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Resumen

El objetivo principal de este trabajo ha sido la identificacion de alteraciones
moleculares que participen de manera significativa en el desarrollo y la progresion del
cancer de endometrio, con el proposito de afadir mas claves para el descubrimiento de

nuevas dianas de diagnostico y terapias individuales contra esta patologia.

El trabajo se ha centrado en el estudio de modificaciones en el ADN de las
c€lulas que forman el tejido tumoral en una serie de pacientes con carcinoma
endometrial, en concreto, en el analisis mutacional de los genes PIK3CA y FGFR2 y el
analisis de hipermetilacion del promotor de los genes RASSF2A y SPRY2, elementos
que forman parte de importantes vias de transduccion de senales implicadas

principalmente en procesos de crecimiento y diferenciacion celular.

Por un lado, hemos advertido cierto grado de variabilidad en el patrén de
expresion de los genes estudiados en los tejidos tumoral y no tumoral y esas diferencias
de expresion son, por una parte, debidas a la existencia de hipermetilacion en las
regiones promotoras de los genes implicados y, por otra, a la presencia de mutaciones
en regiones del gen que codifican dominios clave para la funcion de la proteina en la

célula.

En concreto, tras el andlisis de la expresion inmunohistoquimica de RASSF1A y
la presencia o ausencia de metilacion en la zona promotora del gen RASSFIA se
detectaron tumores con niveles de expresion reducidos y presencia de hipermetilacion
en el promotor, ambos fendmenos asociados de manera estadisticamente significativa.
Lo mismo ocurre, aunque en un grado distinto, con la expresion de SPRY2 en algunos
tumores en asociacion con la presencia de hipermetilacion en el promotor del gen. A
través de este andlisis hemos descubierto que la expresion de SPRY2 presenta
variabilidad en las glandulas endometriales de los tejidos no tumorales a lo largo del

ciclo menstrual.

Por otro lado hemos visto como el gen PIK3CA se encuentra frecuentemente
mutado en las células que forman los tumores de carcinoma de endometrio y que,
ademas, es un suceso que coincide con la presencia de mutaciones en el gen PTEN. Sin

embargo, la frecuencia de mutaciones en el gen FGFR2 se ha mostrado baja aunque su
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expresion a nivel inmunohistoquimico refleja diferencias entre carcinoma de tipo

endometrioide y no endometrioide.

Por ultimo, afiadir una revision de uno de los fendmenos que ocurren de manera
mas frecuente durante la formacion y el progreso de los tumores en carcinoma de
endometrio: el concepto de “pérdida de heterocigosidad”. En este trabajo hemos
considerado primordial incluir un obra en la que se realiza una incursion a los
mecanismos moleculares a través de los cuales se produce la pérdida de
heterocigosidad, asi como los métodos que se utilizan para su deteccion y el significado
de algunos patrones de pérdida de heterocigosidad en determinadas regiones

cromosomicas en carcinoma de endometrio.

II
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The main point of this study was the identification of molecular alterations that
participate in the development and progression of endometrial cancer, in order to add
more keys to the discovery of new targets for diagnosis and therapies against this

disease.

The work has been focused on the study of molecular alterations of DNA from
tumour tissues in a series of endometrial carcinoma patients, above all, mutational
analysis of PIK3CA and FGFR2 genes and analysis of promoter hyper methylation of
SPRY2 and RASSF2A genes, together forming part of signal transduction pathways

that are involved in processes of growth and cell differentiation.

To begin with, we noticed some variability in the gene expression pattern
examined between tumour and normal tissue, and these differences are partly due to
hyper methylation in promoter regions at the involved genes. Likewise, mutations in
gene regions encoding key protein domains in the cell are also a factor that modifies the

gene expression pattern between tumour and normal tissue.

In particular, after analysing the immunohistochemical expression of RASSF1A
and the presence or absence of methylation in the RASSF1A gene promoter we detected
tumours with low expression levels and promoter hyper methylation. The same applies,
albeit in a different degree, with SPRY?2 expression in some tumours in association with
the presence of gene promoter hyper methylation. Through this analysis we found some
SPRY2 expression variability in endometrial glands from non-tumour tissues

throughout the menstrual cycle.

On the other hand we have seen that the PIK3CA gene is frequently mutated in
tumour cells from endometrial carcinoma, and this is also a PTEN gene mutation
coincident event. However, FGFR2 gene mutation ratio has shown to be low although
immunohistochemical expression reflects differences between endometrioid

endometrial carcinoma and no-endometrioid type.

Finally, we wanted to add a review of one of the phenomena, which occurs more
frequently during the formation and progress of tumours in endometrial carcinoma:

LOH "loss of heterozygosity". We have considered essential include a review work

III



Resumen

about the molecular mechanisms through which loss of heterozygosity is produced, the
methods used in their detection and significance of some patterns of loss of

heterozygosity in specific chromosomal regions in endometrial carcinoma.
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Resumen

L'objectiu principal d'aquest treball ha estat la identificacio d'alteracions
moleculars que participin de manera significativa al desenvolupament i la progressio del
cancer d'endometri, amb el proposit d'afegir més claus pel descobriment de noves dianes

de diagnosi 1 terapies individuals contra aquesta patologia.

El treball ha estat centrat en I’estudi de modificacions en I’ADN de les cél-lules
que formen el teixit tumoral en una serie de pacients amb carcinoma endometrial, en
concret, en I’analisi mutacional del gens PIK3CA 1 FGFR2 1 I’analisi de hipermetilaci6
del promotor dels gens RASSF1A 1 SPRY2, elements que formen part d’importants vies
de transduccid de senyals implicades principalment en processos de creixement i

diferenciacio cel-lular.

En primer lloc hem advertit cert grau de variabilitat en el patré d'expressio dels
gens estudiats entre els teixits tumoral 1 no tumoral 1 aquestes diferéncies d'expressid
son, en part, degudes a l'existéncia de hipermetilacié en les regions promotores dels
gens implicats. Aixi mateix, la presencia de mutacions en regions geniques que
codifiquen parts de la proteina claus per la seva funcié a la c¢l-lula, és també un factor

que modifica el patrd d'expressio entre entre els teixits tumoral i no tumoral.

En concret, després de 1’analisi immunohistoquimic de 1’expressi6 de RASSF1A
1 la preséncia o abséncia de metilaci6 a la zona promotora del gen RASSF1A, es van
detectar tumors amb nivells d’expressio reduits 1 presencia de hipermetilacid en el
promotor, ambdods fenomens associats de manera estadisticament significativa. El
mateix passa, encara que amb diferent grau, amb I’expressi6 de SPRY2 en alguns
tumors en associacid amb la presencia de hipermetilacié en el promotor del gen. A
través d’aquest analisi hem descobert que 1’expressié de SPRY?2 presenta variabilitat en

les glandules endometrials dels teixits no tumorals al llarg del cicle menstrual.

D'altra banda hem vist com el gen PIK3CA es troba freqiientment mutat en les
cel-lules que formen els tumors de carcinoma d'endometri 1 coincideix amb la preséncia
de mutacions en el gen PTEN. No obstant aixo, la freqliencia de mutacions en el gen
FGFR2 s'ha mostrat baixa encara que la seva expressido a nivell inmunohistoquimic
reflecteix diferencies entre carcinoma de tipus endometrioide y no endometrioide.

Finalment, afegir una revisio d'un dels fenomens més freqiient en la formacio i el

\Y%
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progrés dels tumors en carcinoma d'endometri: el concepte de "pérdua de
heterozigositat". En aquest treball hem considerat primordial incloure una obra en que
es realitza una incursié als mecanismes moleculars a través dels quals es produeix la
peérdua de heterozigositat, aixi com els metodes que s'utilitzen en la seva deteccid 1 el
significant d'alguns patrons de pérdua de heterozigositat en determinades regions

cromosomiques en carcinoma d'endometri.
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Introduccion

I UTERO

La matriz o Utero es un organo intra-pélvico accesorio de la reproduccion sexual,
impar, vacio, periforme, de pared muscular, de unos 8 cm de longitud, 5 cm de amplitud en el
extremo superior y de unos 2,5 cm de grueso. En condiciones normales tiene un peso de
aproximadamente 50 gramos pero puede sufrir cambios importantes a lo largo de las
gestaciones. La principal funcion del utero es albergar al feto, protegerlo durante el embarazo y
liberar al recién nacido en el momento del parto. El ttero esta organizado en tres capas
celulares: el perimetrio o capa serosa externa, el miometrio o capa muscular y la capa mucosa

interna o endometrio (figura 1).

Perimétrio

Miométrio

20 pm

Fig 1. Histologia del utero

111 ENDOMETRIO

El endometrio es la mucosa que cubre el interior del utero y consiste en: a) un epitelio
simple, prismatico con o sin cilios (dependiendo de la fase del ciclo menstrual); b) una lamina
basal en la que se ubican las glandulas tubulares uterinas, éstas son simples y ligeramente
ramificadas pero llegan a adquirir una complejidad remarcable en determinadas fases del ciclo
menstrual y ¢) un estroma rico en tejido conjuntivo y altamente vascularizado aunque pobre en
fibras nerviosas.

La funcion del endometrio es la de alojar al cigoto o blastocisto después de la
fecundacion, permitiendo su implantacion. Presenta alteraciones ciclicas en sus glandulas y
vasos sanguineos durante el ciclo menstrual en preparacion para la implantacion del embrion

humano y es el lugar donde se desarrolla la placenta.
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Dado el caracter dinamico de este tejido, como consecuencia de las variaciones de los
niveles hormonales hipofisiarios ovaricos, se diferencian diversos tipos de endometrio segun el
estado del ciclo menstrual: endometrio proliferativo (dias 6-14), endometrio secretor (dias 15-

28), endometrio en fase descamativa (dias 1-5), endometrio gestacional, y endometrio atrofico.

1.1 Endometrio proliferativo (dias 6-14)

Tejido endometrial que tiene la capacidad de crecer y aumentar de grosor a
consecuencia de la estimulacion hormonal por estrogenos, ya que paralelamente a esta fase se
desarrollan en el ovario los foliculos ovaricos que secretaran e incrementaran la concentracion
de estrégenos en el torrente sanguineo. El endometrio proliferativo estd constituido por
glandulas endometriales rectilineas delimitadas por células que presentan una marcada pseudo-
estratificacion nuclear y alta actividad mitoética. El estroma es predominantemente denso,

compuesto por células con escaso citoplasma.

11.2 Endometrio secretor (dias 15-28)

Tejido endometrial presente durante la fase de secrecion del ciclo menstrual, que
corresponde a la fase del ciclo posterior a la ovulacion.

Constituido por glandulas endometriales muy serradas con secrecion luminal y estroma
con transformacion pre-decidual que puede llegar a un grosor de unos 8 mm. El tejido
endometrial en esta fase presenta un fendmeno peculiar que consiste en la aparicion de vacuolas
de glicégeno y mucopolisacaridos en el polo basal de las células. Durante esta fase las vacuolas
se dirigen a la luz de la glandula donde son secretadas, hecho provocado por el aumento en la
concentracion de progesterona secretada por el cuerpo liteo. En este tipo de endometrio se da la
fase llamada ‘ventana de implantacion del blastocisto’, que se extiende del dia 20 al 24 del ciclo
y donde ocurre la maxima receptividad endometrial. El denso estroma al principio se vuelve
adenomatoso y aparecen las llamadas arteriolas espirales. Las células del estroma aumentan su

citoplasma y adoptan forma cubica.

I1.3 Endometrio descamativo (dias 1-5)

Las modificaciones endometriales anteriormente descritas tienen como objetivo final
obtener un buen sustrato para la nidificacion del blastocisto. Si el oocito no ha sido fecundado
se da la descamacion menstrual del endometrio. Histologicamente, la descamaciéon no es
uniforme. En su inicio se observa una cierta disociacion estructural y una marcada infiltracion
leucocitaria, conjuntamente con hemorragia y signos de necrosis. La fase descamativa es la fase

en la cual se inicia el ciclo menstrual y comprende desde dia 1 al dia 5. Como consecuencia de
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los estimulos hormonales, el endometrio se regenera a partir de un fragmento, llamado basal,

que no presenta descamacion.

114 Endometrio gestacional

En el caso en que el blastocisto se implante en el endometrio y prolifere, el cuadro
hipertréfico y secretor, tanto glandular como del estroma, se hace destacar. En el endometrio
gestacional las glandulas se encuentran formadas por un epitelio bajo y rico en glicogeno. Las

células del estroma se vuelven grandes y poligonales con un citoplasma amplio.

II.5  Endometrio atréfico

La transicion de la etapa reproductiva de la mujer a la no reproductiva se llama
climaterio. A lo largo de esta transicion el tejido endometrial padece importantes
modificaciones histologicas. Ademads, en esta etapa el endometrio pierde la capacidad de
proliferacion. La principal causa de estas modificaciones es la disminucion de la secrecion de
estrogenos y progesterona, hormonas responsables de la evolucion del endometrio durante el
ciclo menstrual. El endometrio atréfico tiene un grosor de 1 a 3 mm y se llama atréfico por la

poca actividad mitética que presenta.

III CICLO ENDOMETRIAL

El ciclo endometrial se caracteriza por una respuesta a los estimulos hormonales
ovaricos por parte del endometrio. Esta respuesta se traduce en importantes cambios
morfologicos que conducen a su descamacion al cabo de 28 dias.

El ciclo comprende tres partes: 1) proliferativa o pre-ovulatoria, 2) secretora o post-
ovulatoria y 3) descamativa, menstrual o hemorragica. Las tres fases del ciclo endometrial se
encuentran intensamente ligadas a las tres fases del ciclo ovarico: 1) la fase folicular, 2) la
ovulacion y 3) la fase luteinica, manteniendo una estrecha coordinacion, cuyo objetivo final
seria alojar el producto de la concepcion, es decir favorecer el proceso de gestacion.

La regulacién del ciclo endometrial esta gobernada por la accion directa de los
esteroides sexuales: los estrogenos inducen crecimiento y proliferacion de las glandulas, el
epitelio y el estroma en la primera fase del ciclo, la fase proliferativa (del dia 6 al 14). Este
fenomeno se debe a que, paralelamente a esta fase, se desarrollan en el ovario los foliculos
ovaricos que secretaran e incrementaran la concentracion de estrogenos en el torrente sanguineo
y que finalmente estimularan la proliferacion endometrial. El pico de liberacion de estrogenos se

da alrededor del dia 14, momento en que se produce la ovulacion y que coincide con el pico de
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concentracion de la hormona luteinizante (LH) y la hormona estimulante del foliculo (FSH).
Tras la ovulacion, los restos del foliculo maduro o foliculo de Graaft en el ovario formaran lo
que se conoce como ‘cuerpo liteo’ que empieza a secretar progesterona. La progesterona
determina los cambios secretores de la segunda fase del ciclo, la fase secretora (del dia 15 al
28), en la que el endometrio se prepara para ser un tejido altamente nutritivo y confortable para
que se pueda lleva a cabo la implantacion del oocito fecundado. Si no se da la fecundacion y no
se implanta el oocito maduro (dias 21 al 24 ‘ventana de implantacion’) se produce una
disminucion de los niveles de progesterona, hecho que activa la fase descamativa del
endometrio (dias 1 a 5). Esta fase comienza con la vasoconstriccion e isquemia provocadas por
un aumento de la actividad de las prostaglandinas y la descamacion del tejido a causa de la

activacion de diferentes proteasas y citoquinas (figura 2).

LH Fig 2. Variacion en los niveles de
= FSH gonadotropinas (LH y FSH) y hormonas
ovaricas (estrogenos y progesterona) a lo

largo del ciclo menstrual

DIA 1 DIA 14 DIA 28

s ESTROGENOS
PROGESTERONA

DAl DIA 14 DIA 28

IV CARCINOMA DE ENDOMETRIO

El carcinoma de endometrio (EC, Endometrial Carcinoma) es el carcinoma maligno
mas frecuente del tracto genital femenino en paises desarrollados. Aproximadamente el 80%
esta confinado en el utero y se asocia a buen prondstico. Asi mismo, en un porcentaje
significativo de pacientes, el tumor se presenta de forma diseminada o recidiva después del

tratamiento. En estos casos el pronostico es malo.

Segun la clasificacion de Bockhman[1], existen dos manifestaciones clinico-patologicas

del carcinoma de endometrio (tabla I):
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Tabla I. Tipos de carcinoma de endometrio [2]

Introduccion

Tipo I Tipo II
Incidencia 80% <20%
Edad Pre/peri-menopausia > 60 afios
Histologia Endometrioide Seroso, Células Claras
Diferenciacion celular Bajo Grado Alto Grado
Lesion precursora Hiperplasia Endometrial Atrofia Endometrial
Estimulacion estrogénica Relacionado No relacionado
Desarrollo clinico Benigno Agresivo

Los EC de ‘Tipo I’ son tumores de bajo grado, estrogeno-dependientes y de morfologia

endometrioide (EEC, Endometrioid Endometrial Carcinoma), que generalmente se manifiestan

en mujeres peri-menopausicas y coexisten o son precedidos por hiperplasia endometrial.

Los EC de ‘Tipo II’ son carcinomas de tipo no-endometrioide (NEEC, Non-

Endometrioid Endometrial Carcinoma). Estos se comportan de forma agresiva, son

independientes de estrogenos y se desarrollan en mujeres post-menopausicas a partir de poélipos

endometriales o endometrio atréfico (figura 3).

Los tumores de Tipo I (EEC) son mas frecuentes (80%) que los de tipo II (NEEC)

(20%).

%

=

&
. s

A

SR T T Y
il 2 8 AN
e ¢ 15
-

Fig 3. Corte histolégico de un EC no endometrioide (A) y de un EC endometrioide (B) (Llobet D et al. J

Clin Pathol 2009; 62:777-785)[3]

El pronéstico y el tratamiento de estos tumores dependeran de la etapa (o estadio) en la

que se encuentra el cancer (si solo se localiza en el endometrio o si se ha diseminado a otras

partes del utero u otras partes del cuerpo). En estos factores se ha basado el sistema de

clasificacion de la Federacion Internacional de Ginecologia y Obstetricia (FIGO)[4]:
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Tabla II. Estadios en el Carcinoma de Endometrio

Estadio IA el tumor esta limitado al endometrio y/o invade menos de la
mitad del miometrio

Estadio IB implica la invasién de mas de la mitad del miometrio

Estadio II involucrados el endocervix hasta la capa glandular y el estroma
cervical

Estadio IIIA invasion de la membrana serosa o anejos, o citologia peritoneal
maligna

Estadio IIIB metdstasis vaginal

Estadio IIIC metastasis hacia la pelvis o los ganglios linfaticos para-adrticos

Estadio IVA invasién de la vejiga o el aparato digestivo

Estadio IVB metdastasis distante, incluye ganglios linfaticos intra-
abdominales o inguinales

La tasa de supervivencia en 5 afios después del diagnostico de cancer de endometrio
seguido de tratamiento es del 75-95% para el estadio I, 50% para el estadio II, 30% para el
estadio I y menos del 5% para el estadio I'V.

\% ALTERACIONES MOLECULARES EN CANCER DE
ENDOMETRIO

El carcinoma endometrioide (EEC Tipo I) y el carcinoma de tipo no endometrioide
(NEEC Tipo II) se caracterizan por albergar distintos tipos de alteraciones moleculares que,
principalmente, suelen involucrar proteinas unidas a la membrana celular, responsables de la
adhesion y la transduccion de sefiales entre las células. Los genes mas implicados en estas
alteraciones son PTEN, KRAS, PIK3CA, CTNNBI, CDKN2A, TP53, HER2/NEU, CDHI,
ERBB2 y CCNDI1/E1. La inestabilidad genémica (aneuploidia cromosoémica e inestabilidad de
microsatélites), la pérdida de heterocigosidad de una determinada region genémica (LOH, Loss
of Heterozygosity) y los cambios epigenéticos (alteracion de los patrones de metilacion del
ADN) juegan papeles igualmente importantes en el desarrollo del carcinoma de endometrio
alterando el funcionamiento normal de las células.

Las alteraciones mas frecuentes en EEC son las mutaciones en los genes PTEN,

PIK3CA, K-RAS y CTNNBI1 y la Inestabilidad de Microsatélites (MI, Microsatellite
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Instability). En cambio, en NEEC son mas frecuentes la pérdida de heterocigosidad (LOH) y

las mutaciones en el gen TP53 (tabla III).

Tabla III: Alteraciones moleculares en cancer de endometrio (Modificado de Llobet et al., 2009 J Clin
Pathol 62:777-785)[3].

Tipo I Tipo 11
MSI 20-40% 0-5%
PTEN 35-50% 10%
KRAS 15-30% 0-5%
PIK3CA 30% 5%
CTNNBI1 25-40% 0-5%
TP53 10-20% 90%
CDKN2A 10% 40%
CDH1 10-20% 80-90%
ERBB2 2.5% 26%
CCNDI1/E1 2-5% 26-42%

Las alteraciones de los genes involucrados en el desarrollo del cancer de endometrio
pueden presentarse de modos muy diferentes y, debido al hecho de que las alteraciones
carcinogénicas afectan habitualmente a genes que controlan el ciclo celular o la apoptosis, casi
todos los tipos de alteracion son resultado de un proceso multiple de activacion de oncogenes y
de inactivacion de genes supresores de tumores [5]. Las diferencias histologicas entre los tipos |
y II de EC van asociadas a diferentes alteraciones moleculares que permiten cierta clasificacion
atendiendo a si se ha producido una pérdida de funcidén de los genes implicados o, por el

contrario, ha ocurrido una ganancia en la funcién normal como se muestra en la tabla IV [6].

