic fase II amb dones amb cancer

d’endometri i ovari recurrent [142].

Inhibidors dels receptors tirosina cinasa
Altres dianes terapéutiques importants soén els receptors tirosina cinasa (Figura 23).
La familia dels factors de creixement epidérmics esta constituida per EGFR (ErbB1), HER-

2/neu (ErbB2), HER-3 (ErbB3) i HER-4 (ErbB4). Concretament, ErbB2 es troba
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sobreexpressat en el cancer d’endometri. Existeixen diversos inhibidors de I'activitat tirosina
cinasa com: Gefitinib (Iressa®, ZD1839), Lapatinib (Tykerb®, GW572016) i Erlotinib
(Tarceba®) que afecten la via EGFR. Aquests inhibidors prevenen la fosforilaci6 de MAP
cinasa Erk1/2, MAP cinasa MEK 1/2, CDK1, AKT, RAF 1 i Rb-1. En linies cel-lulars de EC s’ha
vist que tant els EEC com els NEEC responen al tractament amb ZD1839 tot i que els NEEC
responen menys degut, probablement, a I'activacié constitutiva d’altres vies. Neratinib (HKI-
272), un inhibidor de HER-2, ha demostrat produir un arrest del cicle cel-lular en fase G0/G1
i una disminucié de l'autofosforilaci6 de HER-2 en linies cel-lulars amb sobreexpressié de
HER-2 [143]. A més, en xenografts amb SCE amb amplificacié de HER-2 tractats amb
Neratinib es va veure una millora en la supervivencia global respecte els controls [143].

Pel que fa als assaigs amb pacients, s’ha estudiat ZD1839 en un assaig clinic Fase II
(GOG 229C) en dones amb EC avancgat. Els resultats mostren una resposta completa i
malaltia estable en varis pacients després de 6 mesos. Sunitinib per altra banda, és una
petita molécula que inhibeix les senyals cel-lulars per unié amb els receptors tirosina cinasa
i que per tant, se li ha associat una activitat anti angiogénica i antitumoral. Ha estat estudiat
en pacients amb cancer d’endometri recurrent/metastatic en un assaig clinic Fase II [144] i
ha demostrat una activitat prometedora. Erlotinib també ha estat estudiat en assaigs clinics
fase II en dones amb EC avangat [145].

Anticossos monoclonals contra EGFR com trastuzumab també s’han estudiat amb
dones amb EC [146, 147] i en alguns casos s’han obtingut bones respostes.

Sorafenib (BAY 43-9006, Nexavar) és un inhibidor dels receptors tirosina cinasa que té
activitat anti proliferativa i anti angiogénica. Presenta activitat contra VEGFR2, el receptor del
factor de creixement derivat de plaquetes (Platelet-derived Grouth Factor Receptor, PDGFR) i
c-Kit, entre altres [148]. Un assaig Fase II multicéntric recent ha demostrat que pacients
amb EC avancgat o recurrent es poden beneficiar del tractament [149]. Per altra banda, el
nostre grup ha demostrat que la inhibicid farmacologica de B-Raf mitjancant Sorafenib
sensibilitza les cél-lules de EC a I'apoptosi induida per TRAIL, down-regulant FLIP [150].

Finalment, la via del FGFR és una de les vies de senyalitzacié implicades en la
patogénesi i progressié del EC. Agents contra aquest receptor han estat provats en models

de EC i en assaigs clinics [151].
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Figura 23 : Dianes moleculars terapeutiques en el EC. El EC tipus I freqiientment mostra
alteracions de la via PI3K/PTEN/AKT/mTOR en canvi, els tipus II presenten alteracions de p53 i sobre
expressio de HER-2. La sobre expressié de EGFR i VEGF, la desregulacié dels microRNAs, I'activaci6 de

les CSC i la transici6 epiteli-mesénquima estan implicades en la oncogenesi i progressié dels dos tipus de
cancers. Assaigs clinics contra mTOR i EGFR/HER2 aixi com agents anti angiogenics han mostrat efectes

modestos. (Dong, P; et al. Biomed Res Int, 2013. 2013: p. 130362) [152].

Les terapies hormonals

La via EGFR pot estar induida per les hormones esteroidees les quals constitueixen el
principal mecanisme de promocid del creixement en l'endometri. Com s’ha comentat
anteriorment, existeixen varies terapies hormonals per al tractament del cancer d’endometri
avancat o recurrent que estan indicades en pacients amb un mal estat general el qual
impedeix I'administracié d’altres terapies. L’Acetat de Medroxiprogesterona per exemple, és
una variant sintética de I’hnormona humana progesterona i el seu Us ha estat estudiat en
pacients amb EC. Fulvestrant, un antagonista dels ER també s’ha estudiat en un assaig clinic
fase II en pacients amb EC metastatic o recurrent [153]. Els estrogens i la progesterona sén
les hormones esteroidees més importants que modulen la proliferacié i diferenciacié de la

cél-lula endometrial i com hem dit anteriorment, el 80% dels EEC expressen els seus
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receptors. Malauradament, els NEEC no responen al tractament hormonal i els EEC amb
pérdua de diferenciacio, tampoc. Dos assaigs GOG en aquests pacients van mostrar una taxa
de resposta global del 15-25% amb una mitjana de supervivéncia lliure de malaltia de 4
mesos i una supervivéncia global de menys d’11 mesos.

El fracas en el tractament pot ser degut al fet que el tumor no expressi PR. La majoria
dels EEC expressen ER pero l'expressido del PR varia. A més aquesta expressio moltes
vegades és heterogénia i grups de ceél-lules negatives per PR poden ser les causants de la
resisténcia al tractament. Per altra banda, estudis recents demostren que l’'abséncia o
I'expressié reduida de la isoforma B del PR pot donar lloc a un fracas del tractament i una
mala senyalitzacié mediada per PR B [154].

Les estratégies de tractament en pacients amb EC no son tan efectives en quant a la
supervivencia lliure de malaltia i la prevencié de I'aparicié de recidives com ho sén en altres
tipus de cancers hormono-depenents (mama o prostata). Aixi doncs, les estratégies
terapéutiques futures s’haurien de centrar en vies per tal de restablir el balang hormonal.
Algunes d’'aquestes estratégies apunten a la utilitzacié dels inhibidors de les DNA
metiltransferases (DNMT, DNA Methyltransferases) mitjancant els quals es podria revertir la

metilacié del promotor de PR i restaurar-ne els seus nivells [155, 156].

Els Inhibidors del proteasoma

Els proteasomes representen un mecanisme important pel qual les cél-lules controlen
la concentracié de determinades proteines mitjancant la seva degradacié. Els Inhibidors del
proteasoma s’utilitzen actualment com a drogues quimioterapeutiques degut a la seva
habilitat d’aturar el cicle cel-lular o induir apoptosi en alguns tumors [157-159]. En molts
tipus diferents de cél-lules tumorals, els inhibidors del proteasoma com Bortezomib, causen
mort cel-lular mitjangant el bloqueig de I'activitat de NF-kB [160]. No obstant, en el cancer
d’endometri, els inhibidors del proteasoma indueixen mort cel-lular perd enlloc de bloquejar
NF-kB, augmenten la seva activitat transcripcional [161]. El bloqueig de I'activitat NF-kB per
part de Sunitinib augmentava la mort cel-lular en les linies de EC tractades amb Bortezomib

[162].

53



Introduccid

Els inhibidors de les histones deacetilases (HDACI, Histone

Deacetylase Inhibitors)

L'acetilacié d’'histones és un mecanisme important pel que fa al control epigenétic de
I'expressié de gens i per tant, alteracions d’aquest mecanisme d’acetilacido pot ser que
impliquin una inactivacié de gens supressors de tumors o l'activacié d’oncogens [163]. Els
HDACI sén agents terapéutics importants ja que poden donar lloc a un arrest del cicle
cel-lular i a l'apoptosi [164]. Causen la desrepressid6 de gens, la reactivaciéo dels quals
promou un efecte anti proliferatiu. S’han aprovat assaigs clinics amb SAHA (Vorinstat) per al
tractament dels limfomes i en tumors solids s’ha vist que son eficacos com a agents Unics o
en combinacié amb altres tractaments [165]. En el EC s’hi troben alteracions epigenétiques
com la sobreexpressio de les HDAC, o el silenciament epigenétic dels gens reparadors del
DNA com MLH1 o el silenciament de PTEN o de PR [166]. Per aquest motiu es suggereix que
el EC pot ser especialment sensible als HDACI. Alguns estudis pre clinics en linies cel-lulars

de EC han donat bons resultats [167].

Finalment, altres agents com els inhibidors de les proteines de xoc térmic (HSP, Heat
Shock Proteins) o els inhibidors de PARP (PARP, Poly (ADP-ribose) polymerase) també

s’estudien com a noves estrategies per al tractament del cancer [168, 169].

1.17 Analisi de I'expressio de les proteines relacionades amb

el EC

« La Immunohistoquimica

La immunohistoquimica (IHQ) neix a partir de la immunofluorecéncia. Es una técnica
que permet detectar in situ components cel-lulars i extracel-lulars (antigens) mitjancant
anticossos especifics utilitzant sistemes de deteccidé enzimatics.

La fixacid i la posterior inclusi6 de les mostres en parafina permet transformar el
material biologic semi-liquid en un de solid, homogeni i dur, d’aquesta manera es poden
realitzar talls fins preservant I'estructura.

S’ha de tenir en compte perd, que el procés de fixacid te molta influencia sobre la

qualitat de la IHQ. La fixacié optima per a mostres histologiques es duu a terme en formol al
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10% durant 24 hores de manera que s’obté el millor balang entre una bona morfologia i una
bona antigenicitat. En un estudi recent del nostre grup hem optimitzat un protocol per a la
IHQ de PTEN després de comprovar la influéncia de diverses variables analitiques i pre
analitiques. Hem observat diferéncies importants en la IHQ de PTEN en els aspirats uterins
en comparaci6 amb les mostres d’histerectomies sotmeses condicions incontrolades de
retard en la fixacio i sobrefixacid. Per aquest motiu es recomana la realitzacié de la IHQ de
PTEN en mostres sotmeses a una fixacié optima [170].

En els darrers anys s’ha incrementat molt la sensibilitat de la técnica aixi com
I’'estandarditzacié de la mateixa. Avui en dia es disposa d’un gran nombre d’anticossos que
funcionen en parafina i, a més a més, s’han desenvolupat sistemes de deteccid molt
sensibles. A aix0 li hem d’afegir I'aparicié de técniques de recuperacioé antigénica millorades,
les quals permeten l'obtencié de resultats fiables a partir de teixits fixats i processats de

diferents maneres.

+ Arrays Matricials de teixit (Tissue Micro Arrays)

Els TMAs consisteixen en seccions cilindriques de teixit dipositades en blocs de
parafina. Les seccions s’‘obtenen de blocs donadors que poden ser mostres quirlrgiques, de
recerca, etc. Per a la construccié d’'un TMA s’utilitza un instrument especific (Tissue arrayer,
Beecher Instruments, Silver spring, MD, USA) el qual permet treballar amb coordenades
definides.

La construccié d’'un TMA comenca amb la seleccié de les zones d'interés del teixit dels
blocs de parafina donadors a partir de les seccions tenyides amb Hematoxilina-eosina. A
continuacio, les mostres cilindriques s’insereixen en un bloc de parafina receptor d’acord amb
les coordenades preestablertes. Els cilindres solen tenir un tamany entre 0.6mm i 1mm cada
un (Figura 23).

La tecnologia dels TMA és una eina potent per estudiar I'expressi6 de gens en
centenars de tumors simultaniament. Els blocs multi- teixit van ser introduits per primera

|\\

vegada per Battifora i col-laboradors el 1990 [171]. Mitjangant el “métode salsitxa” es van
processar fins a 100 mostres de teixit en un Unic bloc de parafina. El 1998, Kononen i
col-laboradors van introduir un nou métode de combinacié de multiples teixits en un Unic

bloc de parafina. Van utilitzar un tissue arrayer, un metode més precis per alinear les
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mostres en els blocs. Els TMA es poden utilitzar per determinar la rellevancia d’'un gen
concret i per analitzar dianes potencials que poden ser importants per al pronostic i
tractament del cancer.

L'avaluacié simultania de molts tumors en un Unic experiment permet I'estandarditzacié
del procés i ajuda a economitzar |'Us dels reactius. Mitjancant la tecnologia dels TMA es
poden validar dades provinents d’arrays de DNA i definir perfils moleculars en grans séeries
de tumors mitjancant varis biomarcadors. També es poden traslladar dades de linies
cel-lulars i models animals al cancer en humans, avaluar molécules que poden tenir impacte
en el pronostic i el tractament del cancer i finalment correlacionar resultats amb dades
cliniques i patologiques. Malgrat aix0, existeixen alguns desavantatges. Un d’ells és la baixa
reproductibilitat degut a la heterogeneitat dels teixits. Aixd0 es pot millorar seleccionant el
tamany i el nombre de cilindres. També és aconsellable realitzar un estudi de validacié pels
diferents antigens quan es vol determinar el valor pronostic d'un nou marcador. Per fer-ho es
comparen els resultats obtinguts en el TMA amb els que s’obtenen en les seccions senceres
corresponents en un nombre significatiu de casos escollits a l'atzar i es determina la
concordanca mitjancant I'index k. Una altra de les limitacions dels TMA és el risc inevitable
de perdre alguns dels cilindres degut als errors de mostreig, dany del teixit o cilindres buits.
Per solucionar aquesta perdua de cilindres es recomana construir TMA amb mostres per
triplicat o quadruplicat. No obstant, la utilitat de la tecnologia dels TMA com a eina d’alt
rendiment per a l'estudi de la patologia molecular ha estat demostrada en molts treballs

[172, 173].

Tissue Micro Array Construction

| Tissue Micoarsay
P (TM) Technology  fl 17 o
> ¢ 5 Tissue
¥ Arrayer
== (Becher
Select zone in parafin-embbeded 2 50 4 instrument,
donor block. = 9 MD).

Figura 23: Procés de construccié d’un

array matricial de teixits

Obtain cores from donor block
and place them into the recipient
block.
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2 HIPOTESI I OBJECTIUS

2.1 Hipotesi

El carcinoma d’endometri en general s’associa a bon prondstic si es detecta en situacio
de baix risc. Malauradament existeixen EC amb caracteristiques d’alt risc i associats a mal
pronostic. La radioterapia constitueix un metode de tractament del EC perd sovint el
tractament fracassa i apareix la malaltia recurrent. El fet d’entendre els mecanismes
moleculars involucrats en les recidives pot tenir un impacte important en reduir els nivells de
mortalitat i de morbiditat associats a aquest tumor. Per aquest motiu és necessari identificar
marcadors fiables que permetin detectar aquells EC que presentaran malaltia recurrent en un
futur aixi com coneixer els mecanismes implicats en la resisténcia a la radioterapia.
Sensibilitzar les cél-lules tumorals a la radiacid mitjancant estratégies que intervinguin les

vies implicades en la resisténcia a la RT pot donar bons resultats en un futur.

El tipus histologic és un factor bioldgic predictiu important en el EC. En funcié del tipus
histologic es determina l’'extensid del procés quirlrgic i la subsequent terapia adjuvant.
Generalment, la classificacid histologica del EC és facil, no obstant en la practica diaria un alt
percentatge de EC presenten histologia mixta endometrioide - no endometrioide i també
existeix certa controvérsia pel que fa a la classificacié dels EEC grau III. Per aquest motiu
moltes vegades l'acord interobservador és baix. La troballa d’una firma de biomarcadors per
predir el tipus histologic del EC permetria classificar-lo de manera objectiva i mitjancant una
tecnica d’Us habitual en la practica diaria dels Serveis d’Anatomia Patologica (la

Immunohistoquimica).

HIPOTESIS
+ La Immunohistoquimica i els TMA sén eines potencials per a l'estudi del cancer

d’endometri.

« Es possible detectar i estudiar I'expressié de gens relacionats amb la resisténcia a la

radioterapia i la hipoxia aixi com I'expressié de gens predictius de malaltia recurrent.
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« La determinacié d'una firma molecular de biomarcadors permetria predir el tipus

histologic del EC de manera objectiva de manera que millori I’'acord interobservador.

2.2 Objectius

Per tot aixd, hem considerat important:

 Objectiu 1

A- Estudiar les alteracions del CE relacionades amb la hipoxia i amb l’'adaptacié a la

radiacio

B- Estudiar el paper de les vies de senyalitzacié que permeten al EC adaptar-se a la

hipoxia

C- Estudiar el valor d’ANXA2 com a marcador predictiu de EC recurrent

+ Objectiu 2

Determinar una firma molecular de diversos marcadors immunohistoquimics que
permeti identificar correctament els EEC grau I, II, III, els SCE i els mixtes EEC-SCE per tal

que millori I'acord interobservador.
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3 RESULTATS

3.1 Objectiul A

Estudi de les alteracions del EC relacionades amb la
hipoxia i amb I'adaptacié a la radiacio

Maria Santacana, Andree Yeramian, Ana Velasco, et al. Immunohistochemical features of
post-radiation vaginal recurrences of endometrioid carcinomas of the
endometrium: role of proteins involved in resistance to apoptosis and hypoxia.

Histopathology 2012;60:460-471

1. Les recidives post radioterapia mostren valors lleugerament més elevats de ER, aixi
com valors significativament més elevats de p53, FLIP citoplasmatic i nuclear, HIF-1a
i Ki67, i s'associen a una expressidé nuclear d’alguns membres de la familia NF-kB:

p50, c-Rel, RelB.

2. Les recidives post radioterapia mostren valors de PR i E-cadherina menors respecte

els tumors primaris.

3. Les recidives post radioterapia presenten més acumulacié nuclear de B-catenina en
comparacié amb els tumors primaris. Les recidives post radioterapia amb expressio

nuclear de B-catenina no mostren mutacions de CTNNB1.

4. La linia cel-lular de EC Ishikawa sotmesa a condicions d’hipdxia mostra translocacio
nuclear de HIF-1a, B-catenina i FLIP i augment de l'activitat transcripcional de NF-kB.
Els extractes nuclears de la linia cel-lular de CE Ishikawa exposada a radiacio
ionitzant mostren una lleu expressié de B-catenina a 3Gy perd no mostren augment

de I'activitat de NF-kB ni expressioé de HIF-1a i FLIP.
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hypoxia

Aims: Endometrioid carcinoma of the endometrium
(EEC) is treated with surgery and radiotherapy. Post-
radiation recurrences are associated with increased
risk of metastases. Comparison of the expression of
genes important in the development and progression
of EEC, and others involved in resistance to apoptosis
and hypoxia and adaptation to radiation, was
performed between post-radiation vaginal recurrences
(PVRs) and primary EECs. We tried to reproduce the
results by exposing an EEC cell line to hypoxia and
radiation.

Methods and results: Immunohistochemistry and tis-
sue microarrays were used to compare 24 PVRs with
82 primary EECs. PVRs exhibited increased expression
of p53 (P < 0.0001), cytoplasmic FLICE-inhibitory
protein (FLIP) (P < 0.0001), and Ki67 (P < 0.0001),

and nuclear staining for FLIP, nuclear factor kappaB
(NF-xB) family members (p50, P < 0.0001; c-Rel,
P =0.0077; RelB, P =0.0157), and P-catenin (P =
0.0001). Differences regarding p50, hypoxia-inducible
factor 1o (HIF-1a), and cytoplasmic FLIP were statis-
tically significant when PVRs and primary EECs were
matched for histological grade. Exposure of the EEC
cell line to hypoxia induced nuclear expression of
B-catenin, FLIP, and HIF-1a, as well as increased
NF-«B activity. No changes in FLIP, HIF-1a or NF-kB
were seen when cells were exposed to radiation.
Nuclear expression of B-catenin was seen at 3 Gy, but
not at 1 Gy.

Conclusions: Genes involved in resistance to hypoxia
are expressed in PVRs, and may play a role in the
development of post-radiation recurrences.

Keywords: apoptosis, endometrial carcinoma, hypoxia, tissue microarray, vaginal recurrence
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Introduction

Endometrial carcinoma (EC) is the most common
malignant tumour of the female genital tract, and the
fourth most common cancer in women from developed
countries. Approximately 75% of ECs are confined to
the uterus and associated with a good prognosis;
however, a significant number of patients present with
advanced or recurrent disease. In the USA, EC accounts
for approximately 6000 deaths per year.

Two main types of EC have been described.'? Type I
tumours are low-grade and oestrogen-related, and are
typically represented by low-grade endometrioid carci-
nomas (EECs), which usually develop in perimeno-
pausal women, and coexist with or are preceded by
endometrial hyperplasia. Type II tumours, or non-
endometrioid carcinomas (NEECs), are very aggressive
cancers that are unrelated to oestrogen stimulation and
mainly occur in older women, arising occasionally in
endometrial polyps or in atrophic endometrium. The
molecular alterations involved in the development of
type I EEC are different from those for type II NEEC.!
EEC shows microsatellite instability, as well as muta-
tions in PTEN, PIK3CA, k-Ras, and CTNNBI. In
contrast, NEEC is characterized by p53 mutations,
pl6 overexpression, and chromosomal instability.
Positive p53 immunostaining is a very frequent finding
in NEEC, but is occasionally seen in EEC, particularly in
grade III tumours.’

International Federation of Gynecology and Obstet-
rics (FIGO) staging is the single strongest prognostic
parameter for patients with EC. The 5-year disease-
free survival is 90% for stage I, 83% for stage II, and
43% for stage III. Univariate analysis has revealed
93.8% 5-year survival rates for stage IA (tumour
limited to the endometrium), 95.4% for stage IB
(invasion of less than half of the myometrial thick-
ness), and 75% for stage IC (invasion of more than
half of the myometrial thickness). These results are
based on the older FIGO staging, which has been used
in most of the literature. Surgery is the primary
treatment for patients with EC. After surgery, patients
with tumours showing high-risk features (high grade,
deep myometrial invasion, and cervical involvement)
usually receive adjuvant radiation therapy. Irradiated
ECs fall into two groups: those treated with pelvic
external-beam radiation therapy, and those treated
with vaginal vault brachytherapy. Clinical studies
have shown that in early-stage EC, adjuvant radio-
therapy improves local regional control.

Recurrences may be local and/or distant (abdominal
and thoracic). Recurrent EC is restricted to the pelvis in
50% of patients, and in approximately half of them the

© 2012 Blackwell Publishing Ltd, Histopathology, 60, 460-471.
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tumour is confined to the vagina. However, irradiation
may affect the pattern of recurrence, as patients
receiving radiation therapy show fewer local recur-
rences. The overall 2-year cumulative incidence of
recurrence in EC is about 12%, as compared with 3% in
patients who have received radiation therapy.*

The molecular mechanisms involved in recurrence
may include alterations in genes responsible for
tumour progression (invasion, distant tumour forma-
tion, and resistance to hypoxia), but also others
associated with resistance to radiation. Understanding
these mechanisms may have an important impact in
reducing the mortality and morbidity rates associated
with this tumour. In a previous study, we demon-
strated that two members of the nuclear factor kappaB
(NF-xB) family (p65 and p52) showed significant
increases in expression in post-radiation recurrences
in comparison with primary tumours. We also showed
that EEC cells exhibited nuclear translocation of these
two proteins when they were subjected to hypoxic
conditions, indicating that resistance to hypoxia
involves activation of both the classical and alternative
NF-kB signalling pathways.’ In the present study, we
aimed to assess the expression of genes important in
the development and progression of EEC, as well as
others involved in resistance to apoptosis and hypoxia
and in adaptation to radiation, in a series of post-
radiation vaginal recurrences of EEC in comparison
with primary tumours. Finally, we attempted to repro-
duce some of the results by exposing the Ishikawa EEC
cell line to hypoxic conditions and radiation.

Materials and methods
TISSUE MICROARRAYS (TMAS)

Two TMAs were constructed. The first contained
samples of 24 post-radiation vaginal recurrences of
endometrioid carcinomas of the endometrium, which
were obtained from the Department of Pathology,
Massachusetts General Hospital, Boston, MA, USA,
Hospital Virgen del Rocio, Sevilla, Spain, and Hospital
Universitari Arnau de Vilanova de Lleida, Spain.
Information regarding histological grade of the primary
tumour was available in eight cases (grade I, two cases;
grade II, six cases). Post-radiation recurrences showed
increased histological grade in comparison with those
of the corresponding primary tumours from the same
patients (grade II, four cases; grade III, seven cases).
The second TMA was constructed from paraffin-
embedded blocks of 82 endometrioid carcinomas of
the endometrium (EECs), previously evaluated for
microsatellite instability, and alterations in PTEN,
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PIK3CA, k-Ras, and B-catenin.®'° They were obtained
from the Departments of Pathology of Hospital Santa
Creu i Sant Pau, Barcelona and Hospital Universitari
Arnau de Vilanova de Lleida, Spain, and none of them
corresponded to the primary tumours of the patients
with post-radiation recurrences. The tumours were
collected between 1996 and 2007, and were classified
according to the most recent World Health Organiza-
tion criteria.!’ They were surgically staged and graded
using the FIGO staging and grading systems.'? They
included 26 grade I endometrioid carcinomas (EECs),
35 grade II EECs, and two grade III EECs. The study was
approved by the local Ethical Committee, and specific
informed consent was obtained.

A tissue arrayer device (Beecher Instruments, Silver
Spring, MD, USA) was used to construct the TMA.
Briefly, all of the samples were histologically reviewed,
and representative areas were marked in the corre-
sponding paraffin blocks. Two selected cylinders
(0.6 mm in largest diameter) from two different areas
were included in each case. Control normal tissues
from the same EEC specimens were also included.

IMMUNOHISTOCHEMICAL STUDY

Tissue microarrays blocks were sectioned at a thickness
of 3 um and dried for 1 h at 65°C, before being
dewaxed in xylene and rehydrated through a graded
ethanol series, and washed with phosphate-buffered
saline. Antigen retrieval was achieved by heat treat-
ment in a pressure cooker for 2 min in EDTA (pH 8.9).
Before staining of the sections, endogenous peroxidase
was blocked. The antibodies used are shown in Table 1.
After incubation, the reaction was visualized with the
EnVision Detection Kit (Dako, Glostrup, Denmark),
using diaminobenzidine chromogen as a substrate.
Sections were counterstained with haematoxylin.
Appropriate positive and negative controls were also
tested.

The results of immunohistochemical staining were
evaluated by two pathologists, following uniform
pre-established criteria. As each TMA included two
different tumour cylinders from each case, immuno-
histochemical evaluation was based on an examination
of both samples. For some markers [oestrogen receptor
(ER), progesterone receptor (PR), p53, E-cadherin, and
Ki67], immunohistochemical staining was graded
semiquantitatively by considering the percentage and
intensity of the staining. A histological score (‘histo-
score’) was obtained for each sample, ranging from
0 (no immunoreactivity) to 300 (maximum immu-
noreactivity), by applying the following formula:
histoscore = 1x (% light staining) + 2x (% moderate

Table 1. Antibodies used in this study

Antibody Clone Source Dilution

ER NCL-ER-6F11 Novocastra 1:50

PR PgR 636 Dako Prediluted

p53 DO-7 Dako 1:25

Ki67 MIB-1 Dako Prediluted

E-cadherin ~ NCH-38 Dako Prediluted

B-Catenin 14 BD Biosciences  1:300

HIF-1a Ab1 Abcam 1:100

FLIP H-202 Santa Cruz 1:10
Biotechnology

MLH-1 G168-15 BD Biosciences ~ 1:40

MSH-2 FE11 Calbiochem 1:40

P50 Polyclonal Cell Signalling 1:50

IKKo H744 Santa Cruz 1:50
Biotechnology

c-Rel @ Santa Cruz 1:50
Biotechnology

RelB C-19 Santa Cruz 1:100
Biotechnology

ER, Oestrogen receptor; FLIP, FLICE-inhibitory protein; HIF,
hypoxia-inducible factor; PR, progesterone receptor.

staining) + 3X (% strong staining). The reliability of
such a score for interpretation of immunohistochemical
staining in EC TMAs has been shown previously.'>~*®
For the remaining markers [B-catenin, MLH-1, MSH-2,
p50, IKKa, c-Rel, RelB, and hypoxia-inducible factor
(HIF)-10a], cases were classified as positive when there
was positive nuclear staining, or as negative when
nuclear staining was absent. For FLICE-inhibitory
protein (FLIP), cytoplasmic and nuclear staining were
evaluated separately.