Tabla IV: Clasificaciéon molecular del cancer de endometrio (Modificado de Okuda et al., 2010 Obstet
Gynecol Int)[6]

Tipo I Tipo II
Pérdida de Funcion
PTEN 35-50% 10%
TP53 10-20% 90%
MSI 20-40% 0-5%
Ganancia de Funcion
ERBB2 10-20% 9-30%
KRAS 15-30% 0-5%
CTNNBI 31-47% 0-3%
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VI ONCOGENES Y GENES SUPRESORES DE TUMORES

El analisis de tumores procedentes de estadios diferentes sugiere que la agresividad en
cualquier tipo de cancer incrementa a raiz de la acumulacion de los cambios genéticos que se
producen.

La mayoria de los cambios genéticos encontrados pertenecen a dos categorias: a)
mutaciones en oncogenes que producen una ganancia de su funcioén estimulando el crecimiento,
la division y la supervivencia de las células; y b) mutaciones en genes supresores tumorales que
provocan la perdida de funcion de dichos genes desregulando el crecimiento de la célula y los
sistemas de reparacion de errores en el ADN.

El estudio de oncogenes y genes supresores de tumores en el carcinoma de endometrio,
al igual que ocurre en otras neoplasias malignas, es considerado desde diferentes aspectos
informativos (figura 4). Por un lado el valor predictivo de la transformacion de las lesiones pre-
neoplasicas a neoplasicas, el valor predictivo del comportamiento en relacion con el prondstico
(progresion y proliferacion) y por ultimo, el valor predictivo respecto a la respuesta al

tratamiento [7, 8].

Fig 4. Genes de progresion tumoral

en carcinoma de endometrio

KRAS (Hironobu Sasano. Pathol Annu,
TP53 MYC
KRAS HER2 KRAS
HER2 MYC TP53 1994:31-49)
HIPERPLASIA CARCINOMA
HIPERPLASIA ATIPICA CARCINOMA AVANZADO
i O s I i

VI.1 ONCOGENES

Los oncogenes son formas alteradas de genes celulares normales conocidos como proto-
oncogenes, genes que participan en el ciclo proliferativo fisiolégico de la célula y cuya
alteracion puede producir la sobre-expresion de los mismos, provocando el crecimiento
inapropiado de dicha célula.

Fueron identificados mediante el estudio de retrovirus transformantes [9]. Los retrovirus
son virus que se caracterizan porque su genoma esta formado por ARN y poseen actividad

transcriptasa inversa de la que se sirven para transformar ese ARN en ADN. El ADN del
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retrovirus es integrado en el ADN de la célula que infecta para poder seguir el ciclo de

replicacion de ésta (figura 5).

RETROVIRUS

ABN VIRAL Fig 5. Retrovirus con actividad

/\/\/\ Transcriptasa Inversa. El virus

utiliza la maquinaria de la célula

———p \ hospedadora para transcribir y

— replicar su ARN.

ADNe VIRAL

y

Integracion en el genoma de

ARN VIRAL la célula hospedadora

La asociacion entre este tipo de virus y algunos tipos de cancer fue descubierta a
principios del S.XX cuando, algunos autores como Rous en 1911[10], encontraron virus capaces
de inducir sarcomas, tumores hematopoyéticos y carcinomas en primates, pollos, vacas y otros
animales. El estudio posterior de este tipo de virus llevd al descubrimiento de que los oncogenes
virales (v-onc) en realidad eran genes derivados de proto-oncogenes celulares (c-onc) que
habian sido incorporados al genoma viral por recombinaciones ilegitimas durante las
infecciones viricas [11]. Algunos retrovirus oncogénicos no contienen oncogenes virales (v-onc)
pero se integran en el genoma de la célula huésped muy cerca de oncogenes celulares (c-onc)
alterando el nivel de expresion de éstos ultimos.

Por medio de estudios de transfeccion in vitro de células de raton con ADN gendémico
extraido de tumores so6lidos humanos, se identifico un gran nimero de proto-oncogenes que
habian sufrido la transformacion a la forma oncogénica en diversos tipos celulares. Se
identificaron distintas familias de genes que codifican proteinas que funcionan como factores de
crecimiento, receptores para esos factores, segundos mensajeros o como factores de
transcripcion, todos ellos implicados en el complejo entramado de sefializacion que conduce en
cascadas sucesivas, al crecimiento, la proliferacion y la diferenciacion celular (figura 6) [12].

Se han descrito diversos mecanismos por los que se puede producir la activacion de
proto-oncogenes a las formas oncogénicas responsables de la transformacion: amplificacion
génica (aumento del nimero de copias del gen) con aumento de la dosis del producto
codificado, alteraciones por mutacion, deleciones, inserciones y translocaciones cromosomicas

que pueden producir una expresion aberrante, reordenamientos etc.
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VL1.1 ACTIVACION DE LOS ONCOGENES

La activacion de los oncogenes implica un incremento en la funcidon de proto-oncogenes
que participan en la estimulacion del crecimiento, la division y la supervivencia celular. La
ganancia de funcion puede ser a nivel cuantitativo (incremento en la generacion del producto
inalterado) o a nivel cualitativo (generacion de un producto modificado a consecuencia de una
mutacion o producciéon de un producto distinto a partir de un gen quimérico creado por
reordenamiento cromosémico). En todos los casos los cambios sufridos por los proto-oncogenes

son dominantes y normalmente afectan a uno de los dos alelos de un gen (figura 7).
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Fig 7. Mecanismos de activacion de los oncogenes
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VI.1.1.a Activacion oncogénica por mutacion

Algunos oncogenes son activados mediante mutaciones puntuales como el gen H-
RASI. Este gen forma parte de la familia de genes que codifican proteinas implicadas en la
transduccion de sefial a través de receptores de proteina G (G-protein-coupled receptors). La
activacion del receptor permite la unién de GTP a la proteina RAS, que a su vez transmite
sefales de activacion a través de diferentes cascadas intracelulares. Las proteinas RAS tienen
actividad GTPasa y GTP-RAS es convertida inmediatamente a la forma inactiva GDP-RAS.
Dichas mutaciones consisten en sustituciones aminoacidicas que disminuyen la actividad
GTPasa de la proteina RAS. Como resultado, la sefial GTP-RAS se inactiva mas lentamente
produciendo una respuesta celular excesiva a la activacion por el receptor. Mutaciones
puntuales en los genes RAS se encuentran frecuentemente en células tumorales de céncer de
colon, pulmén, mama y vejiga.

Otro ejemplo de oncogén activado por mutaciones lo encontramos en el gen que
codifica para la tirosina quinasa JAK?2, en el que la sustitucion de una guanina por una timina en
el nucleo6tido 1849 del exon 14 resulta en el reemplazo de una valina por una fenilalanina en la
posicion 617 de la proteina (V617F). Esta mutacion ocurre en una region altamente conservada
en un dominio autoinhibitorio que regula negativamente la sefializacion del gen JAK2. Esta
mutacion se observo en el 90% de los pacientes con PV (Policitemia Vera) cuando se usan
ensayos de alta sensibilidad para detectarla. También se encontrd en aproximadamente el 50%
de los casos con MI (Mielofibrosis Idiopatica) y TE (Trombocitemia Esencial), sindromes
mieloproliferativos cronicos BCR/ABL negativos. Diversos trabajos han demostrado que esta
mutacion participa en la patogenia de estas condiciones, especialmente debido a una ganancia
de funcion del gen JAK2 y mediante una pérdida de control que se asocian con la excesiva
mielo-proliferacion que caracteriza estos desordenes.

Las mutaciones que activan los oncogenes se producen a nivel somatico. Las
mutaciones en células germinales suelen ser letales. Existen algunas excepciones a esta norma
como es la mutacion activadora del gen RET que causa neoplasia endocrina multiple (MEN) o
cancer familiar de tiroides que en la mayoria de las ocasiones es de caracter hereditario.

Las mutaciones no activantes de los oncogenes pueden ser hereditarias si sus efectos no
estan implicados en el desarrollo de cancer. Por ejemplo, las mutaciones hereditarias que
inactivan el gen KIT producen piebaldismo y las mutaciones que causan pérdida de funcioén en

el gen RET producen la enfermedad de Hirschsprung.

VIL.1.1.b Activacién oncogénica por amplificacion
La amplificacion génica es un fendémeno bioldgico frecuente que ha sido detectado en

vertebrados, plantas, ciliados, hongos y bacterias. La presion selectiva a favor ha permitido en
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determinadas circunstancias el establecimiento fisiolégico en la célula, como es el caso de la
amplificacion de los genes del ADN ribosomal de Xenopus, los genes del corion en Drosophila
o los genes de actina en la formacion de tejido muscular en humanos. Las amplificaciones no
tienen por qué ser deletéreas si no, como una fuente de nuevo material genético, pueden ser la
base para nuevos cambios evolutivos. Muchas de las familias génicas con un origen evolutivo
comun o las familias multigénicas pueden tener su origen en las amplificaciones.

Pero la amplificacion de ciertos genes también se presenta frecuentemente en asociacion
con resistencia a insecticidas, cancer y resistencia a farmacos. ERBB2 y MYC son genes que se
encuentran frecuentemente amplificados en cancer de mama. Pueden existir cientos de copias
extra en una sola célula. El resultado es un gran aumento en el nivel de concentracion de la
proteina.

ERBB2 (HER-2/neu; HER2), un proto-oncogén localizado en el cromosoma 1721 y
miembro del conjunto de proteinas que forman la familia de receptores del factor de crecimiento
epidermal (EGFR), codifica una proteina que funciona como receptor transmembrana con
actividad tirosina quinasa. A través de la dimerizacion con otros miembros de su familia regula
la transduccion de sefiales de proliferacion, diferenciacion y supervivencia de la célula. Un
estudio del afio 1987 [13] demuestra como la sobre expresion por amplificacion puede convertir
el gen del receptor HER2 en un oncogén cuya accion exagerara los efectos bioldgicos de
diferentes vias de sefializacion como la via MAPK (Ras/Raf Mitogen Activated Protein
Kinases), PI3K/Akt/mTOR (mamalian Target Of Rapamycin), PI3K/Akt/GSK (Glycogen
Synthase Kinase) y JAK/STATSs (Janus-Associated Kinase/Signal Transducer and Activator of
Transcription protein), ademas de la sintesis y secrecion de multitud de factores angiogénicos
diferentes que incluyen VEGF (Vascular Endothelial Growth Factor), 1L-8 (Interleukin-8) y
bFGF (basic Fibroblastic Growth Factor) (figura 8).

Los mecanismos moleculares a través de los cuales se produce la amplificacion de un
gen son diversos. Los errores en la reparacion del ADN [14] son el suceso base implicado en la
amplificacion de secuencias a gran escala. Las translocaciones relacionadas con los procesos de
reorganizacion cromosomica de tipo estructural también son fuente de variaciones numéricas en
las dosis génicas de ciertas células. Recombinaciones homologas y no homologas relacionadas a

su vez con los mecanismos de reparacion del ADN [15, 16], etc.
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Fig 8. Efectos biologicos de HER2.

VIL.1.1.c Activacion oncogénica por translocacion

Las células tumorales suelen tener cariotipos anormales con multitud de cromosomas
extra o desaparecidos, cromosomas translocados, etc. La mayoria de esos cambios se producen
al azar y reflejan el estado general de inestabilidad genética, proceso normal en la
carcinogénesis. Las translocaciones cromosdmicas pueden crear genes quiméricos que no
existen en condiciones fisiologicas. El cromosoma Philadelphia (Phl) es la translocacion mas
conocida y consiste en un pequeflo cromosoma acrocéntrico presente en el 90% de los pacientes
con leucemia mieloide cronica. Es el resultado de la translocacion entre los cromosomas 9 y 22.
El punto de ruptura en el cromosoma 9 se localiza en un intréon del oncogén ABL y en el
cromosoma 22 implica la localizacion del gen BCR. El gen quimérico BCR/ABL produce una
proteina con actividad tirosina quinasa relacionada con la proteina ABL pero con propiedades
transformantes.

El linfoma de Burkitt es un tumor comun entre la poblacion infantil de Africa Central y
Paptia Nueva Guinea. Los mosquitos y el virus Epstein-Barr juegan un papel importante en su
etiologia pero la activacion del oncogén MYC es un factor central. La translocacion t(8;14) se
encuentra en el 75-85% de los pacientes. El resto de pacientes contienen las translocaciones
t(2;8) o t(8;22). Cada una de ellas tiene como resultado la uniéon del oncogén MYC a la
inmunoglobulina IGH, IGK o IGL respectivamente. En este caso, la translocacién que produce
el linfoma de Burkitt no crea un gen quimérico si no que localiza al oncogén MYC en un
entorno cromatinico de alta actividad transcripcional en células B productoras de anticuerpos.

Debido a esto, MYC se sobre expresa a niveles inapropiados.
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VI.1.2 ONCOGENES EN CARCINOMA DE ENDOMETRIO

Las alteraciones de los oncogenes son pasos criticos en el desarrollo del cancer de
endometrio. Se han encontrado alteraciones especificas de oncogenes como K-RAS, PIK3CA,
CTNNBI en EEC (Tipo I) o HER2, CICLINAS D1 y E en NEEC (Tipo II) cuyo valor clinico
esta siendo estudiado en la actualidad con el proposito de que puedan ayudar a refinar el
diagnostico y establecer un prondstico adecuado. Ademas, muchos de estos marcadores
tumorales constituyen las dianas de terapias moleculares emergentes (Transtuzumab contra

HER2).

VI.1.2.a K-RAS

Las proteinas RAS son pequeias proteinas G monoméricas, también llamadas pequeias
GTPasas. Pertenecen a la superfamilia RAS en la que se han identificado mas de 100 proteinas
diferentes subdivididas en 5 subfamilias: RAS, RHO, RAB, ARF y RAN, con masas
moleculares entre 20 y 40 kDa. Estas pequefias proteinas, ejercen gran variedad de funciones
como son la regulacion de la expresion génica, la proliferacion celular, la migracion, la
organizacion del citoesqueleto, el trafico intracelular de vesiculas y el transporte de proteinas
entre el nicleo y el citoplasma [11, 17].

La subfamilia Ras esta formada por proteinas Ras clasicas o p21 (H-RAS, K-RASA, K-
RASB, N-RAS), proteinas Rap (RAP1A, RAP1B, RAP2A, RAP2B), proteinas similares a R-
Ras (R-RAS, TC21, R-RAS23), proteinas RAL (RALA, RALB) y proteinas RHEB y M-RAS.

La funcion de RAS esta regulada por varias proteinas que controlan las fluctuaciones
entre las formas activas e inactivas de esta, dependiendo de la unién al nucleétido de guanina
(GTP activa 'y GDP inactiva) [18, 19].

La proteina RAS presenta dos regiones importantes para su activacion y su funcion
llamadas: switch I y switch II, con residuos hidrofilicos localizados en la cara externa de la
molécula [20]. La region switch I, aminoacidos 32-40, es el principal sitio de unién del efector y
también es el responsable, en parte, de la interaccion con GAPs. El efector mayoritario es la
MAP quinasa RAF-1 que, una vez activada por GTP-RAS, activa la cascada de regulacion
génica MEK/ERK, via primaria anti-apoptdtica y de crecimiento celular (figura 9). Las
proteinas GAP (proteinas activadoras de GTPasas) son las encargadas de inactivar las GTPasas
RAS. La region switch I, aminoacidos 60-72, se encarga en parte de la interaccion con GEFs.
Las proteinas GEF (factores intercambiadores de nucledtidos de guanina) son las encargadas de
intercambiar GTP por GDP en las proteinas RAS y por tanto, de activarlas. Las regiones switch
estan cercanas al fosfato y del GTP y exhiben distintas conformaciones segin estén unidas a

GTP o GDP. De este modo, los cambios conformacionales de estas regiones estan implicados
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en la unién a las proteinas reguladoras y en la transmision de la sefial a los efectores de RAS

[21].
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Los genes RAS se descubrieron en los afios 60 como elementos del virus de la cepa
Harvey y Kirsten que producia sarcomas en roedores recién nacidos [22, 23]. A principios de
los 80 se identificaron distintos alelos mutados de genes RAS como oncogenes dominantes
presentes en un gran porcentaje de tumores solidos [24]. Mas tarde los oncogenes RAS se
aislaron en humanos [25].

Los genes codificantes de los distintos miembros de la familia RAS estan muy
conservados evolutivamente, lo que indica la importancia de estas proteinas en los procesos
celulares. En mamiferos hay tres genes cuya estructura y funcién es muy parecida: H-RAS, K-
RAS y N-RAS. Estan compuestos por cinco exones codificantes y un exén 5 no codificante, y
difieren estrechamente en el tamafio y en la secuencia de los intrones. Los genes K-RAS tienen
dos alternativas para el cuarto exon codificante: 4A y 4B, dando lugar a dos proteinas que
difieren en 25 aminoacidos del extremo carboxilo terminal [11, 26].

Los genes RAS se expresan en todos los tipos celulares y organos, aunque existen
diferencias en cuanto a expresion pre- y postnatal, y en ciertos tejidos adultos se expresan
preferentemente uno u otro miembro de la familia. H-RAS se expresa mayoritariamente en
cerebro, musculo y piel. K-RAS se expresa mayoritariamente en estobmago, pulmoén y timo,
mientras que N-RAS se expresa mayoritariamente en testiculos y timo.

En el genoma humano se encuentran dos copias del gen K-RAS: K-RAS1 y K-RAS2.
K-RASTI es un pseudogen derivado del splicing alternativo del ARN mensajero de K-RAS2. K-
RAS2 (12p11.1-12.1) esta formado por seis exones. De ellos, el exdén 5 puede ser eliminado

durante el splicing alternativo dando lugar a las isoformas K-RASA y K-RASB. El exén 6
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codifica la region C-terminal en K-RASB siendo ésta la variante de splicing predominante de
K-RAS2, generalmente llamada K-RAS [27].

K-RAS ha sido descrito como uno de los oncogenes mas activos. Entre el 17 y el 25%
de los tumores llevan una mutacion activadora en K-RAS [28]. Se han encontrado formas
oncogénicas de K-RAS en mas del 80% de los carcinomas de pancreas, entre el 40 y el 50 % de
los carcinomas de colon y el 30-50% de los carcinomas de pulmoén, pero también se han visto
presentes en tumores del tracto biliar, en cancer endometrial, cancer cervical, cancer de vejiga,
cancer de higado, leucemia mieloide y cancer de mama [29-31]. Las regiones mas criticas del
gen para sufrir mutaciones son los codones 12, 13, 59, 61 y 63 [32]. Estas mutaciones
activadoras alteran la afinidad de interaccion con sus moduladores positivos y negativos y
causan la acumulacion de Ras-GTP [33].

En el caso del Carcinoma de Endometrio, se han detectado mutaciones de K-RAS en
aproximadamente el 10-30% de los EEC [6]; en algunas series se encontraron mutaciones de K-
RAS con mayor frecuencia en aquellos EEC que presentaban inestabilidad de microsatélites
[34, 35]. También se han detectado en hiperplasias endometriales aunque en menor frecuencia
que en los carcinomas [36].

Durante el desarrollo tumoral la activacion de RAS esta asociada al aumento de la
proliferacion, de la transformacion y de la supervivencia celular. Las mutaciones de K-RAS
ocurren con la misma frecuencia en tumores precedidos o no de hiperplasia y los resultados
epidemiolodgicos sugieren que la activacion de K-RAS se encuentra asociada a la progresion
maligna de los tumores endometriales sin la necesidad de transicion via hiperplasia [37]. Al
contrario que en los carcinomas de tipo endometrioide, las mutaciones en K-RAS son muy raras

entre los carcinomas de tipo seroso y de célula clara [38].

VL.1.2.b PIK3CA

El gen PIK3CA (PI3K, Catalytic, Alpha polypeptide) se localiza en el cromosoma 3q26
y codifica la subunidad catalitica p110a de PI3K (Phosphatidyllnositol 3-Kinases).

Las PI3Ks son quinasas lipidicas que funcionan tanto de traductoras de sefiales bajo
receptores situados en la superficie celular como en vias de trafico de proteinas dentro de la
célula. Es decir son capaces de fosforilar fofatidil-inositoles con su actividad quinasa lipidica y
de fosforilar proteinas con su actividad proteina quinasa.

PI3K es una enzima heterodimérica consistente en una subunidad catalitica (p110) y una
subunidad reguladora (p85). La reguladora, de 85 kD no tiene actividad quinasa pero funciona
como un adaptador estabilizando la subunidad catalitica, de 110 kD con la que las proteinas
PI3K ejercen su actividad. La subunidad p110 consiste en un dominio de unién a p85 (ABD,

Adaptor Binding Domain), un dominio de uniéon a RAS (RBD, Ras Binding Domain), un
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domino que interviene en la unién de fosfolipidos de membrana (C2), un dominio helicoidal

(HR2) y un dominio quinasa (figura 10).

\_‘L—J_\“—J_ p— Fig 10. Dominios funcionales de

PIK3CA. P85 binding: dominio
P110 domain de unién a p85; RAS binding:
dominio de unién a RAS; C2:
dominio que interviene en la
uniéon  de  fosfolipidos  de
membrana; HELICAL: dominio
helicoidal o HR2; KINASE:

dominio quinasa

La familia PI3K comprende ocho miembros que a su vez se dividen en otras muchas
clases dependiendo de su homologia y preferencia de sustrato. En 1997 el Ludwig Institute for

Cancer Research (http://www.licr.org) clasifico las diferentes formas de PI3K basandose en la

estructura y funcion de cada una de ellas. Esta es:

Clase IA: encimas que consisten en una de las subunidades cataliticas (p110a, p110pB o
pl10d) y una de las subunidades reguladoras (p85a, p85B o p55y). Se activan mediante
receptores tirosina quinasa, receptores antigénicos y receptores de citoquinas. Su funcion esta
asociada al tamafio celular, la motilidad, la supervivencia y la proliferacion

Clase IB: consiste en la uniéon de pl10y como subunidad catalitica y pl01 como
subunidad reguladora. Se activan mediante receptores de proteinas G “G Protein Coupled
Receptors” (GPCRs). Sus funciones estan asociadas a la modulacion de inflamaciones.

Existen también de Clase II con las subclases Clla, CIIf y CIly y una de Clase II1.

Las de Clase II se supone que se activan mediante receptores tirosina quinasa, GPCRs,
integrinas y quimiocinas. No existe una definicion clara y consensuada de la funciéon de esta
clase, pero basdndose en la estructura y estudios funcionales de su interaccion con otras
proteinas, podrian estar mediando la unién a lipidos de membrana o mediando interacciones
entre proteinas.

Las de Clase III parece que estan activadas constitutivamente. Estudios realizados en
levaduras sugieren que esta clase esta asociada a multitud de eventos de trafico celular como la
autofagia y la formacion de fagosomas [39, 40], formacion de vesiculas, transporte al aparato de

Golgi y a la membrana nuclear.
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La via PI3K/AKT juega un papel clave en la regulacion de la homeostasis de la célula
[41, 42]. La activacion de receptores de la superficie celular que captan PI3K producen la
fosforilacion del fosfatidil-inositol 4,5-bifosfato (PIP2) generando fosfatidil-inositol 3,4,5-
trifosfato (PIP3) el cual es reconocido por la proteina AKT y su regulador PDKI1. En Ia
membrana celular AKT es fosforilado en los residuos serina y treonina. La activacion de AKT
modula la expresion de genes relacionados con la supresion de la apoptosis y la progresion del

ciclo celular (figura 11).

Fig 11. PI3K/Akt pathway. PIP2:

Phophatidylinositol 4,5-
bisphosphate; PIP3:
Phophatidylinositol 3,4,5-

triphosphate; EGFR: EGF
receptor; HSP90: Heat shock
protein 90; IGFR: IGF receptor;
PDK: Phosphoinositide-

PDK AKT T &

mTOR BAD IKK FOXO P27 MDM2 GSK

dependent kinase.

A finales del siglo XX y principios del XXI se encontraron una serie de evidencias que
asociaban el aumento de la actividad quinasa de PI3K con la génesis o progresion de los
tumores de ovario y de cérvix. Una de esas evidencias fue el incremento en el nimero de copias
de una region en el cromosoma 3q26 donde se localiza el gen PIK3CA, hecho que le convertia
en un oncogén candidato [43, 44]. Se estudio la presencia de mutaciones en el gen PIK3CA en
diversos tipos de tumores. Se encontraron mutaciones en tumores de colon con una frecuencia
del 32%. Ademas se identificaron mutaciones en PIK3CA en el 27% de glioblastomas, el 25%
de cancer géastrico, el 8% de cancer de mama y el 4% de cancer de pulmon [45-49].

Las mutaciones encontradas se localizan en regiones del gen PIK3CA que codifican
para todos los dominios excepto en el dominio de uniéon a RAS. Las mutaciones mas frecuentes
encontradas han sido las que afectan al dominio quinasa (ex6n 20) y al dominio helicoidal (exén

9) (figura 12).
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Fig 12. Mutaciones en las subunidades p85 y p110a (PIK3CA) de PI3K

La existencia de mutaciones en el gen PIK3CA en carcinoma de endometrio se
describi6 por primera vez en el afio 2005 [50] con una frecuencia del 36%, aunque el hecho de
que la via PI3K/AKT se encuentra frecuentemente activada en carcinoma de endometrio se
conocia de unos afios atras [51, 52] pero se asociaba mayoritariamente a la ocurrencia de
mutaciones en el gen supresor de tumores PTEN. PTEN es un antagonista de la via PI3K/AKT
porque defosforila PIP3, haciendo que la localizacion de AKT en la membrana celular sea
menos frecuente, frenando por tanto su activacion [52, 53].

Un estudio del ano 2008 reportd una frecuencia de mutaciones en el gen PIK3CA del
29% en una serie de EC entre los cuales, el 91% correspondian a EEC. En este mismo estudio
se asociaba la presencia de mutaciones en el exén 20 del gen PIK3CA con un factor de mal
pronostico en EC [54, 55]. Un estudio posterior asocia el mismo parametro de mal prondstico
con la activacion de la via PI3K en general [55]. Tumores asociados a un fenotipo agresivo
presentan pérdida de expresion del gen PTEN o sobre expresion del gen PIK3CA, aunque en
este ultimo caso pueda ser debido al fenomeno de amplificacion génica. Sin embargo en este
trabajo no se hallé asociacion entre la presencia de mutaciones en PTEN o PIK3CA con el
mismo perfil de expresion de la via PI3K de los fenotipos tumorales agresivos. Es decir, han
observado un alto nivel de expresion del PIK3CA en tumores con fenotipos agresivos con
ausencia de mutaciones en el gen. Concluyendo, los autores postulan que el hecho de que el gen
PIK3CA esté mutado o sobre expresado parece tener diferentes implicaciones en la malignidad

de los tumores de EC [55].
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Trabajos recientes han revelado que las mutaciones del gen PI3K en carcinoma de
endometrio no se limitan a los exones 9 y 20 de PIK3CA, como sucede en otros tipos de
tumores, si no que el analisis de todos los exones del gen establece el hecho de que los tumores
de endometrio poseen un espectro de mutaciones unico y especifico con una frecuencia tan alta
de mutaciones en los exones 1-7 del gen PIK3CA y en el gen PIK3R1 (subunidad reguladora
p85) como aquella encontrada en los exones 9 y 20 de PIK3CA [56, 57]. Los exones 1-7 del gen
PIK3CA codifican para los dominios ABD, RBD y C2 de la subunidad catalitica p110a,
mientras que los exones 9-20 codifican los dominios helicoidal y quinasa. Las mutaciones en la
subunidad reguladora de PI3K, p85a, codificada por el gen PIK3R1 promueven el incremento
de fosofrilacion de AKT*™*" por lo que constituyen otro mecanismo de activacion de la via

PI3K en carcinoma de endometrio.

VIL.1.2.c B-RAF

RAF es una familia de genes que codifica tres isoformas: A-RAF, B-RAF y C-RAF. El
gen B-RAF se encuentra localizado en el cromosoma 7q34 y se compone de 18 exones. La
expresion del gen es activa en todos los tipos de tejidos aunque mayoritaria en tejido neuronal.
La proteina B-RAF es una serina treonina quinasa que forma parte de la via
RAS/RAF/MEK/ERK/MAPK, implicada en la transduccion de sefales mitogénicas desde la
membrana celular hacia el nucleo. La forma inactiva de B-RAF se localiza en el citoplasma de
la célula pero es translocada a la membrana mediante la accion de RAS-GTP. Alli, B-RAF sufre
una serie de cambios conformacionales que favorecen la fosforilacion de residuos en su dominio
catalitico. Se conocen muchos genes cuya transcripcion es activada a través de esta via, entre
ellos los genes BCL-1 y C-MYC (crecimiento celular) y el gen VEGF (angiogénesis).

Las mutaciones del gen B-RAF pueden ser hereditarias y causan el sindrome
cardiofasciocutaneo, una enfermedad caracterizada por defectos cardiovasculares, retardo
mental y apariencia facial caracteristica [58].

Las mutaciones adquiridas aparecen en diferentes tipos de tumores, predominantemente
en melanoma maligno, tumores colo-rectales con defectos en genes reparadores del ADN e
inestabilidad de microsatélites, carcinoma seroso de ovario y carcinoma papilar de tiroides [59-
61]. El 80% de las veces, la mutacion se da en el aminodcido V600 en el exén 15 del gen. El
otro 20% suele localizarse en la regién G-loop en el exon 11 o en el segmento de activacion de
la proteina, cerca del V600. La mutacion V60OE confiere a B-RAF un estado constitutivamente
activo independiente de RAS.

A dia de hoy no se ha desarrollado aun un consenso sobre el papel que juega BRAF en
el carcinoma de endometrio. En el afio 2005 se publico un estudio mutacional en el cual se habia

encontrado una frecuencia de mutaciones del gen B-RAF del 21% en una serie de 97 ECs, 2
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mutaciones entre 19 NEEC (11%) y 18 casos mutados entre 78 EEC (23%) [62]. Sin embargo,
después de esta publicacion muchos otros trabajos han reportado frecuencias muy bajas de
mutaciones en el gen B-RAF en carcinoma de endometrio [6, 63, 64]. Una de las posibles
explicaciones a esta controversia puede estar en la diferencia étnica de las poblaciones
estudiadas pudiendo atribuirse una mayor importancia en el papel de B-RAF entre pacientes de
origen chino, aunque esta razén carece de peso ya que la frecuencia de otras alteraciones como

las de RAS y la inestabilidad de microsalelites resulta muy similar en todos los estudios.

VI.1.2.d HER2/NEU (ERBB2)

HER-2, también conocida como c-erbB-2, es una proteina receptora de membrana de
185 kD codificada por el gen HER-2/NEU localizado en el cromosoma 17q11 y compuesto por
27 exones. HER-2 es un miembro de la familia de receptores del factor de crecimiento
epidermal con actividad tirosina quinasa relacionada con el crecimiento, la adhesion, la
motilidad y la diferenciacion de la célula y de la que también forman parte HER-1 (EGFR),
HER-3 y HER-4 [65, 66]. En 1987, Di Fiore comprueba que NEU y HER-2 son los mismos
genes que ERBB2 [13].

HER-2 es un proto-oncogen que ejerce una potente actividad oncogénica cuando se
sobre expresa. La proteina estd compuesta por tres dominios: uno de ellos extracelular,
encargado de la unién a ligando, otro transmembrana y otro intracelular con actividad quinasa.
Se encuentra presente en multitud de organos y tejidos: epitelio normal, epitelio ovarico y
endometrial, prostata, pancreas, pulmoén, higado, rifién, corazoén, etc. La via intracelular mas
importante que es activada por HER-2 es MAPK/PI3K por lo que su expresién en cancer
promueve y prolonga las sefiales de supervivencia, angiogénesis y proliferacion celular.

Es poco probable encontrar mutaciones que sobre activen ERBB2 en cancer (Cancer
Genome Project and Collaborative Group). Sin embargo, la sobre expresion o la amplificacion
del gen se ha visto en frecuencias variables: 25-40% en cancer de vejiga, 25-30% en cancer de
mama, cerca del 20% en cancer de pulmon (NSCLC). Otros tumores como el adenocarcinoma
gastrico, el cancer de cervix, el cancer colo-rectal y otros contienen, con cierta frecuencia, sobre
expresion del gen HER-2 [67].

Se ha observado la existencia de sobre expresion del oncogén HER-2 en EC con
frecuencias de entre el 10 y el 40% y ha sido asociado a factores pronoésticos adversos que
incluyen estadios avanzados, altos grados y menores periodos de supervivencia para los

pacientes [68, 69].

27



Introduccion

VIL.1.2.e CTNNB1

El gen CTNNBI1 (Cadherin-associated protein, beta), localizado en el cromosoma 3p22
y compuesto por 16 exones ejerce funciones importantes en el sistema de adhesion célula a
célula mediada por E-cadherina asi como en la via de sefalizacion activada por WNT
(Wingless). Las proteinas WNT forman una familia de moléculas que regulan las interacciones
célula a célula durante la embriogénesis. A través de multitud de componentes citoplasmaticos,
la sefial es transducida a través de CTNNBI, la cual forma un complejo con TCF (T Cell
Factor) en el nucleo para activar la transcripcion de los genes diana que estimularan la
proliferacion celular o inhibirdn la apoptosis. El nivel de CTNNBI en la célula estd regulado
por su asociacion con el producto del gen supresor de tumores APC (Addenomatous Polyposis
Coli) y otras proteinas formando un complejo que provoca la fosforilacion de CTNNBI y
conduce a su degradacion por el proteasoma [70].

Se conocen dos mecanismos diferentes que llevan al incremento de los niveles de
CTNNBI en la célula. Uno lo causa la ocurrencia de mutaciones inactivantes en el gen APC y el
otro son las mutaciones activantes en el exén 3 del gen CTNNBI. Este tltimo mecanismo
produce proteinas resistentes a la degradacion por lo que se acumulan en el citoplasma y el
nucleo y causan la transcripcion constitutiva de los genes diana [71-73]. Se han encontrado
mutaciones en el gen CTNNBI1 en cancer colo-rectal [72, 74-77], meduloblastoma (MDB) [78],
prostata [79, 80], cancer de ovario [80] y cancer de endometrio [81-85].

Las mutaciones en el exon 3 del gen CTNNB1 que producen la acumulacion nuclear de
la proteina se han observado en el 14-44% de EC [81, 85]. Este hecho parece ser independiente
de la presencia de inestabilidad de microsatélites y del estatus mutacional de los genes PTEN Y
K-RAS. Se ha sugerido la relacion entre las mutaciones de CTNNBI y el desarrollo temprano
de los tumores al encontrar niveles altos de proteina acumulada en hiperplasias endometriales
[86]. Aunque hay una gran correlacion entre las mutaciones de CTNNB1 y la acumulacion de la
proteina en el nucleo, en algunos ECs la presencia nuclear y citoplasmica de la proteina no se
corresponde con la presencia de mutaciones en el gen. Este hecho sugiere que la alteracion de
los genes APC u otros implicados en la via puedan resultar ser los responsables de dicha
acumulacion. Aunque existen datos contradictorios en cuanto al significado pronodstico de las
mutaciones de CTNNBI1 en EC, probablemente se relacionan con tumores con prondstico

favorable [87].

VL1.2.f AKT

AKT, también llamada proteina quinasa B (PKB) es una serina treonina quinasa
englobada dentro de la familia de las quinasas AGC (cAMP-dependent protein kinases A,
cGMP-dependent protein kinases G and phospholipid-dependent protein kinases C). Se han
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descrito tres isoformas de la proteina AKT (AKT1, AKT2 y AKT3) que, a pesar de derivar de
genes diferentes, presentan mas de un 80% de homologia entre ellas [88, 89].

AKT1 o simplemente AKT es un gen localizado en el cromosoma 14q32 que contiene
14 exones. La proteina AKT esta formada por un dominio PH (unién a fosfoinositoles necesario
para su activacion), una pequeia region helicoidal, un dominio catalitico y un motivo regulador.
El mecanismo de activacion de AKT sigue a la activacion de la quinasa PI3K en respuesta a
diferentes estimulos, como citoquinas, factores de crecimiento u hormonas. PI3K media la
fosforilacion de moléculas PIP2 en membrana, dando lugar a la formacion de PIP3. Estas
ultimas sirven de sustrato para reclutar y activar proteinas efectoras de la via como son AKT y
PDK (Phosphoinositide-Dependent protein Kinase). Para la completa activacion de AKT, ésta
debe ser fosforilada en dos residuos: la treonina 308 (Thr308) y la serina 473 (Serd473) [88, 90,
91]. La fosforilacion del residuo Thr308 esta mediada por la quinasa PDK, sustrato directo de la
PI3K [92-94]. La fosforilacion de la Serd73 estd mediada por una segunda quinasa, mTor
(mammalian Target Of Rapamycin), asociada al complejo rictor-mTor [95] y la propia AKT
mediante un proceso de autofosforilacion [96].

AKT media muchos de los procesos de la via de transduccion de sefial de PI3K
mediante su actividad serina treonina quinasa. AKT ejerce un fuerte control sobre la viabilidad
celular y la proliferacion jugando un papel principal en la inhibicion de la apoptosis y la
progresion del ciclo celular. También estd relacionada con procesos de diferenciacion, es un
mediador critico en la supervivencia neuronal inducida por factores de crecimiento en el
desarrollo del sistema nervioso y participa activamente en el metabolismo de la glucosa, la
angiogénesis, procesos transcripcionales, splicing del RNA y otras funciones a nivel nuclear
como la condensacion cromatinica y la transactivacion de genes (figura 11).

Aunque la ocurrencia de mutaciones en el gen AKT1 es relativamente poco frecuente,
otros tipos de alteraciones en AKT que implican la activacion del gen se encuentran de manera
mas comun en muchos tipos de enfermedades y especialmente en cancer. La mutacion E17K se
localiza en el dominio PH de la proteina AKT1, altera las interacciones electrostaticas en esa
zona y forma nuevas uniones de hidrégeno con el ligando (fosfoinositoles). Esta mutacion
provoca la localizacion andémala de la proteina en la membrana plasmatica induciendo su
activacion y sobre estimulando la cascada de sefializacion en la que esta implicada.

La mutacion E17K del gen AKT1 se encuentra en un pequefio porcentaje de cancer de
mama, cancer de ovario y cancer colo-rectal [97]. Aunque las mutaciones de este gen son raras
en cancer de pulmon, las propiedades oncogénicas de la mutacion E17K podrian contribuir al
desarrollo de una fraccion de carcinoma de pulmon con histotipo escamoso [98]. También se ha
identificado el fendémeno de amplificacion génica en carcinoma gastrico.

Diversos autores han encontrado la mutacion E17K del gen AKT1 en células tumorales

de carcinoma de endometrio con frecuencias del 2% [99], 4% [100] y en un trabajo en el que se
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detectaron mutaciones en los tres componentes de la familia AKT (AKT1, AKT2 y AKT3) que
en conjunto suponian el 12% [101]. Se ha comprobado la presencia de dobles mutantes
AKTI1/PTEN acorde con la hipotesis de que en EC se requiere mas de un suceso o alteracion
para activar completamente la via PI3K y que las mutaciones en AKT1 se encontraron en
tumores de alto grado y estadios avanzados, lo que sugiere que esta mutacion confiere un

comportamiento agresivo por parte del tumor [100].

VL.1.2.¢g FGFR2

La proteina codificada por el gen FGFR2 es un miembro de la familia de receptores del
factor de crecimiento de fibroblastos (FGFR1, FGFR2, FGFR3 y FGFR4) cuya secuencia de
aminoacidos ha permanecido fuertemente conservada entre ellos y a través de la evolucion. Los
miembros de la familia FGFR se diferencian entre si en sus afinidades por los ligandos y en la
distribucién en los diferentes tejidos. En general, las proteinas de la familia FGFR se componen
de una region extracelular constituida por tres dominios Ig-like, un segmento hidrofébico intra
membranoso y un dominio citoplasmico con actividad tirosina quinasa. Las sefiales inducidas
por FGF (Fibroblast Growth Factor) regulan gran variedad de procesos celulares durante la
embriogénesis, la homeostasis del tejido adulto y la carcinogénesis [102, 103]. En concreto,
FGF transduce sefiales hacia las cascadas de sefializacion de las vias ERK (Ras-Extracellular
signal Regulated Kinase), PI3K/AKT (Phosphoinositide 3-Kinase) y DAG (Diacilglycerol)
(figura 13).

Fig 13. Vias de sefializacion

FGFR2-ERK, FGFR2-PI3K y DAG.
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La cascada de sefializacion FGF-ERK estd implicada en proliferacion celular. La
cascada de sefializacion FGF-PI3K esta asociada al control de la polaridad y a la supervivencia
de la célula. La regulacion del FGFR2 esta controlada en base al balance de los ligandos
(FGFs), de la proteina HSPG (Heparan-Sulfate Proteoglycan), de las isoformas del FGFR2 y de
los inhibidores endégenos como Sprouty y DUSP (Dualspecificity Phosphatase). HSPG es una
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proteina que media la interaccion entre FGFR2 y sus ligandos FGFs de manera especifica en
cada tejido [104, 105]. Sprouty inhibe la sefial FGF a nivel de GRB2 (Growth factor Receptor-
Bound protein 2) y RAF. DUSP lo hace a nivel de ERK (Extracellular signal-Regulated
Kinase).