The reproducibility of TMA immunostaining was
assessed by comparing the results of TMA with those
obtained in sections from the corresponding paraffin
blocks of 37 randomly selected cases. The overall
concordance was 89.2%. The kappa index of agreement
between the two methods ranged from 0.68 to 0.83.

CTNNB1 MUTATIONAL ANALYSIS

Mutations of CTNNB1 were assessed by polymerase
chain reaction (PCR) amplification followed by
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sequencing analyses. The third coding exon of CTNNB1
was amplified by the use of oligonucleotide primers:
5-ATTTGATGGAGTTGGACATGGC-3" and 5’-CCAGCT
ACTTGTTCTTGAGTGAAG-3’. PCR amplification was
performed in 20 -pl reaction volumes that contained
100 ng of DNA, 75 mm Tris-HCI, 1.5 mm MgCl,,
50 mm KCl, 20 mM (NHy)>SOy4, 0.2 pm each primer,
0.2 mMm each ANTP, and 1 unit of Tag DNA polymerase
(Biotools, B&M Labs, S.A, Madrid, Spain). DNA was
amplified with the following PCR conditions: an initial
5-min denaturation at 94°C, followed by 35 cycles of
1 min at 94°C, 1 min at 57°C, and 1 min at 72°C, and
a final extension for 10 min at 72°C. PCR products
were first purified with the MinElute PCR Purification
Kit (Qiagen, Hilden, Germany), and then bidirectionally
sequenced using the original primer pair and an
Applied Biosystems Cycle Sequencing kit (Applied
Biosystems, Santa Clara, CA, USA). Samples were
analysed on the ABI Prism 3100-Avant instrument,
with standard run parameters. The separation matrix
used was POP-6, with 1 x TBE and EDTA running
buffer (Applied Biosystems).

CELL CULTURE, HYPOXIC CONDITIONS, IONISING
RADIATION TREATMENT, AND WESTERN BLOT
ANALYSIS

The Ishikawa 3-H-12 cell line was obtained from the
American Type Culture Collection (Manassas, VA,
USA). Cells were grown in Dulbecco’s modified
Eagle’s medium (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% foetal bovine serum (Invitro-
gen, Carlsbad, CA, USA), 1 mm HEPES (Sigma), 1 mm
sodium pyruvate (Sigma), 2 mm L-glutamine (Sigma)
and 1% penicillin/streptomycin (Sigma) at 37°C with
saturating humidity and 5% CO,. Hypoxia (0.2% O,
94.8% N,, 5% CO,) was achieved with an Invivo2
hypoxic workstation (Ruskinn Technologies, Leeds,
UK). Ionising radiation treatment of cultured cells was
performed in culture dishes exposed to 6-MV irradia-
tion from a linear accelerator at a dose rate of
300 cGy/min. Dishes were plated at 50% confluence,
irradiated with different doses (1 and 3 Gy), and
returned to the tissue culture incubator for 24 h.
Nuclear and cytoplasmic extracts were obtained with
the NE-PER nuclear and cytoplasmic extraction kit
(Pierce, Rockford, IL, USA). Protein concentrations
were determined with the Protein Assay Kit (Bio-Rad,
Hercules, CA, USA). Equal amounts of proteins were
subjected to sodium dodecylsulphate polyacrylamide
gel electrophoresis and transferred to polyvinylidene
difluoride membranes (Millipore, Bedford, MA, USA).
Membranes were blocked in Tris-buffered saline-
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Tween (20 mm Tris-HCI, pH 7.4, 150 mm NacCl,
0.1% Tween-20) plus 5% non-fat milk for 1 h to
avoid non-specific binding, and then incubated with
the primary antibodies overnight at 4°C. Membranes
were then incubated with peroxidase-coupled anti-
mouse or antirabbit secondary antibody for 1 h, and
this was followed by chemiluminescent detection using
the ECL Advance western blotting detection system
(Amersham-Pharmacia Biotech, Little Chalfont, UK).
Luciferase assays were performed as previously de-
scribed.”

STATISTICAL ANALYSIS

Immunohistochemical results for primary tumours and
post-radiation recurrences, as assessed by histoscore,
were compared by use of the Mann-Whitney test
U-test. The Fisher exact test was used for evaluation of
nuclear markers (positive versus negative). Subgroup
analysis for tumours of histological grades II and III
was also performed, and adjusted with the Bonferroni
method to take into account multiple comparisons. The
significance level was fixed at 0.05 (0.05/2 for
subgroup analysis results).

Results
IMMUNOHISTOCHEMICAL FINDINGS

A summary of the findings of the immunohistochem-
ical studies is shown in Tables 2 and 3. For each
marker, there were always some cases that could not
be interpreted because of technical problems (no
representative tumour sample left in the cylinders,
detachment, cylinders missed in the construction of
the array, necrosis, and absence of viable tumour
cells).

For PR, the histoscores found in primary tumours
(median, 7; mean, 51; range, 0-290) were higher than
those seen in post-radiation recurrences (median, O;
mean, 37; range, 0-255). For ER, histoscores in
primary tumours (median, 10; mean, 59; range,
0-280) were slightly lower than those in post-radiation
recurrences (median, 40; mean, 60; range, 0-267)
(Figure 1). These differences in PR and ER histoscores
were not statistically significant. For p53, histoscores in
primary tumours (median, O; mean, 17; range, 0-285)
were lower than those in post-radiation recurrences
(median, 18; mean, 82; range, 0-290), and the
differences were statistically significant (P < 0.0001)
(Figure 2).

Regarding MLH-1, MSH-2, and B-catenin, statisti-
cally significant results were found on comparison of
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Table 2. Summary of immunohistochemical study findings; proteins evaluated by histoscore

Primary EEC Post-radiation recurrences

Histoscore Histoscore
Protein Median Mean Range Median Mean Range P-value
ER 10 59 0-280 40 60 0-267 0.7659
PR 7 51 0-290 0 37 0-255 0.3331
p53 0 17 0-285 18 82 0-290 <0.0001
E-cadherin 95 118 0-295 0 52 0-280 0.0001
FLIP 17 33 0-170 90 109 0-285 <0.0001
Ki67 10 16 2-80 25 28 7-70 0.0012

EEC, endometrioid endometrial carcinoma; ER, oestrogen receptor; FLIP, FLICE-inhibitory protein; PR, progesterone receptor.

Table 3. Summary of immunohistochemical study findings; proteins evaluated by the presence of positive nuclear staining

Primary EEC Post-radiation recurrences

Protein Positive Negative Non-assessable Positive Negative Non-assessable P-value

B-Catenin 13 61 8 14 8 2 0.0001
MLH-1 54 23 5 17 5 2 0.5805
MSH-2 62 10 10 20 2 2 0.7255
P50 6 70 6 15 8 1 <0.0001
IKK o 29 44 9 12 7 5 0.0763
c-Rel 39 38 5 19 4 1 0.0077
RelB 1 62 9 9 13 2 0.0157
HIF-1a 19 53 10 19 2 3 <0.0001
FLIP 30 44 8 " 7 6 0.066

EEC, endometrioid endometrial carcinoma; ER, oestrogen receptor; FLIP, FLICE-inhibitory protein; HIF, hypoxia-inducible

factor; PR, progesterone receptor.

nuclear accumulation of B-catenin in primary EECs (13
of 74 assessable cases) with that in post-radiation
recurrences (14 of 22 assessable cases) (Figure 3A)
(P = 0.0001).

The histoscores for cytoplasmic FLIP found in
primary EECs (median, 17; mean, 33; range, 0-170)
were significantly lower than those seen in post-
radiation recurrences (median, 90; mean, 109; range,
0-285) (P = 0.0001) (Figure 4). Nuclear expression
of FLIP was detected in 11 of 18 post-radiation
recurrences (61.1%), and 30 of 74 primary tumours
(40.5%), but these results were not statistically signif-

icant (P = 0.066). The histoscores for Ki67 in primary
tumours (median, 10; mean, 16; range, 2—-80) were
significantly lower than those in post-radiation recur-
rences (median, 25; mean, 28; range, 7-70) (P =
0.0012). Statistically significant differences were also
seen with regard to E-cadherin expression between
primary EECs (median, 95; mean, 118; range, 0-295)
and post-radiation recurrences (median, O; mean, 52;
range, 0-280) (P = 0.0001).

Post-radiation recurrences showed a significant
association with nuclear staining for some members
of the NF-xB family, such as p50, c-Rel, and RelB (p50,

© 2012 Blackwell Publishing Ltd, Histopathology, 60, 460-471.
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Figure 1. A, B, Oestrogen receptor immunostaining was slightly
lower in primary endometrioid carcinomas (EEC) (A) than in post-
radiation recurrences (B). (C) Box-plot comparison.

Figure 2. A, B, p53 expression in a primary tumour (A) and one
post-radiation recurrence (B). (C) Box-plot comparison.
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Figure 3. A, B-Catenin nuclear expression in a recurrent tumour. B,
Partial representative nucleotide sequence of sense strand of exon
3 of CTNNBI1, showing the wild-type sequence.

P < 0.0001; c-Rel, P = 0.0077; RelB, P = 0.0157), as
compared with primary EECs (Figure 5). Finally, as
expected, HIF-1a showed nuclear staining more fre-
quently among post-radiation recurrences than among
primary EECs (P = 0.0001) (Figure 6).

Some of the differences were statistically significant
when recurrences and primary tumours were matched
for histological grade. For recurrences and primary
tumours of histological grade II, we found statistically
significant differences for p50 (P = 0.0006), and FLIP
(P = 0.0073). For recurrences and primary tumours of
histological grade III, we found statistically significant
differences for p50 (P = 0.0010), FLIP (P = 0.0014),
and HIF-1a (P = 0.0065).

CTNNB1 MUTATION RESULTS

None of the 14 post-radiation recurrence tumour
samples with nuclear B-catenin staining showed a
CTNNB1 mutation. Figure 3B shows a partial repre-
sentative nucleotide sequence of the sense strand of one
of the samples, indicating an absence of point muta-
tions.
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Post-radiation recurrences
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Primary EEC

Figure 4. A, B, Cytoplasmic expression of FLICE-inhibitory protein
(FLIP) was higher in recurrent tumours (A) than in primary
endometrioid carcinomas (EECs) (B). (C) Box-plot comparison.

© 2012 Blackwell Publishing Ltd, Histopathology, 60, 460-471.



Figure 6. Hypoxia-inducible factor (HIF)-1o expression in a post-
radiation recurrence.

CELL CULTURE RESULTS

Exposure of the Ishikawa cell line to hypoxia induced
nuclear translocation of HIF-1a and B-catenin, which
correlated with the immunohistochemical results in
post-radiation recurrences (Figure 7A). There was also
some degree of nuclear translocation of FLIP. In
contrast, nuclear translocation of HIF-loe and FLIP
was not detected when Ishikawa cell lines were exposed
to ionising radiation (Figure 7B). Low-level expression
of B-catenin was seen in nuclear extracts when
Ishikawa cells were exposed to 3 Gy, but was not
detected at 1 Gy. Increased NF-«B activity as measured
by the luciferase assay was seen when the Ishikawa cell
line was exposed to hypoxia, but not when it was
exposed to radiation (Figure 8).

© 2012 Blackwell Publishing Ltd, Histopathology, 60, 460-471.
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Discussion

Some investigators have addressed the molecular
mechanisms involved in resistance to radiotherapy in
EC. PR expression and polymorphisms in the gene
coding for PR seem to play an important role. In one
series, low PR expression tended to be associated with
recurrent disease, and PR expression in tumours from
patients carrying one specific DNA polymorphism (the
so-called PROGINS allele) was predictive of the risk of
recurrence.'® Defective mismatch repair has also been
investigated in this setting. In one study, MLH-1
promoter methylation and decreased MLH-1/MSH-2
expression were not predictive of recurrence in stage I
EC, but de-novo MLH-1 promoter methylation was
occasionally detected during tumour progression in
patients receiving radiation therapy.”’ In another
study, alterations in the p53 suppressor gene were
assessed in a series of patients with ECs with and
without recurrences. In this series, p53 overexpression
was significantly predictive for recurrence and was
mostly not correlated with p53 mutations.?! Finally,
three components of the Wnt pathway (APC, B-catenin,
and E-cadherin) were evaluated in a small series of
patients with stage I EC in respect to the development of
recurrence. In this study, absence of E-cadherin expres-
sion was predictive for distant metastasis, but not for
local recurrence, whereas nuclear localization of
B-catenin was not predictive of recurrent disease.>>

Increasing evidence indicates that adaptation to
hypoxia may play a significant role in resistance to
radiotherapy in cancer.”’ In one study, microvessel
density and the expression of HIF-1lo and its target
gene, encoding carbonic anhydrase IX, were studied in
primary and recurrent ECs. These three parameters
were not significantly different in patients with primary
ECs with and without recurrence, but HIF-1a expres-
sion was higher in recurrent ECs than in primary
tumours. HIF-1a expression correlated with p53 im-
munostaining in primary ECs, but not in recurrent
tumours.

In this study, we compared the immunohistochem-
ical staining pattern for several proteins in tumour
tissue from a series of patients with recurrent tumours
and a series of patients with primary EECs. Special
attention was given to proteins related to cell differen-
tiation (ER and PR), cell proliferation (Ki67), apoptosis
resistance (FLIP and NF-«xB), and hypoxia (HIF-1a),
and genes involved in EC development or progression
(the genes encoding p-catenin, E-cadherin, MLH-1,
MSH-2, and p53). First, post-radiation recurrences
showed higher histological grade and increased Ki67
staining (P = 0.0012). We also found decreased
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Figure 7. Western blot analysis of the expression of hypoxia-inducible factor (HIF)-1a, B-catenin and FLICE-inhibitory protein (FLIP) in Ishikawa
cells subjected to hypoxia and radiation. A, HIF-1a, B-catenin and FLIP showed nuclear translocation when Ishikawa cells were subjected to
hypoxia. Ishikawa cells were either maintained under normoxia (N) or subjected to hypoxia (H) for 24 h, and nuclear and cytoplasmic lysates
were analysed with HIF-1a, B-catenin and FLIP antibodies. B, HIF-1or and FLIP did not show nuclear translocation when Ishikawa cells were
subjected to radiation. B-Catenin showed low-level nuclear translocation at 3 Gy, but not at 1 Gy. Ishikawa cells were maintained under

normoxia and subjected to radiation for 30 and 60 min at 1 Gy and 3 Gy. Nuclear and cytoplasmic lysates were analysed with HIF-1a., B-catenin
and FLIP antibodies. Membranes were also incubated with anti-histone H1 (a marker of the nuclear fraction), pATM (a marker of the cytoplasmic
fraction under radiation), pH2AX (marker of the nuclear fraction under radiation), and anti-lactate dehydrogenase (cytoplasmic fraction).

expression of PR in recurrent tumours in comparison
with primary ECs, but the differences were not statis-
tically significant. On the other hand, p53 expression
was statistically higher in patients with post-radiation
recurrences. Also, HIF-1o. expression was higher in
recurrent ECs than in primary tumours, as described
previously.??> As expected, HIF-1o nuclear expression
was evident when Ishikawa cells were subjected to
hypoxia. It has been shown previously that HIF-1 is
involved in adaptive responses to intratumoral hypoxia
and resistance to radiation therapy in different types of

tumour.?*2> Interestingly, nuclear expression of HIF-
1o was not obtained after exposure of Ishikawa cells to
radiation.

This study included several genes, such as those
encoding FLIP and members of the NF-kB family, that
are important in apoptosis resistance in EC. NF-xB
encompasses different members of a family of tran-
scription factors involved in the regulation of genes
encoding cytokines, cytokine receptors, and cell adhe-
sion molecules.?®?” Recent studies have indicated a
role for NF-xB in carcinogenesis, by regulating genes

© 2012 Blackwell Publishing Ltd, Histopathology, 60, 460-471.
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Figure 8. Nuclear factor kappaB (NF-kB) transcriptional activity
was increased when Ishikawa cells were subjected to hypoxic
conditions, but not under radiation. Ishikawa cells were transfected
with the NF-kB-luciferase reporter construct, and treated with

50 ng/ml tumour necrosis factor-o. (TNF-a) or exposed to either
hypoxia for 24 h or radiation (1 and 3 Gy). Cell lysates were assayed
for luciferase activity. Results are expressed as relative luciferase
units.

involved in apoptosis, the cell cycle, differentiation, and
cell migration. There are five known members of the
NF-kB family: p50 (NF-kB1), p52 (NF-kB2), c-Rel,
RelB, and p65 (RelA). These proteins share a Rel
homology domain, which controls DNA binding,
dimerization, and interactions with inhibitory factors
known as IkB (IxBa, IkBf, IxBe, and bcl-3). Heterodi-
mers of NF-kB are present in the cytoplasm bound to
IkB proteins. Under the influence of appropriate stimuli,
inducible phosphorylation of IxkB by the IKB kinase
complex is a signal for its subsequent ubiquitination
and proteasome-mediated degradation, leading to NF-
kB nuclear translocation and transcriptional activa-
tion. In other words, detection of nuclear translocation
of NF-«B subunits is indicative of their activation and
the transcription of target genes involved in apoptosis,
the cell cycle, differentiation, and cell migration.
Activation of NF-«kB family members has been detected
in primary ECs (both endometrioid and non-endomet-
rioid) (p50, 20%; p65, 16.5-21.9%; p52, 9.3%; c-Rel,
48.9%: RelB, 15.7%)."> On the other hand, an impor-
tant protein responsible for resistance to the extrinsic
apoptotic pathway (triggered by FasL and TRAIL) is
FLIP.”® FLIP shares a high degree of homology with
caspase-8, but lacks protease activity. High levels of
FLIP are found in many tumour tissues. FLIP is
frequently expressed in ECs (both endometrioid and
non-endometrioid), and is regulated by CK2, a ser-
ine/threonine kinase that has also been implicated in
cell growth, differentiation, proliferation, and apoptosis,
and has been shown to be deregulated in several kinds
of tumour.'>!'® High levels of FLIP compete with

© 2012 Blackwell Publishing Ltd, Histopathology, 60, 460-471.
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caspase-8, resulting in inhibition of apoptosis. In a
previous study, we showed that inhibition of FLIP
expression sensitized EC cells to TRAIL-induced apop-
tosis.'> The results obtained herein demonstrate that
cytoplasmic FLIP is statistically significantly expressed
in recurrent tumours, in comparison with primary
tumours. Moreover, post-radiation recurrences exhib-
ited increased nuclear expression of FLIP, but the
differences did not reach statistical significance. Expo-
sure of Ishikawa cells to hypoxia revealed some degree
of nuclear translocation of FLIP. However, exposure of
Ishikawa cells to radiation did not result in increased
cytoplasmic or nuclear expression of FLIP. These results
suggest that the increase in FLIP levels in post-
radiation recurrences may be related in part to an
adaptive response to hypoxia, but it is probably
associated with the proposed role of FLIP in distant
tumour formation.?® The present study has also shown
frequent NF-kB subunit (p50, c-Rel, and RelB) nuclear
translocation in EC recurrences. Interestingly, when
Ishikawa cells were subjected to hypoxic conditions,
there was increased NF-xB activity, as measured by a
luciferase assay. NF-kB activation was not observed
when Ishikawa cells were subjected to radiation. These
proteins (FLIP and NF-kB family members) have also
been related to resistance to chemotherapy and radi-
ation therapy in some other tumours. For example,
previous studies have shown that in-vitro inhibition of
FLIP sensitizes human cervical Hela cells to radiother-
apy.’Y Moreover, NF-kB has been implicated in adap-
tive resistance to radiation.>' There is much evidence
suggesting that NF-kB, together with ATM, modulates
the development of radioresistance in irradiated tu-
mour cells.??

With regard to proteins involved in the Wnt signal-
ling pathway, decreased E-cadherin levels and a high
frequency of B-catenin nuclear translocation were seen
in post-radiation recurrences as compared with pri-
mary ECs. B-Catenin, encoded by CTNNBI, is a
component of the E-cadherin—catenin unit, which is
very important in cell differentiation and maintenance
of the normal tissue architecture, and is also key for
signal transduction. Increased cytoplasmic and nuclear
levels of B-catenin produce transcriptional activation of
target genes (those encoding c-Myc, cyclin D1, and
others) through the LEF/TCF pathway. APC down-
regulates B-catenin levels by cooperating with glycogen
synthase kinase-3f, inducing phosphorylation of the
serine/threonine residues encoded in exon 3 of
CTNNBI1, and the degradation of B-catenin through
the ubiquitin—proteasome pathway. In ECs, mutations
in exon 3 of CTNNBI result in protein stabilisa-
tion, cytoplasmic and nuclear accumulation, and
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participation in signal transduction and transcriptional
activation through the formation of complexes with
DNA-binding proteins. Mutation in exon 3 of CTNNB1
with nuclear accumulation of B-catenin occurs
in 10-44% of ECs.'”?33* Although there are
controversial data regarding the prognostic signifi-
cance of B-catenin mutations in ECs, they have been
associated with a relatively good prognosis. In our
series, nuclear localization of B-catenin was seen in
13% of primary ECs, and CTNNB1 mutations were
identified in 20% of them (data not shown). In contrast,
nuclear accumulation of B-catenin was seen in the vast
majority of post-radiation recurrences (66.7%), with-
out an association with CTNNBI1 mutations. Interest-
ingly, nuclear translocation of B-catenin also occurred
when Ishikawa cells were subjected to hypoxia. We
observed low levels of nuclear B-catenin when Ishik-
awa cells were exposed to radiation at 3 Gy, but not at
1 Gy. These results suggest that EC cells, when
subjected to hypoxia, show activation of the Wnt
signalling pathway, promoting B-catenin nuclear accu-
mulation, in the absence of CTNNB1 mutations. Again,
previous experimental studies have suggested a role for
the Wnt signalling pathway in radiation resistance in
some tissues, such as mammary cells.>> Interestingly,
there is one report of the activation of B-catenin as a
result of nuclear localization of FLIP.*>® In our post-
radiation recurrences, there was frequent nuclear
expression of these two proteins. FLIP nuclear expres-
sion has also been detected in other types of cancer,
with immunohistochemistry and TMA technology.>”
Moreover, decreased E-cadherin expression in post-
radiation recurrences may be explained by the devel-
opment of epithelial to mesenchymal transition fea-
tures during the process of metastasis.

In summary, our results suggest that genes that are
important in resistance to apoptosis and hypoxia may
play a significant role in adaptation of tumour cells to
radiation therapy and hypoxia. Moreover, under these
circumstances, tumour cells activate the Wnt signal-
ling pathway, as well as HIF-1o. and NF-xB, promoting
the transcription of target genes. These results give
support to the possible use of drugs targeting these
proteins as adjuvant therapy to increase the efficacy of
radiation therapy.
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3.2 Objectiu 1B

Estudi del paper de les vies de senyalitzacié que permeten
al EC adaptar-se a la hipoxia

Andree Yeramian, Maria Santacana, Anabel Sorolla, et al. The nuclear factor kB2/p100
promotes endometrial carcinoma cell survival under hypoxia in a HIFla

independent manner. Laboratory investigation 2011,91:859-871

1. Les recidives post radioterapia de EC presenten expressié nuclear de HIF-1a, RelA

(p65) i p52.

2. Les linies cel-lulars de EC sota condicions d’hipoxia presenten indexs de

supervivéncia elevats.

3. La translocacié nuclear de NF-kB i l'activitat transcripcional induida per hipoxia

requereix la preséncia tant de la cinasa IKKa com de IKKpB.

4. La hipdoxia indueix l'activacié de la via alternativa de NF-kB mitjancant una
acumulacié de p100 depenent de IKKa i IKKB i un processament de p52 depenent de

IKKa.

5. RelA (p65) i p52 promouen la supervivéncia de la linia cel-lular de EC Ishikawa sota

condicions d’'hipoxia.
6. HIF-1a controla I'activacié de la via classica NF-kB sota condicions d’hipoxia en la

linia cel-lular de EC Ishikawa i intervé en la supervivéncia cel-lular del EC sota

tensions baixes d’oxigen.
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Nuclear factor-xB2/p100 promotes endometrial
carcinoma cell survival under hypoxia in a
HIF-12 independent manner

Andree Yeramian'”, Maria Santacana'*, Anabel Sorolla', David Llobet', Mario Encinas?, Ana Velasco', Nuria Bahi',
Nuria Eritja', Ménica Domingo', Esther Oliva®, Xavier Dolcet' and Xavier Matias-Guiu'

Endometrial carcinoma (EC) is a common female cancer, treated mainly by surgery and adjuvant radiotherapy. Relapse
following treatment is associated with increased risk of metastases. Hypoxia, a common microenvironment in solid
tumors, correlates with malignant progression, rendering tumors resistant to ionizing therapy. Hence, we assessed here
the immunohistochemical expression of hypoxia-inducible factor-1o (HIF-1¢) and members of the NF-xB family in 82
primary EC and 10 post-radiation recurrences of EC. Post-radiation recurrences were highly hypoxic, with a higher
expression of HIF-1a and also RelA (p65) and p52 when compared with primary EC. We next investigated the effects of
hypoxia on EC cell lines. We found that EC cell lines are highly resistant to hypoxia-induced apoptosis. We thus focused on
the molecular mechanisms involved in conferring hypoxic cell death resistance. We show that in addition to the classical
NF-xB, hypoxia activates the alternative NF-xB pathway. To characterize the upstream kinases involved in the activation
of these pathways, we used lentiviral-mediated knockdown and mouse embryonic fibroblasts lacking IKKe and IKKf
kinases. Both IKKo and IKKf kinases are required for RelA (p65) and p100 accumulation, whereas p52 processing under
hypoxia is IKKz dependent. Furthermore, Ishikawa endometrial cell line harboring either RelA (p65) or p52 short-hairpin
RNA was sensitive to hypoxia-induced cell death, indicating that, in addition to the known prosurvival role of RelA (p65)
under hypoxia, alternative NF-kB pathway also enhances hypoxic survival of EC cells. Interestingly, although HIF-1«
controlled classical NF-xB activation pathway and survival under hypoxia through RelA (p65) nuclear accumulation, the
alternative pathway was HIF-1a independent. These findings have important clinical implications for the improvement of
EC prognosis before radiotherapy.