El gen FGFR2, localizado en el cromosoma 10q26 y compuesto por 21 exones, codifica
dos isoformas casi idénticas excepto en la ultima parte del dominio Ig-like [106, 107]. La
isoforma FGFR2b (exones 1-6, 8, 9, 11-19 y 21) en células epiteliales y la isoforma FGFR2c

(exones 1-6, 8, 10-19 y 21) en células mesenquimales (figura 14).

A (M) B FGFR2 gene at human chomosome 10q26.13 . F1g 14 A: localizaci(’)n del gen
FGFR2 en el cromosoma 10. B:
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Alteraciones genéticas en el gen FGFR2 a nivel germinal o somatico dan lugar a
desordenes congénitos y enfermedades producidas a raiz de la desregulacion de las cascadas de
sefializacion derivadas de FGFs [108-110]. FGFR2 esta asociado a la formacion de tejido 6seo
por lo que es un gen causante de diversos desordenes del esqueleto como la displasia 6sea de
extremidades cortas o craneosinostosis [109, 111, 112]. Las mutaciones asociadas sueclen
localizarse en el dominio Ig-/ike y en el dominio quinasa [113-115]. Las alteraciones de FGFR2
en el dominio Ig-/ike llevan a la activacion aberrante de la sefial debido a la pérdida de auto
inhibicion, mientras que aquellas que afectan al dominio quinasa inducen activaciéon oncogénica
de FGFR2 independiente de ligando.

Se ha descrito la existencia de amplificacion del gen FGFR2 en cancer de mama [116],
asi como la presencia de mutaciones [117] y la ocurrencia de ciertos SNPs (Single Nucleotide
Polymorphisms) en el exén 2 del gen (figura 14 B) [118]. En carcinoma gastrico, el gen FGFR2
se encuentra frecuentemente amplificado en el tipo difuso asociado a diseminacion peritoneal
[115, 119]. Se han descubierto mutaciones del gen FGFR2 en la isoforma FGFR2c localizadas
en el dominio tirosina quinasa en melanoma [120].

Se han hallado mutaciones en el gen FGFR2 en muestras de tumor primario de ttero
con una frecuencia del 10% [121]. En carcinoma de endometrio se han encontrado mutaciones

en el gen FGFR2 con una frecuencia del 10-12%, particularmente en EEC con una frecuencia
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del 16%. Las mutaciones fueron localizadas alrededor del tercer dominio /g-/ike, afectando a los
aminoacidos S252W, K310R, S373C, Y376C, C383R, M392R y en el dominio tirosina quinasa
en los aminoacidos 1547V, N549K, K659E [114]. Se ha demostrado que lineas celulares con
mutaciones activadoras en FGFR2 son sensibles al inhibidor pan-FGFR PD173074 [122].

V1.2 GENES SUPRESORES DE TUMORES

Los genes supresores de tumores (GST) son genes que inhiben el crecimiento de la
célula participando en el proceso de muerte celular programada o apoptosis. Las mutaciones que
provocan la pérdida de expresion de estos genes suelen producir alteraciones en el
comportamiento de la célula. El descubrimiento de estos genes se basd en la deteccion de
pérdidas cromosdmicas, fragmentos de los mismos y deleciones de ADN en células neoplasicas
sugiriendo la existencia de genes cuyo papel podria inhibir la aparicién de tumores y cuya

ausencia, por lo tanto, estaria implicada en el proceso de oncogénesis.

VI1.2.1 ALTERACIONES DE LOS GST

La alteracion de los GST se manifiesta con caracter recesivo, es decir, se necesita la
alteracion de los dos alelos del gen en cuestion para producir una alteracion fenotipica que
comprometa la fisiologia de la célula. En 1971, el Dr. Alfred Knudson propuso la hipdtesis de
los dos sucesos para explicar una forma heredable de cancer llamado Retinoblastoma
Hereditario. Segun dicha hipotesis, no es suficiente con heredar una copia del gen dafiado para
desarrollar cancer. Es necesario un segundo suceso, la pérdida del gen intacto en el cromosoma
homologo.

El Retinoblastoma es un tumor de retina que se desarrolla en la infancia y es el ejemplo
perfecto de la teoria de Knudson. De hecho, el Retinoblastoma ha sido la alteracion que mas se
ha utilizado para definir los conceptos y los métodos relativos a los GSTs.

Entre las distintas alteraciones de los GSTs implicados en oncogénesis, la pérdida de
uno de los alelos y la conservacion del otro es el rasgo mas frecuentemente visto. Tanto en la
forma esporadica como en la hereditaria, el alelo que permanece sufre una mutacién puntual
mientras que el otro alelo esta ausente por la pérdida de una parte o de todo el cromosoma,
aunque también puede estar presente pero silenciado por mecanismos como la metilacion de su
promotor.

Mediante el analisis de muestras tumorales y no tumorales del mismo individuo se puede
identificar la localizacion de un GST. Para el analisis se utiliza el método de pérdida de

heterocigosidad (LOH, Loss Of Heterozygosity) que permite la identificacion de uno de los dos
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sucesos de Knudson. Aunque los microsatélites son la técnica mas frecuentemente empleada
para el andlisis de LOH, se pueden utilizar otros métodos. Una completa revision de los
mecanismos a través de los cuales puede producirse una pérdida de heterocigosidad, asi como
los diferentes métodos de analisis utilizados para la deteccion de LOH y los perfiles encontrados
en carcinoma de endometrio tipos I y II con patrones de LOH asociados a diversas
caracteristicas clinico-patologicas de los tumores es mostrada en el ANEXO I [123].

El analisis comparativo de hipermetilacion entre muestras tumorales y no tumorales
también permite identificar localizaciones de posibles GSTs [124, 125]. La metilacion de las
citosinas que forman parte de las llamadas islas CpG estd frecuentemente asociada a la pérdida

de expresion del gen de cuyo promotor forman parte.

VI.2.2 GST EN CARCINOMA DE ENDOMETRIO

VI.2.2.a RASSF1A

RASSF1A es miembro de una familia de proteinas, RASSF, cada una de las cuales
contiene multitud de variantes de splicing. Con excepcion de alguna de estas variantes, cada
proteina esta formada por un dominio RA (RAS Association) y una region C-terminal con un
motivo de interaccidon proteina-proteina (SARAH). Todos los miembros de la familia, a
excepcion de RASSF3, han sido identificados como genes supresores de tumores. RASSFS5 fue
el primer miembro de la familia clonado y designado originalmente como Norela (Novel RAS
effector 1) [126]. RASSF5 es una proteina pro-apoptédtica que induce la destruccion de las
células tras su union a la forma activa de RAS. Este gen se encuentra frecuentemente inactivado
por la metilacion de su promotor en diversos tipos de tumores.

El gen RASSF1 esta localizado en el cromosoma 3p21 y contiene 8 exones. Mediante
splicing alternativo y el uso de dos promotores diferentes da lugar a ocho transcritos distintos:
RASSF1A-RASSF1H.

RASSF1A carece de actividad enzimatica pero sirve como estructura principal para la
formacion de ciertos complejos de sefializacion participando en diversas funciones celulares a
través de diferentes vias (figura 15). En respuesta a estimulos apoptdticos o mitogénicos,
RASSF1A funciona como una proteina asociada a microtibulos ejerciendo una accién
estabilizadora en la dinamica de éstos, deteniendo por consiguiente el proceso de mitosis. La
represion de la accion de las ciclinas A y D1 por parte de RASSF1A provoca el cese del ciclo
celular y la interaccion con CNK1 (Connector enhancer of Kinase Suppressor of RAS), MST1
(Macrophage STimulating 1), SAV (Salvador) y MOAP1 (MOdulator of APoptosis 1) permite a
RASSF1A la regulacion de la apoptosis [127-129].
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Ha quedado demostrado en numerosas ocasiones que RASSF1A es un gen supresor
tumoral silenciado en la mayoria de tumores mediante la metilacion especifica de su promotor,
resultando en la pérdida de expresion de la proteina RASSF1A y, aunque dicha pérdida de
expresion de RASSF1A por metilacion es un hecho muy frecuente en cancer, los cambios
nucleotidicos ocurridos de manera somatica han sido, del mismo modo, hallados con cierta
frecuencia en tumores de diferentes etiologias.

En cualquier caso, la pérdida de uno de los alelos de RASSFIA es un fenémeno
frecuente en cancer, y el alelo que permanece puede quedar inactivado mediante la combinacion
de mecanismos genéticos y epigenéticos, siguiendo el modelo de Knudson. También ha sido
visto el caso de la hipermetilacion en ambos alelos [130] y se han detectado mutaciones
puntuales en el gen asociadas a diversos tipos de tumores [131], la mas comun es la que afecta
al aminoacido 133 localizado dentro de un dominio de fosforilacion de la proteina RASSF1A.

Las mayores frecuencias de hipermetilacion del promotor de RASSFI1A encontradas
han sido en cancer de pulmoén (SCLC) en un 88%, mama en un 95% y prostata en un 99%
aunque muchos otros tipos de tumores también exhiben hipermetilacion en frecuencias nada
despreciables [132-134].

En tumores de EC se han encontrado frecuencias de hipermetilacion del promotor de
RASSF1A de entre el 30 y el 85% mediante MS-PCR (Metilation Specific PCR). Ademas se
detecto la presencia de hipermetilacion en dos de cuatro lineas celulares de EC (AN3-CA, HEC-
1-B, KLE y RL95-2) que tratadas con el agente demetilante 5-aza-2-deoxycytidine, una droga
que inhibe la metilacion del ADN, restauraban la expresion de RASSF1A [135-137].

VI1.2.2.b SPRY2
La proteina SPROUTY (SPRY) fue descrita por primera vez en 1998 como un inhibidor

de FGF (Fibroblast Growth Factor), factor de crecimiento estimulador de la ramificacion
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traqueal durante el desarrollo de Drosophila melanogaster [138]. Mas tarde, la funcion de
SPRY en Droshophila (dSpry) se establecié como inhibidor general de RTK (Receptor Tyrosine
Kinase) durante la organogénesis [139].

En humanos se conocen cuatro genes SPRY homologos (SPRY 1: 4928; SPRY2: 13q31;
SPRY3: Xq28/Yql2 y SPRY4: 5q31) que poseen en comun un dominio C-terminal rico en
cisteina, el cual ha permanecido fuertemente conservado a lo largo de la evolucion. En el
ejercicio de su funcion, las proteinas SPRY se translocan a la membrana de la célula activadas
por factores de crecimiento (EGF). Uno de los mecanismos que permiten la translocacion a la
membrana celular es la unién del fosfatidilinositol 4,5-bifosfato a la region C-terminal rica en
Cys. La porcion NH2-terminal de las proteinas SPRY se encuentra menos conservada y podria
ser responsable de las diferencias funcionales entre ellas y la expresion especifica de tejido.

Las interacciones de SPRY con diversas moléculas intermediarias, dirigen las diferentes
tareas en las que SPRY2 se ve involucrada, pero en general, las proteinas SPRY funcionan
como inhibidoras de la proliferacion y la migracion de la célula aunque también son esenciales
impulsando la supervivencia de la misma.

Por un lado, el secuestro de GRB-2 (Growth factor Receptor-Bound protein 2) impide
la unién de ésta a SOS-1 (Son of Sevenless homolog 1), lo que bloquea la activacion de la via
RAS/MAPK a través de EGF [140]. Por el contrario, SPRY también secuestra CBL, proteina
encargada de la degradacion del receptor EGFR por el proteasoma, lo que implica que la
degradacion de EGFR por esta via se vea reducida, de ahi que el verdadero papel de las

proteinas SPRY sea el de reguladoras de RTKs en Iugar de inhibidoras [141][142] (figura 16).

Fig 16. Interacciones de SPRY implicadas en la inhibicién de
la proliferacion, la diferenciacion celular y la migracion.

Imagen Biocarta, San Diego, Californa. Biocarta.com
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Otra tarea de SPRY2 es incrementar la cantidad de proteina soluble PTPB1 lo que
reduce la fosforilacién de proteinas tirosina quinasa involucradas en migracion y formacion de
focos de adhesion.

La regulacion de las proteinas SPRY viene determinada, en parte, por el balance entre
su degradacion y su sintesis. En cuanto a SPRY2, su degradacion requiere la participacion de las
proteinas CBL y SIAH2 (Seven in Absentia Homolog 2) y su sintesis responde a la estimulacion
de factores de crecimiento a través de la via de sefalizacion MAPK [143] (figura 16).

Los ultimos afios de investigacion han revelado una presencia evidente de genes SPRY
alterados en un gran nimero de tumores [140]. Consistente con la accidon inhibitoria de SPRY?2
sobre las sefiales de proliferacion celular, se han encontrado niveles de proteina reducidos en
carcinoma hepatocelular, carcinoma de pulmén (NSCLC) y cancer de mama y prostata [144-
146].

Por otro lado, en lineas celulares de melanoma, las cuales contienen mutaciones en los
genes B-RAF y N-RAS, los niveles de proteina SPRY2 son mas elevados de lo normal [147].
Un posible mecanismo de sobrerregulacion del gen SPRY2 en este tltimo caso se explica en el
hecho de que, en ausencia de factores de transcripcion, la proteccion sobre la degradacion de
EGFR por parte de SPRY2 estimularia el crecimiento de la célula tumoral portadora de
mutaciones en la via de sefializacion RAS/MAPK [148].

Dado el conocimiento de como SPRY2 puede regular positiva o negativamente las
acciones biologicas de los receptores de factores de crecimiento, el contexto celular y el
contenido de elementos de sefializacion alterados en un tipo dado de tumor puede determinar si

SPRY?2 esta actuando como supresor tumoral o como promotor de tumores [149].

VI.2.2.c TP53
El gen TP53 se localiza en el cromosoma 17p13 contiene 11 exones y codifica para un
factor de transcripcion (p53) compuesto de un dominio de trans-activacion NH2 terminal, un
dominio central de uniéon a ADN y un dominio de oligomerizacion COOH terminal. Ademas de
estos dominios, pS3 contiene tres zonas de localizacion nuclear pues, es en el nicleo donde
gjerce su funcién como factor de transcripcion. La forma activa de p53 en el nucleo funciona
como tetramero y reconoce y se une a secuencias especificas (secuencias consenso) dentro de
las regiones promotoras de los genes diana.
La funcion de p53 como factor de transcripcion responde a diferentes estados de la
célula (dafio en el ADN, activacion oncogénica, hipoxia, dafio oxidativo, etc.) regulando la
transcripcion de genes que inducen parada del ciclo celular, apoptosis, envejecimiento,

reparacion del ADN o cambios en el metabolismo (figura 17).
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Fisioldgicamente, el nivel de expresion del gen TP53 se mantiene bajo, dado que p53 es
una proteina bastante dafiina para la célula en su estado activo. El nivel de expresion es
dependiente del balance entre la produccion y la degradacion de la proteina. Ya se ha dicho que
la produccion de p53 obedece a ciertos estimulos celulares como el dafio en el ADN. La
degradacion proteolitica de p53 estd mediada por la interaccion fisica entre p53 y algunas
proteinas como MDM2, proteina ligasa que conduce a la degradacion de p53 en el proteasoma

[150].
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Fig 17. A: Via de sefalizacion de TP53. B: Regulacion de TP53; PARP (Poly
ADP-Ribose Polymerase), MDM2 (Murine Double Minute 2), P1I9ARF (ARF,

Alternative Reading Frame).

Se ha visto que aproximadamente el 50% de los tumores en humanos llevan mutaciones
en el gen TP53 [151-155]. Debido a que en p53 el dominio de unidén a ADN se encuentra ligado
a su actividad proapoptdtica, la integridad gendémica de la secuencia que codifica para ese
dominio (exones 5-8) es particularmente importante. De todas las mutaciones que sufre TP53, el
95% de ellas ocurren dentro de la region gendmica que codifica para el dominio de unién al
ADN [156]. La mayoria de las mutaciones producen la sintesis de una proteina estable que ha
perdido su capacidad de unién al ADN y por lo tanto la funcion de trans-activacion.

La presencia del gen TP53 mutado en tumores puede ocurrir tanto a nivel de la linea
germinal, es el caso del sindrome de Li-Fraumeni en el que los individuos afectados poseen una
alta predisposicion al desarrollo de sarcomas, leucemias y cancer de mama a edades tempranas,
como a nivel somatico. En cualquier caso, la pérdida del otro alelo es un hecho frecuente y
acorde con el modelo de Knudson. Hay muy pocos estudios en los que se describa la

inactivacion del gen por hipermetilacion del promotor.
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Las mayores frecuencias de mutacion en el gen TP53 asociadas a neoplasias
corresponden a cancer de pulmon con frecuencias desde el 33% en adenocarcinoma hasta el
70% en SCLC [157], carcinoma de ovario (desde el 20% en estadios tempranos hasta el 80% en
estadios tardios), glioblastoma secundario (60%), carcinomas de piel de células basales y
escamosas (40%), cancer de mama (25%), HNSCC (40-60%), entre otros muchos tipos de
tumores con diferentes frecuencias.

En carcinoma de endometrio se ha visto que la frecuencia de mutaciones del gen es dos
veces mas frecuente en tumores sin hiperplasia (independientes de estrogenos) que en los que
presentan hiperplasia (dependientes de estrogenos) [37, 158]. Se han encontrado mutaciones en
TP53 en el 90% de los carcinomas de tipo seroso (NEEC independientes de estrogenos) [159].
En el tipo de célula clara, las mutaciones de TP53 juegan un papel menos importante en
comparacion con el tipo seroso [160]. Se han encontrado correlaciones estadisticamente
significativas entre la presencia de alteraciones en TP53 en histologias no endometrioides,
tumores de alto grado y ausencia de receptores de progesterona [161].

En carcinoma endometrioide las mutaciones de TP53 se encuentran durante fases de
progresion o diferenciacion, etapas avanzadas. Se han observado alteraciones genéticas en TP53

en el 17% de los carcinomas endometrioides (EEC) de grado 3 [162].

VI1.2.2.d PTEN

El gen PTEN (Phosphatase and TENsin homolog) se localiza en el cromosoma 10q23 y
esta formado por 9 exones; codifica para una fosfatasa lipidica y se comporta como un gen
supresor de tumores.

La estructura de la proteina PTEN consiste en un dominio N-terminal con actividad
fosfatasa y un dominio C-terminal denominado C2. El dominio fosfatasa contiene el sitio activo
con el cual lleva a cabo su funcioén enzimatica. El dominio C2 es una estructura que permite a la
proteina unirse a la membrana celular. Cuando PTEN funciona con normalidad, actua como
parte de una via de sefializacion que produce el cese de la division de la célula y que puede
llevar a la muerte celular programada (apoptosis) si es necesario (figura 18). Estas funciones
previenen el crecimiento descontrolado de la célula, hecho que causa la formacion de tumores.
La actividad fosfatasa lipidica de PTEN induce el paro del ciclo celular en el punto G1/S,
defosforilando PIP3, que se transforma en PIP2, resultando en la inhibicion de la via de
sefializacion de PI3K/AKT. De esta manera PTEN regula positivamente los mecanismos
proapoptoticos dependientes de AKT y negativamente los mecanismos antiapoptoticos
dependientes de Bcl-2. La actividad fosfatasa de PTEN también esta relacionada con la

inhibicion de formaciones focales de adhesion, distribucion celular y migracion [166].
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La pérdida de la actividad de PTEN por medio de mutaciones, deleciones o silenciacion
del promotor por metilaciéon ocurre con gran frecuencia en multitud de tumores primarios y
metastasicos [167, 168]. Se han documentado mutaciones del gen PTEN en la linea germinal
como causantes de la enfermedad de Cowden, con un patron de herencia autosémico dominante,
que confieren gran susceptibilidad a padecer cancer de mama y carcinoma de tiroides. Las
mutaciones de la linea somatica han sido documentadas principalmente en glioblastomas y en
carcinoma de endometrio. Las mutaciones suelen afectar al motivo catalitico de la proteina, que
se corresponde con el exon 5 del gen.

La inactivacion de PTEN puede estar inducida por mutaciones que conducen a una
perdida de expresion o en otros casos causada por el mecanismo de pérdida de heterocigosidad
(LOH). Se conoce que la hipermetilacion del promotor del gen PTEN juega un papel
relativamente importante en la alteracion de su funcion. La hipermetilacion del promotor de
PTEN se ha observado en el 19% de los tumores y se asocia con metastasis [169]. En general,
la ocurrencia de alteraciones en el gen PTEN se asocia a un comportamiento metastasico y a
estadios avanzados en muchos tipos de tumores, de ahi que se encuentre citado como
PTEN/MMAC (Phosphatase and TENsine homolog deleted on chromosome ten/Mutated in
Multiple Advanced Cancers).

APOPTOSIS

UPERVIVENCIA

Fig 18. Mecanismo de accion de PTEN

El gen supresor de tumores PTEN se encuentra frecuentemente alterado en carcinoma
de endometrio. La pérdida de funcién de PTEN es un hecho temprano en la tumorigénesis
endometrial [71, 164]. La pérdida de heterocigosidad en el cromosoma 1023 ocurre en el 40%
de los EC y las mutaciones somaticas en el gen PTEN son comunes en EC pero su presencia se

limita casi exclusivamente a los EEC encontrandose en un porcentaje entre el 30 y el 60% en
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este tipo de tumores. Por otro lado, se han encontrado altas correlaciones entre el estado de
Inestabilidad de Microsatélites (MI) y el estado mutacional de PTEN en EC: las mutaciones se
encuentran en el 60-80% de los tumores tipo EEC con MI positivo y tan solo en el 20-35% de

los tumores con MI negativo.

VII INESTABILIDAD GENOMICA

Multitud de datos publicados hasta la fecha demuestran que en el proceso de
tumorigénesis se requieren multiples cambios genéticos y que, a consecuencia de éstos cambios,
se produce la acumulacién de mas alteraciones que afectan tanto a nivel cromosdémico como a
nivel génico y que aceleran el proceso tumoral. La estabilidad gendmica tiene, por tanto, una
importancia vital en la supervivencia de la célula ya que de ella depende la correcta regulacion
de los sistemas de respuesta celular al dafio gendmico y la integridad de los sistemas de
reparacion del mismo.

Los tipos mas importantes de inestabilidad gendomica en cancer de endometrio son la
inestabilidad de microsatélites (M1, Microsatellite Instability) y la aneuploidia cromosomica. La
aneuploidia cromosdmica se caracteriza por la presencia de pérdidas y ganancias cromosomicas
distribuidas a lo largo del genoma. La inestabilidad de microsatélites pone en evidencia la
existencia de deficiencias en el sistema de reparacion de errores del ADN (MMR, MisMatch

Repair).

VII.1 ANEUPLOIDIA CROMOSOMICA

La aneuploidia en cancer, como la variaciéon en el nimero normal de cromosomas de
una célula (ganancia o pérdida), puede ocurrir durante la mitosis si no se separan correctamente
las cromatidas dando lugar a la descompensacion en la dosis génica de los loci implicados. En
condiciones normales, durante la division celular, los cromosomas se distribuyen
equitativamente hacia cada célula hija a través del huso acromatico. Sin embargo, en las células
cancerosas, es comun observar que los cromosomas son segregados de manera erronea,
provocando que las células hijas tengan mas o menos informacion genética de la que deberian
(figura 19).

La principales causas de aneuploidia en las células tumorales son los defectos en el huso
acromatico, los malos alineamientos cromosomicos en el centro de la célula, la mala unioén de
los cinetocoros a los microtibulos, anomalias en el nimero y la funcién de los centrosomas, etc.

[170, 171]. En 1997 Lengauer y col. [172] sefialaron que la aneuplodia era la causa del aumento
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anormal de inestabilidad cromosémica que persiste durante el proceso tumoral derivando de
mutaciones en genes que participan en el proceso de mitosis y cuya alteracion produce
anomalias en la segregacion cromosomica [173]. También existen sustancias quimicas capaces
de provocar dafios en los microtibulos como son el alquitran, el amianto, el niquel, el arsénico,

el plomo, las dioxinas, etc.
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Los desequilibrios numéricos, al alterar la transcripcion de multitud de genes, producen
un estrés en la célula que ocasiona una demora en su crecimiento, propiedad que podria ser
utilizada como supresor tumoral, introduciendo deliberadamente aneuploidias en células pre
neoplasicas. Sin embargo, en cancer se han observado patrones caracteristicos, modelos de
aneuploidia que se repiten en los mismos tipos de tumor. Hay, pues, algin tipo de asociacion
entre qué aneuploidia sucede y qué cancer se padece. Incluso, algunas aneuploidias tienen valor
diagndstico, prediciendo qué capacidad invasiva tiene el tumor, como de avanzado esta, cdmo
respondera a la medicacion. Todos estos sucesos podrian deberse a que la aneuploidia en una
célula confiere cierta presion selectiva hacia la acumulacion de mutaciones adicionales que
permitirian la resistencia frente a los efectos adversos que a su vez produce en el crecimiento el
desequilibrio numérico.

Entre un 25 y un 45% de los canceres de endometrio son aneuploides. Tanto la
aneuploidia como un alto porcentaje de células en fase S se han relacionado con menor
supervivencia [174]. Ambas caracteristicas se suelen asociar a tumores poco diferenciados, con
gran invasion miometrial y estadios avanzados.

Los analisis de expresion de genes basados en arrays de cDNA han demostrado que los
NEEC contienen con frecuencia sobre expresion de genes relacionados con la regulacion de la
metafase mitdtica de la célula. Uno de ellos (STK-15) es esencial en la segregacion de los
cromosomas y las funciones de los centrosomas y se encuentra frecuentemente amplificado en

los NEEC [87].
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VIL.2 INESTABILIDAD DE MICROSATELITES (Microsatellite Instability)

Los microsatélites forman parte, junto con los minisatélites, del conjunto de secuencias
repetidas del genoma humano: VNTRs (Variable Number Tandem Repeats). Los microsatélites
son repeticiones de secuencias cuya longitud es menor de 5 pares de bases. Los minisatélites
son repeticiones de bloques de mayor longitud. El nimero de repeticiones de un determinado
microsatélite es muy variable entre los individuos de una poblacidén pero permanecen estables
en un determinado individuo durante toda su vida.

Aunque se localizan en regiones no codificantes, los microsatélites son muy
susceptibles a las alteraciones por defectos en el sistema de reparacion de errores en el ADN. La
inestabilidad somatica de los microsatélites se observd por primera vez en cancer de colon y
recto (HNPCC) [175, 176] y fue asociada a mutaciones en genes que codifican proteinas
esenciales para la reparacion de errores en el ADN [177, 178]. Las proteinas del sistema de
reparacion de errores (MMR, MisMatch Repair) interaccionan con bases mal alineadas, hecho
que ocurre durante la replicacion y la recombinacion del ADN, y reparan esos errores. Si el
sistema no funciona correctamente los errores permanecen sin corregir, convirtiéndose en
mutaciones que se fijan en las replicaciones siguientes como adiciones o deleciones en una o
mas unidades de repeticion en el microsatélite. La inestabilidad de microsatélites constituye, por
tanto, la manera indirecta de conocer la existencia de alteraciones en aquellos otros genes que
codifican proteinas con funciones de reparacion de errores en el ADN de la célula.

La inestabilidad de microsatélites se ha visto en diversos tipos de tumores (colon,
endometrio y otros) en pacientes con cancer de colon hereditario de tipo no polipodsico
(HNPCC) pero también se ha observado en el 25-30% de los EC esporadicos [179, 180]. Los
pacientes de HNPCC con EC llevan una mutacion hereditaria en los genes que codifican las
proteinas MMR: MLH-1, MSH-2, MSH-6 o PMS-2 (lo que seria el primer suceso de la
hipétesis de Knudson), pero el EC se desarrolla s6lo como consecuencia de la apariciéon de una
segunda delecion o mutacion en el alelo del cromosoma homologo correspondiente (lo que seria
el segundo suceso) en las células endometriales. Una vez concurren los dos sucesos necesarios,
la funcién de los genes MLH-1, MSH-2, MSH-6 o PMS-2 de reparacion de errores en el ADN
se ve alterada causando la adquisicion de M1 y el desarrollo de los tumores.

En EC esporadico la inactivacion de MLH-1 mediante la hipermetilacién del promotor
es la principal causa de la deficiencia en la reparacion de errores [181] y frecuentemente ocurre
en lesiones precursoras como la hiperplasia atipica [182]. Por lo tanto, la hipermetilacion de

MLH-1 es un suceso temprano en la patogénesis de los EEC y precede el desarrollo de MI.
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VII.3 HIPERMETILACION DE PROMOTORES

La metilacion del ADN es uno de los sistemas, junto a otros como son las
modificaciones covalentes de histonas (H2A, H2B, H3 y H4), los depositos de proteinas no
histonas en los nucleosomas, el reordenamiento local de cromatina y la expresion de ARN no
codificante, responsable de la estructura de la cromatina y del control de la transcripcion de
genes a nivel epigenético [183].

En todos los mamiferos, los patrones de metilacion se establecen durante el desarrollo
embriogénico. Antes de la fertilizacion tiene lugar un proceso de desmetilacion generalizada del
ADN que elimina la distribucién caracteristica de 5-metilcitosinas en el oocito y el
espermatozoide. Tras la implantacion, un nuevo proceso de metilacion vuelve a restablecer el
patrén somatico caracteristico esencial en el desarrollo y la diferenciacion del embrion [186-
188].

Las citosinas que forman parte de las llamadas “islas CpG” (regiones ricas en
dinucleotidos CG y caracteristicas de las zonas cercanas a los promotores) son metiladas en la
posicion 5 de manera fisiologica en los organismos eucariotas. Las proteinas DNMTs (DNA
(cytosine-5)-MethylTransferases) catalizan la transferencia del grupo metilo desde la SAM (S-
Adenosyl-L-Methionine) a la posicion 5 del anillo (figura 20). El porcentaje de citosinas
metiladas, su distribucion y las secuencias donde se encuentran varia entre especies. En
mamiferos se asocia a cromatina transcripcionalmente inactiva, secuencias repetitivas como
ALU, inactivacion del cromosoma X y fendmenos de impronta gendémica. La proporcion de
dinucleotidos CpG en el genoma humano se ha contabilizado cerca de un 1%, cantidad mucho
menor de la esperada (4%) teniendo en cuenta la abundancia de citosinas y guaninas (42% de

las bases) en las células [185, 186].

Fig 20. Metilacion de citosinas

en hebras complementarias; B:
Las proteinas DNMTs (DNA
(cytosine-5)-MethylTransferases)

catalizan la transferencia del
grupo metilo desde la SAM (S-
Adenosyl-L-Methionine) a la

posicion 5 del anillo aromatico

Citosina 5 -metilcitosina
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La presencia de residuos 5-metilcitosina en el ADN influye en la agrupacion de
diferentes encimas, factores de transcripcion y proteinas represoras en la region del ADN
afectada. Algunas proteinas reconocen el ADN metilado y forman diversos complejos
represores de la transcripcion. Ademas, la metilacion del ADN interfiere directamente con la
unioén de ciertos factores de transcripcion como CREB (Cyclic-AMP-Response-Element-Binding
protein), o SP1, o proteinas relacionadas con impronta genémica como CTCF (CCCTC binding
factor) o BORIS (Brother of the Regulator of the Imprinted Sites) [187, 189-191]. Por otro lado,
existen proteinas que se unen selectivamente a secuencias no metiladas del ADN, como la
proteina CGBP (CpG-Binding Protein), que protege las zonas CpG de ser metiladas [186, 192].

Tanto la  ganancia  como la  pérdida de  metilacibon  gendmica
(hipermetilacion/hipometilacion) se asocian frecuentemente con el proceso neoplasico de forma
generalmente proporcional a la severidad de la enfermedad [184]. Los genomas de las células
pre-neoplasicas, tumorales y envejecidas comparten cambios significativos en los niveles de
metilacion como eventos tempranos en el desarrollo de algunos tumores. Por un lado, la
hipometilacion de la heterocromatina que causa inestabilidad gendmica e incrementa la
recombinacién mitotica; por otro, la hipermetilacion de las islas CpG en promotores de genes
constitutivos y genes supresores de tumores. La hipo y la hipermetilaciéon pueden presentarse
independientemente o de forma simultanea, en general, la hipermetilacion esta relacionada con
el silenciamiento de genes (supresores) y la hipometilaciéon con la sobre-expresion de ciertas
proteinas involucradas en los procesos de invasion y metastasis (oncogenes).

La hipermetilacion aberrante de las regiones promotoras ocurre en muchos genes
relacionados con céncer como aquellos asociados al control del ciclo celular, la apoptosis y la
reparacion del ADN. Se puede detectar variacion en el patrén de metilacion entre tejido no
tumoral y tejido tumoral indicando un cambio en la actividad génica que participa en la génesis
del cancer.

Normalmente, las islas CpG se metilan causando silenciamiento transcripcional en
células tumorales. Los genes supresores de tumores suelen ser susceptibles a la desregulacion
por hipermetilacion de su promotor lo que produce el agrupamiento de complejos represores en
la zona afectada que reducen o inhiben completamente la expresion. Algunos ejemplos son el
gen CKDN2A (Cyclin-dependent kinase inhibitor 2A), MLH1 (MutL Homolog 1), VHL (Von
Hippel-Lindau tumor suppressor), Cadherina-E y el gen del retinoblastoma [125, 193, 194].

El analisis del ADN metilado se ha convertido en un poderoso biomarcador para la
deteccion temprana de cancer, ademas permite clasificar los canceres considerando los subtipos
histologicos, el grado de malignidad, diferencias en la respuesta al tratamiento y los diversos
prondsticos.

En carcinoma de endometrio se encuentra metilacion diferencial seglin se trate de EEC

o NEEC lo que sugiere desarrollos epigenéticos divergentes y vias tumorigénicas tnicas [195].
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La hipermetilacién se encuentra mas frecuentemente en los EEC que en los NEEC [196].
Muchos de los genes supresores de tumores que se encuentran mutados en los EEC pueden
también sufrir inactivacion mediante hipermetilacion de sus promotores.

Se ha descrito una frecuencia de hipermetilacion en cancer de endometrio del 40% en el
gen hMLHI1, del 22% en el gen APC, del 14% en el gen de la E-cadherina y del 2,3% en el gen
RAR-B [197]. La inactivacion del gen hMLH1 por hipermetilacion del promotor se ha visto
presente en la mayoria de los adenocarcinomas endometrioides que presentan MI, lo que sugiere
que la metilacion anormal es un paso anterior en la adquisicion del fenotipo mutante en la
carcinogénesis endometrial [182]. En el gen pl6 no se ha encontrado hipermetilacion del
promotor. Otros genes inactivados por hipermetilacion en cancer de endometrio incluyen: PgR,
HOXA11, THBS2, PEG3, GSTP1 [198-201], aunque el impacto que supone la metilacion de

estos genes aun no ha quedado bien establecida.
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Hipotesis y Objetivos

La hipotesis general en este trabajo ha sido la siguiente: “Existen alteraciones en
oncogenes y genes supresores de tumores que juegan un papel primordial en el desarrollo y la
progresion del cancer de endometrio. Su analisis contribuird a afiadir nuevas claves en el
descubrimiento de nuevas dianas de diagnosis y terapias individuales”, y el objetivo principal de
este trabajo se ha basado en el analisis de las alteraciones sufridas por distintos oncogenes y
genes supresores de tumores en series de muestras tumorales y no tumorales procedentes de
pacientes con EEC (Tipo I) y NEEC (Tipo II). Tanto la hipétesis como el objetivo general,

pueden ser desglosados en los siguientes:

1 Dado que el patron de metilacion de algunos promotores se encuentra frecuentemente
alterado en adenocarcinoma endometrioide con inestabilidad de microsatélites y coincide
frecuentemente con la existencia de mutaciones en K-RAS nuestra hipdtesis al respecto plantea
la posibilidad de que la hipermetilacion del promotor de RASSF1A pueda resultar un fenémeno
frecuente en carcinoma de endometrio.

El objetivo en este caso fue el estudio de la expresion del gen RASSF1A y del patron de
metilacion de su promotor en carcinoma de endometrio asi como relacionar ambos aspectos con
la presencia de inestabilidad de microsatélites, mutaciones en el gen K-RAS y otros datos

clinico-patolégicos.

2 Las proteinas SPRY regulan las vias de sefializacion FGF y RAS-MAPK. Dado que
estas dos vias se encuentran frecuentemente desreguladas en carcinoma de endometrio, la
hipdtesis que planteamos es la posibilidad de que las proteinas SPRY jueguen un papel
importante como supresores de tumores en la tumorigéneis endometrial.

El objetivo aqui fue el analisis de expresion del gen SPROUTY?2 y el estudio del patréon

de metilacion de su promotor en carcinoma de endometrio.

3 Mutaciones en los genes PIK3CA y PTEN coexisten frecuentemente en carcinoma de
endometrio pero no queda claro si este suceso ocurre en células que sufren inactivacion de
PTEN de forma monoalélica o bialélica.

Los objetivos en este caso fueron el andlisis de mutaciones en el gen PIK3CA, el
estudio de la correlacion de dichas mutaciones con diversas alteraciones en PTEN y con

inestabilidad de microsatélites, asi como con mutaciones en los genes K-RAS y CTNNB-1.
4 Dada la frecuencia de mutaciones del gen FGFR2 encontrada en carcinoma de

endometrio (10-12%) manejamos la hipodtesis de que el oncogén FGFR2 pueda ser una nueva

diana terapéutica en este tipo de tumores.
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En este caso, el objetivo fue el analisis de distintas alteraciones que afectan al gen
FGFR2, estudiando tanto su expresion como la existencia de mutaciones y su relacién con
diversos factores clinico-patoldgicos asi como con la expresion de los genes PTEN, RASSF1A

y SPRY2, entre otros.
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Resultados

LA HIPERMETILACION DEL PROMOTOR DE RASSFI1A Y

LA

DISMINUCION DE SU EXPRESION SON

ALTERACIONES FRECUENTES EN CARCINOMA DE
ENDOMETRIO

1.1

1.2

1.3

1.4

La expresion de RASSF1A sobre tejido endometrial normal varia

dependiendo de la fase del ciclo menstrual.

La expresion de RASSF1A se encuentra reducida de manera significativa

en carcinoma de endometrio con respecto a tejido endometrial normal.

La gran mayoria de los tumores de EC presentan hipermetilacion del
promotor del gen RASSFIA existiendo una relacion con el estadio

patologico del tumor.

La expresion de RASSF1A se encuentra reducida en aquellos casos que

muestran hipermetilacion del promotor.
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Promoter hypermethylation and reduced
expression of RASSF1A are frequent
molecular alterations of endometrial

carcinoma

Judit Pallarés’, Ana Velasco', Nuria Eritja', Maria Santacana’, Xavier Dolcet’,
Miriam Cuatrecasas?®, Victor Palomar-Asenjo', Lluis Catasuis?, Jaime Prat* and

Xavier Matias-Guiu®

'"Department of Pathology and Molecular Genetics, Hospital Universitari Arnau de Vilanova, University of
Lleida, IRBLLEIDA, Lleida, Spain and *Department of Pathology Hospital de Sant Pau, Barcelona, Spain

Alterations in the regulation of the RAS-MAPK pathway are frequent in endometrial carcinoma. RASSF1A is a
tumor-suppressor gene that can regulate this pathway negatively. RASSF1A has been found to be inactivated
by promoter methylation in some human tumors. The aim of the study was to assess the immunohistochemical
expression of RASSF1A in normal endometrium and endometrial carcinoma, and to correlate its expression
with K-RAS mutations, presence of microsatellite instability, RASSF1A promoter methylation, and clinico-
pathological data. RASSF1A immunostaining was evaluated in one tissue microarray constructed from 80
paraffin-embedded samples of normal endometrium, and two tissue microarrays constructed with a total of 157
endometrial carcinomas (one constructed with 95 endometrial carcinomas previously evaluated for K-RAS
mutations, and microsatellite instability, and another one containing 62 endometrial carcinomas that were also
subjected to RASSF1A promoter methylation analysis). RASSF1A immunostaining was correlated with cell
proliferation (Ki67), Cyclin D1 expression and clinicopathological data. Promoter methylation of RASSF1A was
assessed by methylation-specific PCR. RASSF1A immunostaining was variable during the menstrual cycle in
normal endometrium. RASSF1A expression was significantly reduced in 48% of endometrial carcinomas,
particularly in tumors exhibiting microsatellite instability. RASSF1A-promoter methylation was very frequent in
endometrial carcinoma (74%), and was frequently associated with reduced expression of RASSF1A. RASSF1A-
promoter hypermethylation was common in advanced-stage endometrial carcinoma. The results suggest that
reduced expression of RASSF1A may play a role in endometrial carcinogenesis by controlling cell proliferation

and apoptosis through the MAPK-signaling pathway.
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microsatellite instability

Endometrial carcinomas can be classified in two
main types;" type I are endometrioid adenocarcino-
mas.” They usually develop in perimenopausal
women and are related to estrogen stimulation.
Endometrioid adenocarcinoma may show micro-
satellite instability® and mutations of the PTEN,*
PIK3CA,> K-RAS® and f-catenin genes.”® Type-II
tumors are non-endometrioid carcinomas, which
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tend to occur in older women, are unrelated to
estrogen stimulation and are frequently associated
to p53 mutations and chromosomal instability.’
The RAS-signaling pathway plays an important
role in tumorigenesis. Mutations in the RAS onco-
gene have been detected in many different types of
tumors. The RAS superfamily of small GTP-binding
proteins has a fundamental role in cell growth and
differentiation, transcriptional regulation and apop-
tosis. The frequency of K-RAS mutations in endo-
metrial carcinoma ranges between 10 to 30%.° In
some series, K-RAS mutations have been reported to
be more frequent in endometrioid adenocarcinoma
showing microsatellite instability.® In these tumors,
K-RAS mutations are typically transitions, which
may be preceded by abnormal DNA methylation.
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The fact that in endometrioid adenocarcinoma,
microsatellite instability frequently coexists with
K-RAS methylation-related transitions has lead to
the suggestion that these two alterations are close
related.