Laboratory Investigation (2011) 91, 859-871; doi:10.1038/labinvest.2011.58; published online 2 May 2011

KEYWORDS: apoptosis; hypoxia; IKKa; IKKf; NF-xB

Cellular hypoxia occurs in most, if not all, solid tumors as a
consequence of imbalance between oxygen supply and tumor
growth. Clinical evidences link tumor hypoxia with cancer
progression, metastasis formation and resistance to both
radiotherapy and chemotherapy.* In endometrial carcinoma
(EC), hypoxia has been associated with myometrial invasion
and development of recurrences after radiotherapy. Hypoxic
microenvironment, characterized by acidosis and low nu-
trient availability, induces both cellular and genomic adap-
tation mechanisms enabling cancer cells to adapt to stress,
promoting thereby more aggressive tumor behavior and re-
sistance to therapy.” Although genomic adaptation results in

genomic instability, allowing outgrowth of resistant cancer
clones, cellular adaptation to low oxygen is a process achieved
through a number of mechanisms such as angiogenesis and
transition from oxidative phosphorylation to glycolysis, and
is mainly controlled by hypoxia-inducible factor-1 (HIF-1)
transcription factor. Although multiple stimuli have been
shown to induce HIF-1 activation, such as bacteria® or es-
trogens,” its accumulation is mainly regulated by hypoxia.
HIF-1 is a heterodimeric transcription factor consisting of
two subunits HIF-lo and HIF-1f. Although HIF-1f or
ARNT is constitutively expressed, HIF-1a’s protein stability is
oxygen dependant. HIF-1a protein level is maintained low
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under aerobic conditions. Such control is exerted by a class
of prolyl hydroxylases, which in the presence of oxygen
hydroxylate HIF-1o at two proline residues (Pro 402 and
564). Hydroxylation of proline residues is a requisite step for
recognition and binding to Von Hippel-Lindau protein,
which will target HIF-1a for ubiquitination and proteasomal
degradation.® Under hypoxia, HIF-1a is no longer degraded
by the proteasome, gets stabilized, shuttles to the nucleus,
dimerizes with HIF-1f and initiates transcription of specific
genes involved in glycolysis, angiogenesis and oxygen
homeostasis.” HIF-1 induces the expression of glycolytic
enzymes and glucose transporters, enabling thereby cancer
cell survival by controlling sufficient ATP production. HIF-1a
also controls tumor’s angiogenesis by inducing the tran-
scription of VEGE?® thereby increasing oxygen availability.
Although HIF-1a appears as the master regulator of oxygen
homeostasis under hypoxia, other transcription factors are
activated under low oxygen tension such as NF-«xB. NF-xB is
a family of transcription factors activated by a broad variety
of stimulus, such as cytokines, ionizing radiation, che-
motherapeutic drugs’ and that control different molecular
events, such as stress responses, cell viability, angiogenesis
and tumor progression.'” The NF-xB family is composed of
five structurally related subunits that belong to two classes:
The first class consists of RelA (p65), RelB and c-Rel, syn-
thesized as mature forms, whereas the second class consists of
large precursors NF-xB1 (p105) and NF-xB2 (p100), which
undergo processing through the ubiquitin proteasome
pathway to generate the mature NF-xB subunits p50 and
p52, respectively. The NF-xB canonical pathway proceeds
through phosphorylation of the IxB kinase (IKK) complex
composed of two catalytic subunits (IKKo and IKKf) and the
scaffold essential subunit (IKKy/NEMO), followed by the
phosphorylation of IxB (inhibitor of NF-kB) at serine 32 and
36 residues, which will target IxB proteins for ubiquitin-
dependent degradation, allowing freed NF-xB dimers com-
posed of RelA, c-Rel and p50 to translocate to the nucleus."'
Both cytokine-induced IxkB degradation and RelA/p50
heterodimers translocation into the nucleus have been shown
to depend predominatly on IKKB."> The non-canonical or
alternative pathway involves NF-xB-inducing kinase (NIK)-
mediated activation of IKKo homodimers, which will pro-
teolytically remove the IxB-like C-terminal domain of NF-
kB2 (pl00), allowing p52, which preferentially dimerizes
with RelB, to shuttle to the nucleus.'” The activation of both
canonical and non-canonical NF-xB pathways is increased in
a wide variety of tumors including EC."*

Elucidation of cell survival pathways under hypoxic con-
ditions may provide insights into the causes of therapy re-
sistance, and thereby open the way to new therapeutic
approaches. In the present work, we found an increased ex-
pression of HIF-1a and NF-kB family members RelA (p65)
and p52 in post-radiation recurrences of EC. Moreover, we
show that EC cell lines present a high degree of cell adapta-
tion to hypoxia. By using knockout murine embryonic
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fibroblasts (MEFs) and lentiviral-mediated knockdown,
we show that hypoxia induces NF-xB activity and that this
response requires both IKKo and IKKp kinases. Furthermore,
although the classical NF-xB is the major pathway activated
under hypoxia, we show for the first time that low oxygen
tension induces the activation of the alternative pathway by
promoting p100 accumulation, followed by p52 processing.
Activation of both classical and alternative NF-xB pathways
confers apoptotic resistance to hypoxic cells. As a cross-talk
between NF-xB and HIF-1lo activation pathways has been
reported at different levels, and given the fact that HIF-1o
correlates with a subtype of EC aggressiveness,'” we next
checked for the importance of HIF-1o in controlling cell
survival. We show that HIF-1a is necessary for EC cell sur-
vival under hypoxia. HIF-1a controls NF-xB classical path-
way signaling, whereas its presence is not required for the
activation of the alternative pathway.

MATERIALS AND METHODS

Tissue Microarrays

Two tissue microarrays (TMAs) were constructed. The first
one contained samples of 11 post-radiation recurrences of
endometrioid carcinomas of the endometrium (EECs), which
were obtained from the Departments of Pathology, Massa-
chusetts General Hospital, Boston, MA, and Hospital Uni-
versitari Arnau de Vilanova de Lleida, Spain. The second
TMA was constructed from paraffin-embedded blocks of 82
EECs, previously evaluated for microsatellite instability,
alterations in PTEN, PIK3CA, K-RAS and f-catenin.'® They
were obtained from the Departments of Pathology of
Hospital Santa Creu i Sant Pau, Barcelona, and Hospital
Universitari Arnau de Vilanova de Lleida, Spain, and none of
them corresponded to the primary tumors of the same
patients with the post-radiation recurrences. The tumors
were collected during the period 1996-2007, and they were
classified following the most recent World Health Organi-
zation criteria. They were surgically staged and graded ac-
cording to the International Federation of Gynecology and
Obstetrics staging and grading systems.'” They included 26
grade I EECs, 35 grade II and 21 grade III EECs. The study
was approved by the local ethics committee, and a specific
informed consent was used.

A Tissue arrayed device (Beecher Instrument, MD) was
used to construct the TMA. Briefly, all the samples were
histologically reviewed, and representative areas were marked
in the corresponding paraffin blocks. Two selected cylinders
(0.6 mm as largest diameter) from two different areas were
included in each case. Control normal tissues from the same
EC specimens were also included.

Immunohistochemical Study

TMA blocks were sectioned at a thickness of 3 um, dried for
16h at 56° before being dewaxed in xylene and rehydrated
through a graded ethanol series, and washed with phosphate-
buffered saline. Antigen retrieval was achieved by heat
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treatment in a pressure cooker for 2 min in EDTA (pH: 8.9).
Before staining the sections, endogenous peroxidase was
blocked. After incubation, the reaction was visualized with
the EnVision Detection Kit (DAKO) using diaminobenzidine
chromogen as a substrate. Sections were counterstained with
hematoxylin. Appropriate positive and negative controls were
also tested.

Immunohistochemical results were evaluated by two pa-
thologists by following uniform pre-established criteria. As
each TMA included two different tumor cylinders from each
case, immunohistochemical evaluation was done after ex-
amining both samples.

Antibodies and Reagents

Antibodies to p65, RelB, FADD, Histone H1 and cyclin D1
were from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Antibodies to p100/52, caspase 9 and active caspase 3 were
from Cell Signaling (Beverly, MA). Anti-HIF-1a and anti-pan
ERK antibodies were purchased from BD Biosciences.
Anti-caspase 8, anti-IKKa and IKKf antibodies were from
Calbiochem (La Jolla, CA, USA). Monoclonal antibody to
tubulin was from Sigma (St Louis, MO). Antibody against
lactate dehydrogenase used as a specific marker of cytosolic
fraction was obtained from Rockland Immunochemicals
(Gilbertsville, PA, USA.). Peroxidase-conjugated anti-mouse
and anti-rabbit antibodies were from Amersham Pharmacia
(Uppsala, Sweden).

Cell Lines, Culture Conditions and Transfection

The Ishikawa 3-H-12 cell line (IK) was obtained from the
American Type Culture Collection (Manassas, VA). KLE cells
were a gift from Dr Palacios (Centro Nacional de
Investigaciones Oncoldgicas, CNIO, Madrid). RL-95/2 and
HEC-1-A cells were a gift from Dr Reventos (Hospital Vall
d’Hebron, Barcelona). Mouse embryonic fibroblasts were a
gift from Dr M Karin. Hypoxia (0.2% O,, 94.8% N, and 5%
CO,) was achieved using an In Vivo 2 hypoxic workstation
(Ruskin Technologies). All cell lines were grown in Dulbecco’s
modified Eagle’s Medium (Sigma) supplemented with 10%
Fetal Bovine Serum (Invitrogen, Carlsbad, CA, USA), 1 mM
HEPES (Sigma), 1 mM sodium pyruvate (Sigma), 2mM
L-Glutamine (Sigma) and 1% of penicillin/streptomycin
(Sigma) at 37°C with saturating humidity and 5% CO..
When indicated, transfection plasmid constructs were pre-
pared by Lipofectamine 2000 reagent (Invitrogen) following
the manufacturer’s instructions.

Lentiviral Production and Infection

Lentiviral-based vectors for RNA interference-mediated gene
silencing (FSVsi) consisted on an U6 promoter for expression
of short-hairpin RNAs (shRNAs) and the Venus variant of
YFP under the control of an SV40 promoter for monitoring
transduction efficiency. Oligonucleotides to produce plas-
mid-based shRNA were cloned into the FSVsi vector using
Agel-BamHI restriction sites. Lentiviral particles were pro-
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duced in 293T human embryonic kidney cells cotransfected
by the calcium phosphate method with the above plasmid
plus plasmids coding for the envelope and the packaging
systems (VSV-G and A8.9, respectively).

The 293T cells were allowed to produce lentiviral particles
during 3—4 days in the same culture medium of the cultured
cells. Culture medium was collected, centrifuged for 10 min
at 2500 r.p.m., filtered through a 0.45 um filter (Millipore,
Bedford, MA) and then concentrated by centrifugation
through a filter column of 100kDa (VWR International LLC,
West Chester, PE, USA) for 1h at 4000 r.p.m. Cells were in-
cubated overnight in the presence of medium containing lenti-
viral particles. After this period, medium was replaced by fresh
medium and cells were incubated for two additional days to
allow endogenous protein knockdown or protein overexpression.

Sequences of shRNAs
Specific knockdown was achieved using the following
sequences for generation of shRNAs:

IKKo: 5'-GCAGGCTCTTTCAGGGACA-3'

IKKf: 5'-AAAGTGTCAGCTGTATCCT-3'

P65: 5'-ACACTGCCGAGCTCAAGATCT-3’

P100/52: 5'-AAGATGAAGATTGAGCGGCCT -3

HIF-10:: 5'-CCAGTTATGATTGTGAAGTTA-3’

Plasmids

The luciferase construct containing five NF-xB sites (NF-xB-
LUC) (Stratagene, AF 053315) was a gift from Dr Giles
Hardingham. Plasmid encoding f-galactosidase was a gift
from Mari Carmen Ruiz. Lentiviral luciferase plasmid car-
rying five NF-xB sites in its promoter was constructed using
the Gateway recombination technique. Briefly, attBl and
attB2 flanked primers were designed to amplify a construct
containing 5 NF-xB response elements followed by a single
luciferase gene from the original vector with the following
sequences: attBINFxBLuc:5'-GGGGACAAGTTTGTACAAAA
AAGCAGGCTCATGTCTGGATCCAAGCTAGG-3' and attB2
NFxBLuc:5'-GGGGACCACTTTGTACAAGAAAGCTGGGTT
TACAATTTGGACTTTCCGCC-3'.

The attB PCR product obtained was purified, and a first
recombination step of the PCR product with pDONR vector
was performed. A second recombination step was used to
transfer the construct to the lentiviral vector pDSL (ATCC).
The presence of the attB PCR product in the lentiviral vector
was verified by digestion restriction analysis.

Assessment of Apoptosis

IK cells were plated on M4-well plates at 100 x 10° cells/well.
Cells were left overnight to allow them to adhere, and then
exposed to hypoxic environment for the indicated times.
Alternatively in knockdown experiments, cells were plated
at 20 x 10° cells/well and infected with the supernatant
containing viruses carrying an shRNA. At 3 days after in-
fection, cells were either maintained in normoxia or exposed
to hypoxia for additional 24 h.
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Hoechst staining was performed by adding Hoechst dye to
final concentration of 0.5 mg/ml to each M24 well. Cells were
counted under an epifluorescence microscope (Leica Micro-
systems, Wetzlar, Germany).

Western Blot Analysis

Endometrial adenocarcinoma cell lines were washed with
cold PBS and lysed with lysis buffer (2% SDS and 125 mM
Tris-HCL (pH 6.8)). Protein concentrations were determined
with the Protein Assay Kit (Bio-Rad). Equal amounts of
proteins were subjected to SDS-PAGE and transferred to
PVDF membranes (Millipore). Membranes were blocked in
TBST (20mM Tris-Hcl (pH 7.4), 150 mM NaCl and 0.1%
Tween-20) plus 5% of non-fat milk for 1h to avoid non-
specific binding and then incubated with the primary anti-
bodies overnight at 4°C. Membranes were then incubated
with peroxidase-coupled anti-mouse or anti-rabbit secondary
antibodies for 1h, followed by chemiluminescent detection
with ECL Advance (Amersham Pharmacia, Buckingham-
shire, UK). Nuclear and cytoplasmic extracts were obtained
using NE-PER nuclear and cytoplasmic extraction kit
(Pierce).

Cell Cycle Analysis
Analysis of cell cycle distribution was performed, as de-
scribed.'®

5-Bromodeoxyuridine Incorporation
5-Bromodeoxyuridine (BrdU) incorporation assay was
performed, as described.'® Nuclei were counterstained with
5 ug/ml Hoechst 33258, and cells were visualized under an
epifluorescence microscope (Leica Microsystems).

Luciferase Assay
Luciferase assay was performed, as described.’

RESULTS

Post-Radiation Recurrences of EC Express HIF-1a, RelA
(p65) and p52

Hypoxic microenvironments are frequent in solid tumors,
and tumor recurrence following irradiation has been asso-
ciated with the presence of hypoxic cells. The nuclear ex-
pression of HIF-1a, and two members of the NF-«xB family
RelA (p65) and p52, was evaluated in a series of 82 ECs and

11 post-radiation recurrences of EC. There were statistically
significant differences in the nuclear expression of HIF-1a,
and the two members of the NF-xB family, RelA (p65) and
p52, between primary EC and post-radiation recurrences
(P =0.004085, P=0.000026 and P=0.023049, respectively).
Nuclear HIF-1a, RelA (p65) and p52 immunoexpression was
low in primary EC and high in post-radiation recurrences
(Table 1). Post-radiation recurrences presented a strong nu-
clear staining for both HIF-1o and RelA (p65), whereas p52
staining was more moderate (Figure 1).

To check whether there was any association among HIF-
1o, RelA and p52 with tumor grade or stage in primary EC, a
statistical analysis was carried out in the 82 EECs. No sig-
nificant association was found between HIF-1lo expression
and the tumor grade (P=0.25) or stage (P=1). Similar re-
sults were obtained with p65 with P-values of 0.22 and 0.42
for grade and stage, respectively. As for p52, its expression
correlated with tumor grade (P =0.0166) but not with tumor
stage (P=1).

EC Cell Lines Present a High Survival Rate under
Hypoxia

To understand the effect of hypoxia on EC cells, we first
determined the cell cycle phenotype of four EC cell lines
subjected to hypoxic conditions. As described in other cell
lines," a 24-h hypoxic treatment induced a net proliferative
blockade of the four EC cell lines, IK, HEC-1A (HEC), RL-95
(RL) and KLE at the G0/G1 boundary (Supplementary Figure
S1). Next, we focused our analysis on IK cell line. As shown
in Figure 2a, hypoxic exposure induces HIF-1o accumulation,
and leads to a diminution of cell proliferation rate, with a
decrease of S-phase cells, of 41.73%, as measured by BrdU
incorporation (Figure 2b). Moreover, hypoxic cells exhibited
a considerable decrease in cyclin D1 levels compared with
normoxic cells (Figure 2a). This is in accordance with the
inhibition of G1-S§ transition known to be mediated mainly
by cyclin D family proteins (D1, D2 and D3) and their
associated partners, cyclin-dependant kinases.”® Analysis of
the sub-Gl content indicates that the four hypoxic
endometrial cell lines adapt quite well to hypoxia as the sub-
G1 hypoxic DNA content shows a slight increase that does
not exceed 2.5% when compared with normoxic conditions
(Supplementary Figure S1). Under hypoxic conditions, the
number of IK cells displaying nuclear apoptotic morphology,

Table 1 Immunohistochemical expression of HIF-1a, p52 and p65 in primary EC and post-radiation recurrences

Protein Primary EC Post-radiation recurrences P-value
Positive Negative Non-assessable Positive Negative Non-assessable

HIF-1a 19 53 10 7 2 2 0.004085

P52 7 67 8 4 6 1 0.023049

P65 13 65 4 8 1 2 0.000026
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RelA (p65)

Figure 1 Post-radiation recurrences of EC highly positive for HIF-1a: and RelA (p65) immunoexpression and moderately positive for p52 immunostaining.

as assessed by Hoechst staining, does not exceed 8% of the
total (Figure 2c). Western blot analysis of IK cells exposed to
24h of hypoxia confirms the apoptotic nature of this cell
death, with the activation of executioner caspase 3 (Figure
2d). Overall, these results indicate that under hypoxia, a mere
percentage of IK cells undergo apoptosis through the in-
trinsic pathway, whereas the vast majority of the IK cells,
arrested at the G1/S boundary, adapt and survive under low
oxygen conditions.

Hypoxia-Induced NF-xB Nuclear Translocation and
Transcriptional Activity Requires the Presence of Both
IKKa and IKKp Kinases

Previous studies have shown that NF-xB pathway is activated
under hypoxia.”! However, the mechanisms involved are still
controversial. Thus, we next checked for NF-xB activation in
our model, and its possible involvement in conferring hy-
poxic cell death resistance. To address this point, we
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carried out a NF-xB transcriptional activity assay. IK cells
were transfected with NF-xB-dependent luciferase reporter
construct and exposed to hypoxic conditions for additional
24h. TNFa-treated cells served as a positive control. Ex-
posure of IK cells to hypoxia induced a marked increase in
NF-xB activity compared with basal luciferase activity under
normoxia (Figure 3a). In accordance with this result, im-
munoblotting of nuclear and cytoplasmic extracts revealed
that hypoxia induces RelA (p65) nuclear accumulation in IK
cells (Figure 3b). To gain further insight into the mechanisms
of NF-xB activation under hypoxia, we explored the
requirement of each of the upstream kinases IKKo and IKKf.
Lentiviral delivery of shRNA against IKKo and IKKf selec-
tively blocked the expression of each protein (Figure 3c). As
shown in Figure 3d, NF-xB activation by hypoxia is sig-
nificantly reduced when either IKKa or IKK kinase levels are
downregulated, pointing to the requirement of both
kinases in hypoxia-mediated NF-«kB signaling. Furthermore,
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Figure 2 Hypoxia decreases cell proliferation and induces a slight increase in apoptosis in EC cell lines. (a) Ishikawa (IK) cells were incubated for the
indicated times under hypoxia, and cell lysates were analyzed by western blot with antibodies to HIF-1a, cyclin D1 and tubulin (left graph). (b) IK cells were
incubated for 24 h either under normoxia (21% O,) or under hypoxia (0.2% O,). Pictures show 5-bromodeoxyuridine incorporation and Hoechst 33258
staining (right graph). (c) Quantification of apoptotic nuclei after 24 h of incubation either under normoxic (21% O,) or under hypoxic (0.2% O,) conditions.
(d) IK cells were subjected to hypoxia for the indicated times, and cell lysates were analyzed with antibodies to HIF-1¢, active caspase 3 and tubulin

(right graph).

overexpression of the mutated form of IxBa, carrying serine
to alanine mutations at residues 32 and 36, named SR-IxBax,
abrogated hypoxia-induced NF-xB activity (Figure 3d),
supporting the notion that IxBa degradation mediates
hypoxia-induced NF-xB activation. To check whether
the requirement of both IKKo and IKKf is restricted to en-
dometrial IK cell line, and to eliminate possible nonspecific
effects due to the use of shRNA technique, we next studied
NF-kB activation response in mouse embryonic fibroblasts
derived from either Wt, IKKa and IKKf knockout mice in
response to hypoxia. To carry out NF-xB reporter activity
experiment, and as MEF are hardly transfectable, Wt, IKKa
and IKKf knockout MEFs were infected with NF-kB luci-
ferase lentiviral vector. At 3 days after infection, cells
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were either subjected to hypoxia or treated with TNFu for
additional 24 h. In this context, lack of IKKf caused almost a
complete abrogation of either hypoxia- or TNFa-induced
NF-xB activation (Figure 3e). However, although genetic
ablation of IKKu resulted in a slight decrease of TNFa-in-
duced NF-xB activation, its absence completely abolished
NF-xB activation under hypoxia (Figure 3e).

Hypoxia Induces Alternative NF-xB Activation Through
IKKa- and IKKf-Dependent p100 Accumulation and
IKKa-Dependent p52 Processing

Having shown that IKKa controls hypoxia-mediated NF-xB
activation, and based on the fact that IKKo is the main
component of NF-xB alternative pathway, we sought to
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Figure 3 Hypoxia increases NF-«xB transcriptional activity and its nuclear translocation through IKKx and IKKp. (a) IK cells were transfected with the NF-xB
luciferase reporter construct and treated with 50 ng/ml TNFo or exposed to hypoxia for 24 h, and cell lysates were assayed for luciferase activity. Results are
expressed as relative luciferase units. (b) IK cells were either maintained under normoxia or subjected to hypoxia for 24 h, and nuclear and cytoplasmic
lysates were analyzed with RelA (p65) and HIF-1a antibodies. Membranes were also incubated with anti-histone H1 (marker of nuclear fraction) and anti-pan
ERK (cytoplasmic fraction) antibodies (right graph). (c) Western blot analysis of IKKe and IKKf expression in IK cells infected for 3 days with lentiviruses
carrying shRNA targeting IKKx or IKKS. (d) Bar chart showing NF-xB luciferase activity in IK cells infected with lentiviruses carrying shRNA against IKKx, IKKf
or with the lentiviral vector carrying the IxBx superrepressor, which cannot be phosphorylated on serines 32 and 36 (SR-IxBo). After 3 days, cells were
transfected with the reporter NF-xB construct together with a plasmid encoding f-galactosidase. After 24 h, cells were either maintained under normoxia
(21% O,) or subjected to hypoxia (0.2% O,), and luciferase activity was assayed 24 h later. Results are expressed in relative luciferase units normalized to
galactosidase activity. (e) Murine embryonic fibroblasts (MEFs) from Wt, IKKo—/— and IKKf—/— embryos were infected with NF-xB luciferase lentivirus
carrying five kB sites in its promoter. At 3 days after infection, cells were either maintained under normoxia, exposed to hypoxia (0.2% O,) or stimulated with
TNFo (50 ng/ml) for additional 24 h before luciferase activity was measured. Results are expressed as relative luciferase units after normalization for protein
content.

investigate the status of the alternative NF-xB pathway under
hypoxia. Western blot analysis of total cell lysates of IK cells
exposed to hypoxia shows an increase in the expression of
p100 and its processed subunit p52, indicating the activation
of the alternative NF-xB pathway under this condition
(Figure 4a). A concomitant increase in RelB accumulation
was observed in response to hypoxic exposure (Figure 4a).
Of note, both IKKa and IKKf subunits accumulate in the
nucleus of the hypoxic cells (Figure 4b).
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Next, we wanted to fully characterize the alternative NF-xB
pathway induced under hypoxia. Analysis of cytosolic ex-
tracts shows that hypoxia stimulated the processing of p100
to p52 in both Wt and IKKf-deficient MEFs but not in MEFs
lacking IKKa (Figure 4b). Analysis of nuclear extracts showed
that wild-type MEF exposed to hypoxia accumulated p100
and its processed fragment p52 in their nuclei. Surprisingly,
pl00 and p52 nuclear accumulation was completely abro-
gated in both IKKwx- and IKKf-deficient cells (Figure 4b).
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Figure 4 Hypoxia activates the alternative NF-«xB pathway through IKKx- and IKKf-dependent p100 accumulation and IKKa-dependent p52 processing.
(a) IK cells were exposed to hypoxia for the indicated times, and cell extracts were tested for p100/52 and RelB proteins by western blot. (b) Murine
embryonic fibroblasts (MEFs) from Wt, IKKo—/— and IKKf—/— embryos were either maintained under normoxia or exposed to hypoxia for 24 h. Nuclear and
cytoplasmic fractions were prepared and analyzed for HIF-1z and p100/52 nuclear accumulation. Membranes were also incubated with anti-IKKe, anti-RelA
(p65), anti-IKKf, anti-histone H1 (marker of nuclear fraction) and anti-LDH (cytoplasmic fraction) antibodies.

Opverall, these results suggest that although hypoxia-induced
processing of pl00 to p52 is controlled by IKKa, new
synthesis of pl00 under hypoxia and its nuclear accumula-
tion together with p52 are controlled by the two kinases IKKa
and IKKp. Similar results were obtained in IK cells when
IKKo or IKKf was silenced by shRNA-based lentiviral vectors
(data not shown). Moreover, nuclear translocation of RelA
(p65) is abrogated in MEFs lacking either IKKo or IKK f
(Figure 4b), confirming the results obtained previously. Of
note, both IKKa and IKKf; subunits accumulate in the nu-
cleus of the hypoxic cells (Figure 4b).

RelA (p65) and p52 Promote IK Cellular Survival under
Hypoxia

After the identification of both classical and alternative NF-
kB pathways activation under hypoxia, and given the central
role of NF-xB pathway in regulating cell survival, we next
examined the effect of downregulation of both RelA (p65)
and p100/52 subunits on IK cell survival under hypoxia.
Lentiviral-mediated delivery of shRNA to RelA (p65) subunit
achieved an effective depletion of this protein and sensitized
IK cells to hypoxic cell death. As shown in Figure 5b, RelA
(p65)-deficient hypoxic IK cells displayed a significant in-
crease in the number of cells with apoptotic morphology,
assessed by Hoechst staining, together with an increase of
caspase 3 processing (Figure 5a). On the other hand, lenti-
viral delivery of shRNA against p100/52 increased processing
of both caspase 9 and 3 in p100/52-deficient IK hypoxic cells
compared with their control counterparts (Figure 5c). Cell
cycle analysis shows an increase of 4% of the sub-G1 cell
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fraction in p100/52-deficient IK hypoxic cells compared with
the control cells (Figure 5d). Altogether, these results indicate
that simultaneous activation of both canonical and alter-
native NF-xB pathways under hypoxia contribute probably to
a better adaptation and survival of endometrial IK cells.

HIF-1a Controls Hypoxia-mediated NF-«B Activation in
IK Cells and Mediates EC Cell Survival under Low
Oxygen Tension

HIF-1o transcription factor is known to regulate many of the
biological responses under hypoxia, and to promote the ex-
pression of a number of survival proteins.”* Having shown
that RelA (p65) and p100/52 NF-xB subunits promote cell
survival under hypoxia, and given the fact that many studies
have demonstrated an interplay between NF-xB and HIF-1a
pathways at different levels,**> it was reasonable to test
whether HIF-1o regulates NF-xB activity induced under
hypoxia in EC cells. To test this hypothesis, we infected IK
cells for 3 days with lentiviruses carrying HIF-1oc shRNA and
subsequently transfected them with the NF-kB luciferase
reporter plasmid. As shown in Figure 6a, cells infected with
lentiviruses carrying HIF-1o ShRNA and exposed to hypoxia
significantly reduced the expression of HIF-1a protein. HIF-
loo knockdown reduced NF-xB activity in IK hypoxic cells
compared with their control counterparts infected with a
lentivirus carrying an empty vector. TNFa-stimulated cells
served as a positive control for NF-xB activity (Figure 6b).
Furthermore, analysis of nuclear extracts shows that RelA
nuclear accumulation is partially impaired in IK cells where
HIF-1a expression is downregulated (Figure 6a). In contrast,
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Figure 5 RelA (p65) and p52 promote IK cellular survival under hypoxia. (a) IK cells were infected with lentiviruses carrying shRNA against p65 (RelA) for 3
days and then exposed to 24 h of hypoxia. Cell lysates were subjected to western blot with antibodies to active caspase 3 and HIF-1c. (b) IK cells were
infected with lentivirus carrying shRNA to RelA (p65) for 3 days, and then either maintained under normoxia or exposed to 24 h of hypoxia. Then, a
quantification of Hoechst-stained apoptotic nuclei was assessed. (c) IK cells were infected with a lentivirus carrying shRNA to p100/52 for 3 days to allow
protein knockdown. Whole-cell protein extracts were subjected to western blot analysis to monitor the expression of p100/52 and processed caspase 9 and
3. The blots were subsequently reprobed with anti-tubulin. (d) Flow cytometry analysis and cell cycle distribution. IK cells were infected either with a
lentivirus carrying shRNA to p100/52 or with a lentivirus carrying an empty vector for 3 days to allow protein knockdown and then subjected to 24 h of

hypoxia or normoxia, after which cell cycle distribution was analyzed.

P52 nuclear accumulation under hypoxic conditions was not
altered in the absence of HIF-1a (Figure 6a).

As HIF-1o regulates both NF-xB transcriptional activity
and RelA nuclear accumulation in IK cells, we next checked
whether HIF-1a pathway controls IK cell survival under low
oxygen tension. To silence HIF-1a, IK cells were infected with
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lentiviruses carrying shRNA targeting HIF-1a. At 3 days after
infection, cells were subjected to hypoxia or maintained
under normoxia for additional 24h. Interestingly, death
resistance of IK endometrial hypoxic cells is completely
reversed when HIF-1a expression is silenced. In fact, HIF-1a
knockdown caused a significant increase in the number of
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Figure 6 HIF-1a controls hypoxia-mediated NF-«xB activation and cell survival under low oxygen tension. (a) IK cells were infected with lentiviruses carrying
shRNA to either IKKo or HIF-1¢ for 3 days, then were either maintained under normoxia or exposed to 24 h of hypoxia. Nuclear fractions were prepared and
analyzed by western blot using anti-HIF-10, anti-p65 and anti-p52 antibodies. Histone H1 was used as a nuclear marker. (b) Bar chart showing NF-xB
luciferase activity in IK cells infected with lentiviruses carrying shRNA against HIF-1o. After 3 days, cells were cells transfected with the reporter NF-xB
construct together with a plasmid encoding f-galactosidase. At 24 h after transfection, cells were either maintained under normoxia (21% O,) or subjected
to hypoxia (0.2% O,) or stimulated with TNFo (50 ng/ml), and luciferase activity was assayed 24 h later. Results are expressed in relative luciferase units
normalized to galactosidase activity. (c) Quantification of apoptotic nuclei after 24 h of hypoxic exposure. Previously, cells were either infected with an
empty lentiviral vector or with a lentiviral vector carrying shRNA to HIF-1« for 3 days. (d) IK cells were either infected with an empty lentiviral vector or with
lentiviruses carrying shRNA to HIF-1 for 3 days, and then exposed for the indicated times to hypoxia. Whole-cell lysates were analyzed by western blot with

anti-HIF-1o and anti-active caspase 3 antibodies.
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Figure 7 Model for the activation of both canonical and alternative NF-«xB
under hypoxia. Under low oxygen conditions, stabilized HIF-1a controls
canonical NF-xB signaling: Both IKKx and IKKf kinases are necessary for
RelA/p65 nuclear translocation. Hypoxia also mediates the p52-RelB
translocation into the nucleus in a HIF-1z-independent manner. Nuclear
accumulation of both p100 and p52 requires priming by the canonical
pathway through IKKx and IKKS kinases, whereas p52 processing is IKKo
dependent.
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hypoxic cells displaying apoptotic morphology compared
with control cells infected with lentiviruses carrying an empty
vector (Figure 6¢), and an increase in caspase 3 processing
(Figure 6d). This result, together with the reduction of RelA
(p65) nuclear accumulation when HIF-1u is silenced, sug-
gests that HIF-1o is a critical upstream regulator of classical
NF-kB pathway and cell survival (Figure 7).

DISCUSSION

Cellular hypoxia is considered a major therapeutic challenge,
as it decreases radiosensitivity of tumor cells. In the present
study, we show that post-radiotherapy recurrences are hy-
poxic and present higher nuclear expression of RelA (p65)
and p52 than primary EC.

Cell survival threshold under hypoxic conditions is cell
specific. Hence, although hypoxia triggers cell death in
some cell types,”* it promotes cell survival in others.”’ We
have found that hypoxia decreases cyclin D1 expression and
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induces GO-G1 phase arrest. The decrease in cyclin D1
expression has been recently attributed to HIF-1a, as HIF-1a
has been shown to interact with cyclin D1 promoter.> Cell
cycle arrest may explain the resistance of hypoxic cells to
chemotherapeutic drugs that target DNA synthesis in S
phase. Thus, a GO/G1 cell cycle arrest may thereby represent a
general survival strategy of hypoxic cells, even under che-
motherapeutic attacks.”> We show that only a small percen-
tage of EC cells undergo apoptosis under hypoxia. Given the
previously reported finding of NF-xB activation under hy-
poxial,4’21 our next aim was to investigate the contribution of
NF-kB survival pathway in conferring apoptotic cell re-
sistance under hypoxia.

Our results show that hypoxia induced both RelA nuclear
accumulation and NF-xB transcriptional activity. However,
the upstream pathway leading to NF-xB activation under
hypoxia is still under debate. A recent report has attributed to
c-Src the capacity to activate NF-xB at tyrosine residues,*
whereas others* have shown that NF-xB activation under
hypoxia is under IKKf control. By the use of lentiviral-
mediated downregulation of IKKo or IKKf and the mouse
embryonic fibroblasts, deficient in either IKKa or IKKf, we
demonstrate that both IKKx and IKKf subunits of the IKB
kinase (IKK) complex are necessary for NF-xB activation
under hypoxia. Despite the fact that both kinases have similar
primary structure and share 65% identity in their kinase
domains,?” it has been shown that IKKa knockout fibroblasts
exhibit normal IKK activation and p65/RelA nuclear trans-
location in response to proinflammatory stimuli, such as
LPS, TNF« and IL-1, and a decrease of 50% in total NF-xB
DNA-binding activity.'>*® Recent work of Walmsley et al’*'
showed an increase of IKKa expression and NF-«kB activation
under hypoxia, but the interplay linking IKKa to NF-xB was
not elucidated.

The fact that IKKa deficiency abrogated completely hy-
poxia-induced NF-xB activity led us to examine the sub-
cellular distribution of RelA in IKKo-deficient IK cells and
MEF knockouts for IKKo. Our results show that IKKa defi-
ciency, like IKKf deficiency, impairs p65 nuclear transloca-
tion under hypoxia. This result indicates that, contrary to
proinflammatory cytokine-induced signal, IKKe has a critical
role in controlling RelA cellular distribution under hypoxia,
and thereby canonical NF-xB pathway. Recent reports have
also referred to the requirement of IKKa in some canonical
NF-«B signaling pathways.**

As IKKo is known to mediate the alternative NF-xB
pathway, we next checked for p52 processing under hypoxia.
We show that hypoxia induces p100 accumulation, followed
by its processing to p52 in both EC cells and MEFs. This is in
accordance with the results published by Mordmuller et al,*'
who describe that only newly synthesized p100 undergoes
processing generating nuclear p52. Furthermore, p100 pro-
cessing is a tightly controlled event, mediated by the NIK.
NIK functions at the same time as a docking protein,
recruiting IKKo to p100,>* and as an IKKa-activating kinase.
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Activated IKKo in turn phosphorylates p100, promoting its
ubiquitination and its processing to p52.>> P100 processing
to p52 is activated by a subset of stimuli such as lympho-
toxinfB,”* CD40 ligand®> and B-cell-activating factor.’® Fur-
thermore, recent publications have shown that both active
Stat3*” and active Akt*® induce p100 processing to p52. Both
Akt” and Stat 3** have been shown to be activated under
hypoxia. It is thus plausible that either of these pathways
serves as an upstream signal for p100 processing to p52 under
low oxygen tension. Furthermore, we demonstrate that under
hypoxia, IKKa is responsible of p100 processing to p52. This
is in agreement with the published role of IKK in generating
p52, activating thereby the alternative pathway.'> However,
our results indicate that both IKKx and IKKf kinases are
needed for pl00 accumulation. As our data point to the
involvement of both kinases in activating the canonical
NF-xB pathway, this new result suggests that the activation of
the alternative pathway requires previous NF-xB activation
through the canonical pathway. Requirement of canonical
NF-kB pathway has been reported for LPS-induced alter-
native NF-xB pathway activation.”’ Both p100 accumulation
and p52 generation induced by LPS were lost in cells where
the canonical pathway was blocked.”’ Another evidence de-
monstrating the cross-talk between both alternative and
classical NF-kB pathways is the data obtained by Sun et al*"
who describe that transactivation of p65 stimulates
p100 mRNA and protein expression, increasing thereby the
pool of p100 available for processing to p52. We propose that
hypoxia-mediated alternative NF-xB activity is based on
p100 accumulation, a phenomena that is under the control of
both IKKo and IKKJ kinases. The p100 nuclear accumulation
has been described in other cellular models, where it
may regulate NF-xB activity by sequestering NF-xB sub-
units.*> We further investigated the role of p52 and p65
NF-kB subunits in promoting cell survival under hypoxia.
Silencing either RelA (p65) or p52 rendered IK cells exposed
to hypoxic stress more sensitive to apoptotic cell death,
highlighting the prosurvival role of both canonical and
alternative NF-xB pathways.

Of note, under hypoxia, we observe that IKKea, and to a
lesser degree IKKf, gets accumulated in the nucleus of hy-
poxic cells. Nuclear accumulation of IKKa has been described
after cytokine exposure and has been shown to regulate NF-
kB-dependant gene expression through histone phosphor-
ylation.*> IKK« nuclear accumulation has been shown to
control prostate cancer metastasis.** Additional studies
should be performed to elucidate the function of IKKa nu-
clear accumulation under hypoxic conditions.

As HIF-1o has been shown to contribute to NF-«B acti-
vation in murine neutrophils,”’ we next checked for the
contribution of HIF-1o in activating both classical and al-
ternative NF-xB pathways. Although p65 nuclear accumula-
tion and NF-xB transcriptional activity were reduced
when HIF-1a was silenced, p52 nuclear accumulation re-
mained unchanged. HIF-1« silencing increased apoptotic cell
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death under hypoxia, confirming its prosurvival role under
hypoxia.

In summary, we have found that hypoxic stress induces the
activation of both canonical and alternative NF-«xB pathways,
with concomitant nuclear accumulation of both p65/RelA
and p52 subunits. To our knowledge, our work is the
first to present evidence of the activation of the alternative
NF-xkB pathway under hypoxia. Our data demonstrate
that although activation of the canonical pathway is
HIF-1o dependent, processing of p52 through the alternative
pathway is HIF-1a independent. Activation of these
pathways represents probably a strategy used by cancer cells
to survive and escape therapies. HIF-1a, RelA (p65) and
p52 may thus be considered as potential therapeutic
targets for EC.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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Estudi del valor d’/ANXA2 com a marcador predictiu de EC
recurrent

Lorena Alonso-Alconada, Maria Santacana, Pablo Garcia-Sanz, et al. Annexin A2 as
predictor biomarker of recurrent disease in endometrial cancer. Int J Cancer. 2014

[Epub ahead of print]

1. Les recidives post radioterapia de EC presenten un augment en I'expressio
d’Annexina 2 respecte els tumors primaris.

2. La linia cel-lular de EC IK amb expressi6 d’ANXA2 no presenta diferencies
estadisticament significatives en quant a la formacié de colonies després de la
radiacié o del tractament quimioterapéutic respecte la linia cel-lular de EC Ishikawa
sense expressido d’ANXA2.

3. La linia cel-lular de EC IK presenta una capacitat reduida de migracié i de generacié
de colonies en abséncia d’ANXA2, a més d’una trancisié mesenquimal-epitelial.

Els animals injectats amb cél-lules IK deficients en ANXA2 presenten menys carrega
metastatica i la disseminacid hematogena en els ratolins es va veure disminuida en
abséncia d’expressid d’ANXA2.

L'expressié d’ANXA2 en cél-lules tumorals circulants (CTC, Circulating Tumor Cells)
augmenta de forma gradual en pacients amb EC recurrent respecte pacients sans
passant per pacients sense malaltia recurrent.

4. NEEC (SCE i CCC) presenten una expressio un 17% més elevada d’ANXA2 en
comparacié amb els EEC.

Els EEC estadi I, i estadi I, II que van recidivar tenen uns valors d’expressio d’ANXA2
majors (18.29%, 25.22%, respectivament) en comparacid amb els que no van
recidivar.

El risc de presentar malaltia recurrent és d’'un 73.98% en aquells casos amb un

histoscore >190.
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Endometrial carcinomas, the most common malignant tumour of the female genital tract, are usually diagnosed at an early stage
with uterine-confined disease and an overall favourable prognosis. However, up to 20% of endometrial carcinomas will end up in
recurrent disease, associated with a drop in survival and representing the major clinical challenge. Management of this group of
risk patients relies on robust biomarkers that may predict which endometrial carcinomas will relapse. For this, we performed a
proteomic analysis comparing primary lesions with recurrences and identified ANXA2 as a potential biomarker associated with
recurrent disease that we further validated in an independent series of samples by immunohistochemistry. We demonstrated in
vitro a role for ANXA2 in the promotion of metastasis rather than interfering with sensitivity to radio/chemotherapy. In addition,
ANXA2 silencing resulted in a reduced metastatic pattern in a mice model of endometrial cancer dissemination, with a limited
presence of circulating tumor cells. Finally, a retrospective study in a cohort of 93 patients showed that ANXA2 effectively pre-
dicted those endometrioid endometrial carcinomas that finally recurred. Importantly, ANXA2 demonstrated a predictive value
also among low risk Stage | endometrioid endometrial carcinomas, highlighting the clinical utility of ANXA2 biomarker as predic-
tor of recurrent disease in endometrial cancer. Retrospective and prospective studies are ongoing to validate ANXA2 as a poten-
tial tool for optimal stratification of patients susceptible to receive radical surgery and radio/chemotherapy.

iagnosis

Endometrial carcinoma is the most common tumor of the ease and an overall favorable prognosis, up to 20% of endo-
female genital tract, with an increasing incidence. Although metrial carcinomas are at substantial risk of recurrence and
usually diagnosed at an early stage with uterine-confined dis- death. In addition and although spread to regional lymph
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What’s new?

ANXA2 predicts recurrences in endometrial cancer

Endometrial carcinoma is usually diagnosed early, with a favorable prognosis. However, even in these early cases, the relapse
rate can be as high as 20%. Thus it would be helpful to have a biomarker that could predict which tumors are likely to recur,
and which patients might benefit from more aggressive treatment. In this clinical study, the authors found that a protein
called annexin A2 (ANXA2) may provide just such a biomarker. Interestingly, they also found that ANXA2 is involved in the

ability of endometrial carcinomas to metastasize.

nodes is the most important prognostic factor, the role of
lymphadenectomy for women with early stage endometrial
tumors remains controversial.'" No survival benefit in either
overall or recurrence-free survival has been recorded in large
randomized trials.>” Likewise, no study of adjuvant treatment
has convincingly shown survival benefit in stage I/stage II
tumors considered at an intermediate risk. Overall, the endo-
metrial carcinoma clinical scenario depicts a confident out-
come while patients are detected at low risk, but a necessity
of reliable biomarkers allowing for the identification of
patients susceptible to relapse in the future, thus candidates
to receive radical surgery and radiotherapy/chemotherapy.

Recently, the increasing availability of proteomics technol-
ogies has led to the identification and development of new
clinically relevant tools. Regarding diseases of the female
reproductive tract, ascitic fluid that bathes ovarian tumors
has been used in biomarker studies of ovarian cancer,* or
uterine and peritoneal fluids have been investigated in several
studies of endometriosis and infertility.” Likewise, a number
of biomarkers have been described in endometrial cancer,’®
that could be of considerable clinical benefit for presurgical
staging and prognostic evaluation. Serum HE4, recently
described as a prognostic biomarker in endometrial cancer,’
or L1ICAM as prognostic factor in FIGO stage I, type I endo-
metrial cancers,'” are two excellent examples of current
efforts to identify high-risk patients within low-grade endo-
metrioid endometrial cancer patients who might benefit from
adjuvant treatment. Nevertheless, the increasing use of pro-
teomics technologies has not yet provided widely applicable
clinical tools for the identification of those 20% of patients
diagnosed with early stage endometrial cancer that will
relapse despite the apparent absence of locally advanced or
metastatic disease at the time of treatment.'"'?

In this work, we attempted to identify proteins associated
with recurrent disease in endometrial cancer by 2D-DIGE
technology applied to human primary carcinomas and recur-
rences. An independent validation among selected candidates
identified ANXA2 as potential biomarker discriminating
between primary endometrial carcinomas and recurrent dis-
ease. Concordantly, functional in vitro and in vivo experi-
ments indicated a role of ANXA2 in the ability of
endometrial carcinomas to metastasize. Finally, ANXA2 effi-
ciently predicted in a retrospective analysis those primary
endometrial carcinomas that resulted in a recurrent disease.
All these results demonstrated an active role for ANXA2 in
the metastatic potential of endometrial tumor cells, and its

value as a reliable biomarker and predictor of endometrial
cancer recurrences.

Material and Methods

Patients and samples

Patients participating in the study were recruited in Arnau de
Vilanova Hospital (Lleida, Spain), University Hospital of San-
tiago de Compostela (Santiago de Compostela, Spain), Vall
d’Hebron University Hospital (Barcelona, Spain), MD-
Anderson Cancer Center Madrid (Madrid, Spain), Fundacion
Dexeus (Barcelona, Spain), Virgen del Rocio Hospital (Sevilla,
Spain), Massachusetts General Hospital (Boston), Memorial
Sloan-Kettering Cancer Center (New York) and Haukeland
University Hospital (Bergen, Norway). Informed consent
approved by the relevant ethical committee was signed by all
patients (CEIC 2011/070). Several groups of patients were
included in the study.

First group was composed of 12 tumor samples, corre-
sponding to patients with matched primary tumors and
recurrences. Fresh frozen tumor tissue was available from
each of the patients. Clinical and pathologic characteristics
are shown in Supporting Information Table 1.

Second group was composed of formalin-fixed, paraffin-
embedded (FFPE) tumor tissue samples from 140 patients
with endometrial carcinoma (115 primary tumors and 25
post-radiation recurrences). Clinical and pathologic character-
istics are shown in Supporting Information Table 2.

Third group was composed of FFPE tumor tissue samples
from 131 patients with primary endometrial carcinoma; 93
EEC and 38 NEEC (including serous and clear cell carcino-
mas) recruited from the above-mentioned centers in the set-
ting of a multicentric study. Clinical and pathologic
characteristics are shown in Supporting Information Table 3.
The subgroup formed by the 93 patients with primary EEC
(50 recurrent, 43 non-recurrent) was used to assess the asso-
ciation of ANXA2 with relation to the risk of recurrence,
particularly for those cases with low stage (I or II) (Support-
ing Information Table 4).

Fourth group was composed of 7.5 ml of peripheral blood
samples from 34 endometrial cancer patients, including high-
risk endometrial carcinomas ranging from Grade 3 Stage 1B
carcinomas to metastatic Stage IV carcinomas and recur-
rences. Clinical and pathologic characteristics are shown in
Supporting Information Table 5. A control group included a
set of 27 healthy women with absence of a previous cancer
episode and with an age range similar to patients.
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2D-DIGE Proteomic analysis

Proteomic comparison of primary endometrial carcinomas
versus endometrial cancer recurrences was carried out in 12
samples (Supporting Information Table 1), presenting similar
percentages of epithelial tumor glands. Samples were proc-
essed as described.”” Briefly, DIGE lysis buffer (7 M urea,
2 M thiourea, 4% CHAPS, 30 mM Tris, pH 8.5) was used for
protein extraction and was labeled with Cy3 and Cy5 cyanine
dyes. A pool consisting of equal amount of each sample was
used as internal standard and was labeled with Cy2 dye.
Samples were combined according to the experimental
design, at 50 pg of protein per Cy dye per gel, and diluted
twofold with IEF sample buffer (7 Murea, 2M thiourea, 4%
wt/vol CHAPS, 2% dithiothreitol, 2% pharmalytes pH 3-10
and 0.002% bromophenol blue). Two-dimensional electro-
phoresis was performed using GE Healthcare reagents and
equipment. Fluorescence images of the gels were acquired on
a Typhoon 9400 scanner (GE Healthcare, Uppsala, Sweden).
Cy2, Cy3 and Cy5 images were scanned at 488/520, 532/580
and 633/670 nm excitation/emission wavelengths, respec-
tively, at a 100 pm resolution. Image analysis and statistical
quantification of relative protein abundances were performed
using Progenesis SameSpots v3.2 (Nonlinear Dynamics, New-
castle, UK). Differentially expressed proteins between primary
tumors and recurrences fulfilled the restrictive selection crite-
ria of fold —1.5>x>1.5 and Anova p < 0.05 were selected.

ANXA2 immunostaining in patient’s samples

Five Tissue microarrays (TMA) were constructed using the
manual arrayer from Beecher Instruments™. Three TMA
contained formalin-fixed paraffin embedded tissues from 115
primary EEC and 25 post radiation recurrences from patients
who underwent surgery for endometrial carcinoma. The
fourth TMA contained 38 NEEC (including SC and CCC).
Finally, the last TMA was composed of 50 primary EC that
progressed to recurrent disease.

Tissue cylinders with a diameter of 0.6 mm were punched
from two different tumor areas of each “donor” tissue block
and brought into a recipient paraffin block. TMA blocks
were sectioned at a thickness of 3 pm, dried for 1 h at 65°
before pre-treatment procedure of deparaffinization, rehydra-
tion and epitope retrieval in the Pre-Treatment Module, PT-
LINK (DAKO, Denmark) at 95°C for 20 min in 50X Tris/
EDTA Buffer, high pH. Before staining the sections, endoge-
nous peroxidase was blocked. The antibody used was against
ANXA?2 (polyclonal, diluted 1:100; Abcam, Cambridge, UK).
After incubation, the reaction was visualized with the EnVi-
sion FLEX Detection Kit (DAKO, Denmark) using diamino-
benzidine chromogen as a substrate. Sections were
counterstained with hematoxylin. Autostainer Link 48 instru-
ment was used (DAKO, Denmark). Appropriate negative
controls including no primary antibody were also included.

Cytoplasmic and heterogeneous immunohistochemical
staining was semi-quantitatively graded based on the percent-
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age and on the intensity of the labelling. Histological scores
(derived from the mean between two cylinders) ranged from
0 (no immunoreaction) to 300 (maximum immunoreactivity)
by applying the formula: Histoscore = 1X (% light staining) +
2X (% moderate staining) + 3X (% strong staining).

Silencing of ANXA2 expression by shRNA and luciferase
expression in Ishikawa cells

The human endometrial carcinoma cell line Ishikawa (HPA
Culture Collections) was infected with lentiviral particles con-
taining the empty vector (pLKO.1l-puro; Sigma, MO) to
obtain IK-pLKO cells or with ANXA2 shRNA vector (5°-CC
GGCCTGCTTTCAACTGAATTGTTCTCGAGAACAATTCA
GTTGAAAGCAGGTTTTTG-3’; Sigma Mission NM_001002857,
Sigma, MO, USA) to stably silence ANXA2 expression, as
described."* Previously, Ishikawa cells were infected with lucifer-
ase expressing pLenti CMV V5-LUC Blast (w567-1) (Addgene,
Cambridge, MA) vector according to the same protocol. Stable
infected cells were maintained in DMEM F-12 (1:1) Medium
(Lonza, Verviers, Belgium) supplemented with 10% FBS and 1%
penicillin-streptomycin at 37°C in 5% CO, and selected with
Puromycin (1 pg/ml, Sigma, St. Louis, MO) and Blasticidine S
HCl (3 pg/ml; Invitrogen, Carlsbad, CA, USA). The efficacy of
infection was assessed by RT-q-PCR and Western blotting,

RNA extraction and quantitative real-time PCR (RT-g-PCR)
Total RNA was isolated from IK-pLKO and IK-shANXA2 cells
using High Pure RNA Isolation Kit (Roche, Applied Science,
Indianapolis, IN), according to the manufacturer, and cDNA
synthesis was carried out using MuLV reverse transcriptase
(Applied Biosystems, Foster City, CA) following manufac-
turer’s protocol. Real-time PCR was performed using TagMan
assays (ANXA2#Hs01561520_m1; Applied Biosystem, Foster
City, CA) in a 7500 Real-Time PCR Machine using the default
conditions: 95° for 20 min; 40 cycles (95° for 1 min and 60°
for 20 min). Data were analyzed with StepOne Software v.2.1
(Applied Biosystems, Foster City, CA). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH#Hs99999905_m1; Applied
Biosystem, Foster City, CA) was used as an internal normal-
ization control. The results were represented as the fold change
in gene expression relative to GAPDH gene expression
(2-AACt). TagMan® Assays have been designed on a template
sequence that is common for all of the alternative splicing var-
iants, for detection of the maximum number of transcripts
without detecting homolog gene products.

Western blotting and immunofluorescence

Total cellular protein was extracted using lysis buffer [0.1%
SDS, 150 mM NaCl, 50 mM Tris-HCI (pH 8.5), 0.5% DOC,
1% NP-40, 2 mM Na;VO,, 4mM NaF, 1X PIC]. Fifty micro-
grams of protein was separated using SDS-polyacrylamide gel
and transferred to a PVDF membrane (Amersham Bio-
science, UK). After blocking with TBS, 5% milk and 0.05%
Tween 20 for 1 h, the membrane was incubated overnight
with anti-ANXA2 (1:500 dilution; Abcam, Cambridge, UK),
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anti-Vimentin (1:1,000 dilution; Dako, Sant Just Desvern,
Barcelona) antibodies, followed by horseradish peroxidase
conjugated secondary antibody added for 1h at room temper-
ature. Tubulin (1:1000 dilution, Abcam, Cambridge, UK) and
Actin (1:1,000, Abcam, Cambridge, UK) were used as inter-
nal control. The signal was detected using Immobilon West-
ern Blotting Kit (Millipore, Billerica, MA).