The RASSF1A gene has been recently identified
and mapped to chromosome 3p.21.3. RASSF1A is
the longest isoform of RASSF1, a new group of RAS
effectors thought to regulate cell proliferation and
apoptosis.” Expression of RASSF1A has been
detected in any normal tissue tested. However,
RASSF1A transcripts have been found to be lost in
several cancer cell lines. Also, re-expression of
RASSF1A dramatically reduces cell growth of tumor
cells, supporting a role for RASSF1A as a tumor-
suppressor gene. The RASSF1A gene is epigeneti-
cally inactivated in a large percentage of different
human malignancies, including cancers of the lung,
breast, kidney, bladder, stomach, ovary and neuro-
blastoma."

RASSF1A can either associate with oncogenic/
mutant K-RAS or with GTP-bound K-RAS through
heterodimerization with NORE1, a RAS-GTP-bind-
ing protein.’® This assumption raises the hypothesis
of K-RAS-BRAF-RASSF1A genes as partners in the
same pathway.

Promoter methylation is a frequent mechanism of
gene inactivation of endometrioid adenocarcinoma.
It may involve many different genes participating in
cell signalling, apoptosis and cell proliferation (p14,
PTEN, p16, TSP-1, IGF-2, estrogen receptor-o, HIC-1,
MLH-1). Inactivation of hMHL-1 by promoter hyper-
methylation is present in the majority of endo-
metrioid adenocarcinoma with microsatellite in-
stability, which suggests that abnormal methylation
is the first step in the acquisition of the mutator
phenotype in endometrial carcinogenesis.”® Since
altered methylation status is frequent in endome-
trioid adenocarcinoma with microsatellite instabi-
lity, and also frequently coexists with K-RAS
mutations, we may hypothesize that RASSF1A
promoter hypermethylation could be frequent in
endometrial carcinoma, possibly coexisting with
any of these phenomena.

The main aim of the present study was to assess
the frequency of reduced expression of RASSF1A
and RASSF1A-promoter hypermethylation in endo-
metrial carcinoma in correlation with the presence
of microsatellite instability, K-RAS mutations and
clinicopathological data. Also, the purpose of this
study was to assess immunohistochemical expres-
sion of RASSF1A in normal endometrium, in
different phases of the menstrual cycle, using
microarray technology.

Materials and methods
Tissue Microarrays

Three tissue microarrays were constructed. The f
irst tissue microarray was constructed from 80
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paraffin-embedded samples of normal endometrium
in different phases of the menstrual cycle, obtained
from the surgical pathology files from Hospital
Universitari Arnau de Vilanova de Lleida. The
second tissue microarray was composed of 95
endometrial carcinomas, previously evaluated for
K-RAS mutations and microsatellite instability.*°
The third tissue microarray was constructed from 62
endometrial carcinomas that were also subjected
to RASSF1A-promoter methylation (see below).
Overall, the two last tissue microarrays comprised
157 endometrial carcinomas, obtained from the
surgical pathology files of Hospital Universitari
Arnau de Vilanova de Lleida and Hospital de Sant
Pau, Barcelona, Spain. They included 47 grade-I
endometrioid adenocarcinomas, 58 grade-II endo-
metrioid adenocarcinomas, 26 grade III endome-
trioid adenocarcinomas, 15 serous carcinomas,
four clear-cell carcinomas and seven mixed Miillerian
malignant tumors. One hundred and eight tumors
were stage-I, 15 stage-lI carcinoma, 22 stage-III
and one was a stage-IV carcinoma. Staging informa-
tion was incomplete for 11 cases. The study
was approved by the local ethical committee.
Specific informed consent was obtained from all
subjects.

A Tissue Arrayer device (Beecher Instrument, MD,
USA) was used to construct tissue microarrays.
Briefly, all the samples were histologically reviewed
and representative areas were marked in the corres-
ponding 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 endometrial carcinoma specimens
were also included.

Immunohistochemical Study

Tissue-microarray blocks were sectioned at a thick-
ness of 3um, dried for 16h at 56° before being
de-waxed in xylene and rehydrated through a series
of graded ethanol concentrations, followed by wash
with phosphate-buffered saline. Antigen retrieval
was achieved by heat treatment in a pressure cooker
for 2min in EDTA (pH 8.9). Before staining sections,
endogenous peroxidase activity was blocked. The
antibodies used were as follows: anti-RASSF1A
(1:500 dilution; eB114-20H1; eBioscience), Ki67
(1:100 dilution; MIB-1; Dako) and cyclin D1 (1:25
dilution; DCS6; Dako). After incubation, the reaction
was visualized with the EnVision Detection kit
(Dako), using diaminobenzidine chromogen as a
substrate. Sections were counterstained with hema-
toxylin. Appropriate positive and negative controls
were also tested.

Immunohistochemical results were evaluated by
two pathologists following uniform pre-established
criteria. RASSF1A immunoexpression was graded
semi-quantitatively by considering the percentage
and intensity of the staining. A histological score



was obtained from each sample, which ranged from
0 (no immunoreaction) to 300 (maximum immuno-
reactivity). The score was obtained by applying the
following formula: Histoscore=1 x (% light stain-
ing) +2 x (% moderate staining)+3 x (% strong
staining). The reliability of such score for interpreta-
tion of immunohistochemical staining in endo-
metrial carcinoma tissue microarrays has been pro-
ven previously.”*"” Since each tissue microarray
included two different tumor cylinders from
each case, immunohistochemical evaluation was
conducted after examining both samples. Finally,
the percentage of positive nuclei in each case was
used to assess the cellular proliferation (Ki67) and
the cyclin D1 expression.

The reproducibility of tissue-microarray immu-
nostaining was confirmed by comparing results from
tissue microarray 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.

Methylation-Specific PCR

Genomic DNA was isolated with the DNAeasy tissue
kit (Qiagen GmbH, Hilden, Germany), from normal
and tumor tissue from 57 patients with endometrial
carcinoma. Samples were frozen after surgery and
corresponded to 57 of the 62 endometrial carcinoma
samples of the third tissue microarray. A specific
informed consent was used and the study was
approved by the local ethical committee. DNA was
subjected to bisulfite treatment. Briefly, 1 ug of DNA
was denatured by sodium hydroxide and modified
by sodium bisulfite. DNA samples were then
purified and treated again with sodium hydroxide,
precipitated with ethanol and resuspended in water
(EZ DNA Methylation kit; ZYMO RESEARCH,
USA). RASSF1A-promoter methylation status was
determined following protocols from previous stu-
dies."® DNA was amplified with primers MF
(GTGTTAACGCGTTGCGTATC) and MR (AACCCCG
CGAACTGAAAAACGA) for methylated DNA and
UF (TTTGGTTGGAGTGTGTTAATGTG) and UR
(CAAACCCCACAAACTAAAACAA) for unmethyla-
ted DNA. Each PCR reaction contained 1 x buffer,
1.5 mM MgCl, and 1 U/ul TaqGold (Applied Biosys-
tems Inc., Santa Clara, CA, USA); 0.2mM dNTPs
(Biotools B&M Labs, SA, Madrid, Spain) and 0.2 uM
of each primer. PCR conditions were as follows: an
initial 10-min denaturation at 96°C followed by
two cycles of 30s at 95°C, 30s at 67°C, 30s at
72°C; an additional two cycles of 30s at 95°C, 30s
at 65°C, 30s at 72°C, a further two cycles of 30s
at 95°C, 30s at 63°C, 30s at 72°C cycles and a
final extension step of 10min at 72°C. Each PCR
product was directly loaded on 3% agarose gel,
stained with ethidium bromide and visualized
under UV illumination.
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Statistical Analysis

Statistical analysis was performed with a database
using SPSS for Windows (version 11.5; SPSS Inc.,
Chicago, IL, USA). Immunohistochemical results
were compared by Mann—Whitney U and Student’s
t-test when applicable. Associations between quali-
tative variables were assessed by y*- or Fisher’s exact
tests. Correlations between quantitative variables
were established through Pearson and Spearman
p tests. Statistical significance was set at P<0.05.

Results
Immunohistochemistry

In normal endometrium, RASSF1A was evaluated
in all the 80 cases that were included in the first
tissue microarray. RASSF1A immunostaining varied
according to the different phases of the menstrual
cycle. RASSF1A immunoexpression was signi-
ficantly higher in the proliferative phase
(mean Histoscore, 45.96) than in the secretory
endometrium (mean Histoscore, 31.58) (P=0.001)
(Figure 1). Staining was cytoplasmic. Stromal cells
were positive in both, the proliferative and the
secretory phases.

In endometrial carcinoma, RASSF1A was evalu-
ated in 148 out of the 157 cases that were included
in the second and third tissue microarrays. Six cases
were excluded as there was no representative tumor
tissue in the tissue microarray sections, and three
cases were missed in the construction of tissue
microarray. Overall, RASSF1A immunoexpression
was significantly reduced in endometrial carcinoma
as compared with normal endometrium. Mean
RASSF1A Histoscore was 38.28 in endometrial
carcinoma and 70.00 in normal endometrium
(P=0.007). We observed negative staining for
RASSF1A in 71 cases of endometrial carcinoma
(48%), whereas remaining 77 cases were positive
(62%). Staining was cytoplasmic and hetero-
geneous, and Histoscore ranged from 10 to 290
(Figures 2 and 3). Nuclear immunostaining was
observed in 11 cases.

A slightly reduced RASSF1A immunostaining
was observed in non-endometrioid endometrial
carcinomas (mean Histoscore, 25.25) as compared
with endometrioid endometrial carcinoma (mean
Histoscore, 30.18). However, these differences were
not statistically significant (P=0.457). The correla-
tion between RASSF1A immunoexpression and
histological grade or pathological stage did not get
any significant difference (P=0.771 and P=0.303,
respectively). There was no significant correlation
between cell proliferation (Ki67) and RASSF1A
immunoexpression (r=0.088, P=0.446). Cyclin D1
nuclear expression was observed in 64.79% cases
of endometrial carcinoma, and no correlation
was found with RASSF1A protein expression
(P=0.635).
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Figure 2 RASSF1A immunoexpression in an endometrial carcinoma without RASSF1A-promoter hypermethylation. Notice the strong
cytoplasmic staining (a, b).

Finally, RASSF1A immunoexpression was corre-  from the second tissue microarray. No significant
lated with microsatellite instability and K-RAS  correlation was found when we considered total
mutations in 67 cases of endometrial carcinoma absence of RASSF1A expression (Histoscore 0) as
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Figure 3 RASSF1A immunostaining in an endometrial carcinoma with RASSF1A-promoter hypermethylation. Notice that the
cytoplasmic staining (a, b) is lower than in the case illustrated in Figure 2a and b. The corresponding normal tissue, exhibited positive

staining (c).

negative (P=0.510 and P=0.294). However, asso-
ciation between RASSF1A immunostaining and
presence of microsatellite instability turned out to
be significant when we considered as negative those
endometrial carcinoma with a Histocore less than
50. In other words, 18 of the 20 endometrial
carcinomas with microsatellite instability exhibited
Histoscores less than 50 (P=0.042) (Table 1). More-
over, seven from the 10 cases with K-RAS mutations
were negative for RASSF1A immunoexpression
(Histoscore less than 50), but differences were not
statistically significant (P=0.540) (Table 1).

RASSF1A-Promoter Hypermethylation

RASSF1A-promoter hypermethylation was detected
in 42 of the 57 (74%) endometrial carcinoma
samples that were tested (Figure 4). In some cases,
the degree of promoter methylation varied in
different areas of the tumor (Figure 4, case 2, T1
and T2). Promoter methylation was not detected in
normal tissue samples from the same patients with

Table 1 RASSF1A immunoexpression according to microsatel-
lite instability and K-RAS mutational status

Microsatellite instability K-RAS mutations

Positive Negative  Positive Negative
RASSF1A positive 2 16 3 15
RASSF1A negative 18 31 7 42
(Hscore <50)
Total 20 47 10 57

endometrial carcinoma. Interestingly, the frequency
of RASSF1A-promoter methylation increased in
correlation with pathological stage (Table 2). RASS-
F1A-promoter methylation was observed in 67% of
stage-IA or stage-IB endometrial carcinoma cases
(18/26) as compared with 80% of stage-IC endo-
metrial carcinomas (10/14) and 100% of stage-1ITA
endometrial carcinomas (6/6). The vast majority of
RASSF1A unmethylated tumors were stage-IA endo-
metrial carcinomas (54.5%) (6/11), and only two
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CASE1 CASE2

N T N T

CASE3
T2 N T

M U M U M U M

u M

u M U M U

Figure 4 MS-PCR for the RASSF1A gene in endometrial carcinoma and normal tissue. U, PCR product with primers specific for
unmethylated DNA; M, PCR product with primers specific for methylated DNA. RASSF1A is methylated in the three cases of
endometrial carcinoma. Notice that the degree of promoter hypermethylation differed between two different areas of one tumor (T1 and

T2) of case 2.

Table 2 RASSF1A methylation status according to pathological
stage

Table 3 Correlation between methylation and RASSF1A immu-
noexpression

Stage RASSF1A RASSF1A Total RASSF1A RASSF1A Total
methylated unmethylated methylated  unmethylated
1A 5 6 11 RASSF1A-positive 14 12 26
1B 13 3 16 immunostaining
IC 10 4 14 RASSF1A-negative 26 1 27
IIA 2 0 2 immunostaining
1IB 6 2 8
IIA 6 0 6
300
of the 16 stage-II or stage-III endometrial carcinomas Z
were unmethylated (12%). RASSF1A-promoter hyper- %
methylation was more frequent among endo- % 2001
metrioid carcinomas (75%) (37 of 49 cases) as T
compared with non-endometrioid carcinomas i
(62.5%) (5 of 8 cases), but these differences were Q 100
not statistically significant (P=0.422). RASSF1A 2
was also analyzed in correlation with histological =
grade. Grade-I and grade-II endometrial carcinomas <
were more frequently methylated (71 and 86%, % 04
respectively) than grade-III tumors (57%). However, 2
the differences were not significant (P=0.152). o
-100 T .
N- 14 12
Correlation between RASSF1A Immunostaining and METHYLATED UNMETHYLATED
RASSF1A-Promoter Hypermethylation RASSF1A METHYLATION

Finally, we assessed the correlation between RASS-
F1A immunoexpression and the methylation status
of the promoter region of the gene in 53 of the
57 initial cases studied for RASSF1A-promoter
hypermethylation. RASSF1A was methylated in 26
of 27 cases negative for RASSF1A immunostaining
(Table 3). As expected, RASSF1A protein expression
was dramatically reduced in cases with RASSF1A-
promoter methylation (mean Histoscore, 30.38) as
compared with unmethylated cases (mean: 101.92),
and differences were statistically significant
(P=0.000). However, 14 cases exhibited RASSF1A
immunostaining in the presence of RASSF1A-
promoter methylation. Interestingly, RASSF1A
staining in these cases was heterogeneous
and weaker. A comparison between cases with
positive or negative RASSF1A-promoter hyper-
methylation among endometrial carcinoma with

Modern Pathology (2008) 21, 691-699

Figure 5 Box-plot comparison of RASSF1A immunoexpression
and methylation status.

positive RASSF1A staining was performed. Interest-
ingly, endometrial carcinoma cases with RASSF1A-
promoter methylation showed reduced RASSF1A
immunoexpression (mean Histoscore, 86.09) as
compared with unmethylated cases (mean Histo-
score, 110.42) (Figure 5), but these differences were
not significant (P=0.274).

Discussion

Epigenetic inactivation is defined as a change
imposed onto the functionality of a gene that does
not involve an alteration of its coding sequence.
Transcriptional silencing by hypermethylation of



CpG islands in the promoter regions of tumor-
suppressor genes is becoming a common pheno-
menon in carcinogenesis. Although this phenomenon
is seen in a wide spectrum of tumors, it is a frequent
mechanism of tumor-suppressor gene inactivation
in endometrial carcinoma. De novo methylation of
the RASSF1A promoter is one of the most frequent
inactivation events detected in human cancer and
leads to silencing of RASSF1A expression.” The
C-terminus of RASSF1A is homologous to the
mammalian RAS-effector protein NORE1 and en-
codes a RAS-association domain. Three major splice
variants, RASSF1A, RASSF1B and RASSF1C, are
transcribed from two different CpG islands, sepa-
rated approximately by 3.5 kb."

In the present study, we have assessed the
immunohistochemical expression and the presence
of promoter hypermethylation of the RASSF1A gene
in a series of endometrial carcinomas, and detected
reduced expression of RASSF1A in 48% of the cases
and promoter hypermethylation in 73%. Moreover,
there was a statistically significant association
between both the phenomena. Although RASSF1A-
promoter hypermethylation has previously been
evaluated in endometrial carcinoma, this is the first
study in the literature to demonstrates that it is
associated with reduced RASSF1A protein expres-
sion, in a large series of endometrial carcinoma and
a tissue-microarray approach. In other studies, the
frequency of RASSF1A-promoter hypermethylation
in endometrial carcinoma has been reported to be
between 30 and 85%, as found by methylation-
specific PCR (MS-PCR).?**' Moreover, in a recent
study Kang et al found promoter hypermethylation
in two of four endometrial carcinoma cell lines
tested for promoter hypermethylation (AN3-CA,
HEC-1-B, KLE, RL95-2). They also demonstrated that
endometrial carcinoma cell lines with promoter
hypermethylation, treated with 5-aza-2-deoxycyti-
dine, a drug that inhibits DNA methylation, restored
RASSF1A expression.

RASSF1A protein expression was heterogeneous
in our endometrial carcinoma samples. Some cases
were RASSF1A positive in many areas and negative
in some foci, and also some RASSF1A-negative
samples contained a small proportion of cells
showing strong staining. In our opinion, the hetero-
geneous distribution of RASSF1A-promoter hyper-
methylation is the reason that explains why
we detected RASSF1A-promoter hypermethylation
in tumors with positive immunostaining for RASSF1A.
This phenomenon can also be found in other
types of tumors and with other genes that are
silenced by promoter methylation. For example, it
has recently been seen that a heterogeneous protein
expression of some genes, including RASSF1A,
is seen in about 70% of malignant melanoma
cases, due to intra-tumoral distribution of promoter
hypermethylation.?*

During tumorigenesis, activated RAS is usually
associated with enhanced proliferation, transformation

RASSF1A in endometrial carcinoma
] Pallarés et al

o

and cell survival. RAS effectors, like RASSF1A,
are supposed to have an inhibitory growth signal,
which needs to be inactivated during tumorigenesis.
Contradictory results between RASSF1A inactiva-
tion and K-RAS mutation have been obtained using
different types of tumors. They were mutually
exclusive events in colorectal and pancreatic can-
cer,?*?* but the correlation was not significant in
lung cancer.” Finally, in thyroid cancer, RASSF1A
methylation is mutually exclusive with mutations in
BRAF?*® Since BRAF mutations are very infrequent
in endometrial carcinoma, we focused our interest
in the correlation between RASSF1A inactivation
and K-RAS mutations and microsatellite instability.

In our series of endometrial carcinoma, seven out
of 10 cases with K-RAS mutations were negative for
RASSF1A immunoexpression. Kang et al found
RASSF1A hypermethylation to be associated very
strongly with microsatellite instability, and inver-
sely correlated with K-RAS/BRAF mutations in
microsatellite instability-negative endometrial car-
cinomas. Very recently, Pijnenborg et al reported
RASSF1A hypermethylation in 85% of recurrent
endometrial carcinoma, without finding any corre-
lation between RASSF1A-methylation status and
K-RAS or BRAF mutations. Interestingly, they
demonstrated hypermethylation of RASSFI1A in
samples of endometrial hyperplasias (50%), cyclic
(21%) and atrophic endometrium (38%). The
authors suggest a role of RASSF1A methylation as
an early event in endometrial carcinogenesis. How-
ever, we have not been able to detect RASSF1A-
promoter hypermethylation in any of the normal
tissue samples corresponding to the 57 cases of
endometrial carcinoma, Moreover, the staining
pattern that we obtained in normal endometrial
tissue was dependent on the menstrual cycle phase,
which suggests that in normal endometrium, RASS-
F1A is under the regulation of steroid hormone-
signaling pathways.

Microsatellite instability occurs in 25-30% of
sporadic endometrial carcinoma, and is character-
istic of endometrioid adenocarcinoma. The identifi-
cation of CpG-island methylation in several genes in
colonic and gastric carcinomas with microsatellite
instability suggested a relationship between altered
methylation and the microsatellite-mutator pheno-
type. In the present study, we analyzed the possible
association between RASSF1A expression and the
microsatellite instability status in our tissue-micro-
array approach. We observed a statistically signifi-
cant association between decreased RASSF1A
protein expression and microsatellite instability
when we considered as negative those tumors
exhibiting RASSF1A Histoscore of less than 50.
Our results support the data of Kang and co-workers
who also demonstrated that RASSF1A methylation
was strongly associated with microsatellite instabi-
lity and hMLH-1 methylation. Similar results were
also obtained in colorectal cancer in which a higher
frequency of RASSF1A-promoter methylation has
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been described in microsatellite instability 4 colo-
rectal cancers as compared with tumors without the
microsatellite instability phenotype. The results
suggest that the methylation affecting RASSF1A
promoter may preferentially occur within the
context of microsatellite instability +endometrioid
adenocarcinoma.