For immunofluorescence staining cells were seeded onto
glass coverslips, fixed with methanol for 10 at —20°C and
incubated with anti-E-cadherin (1:500 dilution; Abcam, Cam-
bridge, UK), followed by secondary antibody conjugated with
Texas Red (Jackson ImmunoResearch, Suffolk, UK) for 1 h at
RT in dark. Coverslips were mounted using the Aqua/Poly
Mount medium (Polysciences Europe GmbH, Eppelheim,
Germany). Fuorescence images were captured with DM-IRBE
inverted fluorescence microscope (Leica, Wetzlar, Germany).

Radiosensitivity assay

The effect of ANXA2 on the sensitivity to radiotherapy was
examined using clonogenic assay. Briefly, 1 X 10> IK-pLKO
or IK-shANXA2 cells were seeded in six-well plates and irra-
diated with different doses (0 Gy, 2Gy, 4Gy, 6Gy). After
incubation for 15 days at 37°C in 5% CO,, the MTT (3-(4,5-
methylthiazol-2-yl) —2,5-diphenyltetrazolium bromide;
SIGMA-M-2128, Saint Louis, MO) assay was performed
according to manufacturer’s recommendation and the num-
ber of colonies was observed.

Migration assay

Migration assays were performed using 24-well transwell
plate (8.0 um pore size polycarbonate membrane; Corning,
NY, USA). Briefly, 5 X 10* cells were suspended in 200 pl of
serum-free DMEM F-12 medium and seeded on the upper
side of the boyden chamber. The lower side of the chamber
was filled with DMEM F-12 supplemented with 10% FBS
and 60 ng/ml of EGF (Sigma, Saint Louis, MO) as a chemo-
tactic agent. After incubation at 37°C for 48 h, non-
migrating cells were removed with a cotton swab and cells
that migrated through the chamber were trypsinized, col-
lected, stained with 4 pM/1 calcein acetoxymethyl ester (Invi-
trogen, Paisley, UK) according to manufacturer’s protocol,
and visualized at 485 nm using a fluorimeter. Three inde-
pendent experiments were performed with triplicate treat-
ment. Results were presented as relative percentage with the
number of cells migrated in the IK-pLKO wells defined as
100%.

Soft agarose colony formation assay

The effect of ANXA2 on the anchorage independent growth
of Ishikawa cell line was examined using soft agarose colony
formation assays. Briefly, 50 ul of 0.6% low melting point
agarose (Promega, Madison) solution containing 10% FBS
was used to overlaid the botton of 96-well plates. Hundred
microliters of 0.3% agarose solution containing 10% FBS and
4 X 10° IK-pLKO or IK-shANXA?2 cells were added per well

ANXA2 predicts recurrences in endometrial cancer

and incubated with 50 pl of DMEM F-12 culture medium
containing 10% FBS. After 5 days of incubation at 37°C with
5% CO, colonies were stained with Alamar Blue (Invitrogen,
Carlsbad, CA), according to the manufacturer, and the fluo-
rescence was measured at 590 nm. Three independent experi-
ments were performed and the average results were presented
as relative percentage with the number of IK-pLKO colonies
defined as 100%.

Mice model of endometrial dissemination and distant
metastasis

Bioluminescent imaging. For
assays, 10 female nu/nu mice (Charles River) aged 7 weeks
were divided in two groups and inoculated with either IK-
pLKO or IK-shANXAZ2 cells stably expressing luciferase pro-
tein (5 X 10° in 0.1 ml of sterile PBS) into the left ventricle
of the heart under 2% isoflurane/air anesthesia. Only mice
with evidence of a satisfactory intracardiac injection, indi-
cated on day 0 by systemic bioluminescence distributed
throughout the animal, continued in the experiment. After 4
weeks and before sacrifice tumor metastases were detected by
bioluminescent imaging with a Xenogen IVIS (IVISR Lumina
II) system coupled to Living Imaging software 4.2 (Xenogen
Corporation). Luciferin (150 mg/kg in PBS; Firefly Luciferin,
Caliper Lifescience Corp, Hopkinton, MA) was injected intra-
peritoneally as the substrate for the luciferase. Mice were
housed and maintained under specific pathogen-free condi-
tions and used in accordance with institutional guidelines
and approved by the Use Committee for Animal Care from
the Universidad Auténoma de Madrid (UAM).

experimental — metastasis

Histology examination. Four weeks after cells injection, ani-
mals were sacrificed and tissue was collected, fixed in 4% for-
malin and embedded in paraffin. Haematoxilin-Eosin
staining was performed to determine the presence of
metastasis.

CTC Identification. To further explore distant dissemination,
a 50 pl of peripheral blood sample was extracted before mice
sacrifice and tested for CTC with the CellCapture™ CTC
Mouse Kit (Veridex LLC, Janssen Diagnostics, NJ). Briefly,
mice blood was mixed with 25 pl of Anti-EpCAM ferrofluids
and incubated for 15 min. After immunomagnetic capture
and enrichment, CTC were immunofluorescent staining using
Anti-Cytokeratins 8, 18 and 19 and DAPI. Analysis and enu-
meration of CTC was performed using the CellTracks Ana-
lyzer II® (Veridex LLC, Janssen Diagnostics, NJ).

Anxa2 expression in CTC from endometrial cancer patients

ANXA2 expression was determined by RT-q-PCR upon
EpCAM based immunoisolation of CTC, using the CELLec-
tion™ Epithelial Enrich kit (Invitrogen, Dynal, Oslo, Nor-
way) as described.'”” Total RNA from CTC was extracted
with the QIAmp viral RNA mini kit (Qiagen, Valencia, CA)
and cDNA was synthesized using SuperScriptIIl (Invitrogen,
Carlsbad, CA) following manufacturer’s protocol. To further

Int. J. Cancer: 136, 1863-1873 (2015) © 2014 UICC



Alonso-Alconada et al.

optimize the sensibility of detection, a preamplification step
was performed using TagMan PreAmp Master Mix kit
(Applied Biosystems, Foster City, CA) with 14 reaction
cycles. ANXA2 expression level was determined by RT-q-
PCR with TagManH PreAmp Master Mix kit (Applied Bio-
systems, Foster City, CA) and a 7.500 quantitative Real-time
PCR Machine. Data were analyzed with StepOne Software
v.2.1 (Applied Biosystems, Foster City, CA) and normalized
to protein tyrosine phosphatase receptor type C (PTPRC,
CD45), as a marker of non-specific isolation. Data were rep-
resented as (40 - ACt), whereby ACt= duplicate mean
(CtANXA2 - CtCD45).

Statistical analysis

Mann-Whitney tests were used to evaluate differential
ANXA2 immunoexpression in EEC and NEEC samples. To
define a threshold for the ANXA2 level to predict recur-
rences, Gini criterion was used and a logistic regression
model was fitted to estimate odds ratios (OR) and assess sta-
tistical significance. A sensitivity and specificity analysis was
conducted to assess the reliability of the predictions. A
receiver operating characteristic (ROC) analysis was per-
formed to further prove the ability of ANXA2 to predict
recurrences, using for this the predicted probabilities in a
logistic regression model. Cox proportional hazard regression
model was used to assess the time from the surgery until a
relapse (relapse-free survival time) and to evaluate the associ-
ation with the intervals defined for ANXA2 inmmunoexpres-
sion levels. Hazard ratios and their corresponding 95%
confidence intervals and p values were computed from this
model. Kaplan-Meier curves were computed to obtained
relapse-free survival rates at 1, 2 and 5 years with the corre-
sponding 95% confidence intervals. Log-rank test was com-
puted to assess the differences. The Student’s t-test was used
to determine statistical significance between control and
treatment groups. Kruskal-Wallis non-parametric test with
Dunn’s post-test was used to determine the differences in
ANXA?2 expression level from CTC. All analyses were made
using R software. Statistical significance was set at p < 0.05.

Results

ANXA2 as biomarker of recurrent disease in endometrial
cancer

We initially performed a 2D-DIGE proteomic comparison
with macroscopically dissected endometrial primary lesions
and matched endometrial recurrences (n = 12; Supporting
Information Table 1 for clinicopathology characteristics), pre-
senting similar percentages of epithelial tumor glands (repre-
sentative example of 2D-DIGE in Fig. 1la). Samples were
processed as described,"” and differentially expressed proteins
between primary tumors and recurrences fulfilled the restric-
tive selection criteria of fold —15>x>1.5 and Anova
p <0.05 (Fig. 1b). Candidate proteins to be involved in the
promotion of metastasis in endometrial cancer, highly over-
expressed in endometrial cancer recurrences compared to
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primary carcinomas, included ANXA2, HNRNPM, HP,
HSP90B1 and HSPA5 (Fig. 1b).

ANXA2 was further evaluated by immunohistochemistry
in tissue microarrays including 115 primary endometrioid
carcinomas of endometrium and 25 post radiation recur-
rences (Supporting Information Table 2). Two different
tumor cylinders per case were evaluated and immunohisto-
chemical staining was semi-quantitatively graded based on
the percentage and on the intensity of the labelling. Histolog-
ical scores ranged from 0 (no immunoreaction) to 300 (maxi-
mum immunoreactivity) by applying the formula:
Histoscore =1X (% light staining) + 2X (% moderate
staining) + 3X (% strong staining). Representative examples
of ANXA?2 staining are presented in Figure 1c. ANXA2 over-
expression in postradiation recurrences (mean Histoscore
221.6; range 90-295) was found to be statistically significant
compared to primary carcinomas (mean Histoscore 155.4;
range 0-295) (p < 0.0001; Fig. lc). Although a number of
biomarkers have been described with a predictive value for
recurrent disease in endometrial cancer, this is to our knowl-
edge the first approach leading to the identification of
ANXA?2 as a potential biomarker of recurrences through the
direct proteomic comparison of primary and recurrent endo-
metrial cancer lesions.

Silencing of ANXA2 expression reverts the epithelial to
mesenchymal transition (EMT) and in vitro migratory and
clonogenic abilities

We next functionally assessed the involvement of ANXA2
during the process of endometrial cancer dissemination and
metastasis. First, we explored whether ANXA2 regulation
represented a benefit for endometrial tumor cells to overcome
radiation and chemotherapy sensitivity, and consequently
progress into recurrent disease. For this, we used shRNA len-
tiviral particles to silence the expression of ANXA2 in the
human endometrial cancer cell line Ishikawa (Fig. 2a). As
shown in Figure 2b, Ishikawa cells expressing (IK-pLKO) or
not ANXA2 (IK-shANXA2) did not present significant differ-
ences in colony formation upon increased radiation. Similar
results were obtained with Ishikawa cells exposed to zole-
dronic acid and docetaxel cytotoxic concentrations, showing
no significant difference in chemotherapy sensitivity in the
presence or not of ANXA2 expression (Supporting Informa-
tion Fig. S1). These results suggested that ANXA2 does not
seem to play a role in the promotion of endometrial carcino-
mas into recurrent disease by interfering with sensitivity to
radio/chemotherapy.

We then explored whether ANXA2 was directly involved
in the acquisition of cellular capabilities related to the promo-
tion of metastasis, by analyzing in vitro the role of this bio-
marker in cell migration and the promotion of metastasis
implants. As shown in Figure 2¢, down-regulation of ANXA2
lead to a reversion of the mesenchymal-like phenotype of Ishi-
kawa cells into a more epithelial phenotype, as evidenced both
by morphological features and Vimentin and E-Cadherin
expression levels as hallmarks of EMT. Concordantly, ANXA2
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2D-DIGE proteomic comparison
primary endometrial carcinomas versus endometrial
cancer recurrences

pl 3 —p

ANXA2 predicts recurrences in endometrial cancer

Histoscore:
primary tumors (n=115):
mean= 155; range= 0-295

endometrial recurrences (n= 25):
mean= 221; range= 90-295

p-value < 0.0001

primary tumors  recurrences

# acces

Av. Ratio Paired T-

Theor. MW Observed app. Mascot # Pept.

NLD Id (Uniprot) Gene name Identification (TIR) test Theor. pl  Observed pl (Da) MW (kDa) Scors: maitihad % Seq
ID: 1075 P60709 ACTB  Actin, cytoplasmic 1 1,69 0,032 5,55 5.34-6.27 40536,00 37-50 7200 1000 3000
ID: 0845 P00352 ALDH1A1 Aldehyde dehydrogenase family 1 member A1 312 0.034 629 6.27-7.13 55323,00 50-75 187,00 2800 50,00
ID: 0026 POT355 ANXA2  Annexin A2 -1,80 0,021 7,56 7.13-1.95 3867700 ~37 22700 3100 6500
ID:1554 P02647 APOA1  ApoAl pratein 212 0.036 5,56 473534 30759.00 20-25 106,00 1200 36,00
ID: 1516 Q8NCW5  APOAIBP Apolipoprotein A--binding protein 1.7 0,020 6.82 <534 20646.00 =25 1000 700 3900
ID: 1585 P02794 FTH1  Femitin heavy chain 2,00 0.021 552 473534 2024500 20-25 8900 600 2400
ID: 0141 P52272  HNMRNPM h nuclear I in M -2.20 0,025 884 >7.95 73333.00 =75 108.00 2500 39,00
ID: 1695 P00738 HP Haptoglobin -3.25 0.044 6.13 ~6.27 4586100 <20 7100 800  30.00
ID: 0308 P14625 HSP90B1 Endoplasmin -1,52 0.042 473 473 90309.00 90.30 82,00 7.00 11,00
ID: 0599 P11021 HSPA5 78 kDa glucose-regulated protein -1,59 0.045 507 473534 72402.00 =75 33200 3400 51,00
ID: 1495 P04792 HSPB1  Heat shock protein beta-1 223 0,037 598 534627 22826,00 =25 11300 1100 56,00
ID: 1546 000264 PGRMC1 M, iated pe receptor 1(mPR) 241 0,001 456 <473 21772,00 20-25 89,00 6,00 31,00
ID: 0913 P14618 PKM2 Pyruvate kinase isozymes M1/M2 6,92 0,043 7.96 6.27-7.13 58512,00 50-75 130,00 1500 37,00
ID: 1228 P37837 TALDO1 Transaldolase 205 0,014 7.67 =6.37 37778,00 =25 178,00 2300 4500
ID: 0441 P21980 TGM2 i 2 2,21 0,039 511 4.73-534 78420,00 =100 59,00 11,00 19,00

Figure 1. Proteomic identification of potential biomarkers of endometrial cancer recurrences. (a) Representative 2D-DIGE proteomic compari-
son of primary endometrial carcinomas versus endometrial cancer recurrences. (b) List of proteins identified in the 2D-DIGE experiments
comparing primary tumor tissues and recurrences. (c) Representative examples of ANXA2 staining in endometrial primary carcinomas and
recurrences, and statistical evaluation of ANXA2 as biomarker of recurrences in endometrial cancer. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

silencing resulted in a decreased capability of Ishikawa cells to
migrate through the porous membrane of a boyden chamber
in the presence of EGF as a chemotactic agent (Fig. 2d). These
results suggested a role for ANXA2 in the acquisition of an
aggressive phenotype of endometrial cancer cells during the
initial steps of tumor infiltration and dissemination. We finally
evaluated in vitro the ability of IK-pLKO and IK-shANXA2
cells in colony formation in the absence of a solid substrate,
referring to the potential of tumor cells to generate metastasis.
Ishikawa cells embedded in a semisolid agarose medium pre-
sented a reduced capability to generate implants in a clono-
genic assay in the absence of ANXA2 expression (Fig. 2e). All
these in vitro results suggested that ANXA2 may play a role in
the promotion of metastasis in endometrial cancer.

Silencing of ANXA2 prevents hematogenous dissemination
and metastasis in an in vivo model

We next translated these in vitro results into an in vivo model
mimicking distant dissemination and metastasis. For this, we
performed intracardiac injection of the Ishikawa cells in the

presence or not of ANXA2 expression and evaluated the extent
of metastatic disease by luminescent imaging. As shown in Fig-
ure 34, global luciferase signal as reporter gene evidenced a
reduced metastatic burden in those animals injected with
ANXA2 deficient Ishikawa cells. Histopathology analysis
showed that mice injected with IK-pLKO or with IK-shANXA2
cells presented a similar pattern of dissemination, mainly meta-
stasizing to adrenal glands and ovaries (Fig. 3c). Of note, ovarian
metastases denoted a particular pattern of endometrial cancer
dissemination closely related to the clinics, probably associated
with a common mesenteric origin. More importantly, ANXA2
knock down resulted in a complete absence of lung and hema-
togenous metastasis (Figs. 3b and 3c).

We further explored distant dissemination by enumeration
of Circulating Tumor Cells (CTC) with the CellSearch Sys-
tem (Veridex LLC, Janssen Diagnostics, NJ) that combines
immunoenrichment and immunofluorescence. Hematogenous
dissemination assessed both by immunohistochemistry and
by enumeration of CTC in mice, was impaired in the absence
of ANXA2 expression (Figs. 3¢ and 3d). All these data
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reversion of the mesenchymal into an epithelial phenotype by silencing of ANXA2 evidenced by RNA and protein reduced levels of Vimetin
and increased levels of E-cadherin; (d) reduced capacity of Ishikawa cells to migrate in a boyden chamber migration assays (Student’s t-
test, *p < 0.05); and (e) diminished efficiency in the generation of colonies in semisolid culture conditions (Student’s t-test, *p < 0.05).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

confirmed in vivo a role for ANXA2 in the promotion of
metastasis in endometrial cancer.

We further complemented these in vivo results by explor-
ing ANXA2 expression in CTC isolated from 34 high-risk
endometrial cancer patients, ranging from Grade 3 Stage 1B
to Stage IV carcinomas and recurrences, and 27 healthy con-
trols. Samples were subjected to EpCAM-based immunoisola-
tion using CELLectionTM Epithelial Enrich kit (Invitrogen,
Dynal, Oslo, Norway) followed by quantitative Real-Time
PCR analysis as previously described.”” We could confirm a
gradual increase from healthy controls to patients with no
recurrent disease, and a further increase in patients present-
ing recurrent disease (Fig. 4a). These data translate into clini-
cally relevant samples the proposed role of ANXA2 during
metastatic dissemination, and suggest its potential as surro-
gate marker of disseminated CTC for the management of
high-risk endometrial cancer patients.

ANXA2 as predictor biomarker of recurrent disease in
endometrial cancer

Once demonstrated that (i) ANXA2 expression was up-
regulated in recurrent disease compared to primary lesions
(2D-DIGE proteomics with subsequent validation by immu-
nohistochemistry), and (ii)) ANXA2 actively promoted

Int. ). Cancer: 136, 1863-1873 (2015) © 2014 UICC

metastasis dissemination both in in vitro and in vivo model
systems, we assessed the clinical utility of ANXA2 as a pre-
dictor of endometrial cancer recurrences. First, we checked
differences in ANXA2 expression between endometrioid
endometrial carcinomas (EEC; 93 cases; Supporting Informa-
tion Table 3) and non-endometrioid endometrial carcinomas
(NEEC; 38 cases; Supporting Information Table 3). NEEC
(including serous and clear cell carcinomas) presented a 17%
elevated ANXA2 expression compared to EEC (p =0.005;
mean 231.35 vs. 197.42 histoscore, respectively; data not
shown). Afterwards, we checked the influence of histological
grade in EEC. Interestingly, no statistical differences were
observed among the EEC samples in the mean immunoex-
pression values for ANXA2 depending on histological grade
(means 205.54, 193.06, and 183.71 for grades 1, 2, and 3
respectively, p = 0.48; data not shown).

The increased expression of ANXA2 in NEEC in compari-
son with EEC raised the possibility that the elevated expres-
sion of ANXA2 in recurrent tumors could be due to the
more frequent presence of NEEC among recurrent tumors,
since NEEC is associated with aneuploidy'®'” and increase of
recurrence. To rule out this possibility, we decided to evalu-
ate the association of ANXA2 immunoexpression with the
risk of recurrences, exclusively in EEC samples. We recruited
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Figure 3. In vivo evaluation of ANXA2 silencing in a mouse model of endometrial cancer metastasis. (a) Representative examples of the pat-
tern of metastasis upon intracardiac injection of IK-pLKO (left panels) and IK-shANXA2 (right panels) cells. Silencing of ANXA2 expression
resulted in a reduced metastasis burden as demonstrated by luciferase reporter bioluminescence. (b) Representative H&E images illustrat-
ing the absence of hematogenous and lung metastasis in mice injected with IK-shANXA2 cells compared to control IK-pLKO cells. (c) Distri-
bution of metastasis in the Ishikawa model in the presence/absence of ANXA2 expression. (d) Circulating Tumor Cells (CTC) enumeration
by CellSearch technology in peripheral blood samples from mice injected with IK-pLKO or IK-shANXA2 cells (representative example of a
CTC positive for CK expression). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

samples of primary EEC from 93 patients including 43 pri-
mary carcinomas that did not relapse and 50 primary carci-
nomas that progressed to recurrent diseased (Supporting
Information Table 4). ANXA2 expression was found to be a
24.76% superior in EEC that ended up in recurrent disease
compared to those that did not recur (p < 0.0001; mean
217.87 vs. 174.62 histoscore, respectively, Fig. 4b), evidencing
the potential of ANXA2 as biomarker in intermediate-risk
endometrial carcinomas. The value of ANXA2 as biomarker
of recurrent disease was further demonstrated in initial EEC
stages I and II as they represent the subset of endometrial
carcinomas less prone to develop recurrences and so elusive
to identify. From a total of 63 stage I tumors (31 associated
with recurrences, and 32 not associated with recurrences; see
Supporting Information Table 4), those tumors that end up
in recurrent disease presented 18.29% higher ANXA2 levels
in comparison to those that did not recur (p = 0.01, mean
210.37 vs. 177.85 histoscore, respectively; Fig. 4c). This was
further improved when we evaluated stage I and stage II EEC
together (78 cases; 38 associated with recurrence and 40 not
associated with recurrence); tumors that recurred presented
25.22% higher ANXA2 levels in comparison with those that

did not recur (p = 0.0002, mean 220.51 vs. 176.09 histoscore,
respectively; data not shown). A retrospective comparison of
primary carcinomas and matched recurrences is ongoing to
evaluate whether ANXA?2 increased expression impacts early
in the process of metastasis.

To confirm the clinical significance of ANXA?2 in the pre-
diction of recurrences in endometrial cancer, we generated
optimal thresholds in ANXA2 histoscore scale among EEC
cases with stages I, IT or III (Table 1). This demonstrated a
73.98% of recurrences in cases with ANXA2 histoscore
higher than 190 compared to 29.27% of recurrence in those
cases under this threshold, with a 2.5 increased risk of recur-
rence (OR=2.5, p < 0.0001). The sensitivity and specificity
in the prediction of recurrences with an ANXA2 histoscore
threshold of 190 were 76% (62-87% 95% CI) and 67% (51—
81% 95% CI), respectively. In addition, a more detailed anal-
ysis revealed an increasing trend in the risk of recurrence
depending on ANXA?2 expression, with OR 1.70 and 3.07 for
ANXA?2 histoscore intervals of 190 to 245 and 246 to 300,
respectively (Table 1, Fig. 4d). More importantly, similar
results were obtained when we specifically analysed stages I
or II EEC cases, showing a 2.59 higher risk of recurrence for
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Table 1. Definition of a threshold in ANXA2 immunostaining levels to predict recurrences in stage |, Il or lll EEC samples

ANXA2 histoscore Recurrences (%) No recurrences (%) Total (%) OR (Cl 95%) p

(0-190) 12 (29.27) 29 (70.73) 41 (100) 1

(190-245) 11 (50) 11 (50) 22 (100) 1.70 (0.91-3.22) 0.16

(246-300) 27 (90) 3 (10) 30 (100) 3.07 (1.88-5.02) <0.0001

(190-300) 38 (73.98) 14 (26.92) 52 (100) 2.50 (1.51-4.13) <0.0001
50 (53.76) 43 (46.24) 93 (100)

Number (and percentage) of recurrences and non-recurrences for each interval in the histoscore scale. Odds ratio (OR) with respect to the low inter-

val and p value for each OR.

those samples with ANXA?2 histoscore above 190 (OR = 2.59,
p = 0.0005, Supporting Information Table 6). The probabil-
ities obtained in a logistic model containing ANXA2 as pre-
dictor obtained an area under the curve of 0.74 in a ROC
analysis (Fig. 4e), further reinforcing the significance of
ANXAZ2 in the prediction of recurrences in endometrial carci-
nomas. Finally, the analysis of the relapse-free survival time
clearly indicated that time to recurrence was much lower in
patients with ANXA2 histoscore above 190 (HR = 2.99, p val-
ue = 0.004, Table 2), also suggesting an increasing trend in
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the intervals 190 to 245 and 246 to 300 (HR = 1.71 and 4.69,
respectively; Table 2) with respect to interval 0 to 190. In
addition, Kaplan-Meier relapse-free curve was lower for
patients with ANXA2 histoscore in the interval 190 to 300
than for patients with ANXA?2 histoscore in the interval 0 to
190 (Fig. 4f), achieving statistical significance (p = 0.004, Fig.
4f). Kaplan-Meier specific relapse-free survival rates were
86%, 69% and 45% at 1, 2 and 5 years respectively for
patients with ANXA2 histoscore in the interval 190 to 300
and 90%, 83% and 76% at 1, 2 and 5 years, respectively for
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Table 2. Relapse-free survival time analysis of patients depending on the ANXA2 histoscore intervals

Kaplan-Meier survival rates (95% Cl)

ANXA2 histoscore HR (95% CI) p 1yr 2 yrs 5 yrs

(0-190) 1 90% (80—100%) 83% (71-98%) 76% (62-93%)
(190-245) 1.71 (0.64-4.57) 0.28 79% (63-99%) 74% (56—96%) 68% (50-93%)
(246-300) 4.69 (2.00-11.03) 0.0004 87% (74—99%) 61% (44—84%) 22% (10-47%)
(190-300) 2.99 (1.35-6.64) 0.004 86% (76—97%) 69% (56—84%) 45% (32-63%)

Hazard ratios (HR), and their corresponding 95% confidence intervals (Cl) and p values from a Cox proportional hazards regression model. Kaplan-

Meier survival rates at 1, 2 and 5 years with their 95% CI.

patients with ANXA2 histoscore at the interval 0 to 190
(Table 2).

Discussion
We here present a proteomic analysis aiming to identify bio-
markers of recurrent disease in endometrial cancer, the main
clinical challenge nowadays for the most common tumor of
the female genital tract. Among identified candidates we
could find usual suspects like Haptoglobin (HP), associated
with recurrent disease in different types of cancer,'® although
its value as a predictor of recurrence free survival is still on
debate.'® Acute phase proteins represent an interesting group
of potential biomarkers in gynecological malignancies.***'
More interestingly, Annexins represent a superfamily of
closely related calcium and membrane binding proteins with
a wide variety of cellular functions including vesicle traffick-
ing, cell division, apoptosis, calcium signaling, and growth
regulation. Changes in the expression of individual annexins
are associated with particular types of tumour and hence the
annexins may also be useful biomarkers in the clinic. Like-
wise, individual annexins have a variety of roles in tumour
development and progression, including involvement in cell
signaling pathways, cell motility, tumour invasion and metas-
tasis, angiogenesis, apoptosis and drug resistance.*> Cell sur-
face ANXA2 is a receptor/binding protein for both proteases
(cathepsin B, plasminogen and tissue plasminogen activator)
and extracellular matrix proteins (type 1 collagen and tenas-
cin C) involved in tumour invasion and metastasis. Expres-
sion levels of ANXA2 were reported to correlate with the
occurrence, invasion and metastasis of malignant tumors.>
In addition, an overexpression of this protein has been
described in stage I endometrial cancer compared to normal
endometrium,** and also correlated with markers of EMT
and dysmenorrhea severity of adenomyosis patients.”> More-
over, ANXA2 inhibition significantly diminished embryo
adhesiveness, being involved in endometrial epithelial cell
migration and trophoblast outgrowth.> Interestingly, ANXA2
has been linked to cell-cell crosstalk through multivesicular
signaling.””*®

We further demonstrated in in vitro and in vivo model
systems that the expression of ANXA?2 is associated with an
improved ability to generate metastasis, although the intra-
cardiac injection in vivo model might be evaluating the

impact of ANXA2 only in late events of CTC extravasation
and colonization. Consistent with the observations of
ANXA?2 in adenomyosis,” silencing of ANXA2 in an endo-
metrial cancer cell line resulted in a reversion of its aggres-
sive mesenchymal and migratory phenotype. EMT is a
dynamic process whereby epithelial cells lose polarity and
cell-cell contacts, undergo dramatic remodeling of the cyto-
skeleton, acquire a migratory phenotype and a mesenchymal-
like gene expression program. Both invasion and metastasis
may be critically dependent on the acquisition by the incipi-
ent cancer cell of EMT features.”>*° Consequently, hematoge-
neous metastasis were reduced in the absence of ANXA2,
evaluated by histology examination and CTC enumeration in
a mice model of intracardiac injection as reliable model to
assess the impact of specific molecular alterations in the whole
process of tumor dissemination and metastasis in endometrial
cancer. The spread of cancer relies on the detachment of
aggressive malignant cells from the primary tumor into the
bloodstream as a principal source of the further metastasis.”
It is widely accepted that CTC own or acquire the ability to
evade the host immune system and to reach a distant organ
where they establish a secondary tumor growth site in a highly
inefficient but dramatic process.”> Concordantly, the presence
of CTC in peripheral blood has been associated with poor
prognosis in different types of cancer.”* >

We finally analysed in a retrospective study including 131
patients the significance of ANXA2 as biomarker of recur-
rences. The entire results highlight the clinical interest of
ANXA?2 expression assessment in primary endometrial carci-
nomas as a predictor of recurrent disease, and as a potential
tool for optimal stratification of patients susceptible to receive
radical surgery and radio/chemotherapy. This study remark-
ably demonstrated the validity of ANXA2 to discriminate
between early stage endometrial carcinomas on risk or not to
recur. A retrospective multicenter study in the framework of
the European Network for Individualized Treatment of Endo-
metrial Cancer (ENITEC) is currently being performed in
FFPE tissues from primary endometrial carcinomas to vali-
date this hypothesis. In addition, a prospective study of
ANXA2 expression in paired primary carcinomas and
matched uterine curettages is being conducted to assess the
potential of ANXA2 in minimally invasive screening; a proof
of concept in 10 cases demonstrated a statistically significant
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correlation between endometrial aspirates and tumor tissue
from the hysterectomy specimen (0.88 Spearman correlation;

p = 0.0008).

In conclusion, we presented a proteomic approach leading
to the identification of ANXA2 as a marker of recurrent dis-
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ing at the functional level its validity as biomarker of recur-
rences in endometrial cancer. We finally demonstrated the

clinical utility of ANXA2 biomarker as predictor of recurrent

ease in endometrial cancer. We validated by immunohisto-

chemitry an increased ANXA2 expression in endometrial
cancer recurrences. We further established a role for ANXA2
in the promotion of metastasis in vitro and in vivo, reinforc-
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Resultats

3.4 Objectiu 2

Determinaci6 d’una firma molecular de diversos
marcadors immunohistoquimics que permeti identificar
correctament els EEC grau I, II, III, els SCE i els mixtes
EEC-SCE per tal que millori I’'acord interobservador.

Maria Santacana, Oscar Maiques, Joan Valls, et al. A 9-protein biomarker molecular
signature for predicting histological type in endometrial carcinoma by

immunohistochemistry. Hum Pathol. 2014 Aug 23

1. L’analisi diferencial d’expressié ha permés identificar 13 biomarcadors associats
individualment amb el tipus histologic.

2. S’han identificat 9 biomarcadors utilitzant per a cada un un valor llindar en l'escala
histoscore per predir SCE contra EEC 1-2 (p53>=20, IMP2>=115, IMP3>=2, Ciclina
E1>=220, HMGA2>=20, FolR1>=50, p16>=170, PTEN nuclear>=2 i ER<=50). Hem
establert una regla discriminatoria que considera els casos que compleixen 0-5
condicions (predits com a EEC) respecte aquells que compleixen 6-9 condicions
(predits com a SCE).

3. La regla discriminatoria prediu correctament tots els EEC G1-2 i 18 SCE, perd 3 SCE
s’han predit de forma incorrecta com a EEC. A més, prediu correctament tots els EEC
G3 com a EEC, pero només identifica correctament els components EEC i SCE en 4
de 9 EEC-SCEs mixtes.

4. La firma molecular avaluada en una série independent identifica correctament 24 de
29 EEC G1-2i 24 de 28 EEC G3 com a EEC i tots els SCE com a SCE.

5. Dels 12 casos discrepants, en 3 casos |'analisi mutacional no és especific ni de EEC ni
de SCE. 6 casos presenten mutacions tipiques d’EEC (PIK3CA, PTEN, FGFR2) i un cas
presenta una mutacié de p53 i dues mutacions de PTEN, per tant els classifiquem
com EEC d’acord amb el diagnostic patologic. Un cas predit com a SCE mitjangant la
firma de biomarcadors presenta mutacions de p53 i per tant, molecularment, el
classifiguem com a SCE. Finalment, un cas que microscopicament era un SCE perod

que es va predir de EEC, I'analisi mutacional va confirmar un SCE.
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Summary Histologic typing may be difficult in a subset of endometrial carcinoma (EC) cases. In these
cases, interobserver agreement improves when immunohistochemistry (IHC) is used. A series of
endometrioid type (EEC) grades 1, 2, and 3 and serous type (SC) were immunostained for p53, p16,

E‘.ldomimf’wsemw estrogen receptor, PTEN, IMP2, IMP3, HER2, cyclin B2 and E1, HMGA2, FolR1, MSLN, Claudins 3
KO . and 4, and NRF2. Nine biomarkers showed significant differences with thresholds in IHC value scale
Immunohistochemistry

between both types (p53 > 20, IMP2 > 115, IMP3 > 2, cyclin E1 > 220, HMGA2 > 30, FolR1 > 50,
pl6 = 170, nuclear PTEN > 2 and estrogen receptor < 50; P <.005). This combination led to increased
discrimination when considering cases satisfying 0 to 5 conditions predicted as EEC and those
satisfying 6 to 9 conditions predicted as SC. This signature correctly predicted all 48 EEC grade 1-2
cases and 18 SC cases, but 3 SC cases were wrongly predicted as EEC. Sensitivity was 86% (95%
confidence interval [CI], 64%-97%), and specificity was 100% (95% CI, 89%-100%). The classifier
correctly predicted all 28 EEC grade 3 cases but only identified the EEC and SC components in 4 of 9
mixed EEC-SC. An independent validation series (29 EEC grades 1-2, 28 EEC grade 3, and 31 SC)
showed 100% sensitivity (95% CI, 84%-100%) and 83% specificity (95% CI, 64%-94%). We propose
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an internally and externally validated 9-protein biomarker signature to predict the histologic type of EC
(EEC or SC) by IHC. The results also suggest that mixed EEC-SC is molecularly ambiguous.
© 2014 Elsevier Inc. All rights reserved.

1. Introduction

There are 2 main clinicopathological variants of endo-
metrial carcinomas (ECs): endometrioid carcinomas (EEC;
type I), and nonendometrioid carcinomas (NEEC; type II).
Histologic typing is a strong prognostic indicator in EC [1,2].
EECs are estrogen-related carcinomas that usually develop in
perimenopausal women. Most EECs are low-grade tumors
(grades 1 and 2; EEC 1-2). Grade 3 EEC (EEC 3) is an
aggressive tumor, with increased frequency of lymph node
metastasis. NEECs are very aggressive, unrelated to estrogen
stimulation that mainly occurs in older women; NEEC
includes serous (SC) and clear cell carcinoma.

Classification of EC according to histologic type is easy in
most cases but may be difficult in some high-grade tumors
[3,4]. There is poor interobserver agreement in assessing
histologic type in this subset of tumors [5]. The Cancer
Genome Atlas Research Network has recently performed an
integrated genomic characterization of EC [6]. Exome
sequence analysis revealed 4 groups of tumors. The study
has shown that there are tumors that are morphologically EEC
but molecularly similar to SC, and also tumors that are
microscopically SC but molecularly similar to EEC. These
ambiguous tumors show discordant microscopic/molecular
features. However, in agreement with the recent World Health
Organization (WHO) classification of tumors of the female
genital tract [7], EC should be classified according to
microscopic appearance, until a consensus is reached regarding
incorporation of molecular data into histologic typing.

The aim of the study was to obtain a panel of antibodies to
design a diagnostic predictor of histologic typing (EEC versus
SC). Several proteins, previously shown to be differentially
expressed in EEC and SC by complementary DNA (cDNA)
and protein analysis were tested individually and collectively,
and results were validated in an independent series of cases. In
this study, microscopic appearance was taken as criterion
standard, based on recommendations by the recent WHO
classification [7]. However, discordant cases were subjected to
mutation analysis by last-generation sequencing to rule out the
possibility that they were ambiguous tumors with discordant
genetic/microscopic features.

2. Materials and methods
2.1. Case selection

Three tissue microarrays (TMAs) were constructed from
formalin-fixed, paraffin-embedded tissue corresponding to

EEC 1-2 (52 cases), EEC grade 3 (28 cases), and SC (23
cases). Nine cases of mixed EEC-SC (both components) were
also included. Very strict criteria were used for diagnosing
these mixed tumors, with particular care to exclude EEC with
peculiar surface changes. The mixed nature of these tumors
was confirmed by mutational analysis (CTNNBI, KRAS,
PTEN, PIK3CA, TP53) of both components separately
Moreover, follow-up data of these patients showed interme-
diate survival between EEC and SC patients (data not shown).
All tumor samples were obtained from Hospital Arnau de
Vilanova, Lleida, and Hospital Virgen del Rocio, Sevilla,
Spain. The tumors were classified following the most recent
WHO criteria [7]. They were surgically staged and graded
according to the International Federation of Gynecology and
Obstetrics staging and grading systems. The study was
approved by the local ethical committee, and a specific
informed consent was used. A tissue arrayer device (Beecher
Instrument, Silver Sping, MD) was used to construct the
TMA. Two selected cylinders (1 mm in diameter) from 2
different areas were included in each case. Control normal
tissues from the same EC specimens were also included.

2.2. Case selection for validation

We used an independent external series consisting of 88
cases from Portuguese Oncology Institute, Porto, Portugal.
The series included 29 EEC 1-2, 28 EEC 3, and 31 SC cases.
A TMA was constructed with identical methodology to the
initial series of cases.

2.3. Immunohistochemistry study

TMA blocks were sectioned at a thickness of 3 um and dried
for 1 hour at 65°C before pretreatment procedure of depar-
affinization, rehydration, and epitope retrieval in the Pre-
Treatment Module, PT-LINK (Dako, Glostrup, Denmark) at
95°C for 20 minutes in 50x Tris/EDTA buffer, pH 9. Before
staining the sections, endogenous peroxidase was blocked.
Samples were subjected to IHC for several proteins, previously
found to be differentially expressed between EEC and SC by
cDNA and protein analysis (Table 1). After incubation, the
reaction was visualized with the EnVision FLEX Detection Kit
(Dako, Glostrup, Denmark) using diaminobenzidine chromogen
as a substrate. Appropriate negative controls were also tested.

IHC staining was graded semiquantitatively by consider-
ing the percentage and intensity of the staining. A histologic
score (H,) was obtained from each sample, and values ranged
from 0 (no immunoreaction) to 300 (maximum immunore-
activity). The score was obtained by applying the following
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Table 1  Antibodies used in this study
Antibody Staining pattern Clone Dilution Source
p53 Nuclear DO-7 Ready to use Dako (Glostrup, Denmark)
pl6 Nuclear CINtec Histology Ready to use Roche (Basel, Switzerland)
PTEN Nuclear and cytoplasmic 6H2.1 1:100 Dako (Glostrup, Denmark)
ER Nuclear ERI Ready to use Dako (Glostrup, Denmark)
IMP2 Cytoplasmic EPR6741(B) 1:100 Abcam (Cambridge, MA)
IMP3 Cytoplasmic 69.1 1:100 Dako (Glostrup, Denmark)
HER2 Membranous HercepTest Ready to use Dako (Glostrup, Denmark)
Cyclin B2 Nuclear X29.2 1:300 Abcam (Cambridge, MA)
Cyclin E1 Nuclear Polyclonal 1:100 Sigma-Aldrich (St. Louis, MO)
HMGA2 Nuclear Polyclonal 1:100 LifeSpan BioSciences (Seatle, WA)
FolR1 Membranous Polyclonal 1:100 Abcam (Cambridge, MA)
MSLN Cytoplasmic Polyclonal 1:100 Sigma-Aldrich (St. Louis, MO)
Claudin 3 Membranous Polyclonal 1:100 Thermo Scientific (Waltham, MA)
Claudin 4 Membranous Polyclonal 1:100 Thermo Scientific (Waltham, MA)
NRF2 Cytoplasmic EP1808Y 1:100 Abcam (Cambridge, MA)

formula, H; = 1 x (% light staining) + 2 x (% moderate
staining) + 3 x (% strong staining). Scoring was independently
performed by 2 of the authors (M. S. and O. M.). Interobserver
agreement between these 2 authors was assessed by Cohen k
concordance measure, considering all the intervals in H range
(0-300) at each 10 units, and with Pearson linear correlation.

2.4. Sequencing

Cases in which there was discordance between the
original pathologic diagnosis and biomarker prediction were
subjected to mutation analysis (Ion Torrent, Life Technol-
ogies; Watham, MA) for hotspot regions of 50 oncogenes
and tumor suppressor genes, by the Ton AmpliSeq Cancer
Hotspot Panel, from formalin-fixed, paraffin-embedded

tissue. The panel includes genes frequently mutated in
EEC and SC, such as PTEN, KRAS, FGFR2, CTNNBI,
PIK3CA, FBXW7, and TP53.

2.5. Statistical analysis

For the statistical analysis, first, fold change was
calculated to report relative differences between low-grade
EEC and SC, and significance was evaluated by a
Mann-Whitney test. Second, for each significant protein, a
threshold in the IHC value scale was determined to
discriminate between both types, using the Gini index as
criterion for the binary partitioning. Significance of each
threshold was assessed by means of a logistic regression
model. Third, we selected those significant proteins in the

Table 2 Differential immunoexpression analysis between EEC 1-2 and SC
Biomarkers EEC grades 1-2 SC Fold change P

n Min Max Mean SD n Min Max Mean SD EEC vs SC  SC vs EEC
p53 52 0 250 6.3 3474 23 0 290 18793 99.67 0.03 29.84 <.00001 *
IMP2 50 0 210 6725 5586 23 2.5 250 166.85 58.15 0.4 2.48 <.00001*
IMP3 50 0 55 1.35 7.84 21 0 180 39.4 52.39  0.03 29.19 <.00001*
HMGA2 50 0 150 875 2559 22 0 245 80.45 84.89 0.11 9.19 .00001 %
Claudin 4 51 30 270 169.9 48.05 21 10 230 93.1 60.2 1.83 0.55 .00001 *
NRF2 49 0 150 3479 31.78 23 0 255 93.69 77.89 0.37 2.69 .002°
Cyclin El 50 110 300 212 40.01 22 210 250 245 11.55 0.87 1.16 .00006?
HER2 50 0 0 0 0 23 0 3 0.35 0.74 0 - .0002?
FolR1 50 0 210 42.6 41.85 23 0 250 91.96 5994 0.46 2.16 .0004
ER 52 0 275 10293 8592 23 0 260 43.8 64.96 2.35 0.43 .003
pl6 52 0 215 45.19 5894 23 0 250 127.83 98.79 0.35 2.83 .004 %
Claudin 3 50 0 300 143.7 58.08 22 0 210 109.77 56.05 1.31 0.76 .01
Nuclear PTEN 50 0 250 45.6 80.78 23 0 250 62.28 77.44 0.73 1.37 .03?
Nuclear claudin 3 49 0 180 43.67 4689 22 0 220 65 63.55 0.67 1.49 13
MSLN 50 0 300 86.75 83.15 23 0 270 7098 7572 122 0.82 51
Cyclin B2 50 0 275 87.4 7236 23 20 155 76.52 44.68 1.14 0.88 98

Abbreviations: EEC, endometrioid endometrial carcinoma; SC, serous carcinoma.

@ Statistically significant.
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models to define a signature based on the number of satisfied
conditions, that is, thresholds obtained from the binary
partitions. A convenient minimum number of conditions were
established to predict the sample type, and sensitivity and
specificity analysis was performed to assess prediction error. The
usefulness of this classifier was checked in 1 TMA composed of
EEC grade 3 (28 cases) and mixed EEC-SC (both components)
(9 cases). An independent series of 88 cases (29 EEC grades 1-2,
28 EEC grade 3, and 31 SC) was used to externally validate the
signature and to externally estimate sensitivity and specificity to
detect a serous tumor. All analyses were obtained using R
statistical software version 3.01 (R Foundation, Vienna, Austria),
and statistical significance was set at .05.

Table 3  Conditional thresholds in the H range of values for
predicting SC vs EEC 1-2
OR 95% CI P
Individual biomarkers
p53 > 20 166.67 31.97-1470.05 <.00001
IMP3 > 2 94.00 20.36-636.22 <.00001
IMP2 > 115 30.37 8.35-150.66 <.00001
HMGA2 > 30 16.61 4.74-70.77 .00003
pl6 > 170 14.97 3.98-74.36 .0002
FolR1 > 50 10.09 3.19-39.38 .0002
Cyclin E1 > 220 31.50 5.85-587.22 .001
ER < 50 5.76 1.95-19.72 .003
Nuclear PTEN > 2 5.04 1.75-16.13 .003
9-Biomarker signature
0-5 conditions 1
6-9 conditions 216 25.24-10414 <.00001

NOTE. Combination of all biomarkers in a 9-protein signature,
considering more than 5 conditions satisfied to predict SC vs EEC 1-2.
OR, 95% CI, and P obtained from a logistic regression model for each
biomarker and signature.

Abbreviations: SC, serous carcinoma; EEC, endometrioid endometrial
carcinoma; OR, odds ratio; CI, confidence interval.

3. Results

To globally assess the differential immunoexpression
profile of EEC against SC, 52 EEC 1-2, and 23 SC cases
were included. Some missing values arose due to technical
problems (no representative tumor sample left in the
cylinders, cylinders detached or missed in the construction
of the array). Interobserver Cohen weighted x was 0.9 (95%
confidence interval [CI], 0.88-0.91), and Pearson correlation
was 0.91, with R? = 81.52% (95% CI, 79.37%-83.48%),
showing a good agreement between both observers.

The differential immunoexpression analysis led to the
identification of 13 significant biomarkers (Table 2 and
Fig. 1A) that emerged as individually associated with
histologic type. The logistic regression models identified a
set of 9 biomarkers with an optimal joint predictive value, each
having a conditional threshold in IHC value for predicting SC
against EEC 1-2 (p53 > 20, IMP2 > 115,IMP3 > 2, cyclin E1
>220,HMGA2 > 30, FolR1 > 50, p16 > 170, nuclear PTEN
> 2 and estrogen receptor (ER) < 50). The odds ratio (OR) to
predict SC was larger than 5 for all of them and reached a high
statistical significance (P < .005; Table 3 and Fig. 1B). All 9
conditions were then combined, and for each case, the number
of'satisfied conditions was computed (the series was reduced to
48 EEC 1-2 and 21 SC cases, all of them with valid H values
for all 9 biomarkers).

We considered those cases satisfying 0 to 5 conditions
(predicted as EEC; Fig. 2) with respect to those satisfying 6
to 9 conditions (predicted as SC; Fig. 3), estimating for these
cases a 216-fold increased risk of SC against EEC (OR, 216;
P <.00001; Table 3 and Fig. 1B). This discriminating rule
correctly predicted all EEC 1-2 cases and 18 SC cases,
but 3 SC cases were wrongly predicted as EEC (Fig. 4A).
Sensitivity to detect SC was 86% (95% CI, 64%-97%), and
specificity was 100% (95% CI, 89%-100%). In addition, this
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Fig. 2 Representative pictures of the 9-biomarker signature in a case of EEC grade 2 predicted as EEC (x600).

prediction rule correctly predicted all 28 EEC grade 3 cases
as EEC (Fig. 4B) but identified correctly the EEC and SC
components in only 4 of 9 mixed EEC-SCs (Table 4).

The evaluation of this 9-protein biomarker signature in an
independent series correctly identified as EEC 24 of 29 EEC
1-2 cases and as SC all 31 SC cases, leading to an externally
validated sensitivity to detect SC of 100% (95% CI, 84%-
100%) and specificity of 83% (95% CI, 64%-94%; Fig. 4C).
Regarding EEC grade 3 cases, 24 of 28 were correctly
predicted as EEC (Fig. 4D).

All cases in which prediction did not correspond to the
pathologic diagnostic were evaluated to rule out histologic
misdiagnosis. Regarding p53, a total of 9 SC from the 2
series had negative staining, which corresponds to the
“nothing” p53 staining from literature.

The 12 cases (3 from the original series and 9 from the
validation series) with discrepancies between the original
diagnosis and the biomarker prediction were subjected to
mutation analysis by last-generation sequencing to rule out the
possibility that these discordant cases were in fact ambiguous
tumors with discordant genetic/microscopic features. Molec-
ular diagnosis was based on the presence or absence of the
typical mutations of EEC and SC (PTEN, CTNNBI, KRAS,
FGFR2, TP53). Table 5 shows a summary of the results. In 3
cases (nos. 1, 2, and 6), mutation analysis was not specific for
either EEC or SC. One case (no. 12) was microscopically EEC
3 but showed only 7P53 mutation in the absence of any

mutation typical of EEC; this case was interpreted molecularly
as SC and, in fact, was predicted as SC by the biomarker
signature. However, mutation analysis confirmed the patho-
logic diagnosis in the remaining 8 cases. All but one (no. 3)
were pathologically diagnosed as EEC but predicted as SC.
Each of them showed typical mutations of EEC (PTEN, KRAS,
FGFR?2), and only one of them showed 7P53 mutations. The
case that showed 7P53 mutation (no. 9) also had 2 different
PTEN mutations. Finally, case 3 was microscopically
diagnosed as SC but predicted as EEC, and mutation analysis
(TP53 mutation) confirmed the pathologic diagnosis.

Finally, we analyzed the data by forcing to obtain the best
5-biomarker signature, that is, p53 > 20, IMP2 > 115, IMP3
>2 HMGA2 >30andpl6 > 170, in an attempt to reduce the
number of biomarkers. This induced analysis provided a
significant and unacceptable decrease in the internal
sensitivity and specificity to 82% and 85% and in the external
sensitivity and specificity down to 87% and 75%, respec-
tively, which supports the use of the 9 suggested biomarkers.

4. Discussion

Histologic type has consistently been demonstrated as an
important biologic predictor in EC [1,2]. Even more,
assessment of histologic type determines the extent of the
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Fig. 3  Representative pictures of the 9-biomarker signature in a case of SC predicted as SC (x600).

initial surgical procedure and subsequent use of adjuvant
therapy. Although there is moderate to excellent (0.62-0.87)
reproducibility in histologic typing, interobserver agreement
is worse in high-grade tumors.

EEC 1-2 is usually composed of cells arranged in a
glandular pattern of growth, whereas EEC 3 has a predom-
inantly solid arrangement, and SC has a complex architectural
pattern with papillae and cellular budding. However, SC with a
prominent glandular pattern is frequently mistaken as EEC 1-2,
and on the other hand, EEC with papillary pattern is sometimes
interpreted as SC [3,4]. There is some controversy regarding
whether EEC 3 should be considered a type I or a type II tumor,
based on epidemiology and prognosis [8,9]. This is probably
influenced by the fact that some tumors classified as EEC 3 are
those neoplasms that may exhibit more overlap with SC [10].

When an EC has an admixture of EEC and NEEC, with
the minor component representing at least 10% of the
neoplasm, the tumor should be classified as a mixed
carcinoma. Several series of cases have been reported
indicating that patients with mixed carcinoma show worse
prognosis in comparison with pure EEC [11], which
emphasizes the importance of identifying the minor SC
component in a predominant EEC.

The molecular alterations involved in the development of
EEC are different from those of SC [12]. EEC shows
microsatellite instability, as well as mutations in PTEN,
KRAS, and CTNNBI, whereas SC exhibits alterations of

TP53, chromosomal instability, and other molecular alter-
ations (STK15, CDKN2A [pl6], CHDI [E-cadherin], and
C-erbB2). cDNA array studies have demonstrated that
the expression profiling of EEC is different from that of
NEEC [13,14].

Several IHC markers have been shown to be differentially
expressed in EEC, including EEC 3, as opposed to SC. Several
of them were previously found to be differentially expressed by
cDNA analysis. For example, several studies have shown
decreased expression of ER in SC [15], and also a lower
frequency of PTEN alterations in SC in comparison with EEC
[16]. Additional proteins that are differentially expressed in EEC
and SC and that were used in this study are HER2 [17], Claudin
3 and 4 [18], Nrf2 [19], p53 [20,21], p16 [22], FOLR-1 [23],
HMGA-2 [24,25], cyclin E [26], IMP2 [27], and IMP3 [28].

Some of the markers that were chosen in this study (HER2,
pS3, pl6, cyclin E, PTEN) are used in tumor pathology in
different settings. Some other markers are less frequently used.
Claudins are a family of membrane proteins that play a major
role in tight junction formation. Nrf2 is a transcription factor
that functions as the key controller of the redox homeostatic
gene regulatory network. FolR-1 is a membrane-bound
receptor involved in the transport of folate and other regulatory
cellular processes. HMGA-2 is a nonhistone DNA binding
factor that interacts with AT-rich sequences in the minor
groove of the DNA helix. IMP2 and IMP3 are members of
the human IGFII messenger RNA-binding protein family,
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Fig. 4 Conditions satisfied by each individual case in the initial series (48 EEC and 21 SC; A), in the 28 EEC grade 3 initial series (B), in the
independent series (29 EEC 1-2 and 31 SC; C), and in the 28 EEC grade 3 independent series (D). Points indicate whether the conditions are
satisfied (in red, those cases incorrectly predicted). Total number of satisfied conditions is provided.

able to bind messenger RNA transcripts and playing a role Some controversy exists regarding reproducibility of
in posttranscriptional processes. Rationales for using PTEN IHC, and also on which staining pattern (cytoplasmic
antibodies against these proteins were based on the or nuclear) is more important. There is a general belief that

literature [18-28]. IHC for PTEN has been associated with poor reproducibility
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Table 4 Immunohistochemical results obtained in the 9 mixed
EEC-SC cases

Case Endometrioid component Serous component
Predicted Predicted Predicted Predicted
as EEC as SC as EEC as SC

1 X X

2 X X

3 X X

4 X X

5 X X

6 X X

7 X X

8 X X

9 X X

Abbreviations: EEC, endometrioid endometrial carcinoma; SC, serous
carcinoma.

because of the use of different antibodies and protocols, as
well as the influence of preanalytical variables. Our group
has recently proposed an optimal protocol for PTEN THC
[16], which has been used in this study.