In the present series, we have observed a higher
frequency of RASSF1A-promoter methylation in
correlation with advanced pathological stage and
poorly differentiated carcinomas. In agreement with
this result, Jo et al,?” found that RASSF1A methyla-
tion was significantly more frequent in endometrial
carcinoma in association with advanced stage (III,
IV), lymph node involvement and high histological
grade. Moreover, they demonstrated higher inci-
dence of recurrences and lower disease-free survival
in patients with RASSF1A hypermethylation.

Finally, we noted a nuclear immunostaining of
RASSF1A in some cases of endometrial carcinoma.
Biochemical studies have demonstrated that RASS-
F1A is a microtubule-binding protein, which regu-
lates mitotic progression.?® It has also been shown
that RASSF1A overexpression induces mitotic ar-
rest at the metaphase with aberrant mitotic cells.?®
RASSF1A regulates mitosis by inhibiting the ana-
phase-promoting complex through Cdc20, and in-
duces G2-M arrest at the prometaphase. Also,
RASSF1A prevents degradation of cyclin D1 and
delays mitotic progression.?® RASSF1A is also able
to affect other cyclins, such as cyclin D3 or cyclin A,
through interaction with transcription factor
p120%*F, which induces cell-cycle arrest and pro-
vides a mechanistic link with other known tumor-
suppressor genes such as p144%, Rb and p53 that are
known to interact with p120%*F.*° To evaluate the
possible relationship between RASSF1A and the
cell-cycle machinery, we checked the relation
between RASSF1A expression with cyclin D1
expression or proliferation index (Ki67 staining),
but found no significant association.

In summary, we report, for the first time, reduced
protein expression of RASSF1A in endometrial
carcinoma using tissue-microarray technology, and
reduced RASSF1A immunoexpression in cases with
promoter hypermethylation. Also, we demonstrate
higher frequency of RASSF1A-promoter methyla-
tion in advanced endometrial carcinoma stage,
suggesting that RASSF1A could be a useful indicator
of tumor aggressiveness in endometrial carcinoma
patients.
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La expresion de SPRY2 sobre tejido endometrial normal varia

dependiendo de la fase del ciclo menstrual.

La expresion de SPRY2 en tumores de carcinoma de endometrio es

mayor que en endometrio normal en la fase proliferativa.

Existe una relacion inversa entre el indice de proliferacion celular (Ki67)

y la expresion de SPRY?2 en los tumores de carcinoma de endometrio.

La hipermetialcion del promotor de SPRY2 es un hecho frecuente en

carcinoma de endometrio.

La hipermetilacion del promotor de SPRY2 se encuentra con cierta

frecuencia en las muestras no tumorales de endometrio.
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Summary Sprouty 2 is a key antagonist regulator of receptor tyrosine kinases, and downstream signaling
pathways, like fibroblastic growth factor (FGF) and Ras-mitogen-activated protein kinase (RAS-MAPK). By
controlling these pathways, sprouty 2 is involved in regulation of cell proliferation, differentiation, and
angiogenesis. Alterations in fibroblastic growth factor receptor (FGFR) and members of the RAS-MAPK
pathway are frequent in endometrial carcinoma. The expression of sprouty 2 has been found to be decreased
in several types of human cancer, by mechanisms of promoter methylation. In the present study, we have
assessed the expression of sprouty 2 in endometrial carcinoma, in correlation with sprouty 2 promoter
methylation. Sprouty 2 immunohistochemical expression was assessed using 3 different tissue microarrays:
one constructed from paraffin blocks of 80 samples of normal endometrium and 2 tissue microarrays
containing samples of 157 endometrial carcinoma (1 tissue microarray constructed with 95 endometrial
carcinomas previously studied for microsatellite instability and alterations in phosphatase and tensin homolog
(PTEN), k-ras, and b-catenin, and 1 tissue microarray containing 62 endometrial carcinoma, which were also
subjected to sprouty 2 promoter methylation analysis). The immunohistochemical expression of sprouty 2
was correlated with cellular proliferation (Ki67) and clinicopathologic data. Sprouty 2 promoter methylation
was assessed by methylation-specific polymerase chain reaction, with DNA obtained from fresh-frozen
samples of endometrial carcinoma and corresponding normal tissues, and correlated with promoter
methylation of RAS association domain family-1A (RASSF1A). A highly significant decrease in sprouty 2
immunoexpression was seen in the proliferative phase of normal endometrium (P < .001). Differences were
detected between types I and II endometrial carcinoma, but they were not statistically significant. Reduced
immunoexpression of sprouty 2 was seen in 19.85% of endometrial carcinoma and was strongly and
inversely associated with increased cell proliferation (Ki67; » = —0.367; P = .001). Sprouty 2 promoter
methylation was detected in 31 (53.4%) of 58 endometrial carcinomas. Results from our study show that
alterations in sprouty 2 may be involved in endometrial carcinogenesis by controlling cell proliferation.
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1. Introduction

Endometrial carcinoma (EC) is one of the most common
gynecologic malignancies [1]. Currently, there are 2 different
clinicopathologic subtypes of EC. Type I EC, or endome-
trioid EC (EEC) [2], is an estrogen-related tumor and shows
defects in DNA-mismatch repair genes [3] and alterations in
phosphatase and tensin homolog (PTEN) [4], phosphatidy-
linositol 3-kinase (PIK3CA) [5], K-ras [6], and b-catenin
[7,8]. Type II EC, or nonendometrioid EC (NEEC), is
frequently associated with aneuploidy and p53 mutations [9].

Alterations in receptor tyrosine kinases (RTKs) and
downstream signaling pathways are frequent in EC. Somatic
mutations in the RTK fibroblastic growth factor receptor 2
(FGFR2), identical to the germline mutations associated with
craniosynostosis and skeletal dysplasia syndromes, have been
recently detected in 10% to 12% of EC, particularly in EEC
(16%) [10]. FGFR2 oncogenic mutations are associated with
increased function of the FGF signaling pathway and
downstream pathways, like Ras-mitogen-activated proetin
kinase (RASSF1A). The RAS-signaling pathway plays an
important role in tumorigenesis. It is composed of a
superfamily of small guanosine Sc-triphosphate—binding
proteins that have a fundamental role in cell growth and cell
differentiation, transcriptional regulation, and apoptosis. The
frequency of K-RAS mutations in EC ranges between 10% and
30% [6]. In some series, K-RAS mutations have been reported
to be more frequent in EEC showing microsatellite instability.
Inactivation of RASSF1A, which is a negative regulator of the
RAS-MAPK pathway, is also frequent in EC [11].

RTK-mediated signaling events are precisely regulated to
ensure a physiologically appropriate biologic outcome. The
control of RTKSs function can be achieved by a mechanism of
negative-feedback loop [12]. Sprouty (SPRY) proteins are
some of these regulators and have been identified as
repressors of the RTK signaling in vertebrates and
invertebrates. Modulation of growth factor signaling by
SPRY proteins is particularly important during embryonic
development of the branching lung tissue and the remodeling
of the urinary tract [13]. The mode of action of SPRY
proteins is complex and subjected to several unknown
mechanisms of regulation. SPRY proteins have been found
to regulate both the FGF and the RAS-MAPK pathways.
Because both signaling pathways are frequently deregulated
in EC, SPRY proteins are good candidates to play a tumor
suppressor role in endometrial tumorigenesis.

In humans, 4 SPRY genes are known (SPRY1-SPRY4),
but SPRY1 and SPRY2 are deemed the most important.
All SPRY proteins share a unique highly conserved
cysteine-rich domain at the COOH-terminus. This region
is supposed to be critical for targeting them to phospha-
tidylinositol (4,5-biphosphate) in the plasma membrane and
plays an inhibitory role on the MAPK pathway [14]. The
NH2-terminal portion of the SPRY proteins is less
conserved among the different proteins and could be

responsible for their functional divergence and tissue-
specific expression of some of them. SPRY genes have
been demonstrated to be inactivated by promoter hyper-
methylation in some tumors.

The aim of the study is to assess the presence of SPRY2
promoter hypermethylation in EC, as well as to evaluate
SPRY2 expression by reverse transcriptase polymerase chain
reaction (PCR) and immunohistochemistry, in correlation
with cell proliferation, and the main molecular alterations of
this tumor.

2. Materials and methods
2.1. Material

Tissue samples were obtained from Hospital Universitari
Arnau de Vilanova de Lleida and Hospital de Sant Pau,
Barcelona. A specific informed consent was obtained from
each patient, and the study was approved by the local ethical
committee. Material included 80 samples of normal
endometrial (NE) tissue, which were fixed in formalin and
embedded in paraffin. A total of 157 samples corresponded
to EC. Formalin-fixed, paraffin-embedded blocks were
available for each of them. Moreover, fresh-frozen samples
of normal and tumor tissue were also obtained from 62 of the
157 patients. The subgroup of 62 patients included 22
endometrioid (EEC) carcinomas grade I, 24 endometrioid
carcinomas (EEC) grade II, 7 endometrioid carcinomas
(EEC) grade III, 3 mixed endometrioid and nonendometroid
carcinomas (all of them with a serous component, which in 1
case also coexisted with clear cell elements), 2 none-
ndometrioid carcinomas (NEEC; all of them serous carcino-
mas) grade III, and the epithelial components of 4 malignant
mixed Miillerian tumors (all of them with a nonendometrioid
component of serous type). Forty-three tumors were stage I,
11 were stage II, and 8 were stage III. Overall, the series of
157 EC included 47 endometrioid carcinomas (EEC) grade I,
58 EEC grade 11, 26 EEC grade III, 15 serous carcinomas, 4
clear cell carcinomas, and 7 mixed Millerian malignant
tumors. One hundred eight tumors were stage I, 15 were
stage II, 22 were stage III, and 1 was stage IV. Staging
information was incomplete in 11 cases.

2.2. Tissue microarrays

Three tissue microarrays (TMAs) were constructed. The
first TMA was constructed from 80 paraffin-embedded
samples of NE in different phases of the menstrual cycle (20
proliferative, 50 secretory, 10 menstrual). The second TMA
was composed of 95 ECs, previously evaluated for K-RAS
mutations, and microsatellite instability, alterations in PTEN,
and b-catenin. The third TMA was constructed from 62 EC
that were also subjected to SPRY?2 promoter methylation and
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previously analyzed for RASSF1A promoter hypermethyla-
tion. A Tissue Arrayer device (Beecher Instrument, Silver
Spring, 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 in largest diameter) from 2
different areas were included in each case. Control normal
tissues from the same EC specimens were also included.

2.3. Immunohistochemical study

TMA blocks were sectioned at a thickness of 3 um, dried
for 16 hours 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 treatment in a pressure cooker for 2 minutes in EDTA
(pH 8.9). Before staining the sections, endogenous peroxi-
dase was blocked. The antibodies used were as follows anti-
SPRY?2 developed against amino acids 79 to 98 (N-terminal)
(1:500 dilution; N-terminal, S 1444; Sigma-Aldrich, USA),
Ki67 (1:100 dilution; MIB-1; DAKO, Denmark), estrogen
receptor (1:50, 6F11; Novocastra, UK), and progesterone
receptor (1:50, PgR 636; DAKO). After incubation, the
reaction was visualized with the EnVision Detection Kit
(DAKO) using diaminobenzidine chromogen as a substrate.
Sections were counterstained with hematoxylin.

Immunohistochemical results were evaluated by 2 pathol-
ogists, by following uniform preestablished criteria. SPRY2
immunoexpression, as well as staining for estrogen and
progesterone receptors, was graded semiquantitatively by
considering the percentage and intensity of the staining. A
histologic score was obtained from each sample, which ranged
from 0 (no immunoreaction) to 300 (maximum immunoreac-
tivity). The score was obtained by applying the following
formula, histoscore = 1X (% light staining) + 2X (% moderate
staining) + 3X (% strong staining). The reliability of such score
for interpretation of immunohistochemical staining in EC
TMAs has been shown previously [11]. Because each TMA
included 2 different tumor cylinders from each case,
immunohistochemical evaluation was done after examining
both samples. Finally, the percentage of positive nuclei in each
case was used to assess the cellular proliferation (Ki67). The
specificity of the SPRY2 antibody was confirmed by obtaining
anegative staining in cell blocks from HEK293T cells infected
with lentiviruses carrying SPRY2 shRNA; whereas HEK293T
transfected with a scrambled shRNA were positive. Appro-
priate positive and negative controls were also tested in each
immunohistochemical assay. For SPRY2 analysis, we used
HEK293T cells transfected with a scrambled shRNA as
positive controls, and HEK293T cells were transfected with a
shRNA against SPRY2, as negative controls.

The reproducibility of TMA immunostaining was con-
firmed by comparing TMA’s results with those obtained in
sections from the corresponding paraffin blocks of 37
randomly selected cases. The overall concordance was

89.2%. The k index of agreement between the 2 methods
ranged from 0.68 to 0.83.

2.4. Methylation-specific PCR

Methylation-specific PCR was performed in 62 EC
samples, which corresponded to those included in the third
TMA. Genomic DNA was isolated with the DNeasy tissue
kit (Qiagen GMBH, Hilden, Germany), from normal and
tumor frozen tissue samples. DNA was subjected to bisulfite
treatment. Briefly, 1 ug of DNA was denatured by sodium
hydroxide and modified by sodium bisulfite. DNA samples
were then purified and treated with sodium hydroxide,
precipitated with ethanol and suspended in water (EZ DNA
Methylation kit; Zymo Research, Orange, CA). SPRY2
promoter methylation status was determined following
protocols from previous studies [11]. The promoter region
of the SPRY2 human gene has been described as a CpG-rich
region. Several areas in the promoter region could be
candidate for methylation studies [15]. We focused our study
on 2 CpG islands encompassing approximately 800 bp
upstream and downstream the promoter site (Islands A and
B). Island A contains more than 22 CpG dinucleotides
expanding approximately 200 bp. Island B contains more
than 14 CpG dinucleotides expanding approximately 200 bp.
PCR was carried out using primer sets specific for
methylated and unmethylated promoters (Table 1) [5].
Each PCR reaction contained 1x buffer, 1.5 mmol MgCl,,
and 1 U of TaqGold polymerase (Applied Biosystems Inc,
Santa Clara, CA), 0.2 mmol dNTPs (Biotools B&M Labs,
SA, Madrid, Spain), and 0.2 mol of each primer. Amplifi-
cation was carried out in 2 cycles at 55°C, 2 cycles at 53°C,
and 30 cycles at 50°C for 39 minutes each as annealing
temperatures. Each PCR product was directly loaded on 3%
agarose gel, stained with ethidium bromide, and visualized
under UV illumination.

2.5. Real-time PCR analysis

Total cellular RNA was extracted using Trizol reagent
(Life Technologies, Switzerland), and 1 ug of total RNA was
retrotranscribed into cDNA using Tagman Reverse Tran-
scription Reagents (P/N N808-0234). SPRY2 expression
levels in tumor and normal tissues were evaluated with the
ABI-7000 Sequence Detection System using assays-on-

Table 1 SPRY2 MSP primers

AF1IM 5" TTTGTAGTGTTTAGTTCGGTTCCG 3’
AF1U 5’ TTTGTAGTGTTTAGTTTGGTTTTG 3’
AF2M 5" GGGCGGTAGGATCGGTTTGGGGAC 3’
AF2U 5" GGGTGGTAGGATTGGTTTGGGGAT 3’
ARM 5" CAATAAATAACGTCATATAAATCC 3’
ARU 5" CAATAAATAACATCATATAAATCC 3’

Modified by McKie et al [15].
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demand (Applied Biosystems). Endogenous control gene 18S
rRNA was used to normalizing relative expression values.

2.6. Statistical analysis

Regarding the analysis of the NE samples, we performed
analysis of variance analysis to evaluate statistically the
differences found in SPRY2 expression among different
phases of menstrual cycle. In addition, Spearman nonpara-
metric correlation coefficient was computed to assess the
relationship among SPRY2 expression, cell proliferation,
and hormonal receptor expression. Regarding the analysis of
the tumor endometrial samples, we evaluated whether the
differences in SPRY2 gene expression were different
depending on clinical-pathological data, and we used for
this purpose the Mann-Whitney and Kruskal-Wallis test as
suitable. Relative differences in expression were measured
by means of computing a fold-change. Also, Spearman
nonparametric test was used to asses whether SPRY2
expression was correlated with cell proliferation and receptor
hormonal status. To evaluate statistical significance, we set a
threshold of 0.05.

3. Results

3.1. SPRY2 expression by immunohistochemical
analysis of TMAs

In NE tissue, SPRY?2 protein expression was evaluated in
80 samples, which corresponded to different phases of the
menstrual cycle. SPRY?2 protein expression was variable in
epithelial cells with some staining in stromal cells and
capillaries. SPRY2 immunostaining was significantly higher
in the secretory phase in comparison with the proliferative
phase (mean Hscores 107.14 and 43.44, respectively; fold-
change, 2.47; P=.0004; Figs. 1 and 2; Table 2). The staining
was cytoplasmic and granular, although some cases also
exhibited a strong membranous staining.

In EC, SPRY2 was evaluated in 136 of the 157 cases that
were included in the second and the third TMAs. Nine cases
were missed in the construction of the TMA, 6 cases were
excluded because unreliable tissue immunostaining, and
another 6 cases did not contain representative tumor sample.
SPRY2 protein expression was positive in most of the cases
(109/136, or 80.14%). The mean Hscore was 130.31. There
was a great variability in the intensity of the staining, with
cases with low, moderate, and strong immunoreaction
(Hscore range, 0-295; Fig. 3). Twenty-seven cases
(19.85%) showed complete absence of SPRY2 staining.
Overall, SPRY2 protein expression in EC carcinoma was
slightly reduced (mean Hscore, 138.33) when compared with
the TMA of NE tissue (secretory, proliferative, and
menstrual, mean Hscore, 169.88), and the difference did
not reach statistical significance (P =.495). However, SPRY2

Fig. 1 SPRY2 expression in normal endometrium, during the
proliferative (A) and secretory (B) phases.
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Fig. 2 Box-plot comparisons of SPRY2 immunostaining in

normal endometrium, between the proliferative and secretory phases.
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Table 2 SPRY2 immunoexpression according to histologic type, FIGO grade, and pathological Stage
SPRY2 expression n Min Max Mean SD Fold-change P
Normal samples
Proliferative 16 0 160 43.44 43.23
Secretory 35 10 230 107.14 63.74 2.47 .0004
Normal vs tumor
Normal (proliferative) vs tumor
Normal samples 16 0 160 43.44 43.23
Tumor samples 137 0 295 130.31 82.05 3.00 .00002
Normal (secretory) vs tumor
Normal samples 35 10 230 107.14 63.74
Tumor samples 137 0 295 130.31 82.05 1.22 .089
Tumor samples
NEEC 21 0 250 114.52 74.11
EEC 115 0 295 134.20 83.01 1.17 .36
Grade
1 40 0 295 139.70 85.06 1
2 52 0 290 155.00 76.02 1.11 .35
3 44 0 250 95.23 74.09 0.68 .01900
Stage
1 107 0 295 125.75 84.25 1
1I 17 70 290 174.12 65.96 1.38 .03
11T 12 45 240 117.33 65.14 0.93 72
v 1 30 30 30.00 0.24
Trend P value .83
Global P value .064
1A 16 5 290 146 81 1
1B 27 0 295 143 92 0.98044841
1C 37 0 285 119 82 0.81475433
1A 6 70 290 173 88 1.19027159
1IB 11 110 260 175 56 1.19859571
1A 11 50 240 124 64 0.85087794
111B 1 45 45 45 NA 0.30901288
IVB 1 30 30 30 NA 0.20600858
Trend P value .6
Global P value 25

Fig. 3 SPRY2 immunohistochemical staining in a sample of
grade I EEC.

protein expression in EC carcinoma was increased (mean
Hscore, 130.31) when compared with the TMA of normal
proliferative endometrial tissue (mean Hscore, 43.44), and
the difference reached statistical significance (P = .00002,
fold-change, 3.00) (Table 2). Moreover, SPRY?2 staining in
EC was compared with that of the corresponding NE tissue
from the same patient in 18 cases, but the NE tissue was
atrophic in all cases. Most of the cases (10/18; 55.6%) showed
lower SPRY2 expression in EC (Table 3; Fig. 4). However,
the SPRY?2 expression was similar in both, normal and tumor
tissue, in 5 cases, and in 3 cases, SPRY2 expression was
higher in EC than in the corresponding normal endometrium.

SPRY?2 expression was lower in NEEC (mean Hscore,
114.52; range, 0-250) (Fig. 5) in comparison with EEC
(mean Hscore, 134.20; range, 0-295), but the differences
were not statistically significant (P = .36; fold-change, 1.17).
Moreover, grade III EC (including NEEC and EEC) showed
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Table 3  Correlation between the immunohistochemical
findings and promoter methylation status of SPRY?2 in the 18
patients with EC tumor tissue (EC) and corresponding normal
tissue (NE)

Methylated  EC
EC

2/3 (66.66%) 1/3 (33.33%)

Identical SPRY?2 staining
between EC and NE (n = 3)
Reduced SPRY?2 staining in EC
compared with NE (n = 10)
Increased SPRY?2 staining in EC  3/5 (60%)

compared with NE (n = 5)

6/8 (75%)  2/8 (25%)

2/5 (40%)

a significantly reduced SPRY2 protein expression (mean, 95)
when compared with grade I and II EC (mean, 139 and 155,
respectively; trend P-value = .01) (Table 2).