Several authors have attempted the use of panels of
antibodies to help in diagnosis and prognosis. Alkushi et al
[29] examined the IHC expression profile of 12 markers in
200 EC (including 156 EEC and 13 SC) using TMA. The
cluster group designation was performed based on 8 markers
(p53, ER, Bcl-2, HER2, p27, E2F1, PTEN, and p21), and
correlated with tumor grade, stage, and cell type. Inter-
laboratory reproducibility was verified. Reid-Nicholson et al
[30] examined 126 EC cases (including 42 EEC 1-2, 40 EEC
3, and 24 SC cases) by using an IHC profile of 5 markers.
Substantial immunophenotypic diversity was observed. Only
70% of EEC 1-2 and 26% of EEC 3 cases exhibited the
typical phenotype of EEC (pl6—, ER+, PR+, mCEA—,
vimentint). Alkushi et al [31] also assessed the usefulness of

a panel of 6 antibodies in a series of 180 EC cases. A
subgroup of 58 high-grade EC cases (34 EEC 3, and 15 SC)
was also studied. They found that p16, PTEN, and IMP3
were statistically significantly more frequently expressed in
SC in comparison with EEC 3, whereas ER and p53
approached but did not reach significance. A combination of
pl16 and PTEN predicted EEC 3 versus SC, with a sensitivity
of 90.0% and specificity of 96.8%. Han and coworkers [32]
assessed the interobserver agreement on histologic type in high-
grade EC by morphology, but also by using IHC marker
combinations with 6 routine and 6 experimental markers.
Consensus about histologic type based on morphology reached
72% but increased to 100% when IHC markers were used. A
3-marker panel composed of p53, ER, and pl6 was
recommended. Wei et al [33] reviewed 358 biopsies of EC
and assessed the usefulness of IHC in 41 cases with differing
interpretation regarding EEC and NEEC between the referring
pathologist and second reviewer. Of the 41 cases, 10 were
classified as EEC and 18 as SC, and diagnosis remained
indeterminate in 5 cases. In a different study by Darvishian et al
[10], the combination of lack of p53 protein expression, positive
PR expression, and loss of PTEN expression best distinguished
between EEC and SC. Recently, McConechy et al [34]
performed target-enrichment sequencing on 393 EC (4RIDIA,
PPP2RI1A, PTEN, PIK3CA, KRAS, CTNNBI, TP53, BRAF,
and PPP2R5C) and suggested that the 9-gene panel may be
useful as an adjunct to morphologic classification of EC.

In this study, we have used IHC for several proteins,
previously shown to be differentially expressed in EEC and
SC by cDNA and protein analysis, in a series of EEC 1-2
(n=51), EEC 3 (n=28), and SC (n=23). We first checked
statistically significant differences between EEC 1-2 and
SC, and then selected those significant proteins in the
models to define a signature based on the number of
satisfied conditions, that is, thresholds in the H scale. As a
result, we identified 9 conditions that allowed prediction of

Table 5 Summary of the results obtained from the 12 discrepant cases from the original and validation series

Case Pathologic  Signature = Mutation analysis Molecular diagnosis  Series
diagnosis prediction

1 SC BE@ EGFR G724S ? Original

2 SC EEC Noninformative ? Original

3 SC EEC TP53 T102I SC Original

4 EEC 1-2 SC KRAS G13D BE@ Validation

5 EEC 1-2 SC PTEN R233 EEC Validation

6 EEC 1-2 SC EGFR R297C; FGFR3 A261T; NOTCHI P2448L ? Validation

7 EEC 1-2 SC FGFR2 C385Y; PIK3CA ES45K; PTEN Y68C, R173H, R233  EEC Validation

8 EEC 1-2 SC NRAS Q61L EEC Validation

9 EEC 3 SC APC E1494; FBXW7 R505H; RB1 R556; PTEN E299, K6T; EEC Validation

PIK3CA R88Q, E81K; TP53 R213, S241Y

10 EEC 3 SC PIK3CA R88Q; FBXW7 R505C EEC Validation

11 EEC 3 SC PTEN R130Q; ERBB4 S341L EEC Validation

12 EEC 3 SC TP53 C135F SC Validation

NOTE. Molecular diagnosis is based on the presence or absence of the typical mutations of EEC and SC (PTEN, CTNNB1, KRAS, FGFR2, TP53).
Abbreviations: EEC, endometrioid endometrial carcinoma; SC, serous carcinoma.
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SC (IMP3 > 2, IMP2 > 115, p53 > 20, HMGA2 > 30,
FolR1 > 50, p16 > 170, cyclin E1 > 220, nuclear PTEN >
2, and ER < 50). The performance of this signature was
remarkably solid, with good interobserver agreement. It
predicted correctly all 52 EEC 1-2 and 18 SC cases, while 3
SC cases were erroneously predicted as EEC. The sections
corresponding to these 3 cases were reviewed retrospec-
tively, and all of them showed typical pathologic and
immunohistochemical features of SC. Sensitivity and
specificity for diagnosing SC were 85.71% (63%-96%)
and 100% (89%-100%), respectively. Afterward, we
checked the usefulness of the panel in 28 EEC 3 cases,
and the signature correctly predicted all of them as EEC.

Interestingly, this diagnostic signature was able to predict
pathologic diagnosis of the different components in mixed
EEC-SC in a few cases (4 of 9 cases), suggesting that mixed
EEC-SCs are really ambiguous tumors. The results fit with
previous results of the group (manuscript in preparation)
showing that the 2 components of mixed tumors also show
overlap in molecular alterations. In other words, results
suggest that the EEC and SC components of mixed tumors
show mixed molecular and immunohistochemical features,
regardless of the morphologic appearance of each of them.

To confirm the reliability of this approach, we have used a
validation series composed of 88 EC, diagnosed by a different
team of pathologists. Once again, the diagnostic signature was
able to predict EEC in 24 of 29 EEC 1-2 cases and 24 of 28
EEC 3 cases, whereas all 31 SC cases were correctly predicted
as SC. Sensitivity and specificity to detect SC in this validation
series were 100% (95% CI, 83%-100%) and 83% (95% CI,
64%-94%), respectively. Again, the sections corresponding to
the tumors that were wrongly classified by this IHC approach
were reviewed, and the initial pathologic type was confirmed.

Overall, the signature was able to predict the correct
histologic type in 173 cases from a total of 185 tumors (from
the initial and the validation series), after having excluded
the 9 mixed tumors. Prediction was wrong in only 12 of
these 185 tumors. Mutation analysis by last-generation
sequencing was applied to the 12 discrepant cases (3 from
the original series and 9 from the validation series) to rule
out the possibility that they were ambiguous tumors with
discordant genetic/microscopic features. Molecular diagno-
sis confirmed the pathologic diagnosis in all but one of the
tumors that were informative. However, one case (no. 12)
was microscopically EEC 3 but showed only 7P53 mutation
in the absence of any mutation typical of EEC; this case was
reinterpreted molecularly as SC and, in fact, was predicted
as SC by the biomarker signature. We may suggest that in
this case, our predictive rule was superior to microscopic
features in identifying the tumor as SC.

In summary, we have shown that a 9-protein biomarker
IHC signature may be helpful in accurate prediction of
histologic type in EC. The 9-protein biomarker approach can
be useful in the subgroup of tumors in which histologic
typing is more difficult such as high-grade EC or high-stage,
low-grade EC with significant nuclear atypia.
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4 DISCUSSIO

4.1 Diverses proteines estan implicades en la resisténcia a la
radiacio en el cancer d’endometri

En la primera part d’aquest treball de tesi doctoral ens hem centrat en I'estudi de
gens relacionats amb la resisténcia a la radioterapia i la hipoxia.

Els raigs X, que van ser descoberts per Wilhelm Conrad Rddgen el 1895, van obrir les
portes a les terapies per radiacid per al tractament del cancer. Gracies a la col-laboracié
entre cientifics basics i clinics aquestes han millorat amb el pas dels anys. Malauradament,
sovint el tractament fracassa, les cél-lules tumorals sobreviuen i apareix la malaltia recurrent
i les metastasis.

La terapia per radiacié ha demostrat ser eficag en determinats suposits. Varis estudis
clinics han demostrat que millora el control local regional del EC amb estadis primaris i que
redueix el risc de recidiva pélvica local [174]. A més, alguns estudis suggereixen que la
radiacié s’associa a una millora de la supervivéncia en pacients amb estadis inicials de EC
[175]. La radiacié també és una bona opcié per les dones que presenten recidiva vaginal
després de la cirurgia i com a conseqliéncia, el pronostic millora [176, 177]. Alguns pacients
amb recurréncies pélviques també poden ser candidates a rebre radioterapia. Tot i aixo,
degut a la controversia que existeix pel que fa a les indicacions optimes de la terapia de
radiacié del EC, els investigadors intenten identificar el subgrup de pacients que té més
possibilitats de beneficiar-se del tractament.

La terapia de radiacié pelvica, tant la braquiterapia de la cavitat vaginal sola o
combinada, s’ha utilitzat durant anys com a terapia adjuvant en dones amb caracteristiques
concretes, com sén: dones no estadiades, amb tumors de risc intermedi-alt i també en
pacients estadiades amb metastasi als ganglis limfatics i en pacients estadiades amb ganglis
limfatics negatius perd amb altres factors de risc.

Malauradament, després de la radiacido un 20 % dels cancers d’endometri recidiven.
Els mecanismes que confereixen resisténcia a la radiacio ionitzant es desconeixen. El fet de
coneixer les vies moleculars alterades permetria tractar les pacients mitjancant tractaments

o0 combinacid de tractaments més adients.
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En la literatura trobem diversos estudis que s’han referit als mecanismes moleculars

implicats en la resisténcia a la radioterapia en el CE.

Figura 24: Red de cascades de senyalitzacié implicades en la progressié tumoral i en la radio
resisténcia. L'esquema mostra receptors tirosina cinasa i les corresponents cascades de senyalitzacié
que donen lloc a la proliferacid, migracio, angiogénesi, apoptosi, i dany del DNA. Aquestes vies estan

implicades en la resisténcia a la radiacio i son dianes terapéutiques candidates per tal de millorar la
radioterapia. (IPsR, receptor of inositol 1,4,5-trisphosphate i NR, nucleoplasmic reticulum) (Feofanova,
N., J.M. Geraldo, and L.M. de Andrade,. Biomed Res Int, 2014. 2014: p. 461687) [178].

La via MAPK (MAPK, Mitogen Activated Protein Kinase) i la via PI3K-Akt-mTOR, EGFR,
per exemple (Figura 24), sén vies alterades en el cancer i possibles dianes terapéutiques per
tal de radio sensibilitzar els tumors. La radioterapia, a més de l'activacié de proteines tirosina
cinasa, també produeix |'activacié de multiples receptors de factors de creixement per tal de
promoure la supervivéncia cel-lular. Com per exemple l'activacié de B1-integrina, la qual
augmenta la supervivencia de cél-lules de cancer de mama després de |'exposicio a la
radiacié ionitzant mitjancant l'activacié de NF-kB [179].

Degut al fet que la hipoxia és un factor conegut que indueix resisténcia a la RT, en
aquest treball hem volgut estudiar les alteracions del CE relacionades amb la hipoxia i

I'adaptacié a la radiacid en una serie de recidives post radioterapia en comparacié amb una
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serie de tumors primaris. Hem donat importancia a les proteines relacionades amb la
diferenciacio cel-lular (ER i PR), proliferacié cel-lular (Ki67), resisténcia a lI'apoptosi (FLIP i
NF-kB) i hipoxia (HIF-1a) i gens implicats en el desenvolupament o progressié del EC (gens
que codifiquen per B-catenina, p53, E-cadherina, MLH1, MSH2). S’han construit 2 TMA, el
primer conté mostres parafinades de 24 recidives post radioterapia i en el segon s’han inclos
82 EEC primaris no recidivats. Es va realitzar la tincid immunohistoquimica pel receptor
d’estrogens (ER), el receptor de progesterona (PR), p53, E-cadherina, Ki67, B-catenina,
MLH-1, MSH-2, NF-kB, i HIF-1a. Hem observat que les recidives post radioterapia presenten
un grau histologic més elevat i un index de proliferacié (Ki67) augmentat (p=0.0012). Les
cel-lules tumorals resistents a la radioterapia compten amb estrategies similars a les de les
cel-lules normals per reparar el dany al DNA i aplicar mecanismes de reparacio, evitant aixi
les diferents formes de mort induides per la RT. S’ha valorat el paper dels gens involucrats
en la reparacido del DNA, com MLH1 o MSH2, suggerint que es pot produir inactivacio “de
novo” de MLH-1 durant la radiacid; defectes en el sistema de reparacié del DNA s’han
associat a un risc més elevat de recaiguda. En un estudi [180], la metilacié del promotor de
MLH-1 i la baixa expressié de MLH-1/MSH-2 no van ser predictius de recidiva en EC estadi I
pero la metilacié de-novo del promotor de MLH-1 es va detectar de manera ocasional durant
la progressio de la malaltia en pacients al llarg del tractament amb radioterapia. Nosaltres no
hem trobat una relacié pel que fa a I'expressid dels gens reparadors entre els tumors
primaris i les recidives de EC.

També hem observat expressié disminuida del PR en les recidives en comparacié
amb els EC primaris, tot i que les diferéncies no son estadisticament significatives. Sembla
que l'expressié de progesterona i polimorfismes en el gen que codifica pel seu receptor
juguen un paper important. S’ha vist que la baixa expressiéo de PR sembla estar associada a
malaltia recurrent en pacients amb EEC en estadis inicials [181] i I'expressié de PR en
pacients portadors d’'un polimorfisme (PROGINS al-lel) era predictiu de recidiva en un estudi
de Pijnenborg JM i col-laboradors [182]. També s’ha identificat un mecanisme d’inhibicié de
NF-kB per part de la progesterona a través del seu receptor en cél-lules poc diferenciades de
EC [183]. Finalment s’ha descrit un efecte inhibidor de la via Wnt per part de la progesterona
mitjangant I'activacié de DKK1 i FOXO1. La progesterona ajudaria a mantenir I'homeostasi

endometrial i en el seu defecte contribuiria a I'aparicié del tumor i progressio [184].

123



Discussio

TP53 és un dels gens supressors tumorals més importants. Alteracions de p53
impliquen una pérdua de la seva funcid supressora i en Ultima instancia contribueixen a
I'acumulacié de mutacions i a I'expansié de nius neoplasics. Les cél-lules amb alteracions de
p53 no poden mantenir l'arrest del cicle cel-lular en fase G1 i depenen dels punts de control
en fase S/G2 per reparar el dany i promoure la supervivencia [13].

Els nostres resultats indiquen que I'expressio de p53 és estadisticament més elevada
en les recidives. En un estudi es van determinar les alteracions en aquest gen supressor de
tumors en EC que presentaven/ no presentaven recidiva. La sobreexpressié de p53 va ser
predictiva de recidiva i es correlacionava amb les mutacions del seu gen [185].

NF-kB engloba un conjunt de membres d’una familia de factors de transcripcié que
regulen gens que codifiquen per citocines, receptors de citocines i molecules d’adhesid
cel-lular [186]. La desregulaci6 de NF-kB juga un paper destacat en la carcinogénesi
mitjancant la translocacié nuclear i conseqtient activacié de la transcripcié de gens implicats
en l'apoptosi, el cicle cel-lular, la diferenciacio i la migracié cel-lular. El EC, tant EEC com
NEEC, presenta translocacié nuclear dels diferents membres de NF-KB (p50, 20%; p65,
16.5-21.9%; p52, 9.3%; c-Rel, 48.9%; RelB, 15.7%) [105]. Nosaltres hem vist de manera
frequent translocacié nuclear dels membres de NF-kB (p50, c-Rel, RelB) en les recidives. Per
altra banda, una proteina responsable de la resisténcia a la via extrinseca de |'apoptosi
(activada per FasL i TRAIL) és FLIP. FLIP comparteix un alt grau d’homologia amb caspasa-8
pero li manca la capacitat proteolitica. Es troba freqlientment expressat en els EC (EEC i
NEEC) i esta regulat per CK2, una cinasa serina/treonina que també ha estat implicada en
proliferacié, diferenciacio, creixement cel-lular i apoptosi i s’ha vist que esta desregulada en
alguns tumors [15, 101]. Els nivells alts de FLIP competeixen amb caspasa-8, fet que resulta
en una inhibicié de I'apoptosi. En un estudi previ del nostre grup hem demostrat que la
inhibicié de FLIP sensibilitzava les cel-lules IK a I'apoptosi induida per TRAIL [15]. En aquest
estudi hem vist que les recidives expressen més FLIP al citoplasma que els tumors primaris
de forma estadisticament significativa. A més també hem observat una expressio nuclear de
FLIP en les recidives tot i que no va arribar a ser estadisticament significativa. Aquestes
proteines (FLIP i els membres de la familia de NF-kB) també s’han relacionat amb resisténcia
a la quimioterapia i la radiacié en altres tumors, per exemple la inhibicidé in vitro de FLIP
sensibilitza les cél-lules Hela de cérvix a la radioterapia [187] i hi ha evidéncies que NF-kB i

ATM modulen el desenvolupament de radioresisténcia en cél-lules tumorals irradiades [188].
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B-catenina, codificada pel gen CTNNB1, és un component de la unitat cadherina-
catenina el qual és molt important en la diferenciacié cel-lular i en el manteniment de
I'arquitectura tissular i també és important per a la transduccié de senyals. En el EC,
mutacions en l'exd 3 de CTNNB1 donen lloc a una estabilitzacio de la proteina, una
acumulacid citoplasmatica i nuclear i la participacié en la transduccié de senyals i |'activacio
transcripcional a través de la formacié de complexes amb les proteines d’unié al DNA [189].
L'augment dels nivells citoplasmatics i nuclears de pB-catenina produeix [Iactivacio
transcripcional de varis gens (ciclina D1, c-Myc i altres) a través de la via LEF/TCP. APC
downregula els nivells de B-catenina cooperant amb la GSK-3B induint fosforilacié dels
residus serina/treonina codificats en I'exd 3 del gen CTNNBL1, i la degradacié de B-catenina a
través de la via ubiquitina/proteasoma. La mutacié de I'exé6 3 de CTNNB1 amb acumulacid
nuclear de B-catenina es dona en un 10-44% dels EC [46, 47, 189]. A la bibliografia hi ha
resultats controvertits pel que fa al valor pronostic de les mutacions de B-catenina en el EC,
tot i que, generalment, s’havia associat a un bon pronostic. No obstant, en un treball recent
les mutacions de I'exd 3 de CTNNB1 s’han associat a un grup agressiu de EEC de baix grau i
estadis inicials [190]. Pel que fa a les proteines implicades en la via de senyalitzacié Wnt,
nosaltres hem vist un augment de la translocacié nuclear de B-catenina i una disminucié de
E-cadherina en les recidives post radioterapia en comparacié amb els tumors primaris. En un
estudi de Pijnenborg, J.M i col-laboradors es van avaluar tres components de la via Wnt (-
catenina, E-cadherina i APC) en EC estadi I respecte el desenvolupament o no de recidiva.
L'abséncia d’expressié de E-cadherina va ser predictiva de metastasis a distancia perd no de
recidiva local i la localitzacié nuclear de B-catenina no va ser predictiva de malaltia recurrent
[191]. En la nostra série, la localitzacié nuclear de B-catenina I’'hem vist en un 13% dels EC, i
les mutacions de CTTNB1 en un 20% dels casos. En canvi, la majoria de recidives (66.7%)
mostraven translocacidé nuclear de B-catenina sense que estigués associada a mutacions de
CTNNB1. Aix0 pot ser degut a alteracions en altres membres de la via Wnt, com per exemple
Wnt10b [192], el qual juga un paper important en el desenvolupament del EC a través de
I'activacié de B-catenina i c-Myc. Nosaltres hem demostrat per primera vegada que B-
catenina es transloca al nucli i activa la via Wnt sota condicions d’hipoxia. Un estudi recent
de Yoshida i col-laboradors [121] suggereix que associacions transcripcionals de HIF1a, NF-
KB i el complex B-catenina/p300 poden contribuir a la modulacié dels canvis en la cinética

tumoral en el EC. Hi ha estudis experimentals previs que suggereixen un paper de la via Wnt
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en la resisténcia a la radiacio, com per exemple a les cél-lules mamaries [193]. Finalment,
un treball relaciona la translocacié de B-catenina com a conseqliéncia de la localitzacio
nuclear de FLIP [194]. L'expressié nuclear de FLIP també s’ha detectat en altres tipus de
cancers mitjangant immunohistoquimica i TMAs [195].

Per tant, dianes terapéutiques contra aquestes proteines poden ser Utils com a

terapia adjuvant per augmentar l'eficacia de la radiacio en el EC.

4.2 La hipoxia juga un paper important en la resisténcia a la
radioterapia

Per una banda la hipoxia afavoreix la mort cel-lular [196] pero per |'altra, I'activacié
dels mecanismes de supervivencia fa que les cel-lules s’adaptin a les baixes concentracions
d’oxigen.

A aixo li hem de sumar el fet que cada vegada hi ha més evidéncies de que la hipoxia
juga un paper molt important en la resisténcia a la radioterapia en el cancer, en tant que
disminueix la radiosensibilitat de les cél-lules tumorals i per aquest motiu esdevé un gran
repte terapéutic.

La preséncia de l'oxigen molecular influencia I'efecte biologic de la terapia per
radiacié, ja que sota condicions d’hipoxia les cél-lules sdn resistents a la RT. Per un mateix
nivell de supervivéncia es requereixen majors dosis de radioterapia sota condicions d’hipoxia
comparat amb condicions d’oxigen. De fet, les cél-lules tumorals, quan se’ls permet créixer
sota hipoxia fisiologica, tenen una capacitat reduida per reparar lesions subletals.

Es creu que les cél-lules mare tumorals (CSC, Cancer Stem Cells) resideixen
preferentment en zones tumorals amb caracteristiques microambientals concretes, una
d’aquestes caracteristiques és la baixa concentracié d’oxigen.

L'estroma tumoral (cél-lules endotelials, cél-lules del sistema immunitari, fibroblasts
normals i fibroblasts associats al tumor) per la seva banda, també influeix en la resposta a la
RT [197] i existeix certa controvérsia en quant a les dosis i al fraccionament d’aquesta per al
tractament optim del cancer.

Aixi doncs, cada vegada hi ha més evidéencies que lI'adaptacié a la hipoxia juga un
paper en la resisténcia a la RT. En un treball [198] es va estudiar la densitat vascular i

I’'expressié de HIF-1a i el seu gen diana, carbonic anhidrasa IX i van observar que la densitat
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vascular era significativament més baixa i I'expressié de HIF-1a era més elevada en les
mostres de recidiva en comparacié amb els EC primaris i aquesta correlacionava amb p53 en
els EC primaris. Malgrat aix0, aquests tres parametres no eren diferents en pacients de EC
amb o sense recidiva i per tant no eren marcadors pronostics independents de EC recurrent.

Nosaltres hem vist que I'expressié de HIF-1a és estadisticament més elevada en les
recidives. Com era d’esperar, la translocacié nuclear de HIF-1a es fa evident quan les
cel-lules IK es sotmeten a condicions d’hipoxia. Préviament s’ha descrit que HIF-1a esta
implicat en respostes adaptatives a la hipoxia tumoral i a la resisténcia a la radiacid en
diferents tipus de tumors [199, 200]. No obstant, nosaltres no hem observat translocacié
nuclear de HIF-1a després de sotmetre les cel-lules IK a radiacio.

En sotmetre les cél-lules IK a condicions d’hipoxia hem observat un augment de FLIP
citoplasmatic i nuclear perd quan les hem sotmeés a radiacié no hem observat diferéncies.
Aixi semblaria que I'augment de FLIP en les recidives és probablement degut, en part, a una
resposta adaptativa a la hipoxia perd també pot estar associat al paper proposat de FLIP en
la formacié de tumor a distancia [201]. També hem vist de manera freqlient translocacio
nuclear dels membres de NF-kB (p50, c-Rel, RelB) en les recidives. Quan les cel-lules IK es
sotmeten a condicions d’hipoxia s’‘observa un augment de l‘activitat NF-kB mitjangant
I'assaig luciferasa, en canvi, quan sotmetem les cél-lules a radiacié no s’observava augment
significatiu en l'activitat NF-kB.

A més, la translocacié nuclear de B-catenina també s’observa quan les cél-lules IK es
sotmeten a condicions d’hipoxia. Gairebé no observem nivells de B-catenina nuclear quan
exposem les cél-lules IK a radiacid ionitzant. Aquests resultats suggereixen que les cel-lules
de EC, sotmeses a hipdxia, mostren activacié de la via Wnt , promovent I'acumulacié nuclear
de B-catenina en abséncia de les mutacions de CTNNB1. Un estudi suggereix un paper per

FLIP-L nuclear en la modulacié de la via Wnt [194].

4.3 La resistencia a la hipoxia implica activacio de les dues
vies de senyalitzacio NF-kB (canonica i alternativa)

Després d’observar que quan les cél-lules IK es sotmetien a condicions d’hipoxia es

produia un augment de l'activitat NF-kB mitjangant |‘assaig luciferasa i, en canvi, quan
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sotmetiem les cél-lules a radiacié no s’observava augment en l'activitat NF-kB, vam decidir
estudiar el comportament de NF-kB sota condicions d’hipoxia.

Com hem dit, sabem que la preséncia o abséncia de l'oxigen molecular influencia
I'efecte biologic de la radiacié ionitzant. Les cel-lules son radioresistents sota condicions
d’hipoxia. Alguns estudis han demostrat que la manca d’oxigen dificulta la formacié dels
trencaments de cadena de DNA mitjancant radiacié ionitzant [202]. La radiacié ionitzant
indueix la ionitzaci6 del DNA genomic de les cel-lules diana i genera radicals lliures que
generen trencaments en la cadena de DNA. L'oxigen oxida els radicals i fa que el dany sigui
permanent. Per altra banda, en abséncia d'oxigen els radicals es redueixen mitjancant
components que contenen grups SH (SH groups, sulfhydryl groups) els quals reparen els
danys.

A més, la hipoxia disminueix els nivells d’expressié de Ciclina D1 i indueix l'arrest
cel-lular en fase GO-G1. Recentment s’ha vist que la disminucié de Ciclina D1 pot ser
atribuida a HIFla mitjancant la interaccié amb el seu promotor. Aquest arrest del cicle
cel-lular podria explicar la resisténcia de les cél-lules hipoxiques als agents quimioterapéutics
que actuen en contra de la sintesi del DNA en la fase S. HIF-1 pot ser activat per varies vies
moleculars com la via PI3K-Akt-mTor [203, 204], la via Ras-ERK o la senyalitzacid
mitjancant HER-2 /neu [205].

El factor de transcripcid NF-kB respon a varis senyals d’estrés metabolic, entre ells,
la hipoxia. Nosaltres veiem que només un petit percentatge de cél-lules tumorals moren per
apoptosi sota condicions d’hipoxia; per aquest motiu hem decidit estudiar la contribucié de la
via de supervivéncia NF-kB a la resisténcia a I'apoptosi sota condicions d’hipoxia. Els nostres
resultats mostren que la hipoxia indueix I'acumulacié nuclear de RelA/p65 i I'activacio
transcripcional de NF-kB. Un article recent atribueix a c-Src la capacitat d’activar NF-kB als
residus tirosina [206], mentre que altres han demostrat que l'activacié es dona sota control
de IKKB. Mitjancant la downregulacié de IKKa o IKKB amb particules de lentivirus i els
fibroblasts d’embrions de ratoli deficients en IKKa o IKKB hem demostrat que sén
necessaries les dues subunitats per I'activacié de NF-kB sota condicions d’hipoxia. Tot i que
les dues cinases tenen una estructura similar i comparteixen un 65% d’homologia en els
seus dominis cinasa, s'ha vist que els fibroblasts knockout per IKKa presenten una activacio
normal de IKK i una translocacié nuclear de RelA/p65 en resposta a estimuls pro inflamatoris

com TNF-a i una disminucié d’un 50% de l'activitat d'unié al DNA per part de NF-kB [207,
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208]. Un treball recent de Walmsey i col-laboradors [209] mostra un augment de |'activitat
NF-kB sota condicions d’hipoxia pero la relacié entre NF-kB i IKKa es desconeix.

Pel que fa a la via alternativa, sabem que IKKa hi té un paper destacat. Hem estudiat
el processament de p52 sota condicions d’hipoxia. Demostrem que la hipoxia indueix
I'acumulacié de p100 i el conseglient processament a p52 en cél-lules de EC i MEFs d’acord
amb els resultats publicats per Mordmtller i col-laboradors [210] que descriu que només
p100 processada de nou es capac de generar p52 nuclear. A més a més, el processament de
pl100 esta molt controlat i mediat per NIK, una cinasa inductora de NF-kB (NIK, NF-kB
Inducing Kinase) que al mateix temps permet la uni6 de IKKa a p100 i actua com a cinasa
activadora de IKKa. Al seu torn, IKKa activada fosforila pl00 i promou la seva
ubiquitinitzacié i processament a p52. El processament de p100 a p52 s’activa per varis
estimuls com la limfotoxina B [211] o el lligand de CD40 [212]. A més, publicacions recents
han demostrat que tant Stat3 [213] com AKT activa [214] indueixen el processament de
p100 a p52. A més s’ha vist que aquestes dues vies s’activen sota condicions d’hipoxia [215,
216]. Nosaltres hem demostrat que sota condicions d’hipoxia IKKa es responsable del
processament de p100 a p52 i, d’acord amb la bibliografia, activant la via alternativa [217].
No obstant, els nostres resultats indiquen que tant IKKa com IKKB son necessaries per a
I'acumulacié de p100. Per tant, tot aix0 suggereix que l'activacié de la via alternativa
requereix una activacio prévia de NF-kB a través de la via canonica a través de IKKa i IKKp.
Hi ha varis estudis que demostren la comunicacié creuada entre les dues vies. Sun i
col-laboradors [218] descriuen que la transactivacié de p65 estimula I'expressié de I'mRNA
de p100 i I'expressié de la proteina augmentant aixi la quantitat de p100 disponible.
Nosaltres proposem que l'activitat alternativa de NF-kB mediada per la hipoxia es basa en
I'acumulacioé de p100 i aixo esta contolat per IKKa i IKKB. També hem investigat el paper de
p52 i p65 en promoure la supervivencia cel-lular sota condicions d’hipoxia i tant el
silenciament de RelA (p65) com p52 feia que augmentés la sensibilitat a la mort per apoptosi
de les cél-lules IK sotmeses a l'estrés hipoxic, fet que subratllava el paper de pro
supervivéncia de les dues vies. També s’ha de dir que sota hipoxia, tant IKKa com IKKpB
s’acumulen al nucli i, tot i que s’ha vist que I'acumulacié nuclear de IKKa controla el procés
de metastasis en cancer de prostata [219], es necessiten estudis addicionals per acabar de
determinar quin paper hi juguen. Pel que fa a HIF1a s’ha vist que contribueix a l'activacié de

NF-kB en neutrofils murins per tal d’inhibir I'apoptosi i permetre la supervivencia en
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condicions d’hipoxia [209]. Nosaltres hem volgut comprovar la seva contribucié a l'activacié
de la via classica i l'alternativa. Tot i que I'acumulacié nuclear de p65 i I'activitat de NF-kB
disminuia en silenciar HIF1a, la translocacido nuclear de p52 es veia inalterada. El fet de
silenciar HIF1la incrementava la mort cel-lular per apoptosi fet que confirma el seu paper a
favor de la supervivéncia sota condicions d’hipoxia.

A més hem demostrat que p65 i p52 mostren augment significatiu de I’'expressid en
les recidives post radiacid en comparacié amb els tumors primaris. També hem demostrat
que les ceél-lules de EEC presenten translocacié nuclear d’aquestes dues proteines quan es
sotmeten a condicions d’hipoxia, cosa que indica que la resisténcia a la hipoxia implica
activacié de les dues vies de senyalitzacié NF-kB (canonica i alternativa).

Encara son necessaris molts treballs que determinin la contribucié de NF-kB a la
supervivencia de les cel-lules hipoxiques, perd mitjancant la comprensid de les mateixes es
podran obtenir guanys terapéutics importants. Per tal de regular NF-kB i sensibilitzar les
cel-lules a les terapies convencionals existeixen varis inhibidors d’aquesta via. Els inhibidors
del proteasoma en sén un exemple. Bortezomib (Velcade; PS-341), el primer inhibidor del
proteasoma que ha estat utilitzat en aplicacions cliniques, ha demostrat bona activitat
antitumoral [220]. En combinacié amb la radioterapia s’han obtingut beneficis importants en
alguns tipus de cancers [221]. En el cancer d’endometri pero, els inhibidors del proteasoma
indueixen mort cel-lular perdo enlloc de bloquejar NF-kB, augmenten la seva activitat
transcripcional [161].

Tot i aix0, existeixen varies estratégies per superar la radioresisténcia de les cel-lules
tumorals hipoxiques mitjancant les quals en alguns casos s’han obtingut bons resultats en
assaigs clinics. Per exemple, augmentar 'aportacié d’oxigen, o I'Us dels radio sensibilitzadors
(els quals mimetitzen els efectes de I'oxigen), les citotoxines hipoxiques, els inhibidors de
HIF-1 o inhibidors de les vies que activen HIF-1, com la via PI3K-Akt-mTOR; també en sén
exemples les estratégies de terapia geénica, la terapia de radiacié fraccionada i la terapia de
radiacié modulada per la intensitat (IMRT, Intensity-modulated Radiation Therapy) (la qual
permet controlar la distribucié de les dosis de radiacid al llarg de tota la formacié tumoral).
Degut al fet que la cromatina esta més condensada durant la fase G2/M, alguns autors han
suggerit que la radiosensibilitat es veu influenciada per l'estructura de la cromatina ja que,
teoricament un fotd que viatja a través de la cromatina condensada travessa més DNA, la

qual cosa augmenta la probabilitat de causar un trencament de doble cadena irreparable
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[222]. Aquest fet també té implicacions importants pel que fa a I'Us dels inhibidors de les
histones deacetilases, els quals poden augmentar la compactacié6 de la cromatina. Varis
estudis han demostrat la seva efectivitat com a radiosensibilitzadors [223]. Existeixen altres
treballs on s’estudia la sensibilitzacié de les cel-lules tumorals a la terapia per radiacid.
Zhang i col-laboradors van demostrar que miRNA-221-222 controlen la sensibilitzacié a la
radiacié regulant la via PTEN/AKT i es podrien estudiar com a noves dianes terapeutiques
[224]. MicroRNA-21 també es troba desregulat en una gran varietat de cancers i juga un
paper en la carcinogénesi, la recidiva i la metastasi; es creu que podria ser una diana

potencial per a les terapies de radiacié [225].

4.4 Annexina A2 és un marcador predictiu de malaltia
recurrent en el cancer d’endometri

Després d’estudiar el paper de les proteines implicades en el EC recurrent i la
resisténcia a la radioterapia i la hipoxia vam decidir estudiar els gens predictius de malaltia
recurrent. Com hem dit anteriorment, en general, el EC s’associa a bon pronostic quan els
pacients es detecten en situacid de baix risc; tot i aix0, es necessiten marcadors fiables que
permetin identificar els pacients susceptibles de recidivar en un futur i candidats a rebre
cirurgia radical i radioterapia/ quimioterapia.

En altres tipus de cancer s’han estudiat gens predictius de malaltia recurrent. Belt i
col-laboradors [226] han vist que pacients amb cancer de colon estadi II que expressaven
baixos nivells de Bcl-X i alts nivells de FasL i pacients amb estadi III amb baixos nivells de
Fas, alts nivells de FasL i baixos nivells de Bcl-2 es podien considerar pacients amb un alt
risc de presentar malaltia recurrent. Per altra banda, en un altre estudi, l'expressid
immunohistoquimica de CKAP2 (Citoskeleton-Asociated protein 2) podia ser un marcador
biologic potencial per identificar els pacients amb carcinoma hepatocel-lular amb risc de
recidiva després de la cirurgia [227]. Pel que fa al EC existeixen pocs marcadors predictius
de malaltia recurrent. En un treball de Gehrig i col-laboradors [228] la negativitat del ER va
ser predictiva de malaltia recurrent en EC estadi I amb independéncia del grau tumoral.
L1CAM, una proteina transmembrana, s’'ha descrit com a factor pronostic en els EC tipus I,
estadi I [229]. Un estudi recent de Wik E i col-laboradors afirma que la puntuacié de

recurréncia de EC (ECARS, Endometrial Carcinoma Recurrence Score) definida en un treball
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anterior [230] és valida per identificar malaltia agressiva i s’associa amb marcadors de
transicio epiteli-mesénquima i alteracions de PI3K [231]. I finalment, HIF-1a s’ha associat
amb malaltia recurrent i histologia no endometrioide [118]. Per altra banda, la preséncia
d’alts nivells en serum de CA 125, CA 19.9 i CEA (Carcino Embryonic Antigen) pot ser Util
per predir la disseminacié extrauterina abans del tractament o pel seguiment post
tractament d’aquells pacients amb nivells inicials elevats. Alts nivells de CA 125 han resultat
ser predictius de malaltia recurrent i mort en el EEC [232]. De fet, el marcador CA 125 és
I’lnic que s’ha utilitzat en la practica clinica i que permet determinar el risc de recidiva i
tractar amb quimioterapia de manera agressiva aquells tumors amb alt risc de recurréncia.
No obstant, la sensibilitat i I'especificitat son baixes (70% i 83%, respectivament), a més,
en la majoria de casos, aquesta elevada expressio es dona en el mateix temps en que es
diagnostica la recidiva i per tant el temps per realitzar canvis en el tractament resulta
insuficient. Finalment, HE4 en sérum s’ha descrit recentment com a biomarcador pronostic
en el EC i ha resultat ser millor factor predictiu d’invasié miometrial que CA125 [233].
Nosaltres hem estudiat I'expressié de gens predictius de malaltia recurrent en el
cancer d’endometri. Per tal d’'identificar-los es va realitzar una comparacié protedmica (2D-
DIGE) entre lesions de carcinoma primari d’endometri i les corresponents biopsies de
recidiva i vam veure que varies proteines estaven altament sobreexpressades en les
recidives en comparacié amb els tumors primaris, entre elles, ANXA2. Esta descrit que els
canvis en l'expressio de les Annexines contribueixen en la progressié i el desenvolupament
tumoral [234]. La sobreexpressido d’aquesta proteina s’ha descrit en el EC estadi I en
comparaci6 amb l'endometri normal i correlaciona amb marcadors de transicié epiteli-
mesenquima. Es va comparar mitjancant immunohistoquimica I'expressié d’ANXA2 entre els
tumors primaris i les recidives i es va comprovar que aquestes tenien uns valors més elevats
d’ANXA2 amb diferéencies estadisticament significatives. Per tal de determinar la implicacié
d’ANXA2 en el procés d’invasié i metastasi en primer lloc vam estudiar si ANXA2
proporcionava capacitat a les cel-lules de EC per evadir I'efecte de la radiacié i de la
quimioterapia i conseqlientment recidivar. Els resultats no obstant, van mostrar que ANXA2
no conferia avantatge a aquestes cel-lules i que no interferia en la sensibilitat a la quimio/
radioterapia. A continuacié vam estudiar si ANXA2 estava directament implicada en
I'adquisicié de capacitat d’invasié i metastasi. La down-regulacio d’ANXA2 feia que les

cel-lules adquirissin un fenotip més epitelial i perdessin el fenotip mesenquimal. A més,
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disminuia la capacitat de les cél-lules IK de migrar cosa que suggeria un paper de I'’ANXA2 en
I'adquisici6 d'un fenotip agressiu durant els primers passos del procés d’invasid i
disseminacid. Finalment vam avaluar la capacitat de les cél-lules IK-pLKO i IK-shANXA2 de
formacié de colonies en abséncia d’un substrat solid. Les cél-lules IK en absencia d’ANXA2
presentaven una capacitat reduida de generar implants. Aquests resultats in vitro suggerien
que ANXA2 podia jugar un paper en el procés d’invasio i metastasi del EC.

A continuacié vam traslladar aquests resultats a un model in vivo mimetitzant la
disseminacié distant i metastasis. Mitjancant injeccid intracardiaca es van introduir les
cel-lules IK amb preséncia o no d’ANXA2 i es va avaluar I'extensié de la malaltia metastatica.
Els animals injectats amb les cél-lules deficients en ANXA2 mostraven reducci6 de la carrega
metastatica. L’analisi histopatologic mostrava un patré similar de disseminacié amb
metastasis, principalment en glandules adrenals i ovaris. Les metastasis als ovaris denoten
un patrd relacionat amb la clinica, probablement degut a I'origen mesentéric comd. A més,
ANXA2 knock down presentava abséncia total de metastasis pulmonars i hematdgenes.

Vam estudiar la disseminacié distant mitjangant enumeracié de Cél-lules Tumorals
Circulants (CTC, Circulating Tumor Cells). La preséncia de CTC en sang periferica s’ha
associat a mal pronostic en diferents tipus de cancers [235-237]. La disseminacié del cancer
es basa en la intravasacid al torrent sanguini de les cel-lules del tumor primari i la posterior
disseminacié. Les CTC sén capaces d’evadir el sistema immunologic i establir un lloc de
creixement tumoral secundari. L'expressié d’ANXA2 en les CTC mitjancant RT PCR (Real-
Time PCR) es va veure augmentada en els pacients amb malaltia recurrent respecte els
pacients que no presentaven recidiva i finalment respecte els pacients sans.

Finalment, vam analitzar la significanca d’ANXA2 com a factor predictiu de
recurreéncia. Els resultats mostraven que analitzar I'expressié d’ANXA2 als tumors primaris
permet determinar el risc de malaltia recurrent i per tant pot ser util en I'estratificacié dels
pacients susceptibles de rebre cirurgia radical i quimio/radioterapia. A més, l'analisi del
temps de supervivéncia lliure de recidiva mostrava que el temps lliure de malaltia era menor
en aquells pacients amb valors d’histoscore d’ANXA2 > 190 (HR=2.99, p-value=0.004). Per
ultim, existeix correlacié significativa entre la immunotincié en els aspirats endometrials i les
peces quirdrgiques fet que ens indica que el valor d’ANXA2 en els curetatges ens permetra

identificar les pacients d’alt risc préviament a la cirurgia.
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D’aquests resultats també se’'n pot deduir que ANXA2 podria ser utilitzada com a
possible diana terapéutica per al EC. De fet, en la bibliografia trobem un treball recent on
s’ha provat que el bloqueig d’ANXA2 mitjancant un anticos anti-ANXA2 reduia els processos
oncogénics dependents d’EGFR en cancers de mama triple negatius i resistents a Herceptin

[238].

4.5 Una firma molecular permet predir el tipus histologic en el
carcinoma d’endometri mitjancant immunohistoquimica

En la segona part d’aquest treball de tesi doctoral hem volgut determinar una firma
molecular per tal de predir el tipus histologic en el carcinoma d’endometri.

En la majoria de EC la classificacié histologica és facil. No obstant, el diagnostic pot ser
dificil en alguns carcinomes d’alt grau o que presenten caracteristiques mixtes EEC/NEEC.

El tipus histologic ha demostrat ser un factor bioldgic predictiu important en el EC. En
funcié del tipus histologic es determina I'extensié del procés quirdrgic i la subseqlient terapia
adjuvant. La reproductibilitat entre observadors en quant a la determinacié del tipus
histologic és alta (0.62-0.87), perd quan es tracta de tumors d’alt grau, disminueix. De fet,
alguns EEC poden presentar caracteristiques papil-lars (tipiques de SCE) i alguns SCE poden
presentar caracteristiques glandulars (tipiques dels EEC). Per aquest motiu, en alguns casos,
I'acord interobservador si que és pobre en quant a la determinacié del tipus histologic. S’ha
dit que un NEEC (normalment el SCE) deriva de la progressié tumoral d’'un EEC ja que s’ha
vist que el primer comparteix caracteristiques moleculars amb el segon. En alguns casos
pero, el NEEC sorgeix de novo i no a partir d'un EEC previ cosa que donaria suport a un
origen biclonal de la malaltia.

La classificacio del EC en dos grups (tipus I, II) és probablement molt rigida. Hi ha
certa controversia en quant a si el EEC grau 3 hauria de ser considerat tipus I o tipus II
basant-nos en l'epidemiologia i el pronostic. En la practica diaria els tumors mostren
caracteristiques histologiques i moleculars mixtes. De fet, com hem dit, quan en un tumor
s’observa histologia EEC/NEEC combinada i el component minoritari té una preséncia de,
com a minim, un 5%, aquest es diagnostica com a carcinoma mixt. En la bibliografia trobem
moltes series de casos que han demostrat que els carcinomes mixtes tenen pitjor pronostic

que els EEC purs i que una minima preséncia de component no endometrioide ja es suficient
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per afectar negativament a I’'evolucié del pacient [239], cosa que emfatitza la importancia de
trobar el component NEEC en un EEC. En un estudi multicéntric recent amb participacié del
nostre grup, hem demostrat que el perfil mutacional i I'evolucié clinica dels carcinomes
mixtes EEC-SCE és diferent dels EEC o SCE purs [240]. De fet, la classificacié recent del EC
(TGCA), agrupa en el cluster 4, que es caracteritza per tenir un alt nombre d’alteracions en
el nimero de copies, la majoria dels SCE i dels carcinomes mixtes EEC/NEEC, a més del 12%
dels EEC (la majoria EEC G3) [34].

En varis grups tumorals s’ha vist que utilitzar la morfologia com a eina diagnostica
Unica és insuficient, com en el cancer de mama o en els limfomes no-Hodgkin, en els quals la
immunotincio s’utilitza de forma rutinaria. Les subclasses que sorgeixen d’aquests estudis
adjuvants influeixen en el tractament i el pronostic dels pacients.

Aixi doncs, malgrat que moltes vegades I'acord interobservador en el diagnostic del EC
d’‘alt grau és baix [241], augmenta quan s’utilitzen marcadors immunohistoquimics. Hi ha
varis autors que han intentat utilitzar panells d’anticossos per ajudar en el diagnostic i el
pronostic del EC. Wei i col-laboradors, després de revisar 358 casos de EC tipus I i II, van
afirmar que un panell immunohistoquimic d’anticossos era Util per a la classificacié d’aquells
casos ambigus o discordants [242]. Alkushi i col-laboradors [243] van estudiar el perfil
immunohistoquimic d’expressido de 12 anticossos en 200 EC mitjancant TMA. El grup estava
basat en 8 marcadors (p53, ER, bcl-2, HER-2, p27, E2F1, PTEN, i p21) i correlacionava amb
el grau histologic, l'estadi i el tipus cel-lular, també es va verificar la reproductibilitat
interobservador. Reid-Nicholson i col-laboradors [244] van examinar 126 EC (42 EEC 1-2, 40
EEC 3, and 24 SC) utilitzant un perfil IHQ de 5 biomarcadors i van observar que només el
70% dels EEC 1-2 i el 26% dels EEC 3 presentaven el fenotip tipic de EEC (p16 -, ER +, PR
+, mCEA -, vimentin +). Alkushi i col-laboradors [245] també van determinar la utilitat d'un
panell de 6 anticossos en una serie de 160 EC i un subgrup de 58 EC d’alt grau. Van veure
que p16, PTEN i IMP3 s’expressaven més en els SCE en comparacio amb els EEC 3 i les
diferéncies eren estadisticament significatives, en canvi ER i p53 no arribaven als nivells
minims de significanca. Una combinacié de p16 i PTEN permetia predir EEC 3 en front a SCE
amb una sensibilitat i especificitat del 90% i del 96.8% respectivament. Han i col-laboradors
[246] han determinat un acord interobservador pel que fa al tipus histologic de EC d‘alt grau
mitjangant la morfologia pero també utilitzant una combinacié de 6 marcadors de rutina i 6

experimentals. El consens en la determinacié del tipus histologic era del 72% quan es
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basaven Unicament en la morfologia perd augmentava al 100% quan s’afegien els marcadors
d'IHQ. Recomanaven un panell de 3 marcadors, p53, ER, p16. Recentment, McConechi i
col-laboradors [247] han realitzat una seqiienciacié d’exons dels seglients gens: ARIDIA,
PPP2R1A, PTEN, PIK3CA, KRAS, CTNNB1, P53, BRAF i PPP2R5C i han suggerit que el panell
de 9 marcadors pot ajudar en la determinacioé del tipus histologic. Malgrat tots els estudis, no
existeixen guies precises pel que fa a I'is de la IHQ o la patologia molecular en la
determinacio del tipus histologic [247].

Nosaltres hem realitzat la IHQ per diverses proteines, les quals en analisis previs de
cDNA i proteines s’expressaven de forma diferencial en EEC i en SCE. Primer es van escollir
aquelles proteines I'expressio de les quals presentava diferencies estadisticament
significatives entre EEC 1-2 i SCE. Es va definir una signatura basada en el nombre de
condicions satisfetes. Com a resultat es van identificar 9 condicions que permetien predir
SCE (IMP3>=2, IMP2>=115, p53>=20, HMGA2.>=30, FolR1>=50, p16>=170,
CycE1>=220, nuclear PTEN>=2 i ER<=50). La signatura era solida amb una bona
sensibilitat i especificitat 85.71% (63-96%) i 100% (89-100%) respectivament i I'acord
interobservador també era bo. La firma va predir correctament tots els EEC 1-2 i gairebé tots
els SCE. 3 SCE van ser predits erroniament com a EEC. Les seccions corresponents a aquests
casos es van revisar retrospectivament i es va veure que totes tenien caracteristiques
tipiques patologiques i immunohistoquimiques de SCE. A continuaci6 vam comprovar la
utilitat del panell en un grup de EEC 3 i tots van ser predits com a EEC.

En el grup de nou carcinomes mixtes (EEC-SC) la firma va predir el diagnostic
patologic de cada un dels components (endometrioide i la no endometrioide) en 4 casos cosa
que suggereix que els carcinomes mixtes s6n ambigus. Les caracteristiques moleculars dels
dos components es superposen i per tant presenten caracteristiques moleculars i
immunohistoquimiques mixtes.

Per confirmar la fiabilitat de la firma vam utilitzar una série de validacié de 88 casos
dels quals 24 de 29 EEC 1-2 i 24 de 28 EEC 3 van ser predits com a EEC i tots els SCE (31)
van ser predits com a SCE amb una sensibilitat i especificitat del 100% (CI: 83%-100%) i
83% (CI: 64%-94%), respectivament.

En resum, 12 dels 185 casos (després d’extreure els carcinomes mixtes) van ser
predits de manera erronia. D'aquests 12 casos discrepants, I'analisi mutacional va confirmar

el diagnostic patologic de tots menys un. Aquest cas era microscopicament un EEC 3 pero
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presentava una mutacio de p53 i cap mutacié caracteristica de EEC per tant, va ser
reinterpretat com a SCE i de fet, predit com a SCE mitjancant la signatura molecular; aixi
doncs podem dir que la nostra firma predictiva va ser superior a les caracteristiques

microscopiques pel que fa al fet d’identificar el tumor com a SCE.

4.6 La tecnologia dels TMA i la immunohistoquimica son eines
potencials per a I'estudi del cancer d’endometri

La immunohistoquimica, una eina d’us habitual en els serveis d’anatomia patologica,
s'utilitza cada vegada més en la recerca translacional del cancer. El fet que cada vegada es
disposi de més anticossos que funcionen en parafina, millors técniques de recuperacié
antigénica (que permeten superar els problemes causats per les diferents fixacions i
processaments tissulars) i millors sistemes de deteccid, ha fet que aquesta sigui una técnica
de gran utilitat per a I'estudi de marcadors diagnostics, pronostics i predictius de malaltia.

La tecnologia dels TMA ha estat ampliament utilitzada en la bibliografia. Des de que
Kononen i col-laboradors van introduir un nou métode per combinar varis teixits en un Unic
bloc de parafina mitjancant un array matricial de teixits, la tecnologia dels TMA s’ha utilitzat
com una eina d’alt rendiment per entendre la biologia, el diagnostic i el pronostic del cancer.

La utilitat de la tecnologia dels TMA, juntament amb la Immunohistoquimica, per a
I'estudi de la patologia molecular ha estat demostrada en molts treballs. Els estudis de
validacié en cancer d’endometri [248] han demostrat una bona concordanca entre els
resultats obtinguts mitjancant TMA i les seccions senceres. Aix0 indica que un bon disseny
del TMA d’acord amb els biomarcadors que es pretenen analitzar permetra superar el
principal desavantatge d’aquesta tecnologia, I’'heterogeneitat dels teixits. En el EC els TMA
s’han utilitzat amb diverses finalitats. Per exemple, per establir el perfil immunohistoquimic
respecte altres tumors [243, 244], per definir panells de marcadors que permetin classificar
els canvis pre-malignes de I'endometri [172, 173], per identificar molécules que s’expressen
de manera diferencial en els diferents subtipus de EC [249, 250], per comprovar el valor
pronostic de nous biomarcadors [251, 252], per avaluar I'amplificaci6 de DNA mitjancant
tecniques d’hibridacié in situ [253] o per correlacionar les dades obtingudes en un TMA amb

altres alteracions moleculars [254, 255].
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Nosaltres hem utilitzat la IHQ i els TMA per a l'estudi de l'expressiéo de proteines
implicades en la resisténcia a la radioterapia i la hipoxia aixi com per estudiar un gen
predictiu de recurréncia en el cancer d’endometri. A més, hem obtingut una firma de

biomarcadors que ens permetra predir el tipus histologic en el EC.
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5 CONCLUSIONS

PRIMERA

SEGONA

TERCERA

QUARTA

CINQUENA

SISENA

SETENA

VUITENA

Les recidives post radioterapia de EC mostren valors d’immunoexpressio més
elevats de gens relacionats amb la proliferacio, la inhibicié de I'apoptosi i la

hipoxia.

La linia cel-lular de EC IK sotmesa a condicions baixes d’oxigen mostra
alteracions en I'expressié de proteines implicades en I'apoptosi, la via Wnt i la
familia de proteines NF-kB . En canvi, la radiacié no influeix en els nivells

d’expressié o l'activitat d’aquestes.

La hipoxia indueix I'activacié de la via NF-kB canodnica i alternativa tant en la

linia cel-lular de EC IK com en les recidives post radioterapia (IHQ).

La hipoxia controla I'activaci6 de NF-kB en la linia cel-lular de EC IK.

L'activacio de la via NF-kB intervé en la supervivéncia cel-lular sota

condicions d’hipoxia.

El gen ANXA2 esta implicat en el procés de metastasi del EC.

ANXA2 és un marcador predictiu de malaltia recurrent en el EC i en el EC de

baix grau, estadi I.

La firma molecular de 9 biomarcadors permet predir el tipus histologic en el

EC amb una sensibilitat i una especificitat del 85.71% (63-96%) i 100%

(89-100%), respectivament.

Els carcinomes mixtes endometrioides-no endometrioides tenen

caracteristiques histologiques i moleculars mixtes.
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NOVENA La Immunohistoquimica i els TMAs s6n eines de gran utilitat per a I’'estudi del

EC.
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