Although SPRY2 protein expression was slightly de-
creased in EC showing k-RAS and b-catenin alterations, those
differences were not statistically significant (P =.323 and P =
192, respectively). Finally, no differences were seen in
SPRY?2 immunostaining in correlation with PTEN alterations
and microsatellite instability (P = .835 and P = .167).

A

Fig. 4 SPRY2 immunostaining is lower in EC tissue (B) in
comparison with normal endometrium (A) from the same patient.

Fig. 5 SPRY2 immunohistochemical staining in a sample of
NEEC of the serous type.

As expected, the proliferative endometria exhibited the
highest index of cell proliferation (Ki67; mean, 27) compared
with the secretory endometrium (mean, 9; P=.003) and a very
significant correlation with the estrogen and progesterone
receptor expression (= 0.727, P =.000, and » = 0.786, P =
.000, respectively). SPRY?2 protein expression was inversely
correlated with hormonal receptors expression (estrogens » =
—0.268, P=.031, and progesterone » = —0.321, P=.010) and
showed a tendency toward less immunostaining in cases with
increased proliferation (» = —0.207; P = .103).

When we compare the TMA of NE samples with the
TMAs of ECs, there is an expected significant increase of the
cell proliferation in the tumors (P < .00001; fold-change,
1.94). However, this increment is only significant when we
compare ECs with the secretory endometrium (P < .00001;
fold-change, 2.93). In the proliferative endometrium, the
level of cell proliferation is nearly as high as the observed in
tumor samples (proliferative endometrial mean, 26.64, and
EC mean, 28.82; P = .63).

NEEC exhibited the highest level of cell proliferation
(Ki67; mean, 41) compared with EEC (mean, 26.79; P =
.007). Noteworthy, NEEC showed also the lowest level of
SPRY?2 immunoexpression. We noted a significant increase
in the cell proliferation (Ki67) in the cases with reduced
expression of SPRY2 (r = —0.367; P = .0015), but no
differences were seen in correlation with the estrogen
receptor expression (r = 0.015, P = .90). The same expected
results were seen for the ECs grade III. There was a
significant increase in the cell proliferation index according
to the FIGO grade. Hence, the mean Hscores for grade I
tumors was 17.06; for grade II, 34.13; and for grade III
tumors, 42.76 (P = .000). Also, grade III ECs exhibited the
lowest expression of SPRY?2 (see Table 2).

Finally, when we compare the ECs according the
pathological stage, stage IIB and III tumors showed the
highest level of cell proliferation (P = .03). Stage III and IV
tumors also had the lowest levels of SPRY?2 immunostaining
(see Table 2).


image of Fig. 4
image of Fig. 5

SPRY-2 in endometrial cancer

191

3.2. SPRY2 promoter hypermethylation

A total of 124 samples were informative for promoter
methylation in island A, and 25 of them (20 tumor/5 normal)
presented evidence of methylation (Fig. 6). With regard to
island B, 125 samples were informative, and 55 of them (30
tumor/25 normal) presented promoter methylation . There
was concordance when comparing methylation in islands A
and B; tumors with methylated CpG island A were also
methylated in CpG island B (50%; P = .04, Fisher test).
Overall, SPRY2 promoter methylation in 1 of the 2 islands
was detected in 31 (53.4%) of 58 informative ECs.

SPRY?2 promoter methylation was correlated with results
previously published regarding promoter methylation in
RASSFI1A, in the very same series of cases. Promoter
hypermethylation was more common for RASSF1A (73.6%)
than for SPRY2 (53.4%), but both genes were simulta-
neously methylated in nearly half of the cases (42.9%).
Interestingly, there was a trend in the increase of the number
of cases methylated for RASSF1A (68%) in the cases
without SPRY?2 methylation compared with the cases with
SPRY?2 methylation (methylation of RASSF1A: 32%).

SPRY-2 promoter hypermethylated cases showed a
proportion of grade III ECs lower than nonhypermethylated
tumors (16.1% versus 40.7%, respectively), and these
differences were near to be significant (P = .07). SPRY-2
methylation was more frequent among stage II or III ECs
than in stage I (IA, IB, or IC) (40.7% versus 22.5%), even
though these differences did not reach statistical significance
(P =.22).

Ten cases (10 tumor and 10 normal tissues) were selected
for SPRY2 expression analysis using real-time quantitative

E1

T: tumor; N: normal
m: methylated; u: no methylated

Fig.6 Methylation-specific PCR for SPRY2 in samples from one
patient with EC. SPRY?2 methylation was seen in tumor tissue (EC),
but not in normal tissue (NT).

PCR. The expression levels of the SPRY2 gene in each
normal tissue sample were used as control, and the
comparative level in the matching tumor sample was
expressed as a percentage of the control. We observed a
slight reduction in the levels of SPRY2 in several tumor
samples, but there was no correlation with the methylation
status of SPRY?2. These data suggest that expression levels of
SPRY2 in tumor and normal samples are not exclusively
dependent of the methylation status of the gene.

3.3. SPRY2 protein expression and
promoter hypermethylation

Overall, SPRY2 immunostaining was lower in EC with
promoter hypermethylation (mean Hscore, 167) in compa-
rison with EC without methylation (mean Hscore, 175.28),
but these differences were not statistically significant (P =
.533). Most ECs with reduced expression of SPRY2 in
comparison with corresponding normal tissue showed
promoter hypermethylation of SPRY?2 (75%; 6/8) (Table 3).
In these cases, SPRY2 was unmethylated in the normal
sample (88.88%). Interestingly, the cases with increased
expression of SPRY?2 in the tumor samples compared with the
paired normal tissue also were predominantly methylated
(60%), although there was a slight increase of methylation in
the normal tissue (40%).

4. Discussion

SPRY?2 is a good candidate to be tumor suppressor gene
in EC, because of 3 reasons: (1) SPRY2 is a tumor
suppressor gene in other solid tumors; (2) the 13q31 region,
containing the SPRY2 gene, shows frequent deletions in EC;
and (3) SPRY?2 is a negative regulator of signaling pathways,
which are frequently deregulated in EC. The major role of
SPRY proteins is to regulate the RAS-MAPK signaling; and
they exert such action, by regulating the downstream effects
of a wide range of growth factors such as FGF, vascular
endothelial growth factor (VEGF), platelet-derived growth
factor (PDGF), hepatocyte growth factor (HGF), glial-cell
derived neurotrophic factor (GDNF), and nerve growth
factor (NGF) [12].

One of the first reports on the possible link between
SPRY?2 deregulation and cancer was published in breast
cancer. Lo et al [16] demonstrated down-regulation of
SPRY1 and SPRY?2 in 94.7% of breast cancer samples in
comparison with normal tissue, as analyzed by reverse
transcriptase PCR. They also showed a higher expression of
SPRY?2 during mammary gland formation and development,
with little or no protein expression in the small number of
human breast cancer tissues studied by immunohistochem-
istry. Similarly, SPRY2 expression has also been reported to
be predominantly down-regulated in non—small cell carci-
noma of the lung [17] and hepatocarcinoma [18]. In both
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cases, the expression of SPRY2 was evaluated at the
transcript and protein level, and some tumors exhibited a
comparable staining or only weakly reduced expression
compared with the adjacent normal tissue. Moreover, Fong
etal [18] described even a higher expression of SPRY2 in the
preneoplastic condition of cirrhosis than in hepatocarcino-
mas and normal tissue.

In the present study, we have demonstrated for the first
time in the literature a differential expression of SPRY2 in
normal endometrium, in different phases of the menstrual
cycle. We have also shown that SPRY2 expression is
decreased in some ECs, with some correlation with SPRY?2
promoter methylation. In our study, SPRY2 protein was
differentially expressed in the endometrial glands during the
menstrual cycle, which may indicate a role in developing and
branching of endometrial glands, similarly to the role
traditionally attributed to SPRY proteins during branching
of endothelial and epithelial structures, in organogenesis.
The developmental scenario parallels the tissue remodeling
of the Drosophila trachea and the mammalian lung formation
[19]. In those models, SPRY proteins exert regulatory
functions and their expression precludes random branching
of the ducts acting as an antagonist of tracheal morphogen-
esis. In normal endometrium, SPRY?2 could play a regulatory
role in the development of the glands during the cyclical
morphologic changes with respect to fluctuations in
hormonal levels of the menstrual cycle. It is worth
mentioning that SPRY2 protein expression was significantly
inversely correlated with the estrogen and progesterone
expression of the normal endometrium in different phases of
the menstrual cycle, and the receptors expression were, as
expected, very significantly correlated with the cellular
proliferation index (Ki67).

The fact that SPRY?2 protein expression was decreased in
a substantial number of EC cases (57%) when compared with
NE suggests that loss of SPRY2 expression could play a role
in development and progression of EC. Interestingly, some
ECs carcinomas showed increased SPRY2 protein expres-
sion in comparison with the normal tissue. These tumors
could harbor other molecular alterations to help them to
overcome the negative growth regulatory effects of SPRY2
protein in the process of tumor progression.

However, it is interesting to see that the expression of
SPRY2 was lower in proliferative endometrium in compar-
ison with EC. Apparently, this result contradicts a tumor
suppressor role for SPRY-2 in endometrial tumorigenesis.
The detection of decreased expression of SPRY2 in tumors
with higher grade in comparison with low-grade carcinomas
may suggest that SPRY-2 could act as a “Tumor progres-
sion” suppressor gene, similarly to what has been described
for tumors that show decreased expression during metastasis
(metastasis suppressor genes). The decreased expression of
SPRY2 in normal proliferative endometrium can be
explained by the importance of developing and branching
of endometrial glands during the proliferative phase. In a
sense, proliferative endometrium has features similar to some

organs during embryologic development. In other organs, the
tumor suppressor role of SPRY2 has been suggested by
comparing the protein levels in tumors in comparison with
normal adult tissue, and not with the corresponding tissue
during embryologic development. For that reason, we
wonder whether proliferative endometrium is really (like
other tissues during embryonic development) the best tissue
for comparing SPRY2 levels in tumor tissue, to assess a
tumor suppressor role for SPRY?2 in the endometrium.

Human SPRY?2 protein is encoded by a gene located on
chromosome 13q31.1 that appears to be ubiquitously
expressed [20]. SPRY2 expression may be altered by several
different mechanisms, [21,22] and several transcription
factor—binding sites have been identified in SPRY2 gene
sequence [23], but little it is known about regulatory
sequences in the promoter. The 13q31 region, where the
gene is located, shows loss of heterozygosity in 11% of EC
[24,25], suggesting that SPRY2 may be also inactivated by
deletion. In the present study, we demonstrated frequent
promoter methylation of SPRY2 in EC (53.4%). In general,
methylation analysis in paired normal and tumor samples
showed a heterogeneous pool of methylated and nonmethy-
lated sequences. We found samples of NE and EC with all
possible combinations, regarding methylation status. Inter-
estingly, however, there was a great concordance between
the methylation status observed in the 2 islands (A and B)
that were selected.

Hypermethylation in EC has been assessed at many
different promoter regions of several genes, such as hMLH1,
CDKN2A/pl16 genes [26], and APC in the early stages of
endometrial tumorigenesis [27]. Salvesen et al [28] in 2001
found that PTEN promoter methylation was relatively
frequent in EC. Also, the promoter regions of RASSF1A
and RARDb2 genes have been found methylated in EC
[11,29]. RASSFIA promoter hypermethylation was previ-
ously demonstrated by our group in 73% of the same tumor
samples that were now subjected to methylation-specific
PCR analysis for SPRY2. Hypermethylation of both genes
was seen in 42.9% of the cases. Although we failed to
demonstrate a correlation between both events, EC without
SPRY2 methylation showed more frequency of RASSF1A
methylation than the cases with SPRY?2 promoter methyla-
tion, suggesting that they could be mutually exclusive events
in some cases, as expected if we realize that SPRY2 and
RASSFI1A are both negative regulators of the same pathway.
It is also interesting to see that SPRY2 promoter hyper-
methylation did not correlate with microsatellite instability, a
phenomenon also associated with promoter hypermethyla-
tion of a different gene (MLHI).

As expected, SPRY2 protein expression was very
significantly inversely correlated with cell proliferation
(Ki67) in EC. Previous studies in the breast cancer cell line
MCF-7 demonstrated that abrogation of endogenous SPRY
activity, by the overexpression of a negative mutant,
resulted in enhanced cell proliferation and in a dramatic
increase in the tumorigenic potential when used in in vivo
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nude mice models [16]. Also, forced expression of SPRY?2
in cell lines obtained from lung tumors significantly
reduced cell proliferation and blocked tumor formation
in mice [17].

It is worth noting that SPRY2 protein expression was
maintained in low-grade ECs but significantly reduced in
grade III tumors and in carcinomas of the nonendometrioid
type. The fact that low-grade ECs appear to retain SPRY?2
expression suggests that the loss of protein expression could
be a late event in endometrial carcinogenesis or to be
associated with more aggressive tumors. In prostate cancer,
an inverse correlation between SPRY?2 expression and tumor
grade was reported [15]. High-grade tumors had a signifi-
cantly reduced SPRY2 expression when compared with
benign prostatic hyperplasia and well-differentiated tumors.

The demonstration of SPRY2 decreased expression in
high-grade ECs apparently contradicts the association
between SPRY2 promoter hypermethylation and low-grade
EC. It is important to realize that, as a tumor suppressor gene,
SPRY2 may show multiple mechanisms of inactivation,
other than promoter methylation. In this regard, we have
mentioned before that the region 13q31 occasionally shows
loss of heterozygosity in EC. The mechanisms for SPRY2
gene inactivation may differ in different subsets of EC.

In summary, we report for the first time a reduced
expression of SPRY2 using a TMA technology, as well as
frequent SPRY2 promoter methylation in EC, suggesting a
tumor suppressor role for SPRY2 in EC, possibly by
controlling the MAPK-kinase pathway.
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Resultados

MUTACIONES DE LOS GENES PIK3CA Y PTEN

COEXISTEN CON FRECUENCIA EN CARCINOMA DE
ENDOMETRIO

3.1

3.2

3.3

3.4

Las mutaciones del gen PIK3CA son un hecho frecuente en carcinoma de

endometrio.

Los tumores con mutaciones en el gen PIK3CA tienden a portar

mutaciones en el gen PTEN con mayor frecuencia.

Las mutaciones en el gen PIK3CA pueden tener un efecto aditivo a la

inactivacion monoalélica de PTEN en carcinoma de endometrio.

Las mutaciones en los genes PIK3CA y K-RAS son sucesos mutuamente

excluyentes en carcinoma de endometrio.
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1. Introduction

The phosphatidylinositol 3-kinase (PI3K)/AKT pathway
plays a key role in the regulation of cellular homeostasis [1,2].
Activation of cell-surface receptors recruits PI3K, which phos-
phorylates the phosphatidylinositol 4,5-bisphosphate sub-
strate to generate phosphatidylinositol 3,4,5-trisphosphate,
recognized by the protein kinase AKT and its regulator
PDKI. In the cell membrane, AKT is phosphorylated in
serine and threonine residues. Activated AKT modulates
the expression of several genes involved in suppression of
apoptosis and cell cycle progression. Moreover, there is a
signaling cross talk between the PI3K/AKT pathway and the
RAS-MEKK signaling pathway.

The PI3K/AKT pathway is frequently activated in
endometrial carcinomas [3], often resulting from mutations
in the tumor suppressor gene PTEN. PTEN antagonizes the
PI3BK/AKT pathway by dephosphorylating phosphatidyli-
nositol 3.4,5-trisphosphate, leading to a decreased translo-
cation of AKT to cellular membranes, and subsequent
down-regulation of AKT phosphorylation and activation
[4-7]. PTEN alterations have been found in only 1 of the
2 alleles in some tumors. This has raised the question
whether PTEN haploinsufficiency plays a role in endome-
trial tumorigenesis.

PI3K is a heterodimeric enzyme consisting of a catalytic
subunit (p110) and a regulatory subunit (p85) [8]. The PI3K
family comprises 8 members divided into several classes
according to their sequence homology and substrate
preference. The cloning of a number of catalytic subunits
of PI3K has led to the classification of this multigene family
into 3 groups (classes I, II, IIT). Class I members contain
4 different catalytic subunits (pl110c«, p110S, p1100, and
p110y). There are 8 isoforms of p85 encoded by 3 genes [9].
The PIK3CA gene, located on chromosome 3q26.32, codes
for the pl10a catalytic subunit of PI3K [10]. A high
frequency of mutations in the PIK3CA gene has been
reported recently in various human cancers [11], including
colon [12], breast [13], ovary [14,15], and stomach [16].
Mutations are predominantly located in the helical (exon 9)
and kinase (exon 20) domains. A recent study has described
mutations in the PIK3CA gene in endometrial carcinomas
for the first time [17]. In this series, PIK3CA mutations
occurred in 36% of cases and coexisted frequently with
PTEN mutations. The authors, however, did not evaluate the
biallelic/monoallelic status of PTEN. These results indicate
that PIK3CA mutations contribute to activate the PI3K/AKT
pathway in endometrial carcinomas.

In the present study, we have assessed the frequency of
PIK3CA mutations in a series of 33 endometrial carcinomas.
We have correlated the presence of PIK3CA mutations with
alterations of PTEN (mutations, loss of heterozygosity
[LOH], promoter hypermethylation) and also with micro-
satellite instability, and mutations in the K-RAS and
CTNNB-1 genes. One of the goals of the study was to
assess a possible additive effect of PIK3CA mutations with
monoallelic inactivation of PTEN.

2. Materials and methods

2.1. Tissue samples

Thirty-three unselected endometrial carcinomas were
retrieved from the Surgical Pathology Tissue Bank of the
Department of Pathology, Hospital de la Santa Creu i Sant
Pau, Barcelona, Spain. Histologic classification of each
tumor was based on the World Health Organization system.
Genomic DNA from the tumors and corresponding non-
tumor tissues was extracted by standard methods from fresh
frozen tissues. The cases had previously been subjected to
analysis of mutations in the PTEN [18], K-RAS [19],
microsatellite instability [20], and CTNNB-1 [21].

The study was approved by the local ethical committee.

2.2. Polymerase chain amplification

Primers for polymerase chain reaction (PCR) amplifica-
tion and sequencing were designed using the Primer3
program (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_
www.cgi) and were synthesized by METABION (Mar-
tinsried, Germany), based on PIK3CA sequence obtained
from National Center for Biotechnology Information (ac-
cession number N M_006218). Two primer pairs were used
to individually amplify exons 9 and 20 of PIK3CA from
genomic endometrial cancer DNA (Table 1). PCR amplifi-
cation was performed in 20-yL reaction volumes that con-
tained 100 ng of DNA, 75 mmol/L Tris-HCI, 1.5 mmol/L
MgCl,, 50 mmol/L KCI, 20 mmol/L (NH4),SOy4, 0.2 umol/L
of each primer, 0.2 mmol/L of each deoxyribonucleotide
triphosphate, and 1 U of Tag DNA polymerase (BIO-
TOOLS, B&M Labs, SA, Madrid, Spain). The 2 exons
were amplified with the following PCR conditions: an initial
5-minute denaturation at 94°C followed by 35 cycles of
1 minute at 94°C, 1 minute at 57°C, 1 minute at 72°C, and a
final extension of 10 minutes at 72°C.

2.3. DNA sequencing

PCR products were first purified using the MinElute
PCR Purification Kit (Qiagen GmbH, Hilden, Germany)
and were bidirectionally sequenced using the original primer
pair and Applied Biosystem Cycle Sequencing kit (Applied
Biosystem Inc, Santa Clara, CA). Samples were analyzed on
the ABI Prism 3100 Avant instrument, using standard run
parameters. The separation matrix used was POP-6 using

Table 1  Primer sequence used to amplify exons 9 and 20 of
PIK3CA gene

Primer name Sequence (5'-3") Exon
e9L CTG TGA ATC CAG AGG GGA AA 9
e9Rmod ACA TGC TGA GAT CAG CCA AAT

e20L ATG ATG CTT GGC TCT GGA AT 20
e20R GGT CTT TGC CTG CTG AGA GT
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Table 2  Primers used in methylation-specific PCR

Primer set Forward primer 5'-3' Reverse primer 5'-3’ Fragment size Annealing (°C)
Set I-M GTTTGGGGATTTTTTTTTCGC AACCCTTCCTACGCCGCG 178 62

Set I-U TATTAGTTTGGGGATTTTTTTTTTGT CCCAACCCTTCCTACACCACA 183

Set I'M  GGTAGAGGTCGAGGTTTAGTTCGTTAT CTTACTCGAACCGATTCCCAA 206 60

Set 1I-U TTTTTGGGTAGAGGTTGAGGTTTA TACTCAAACCAATTCCCAACCAC 162

Set II.lM  TTCGTTCGTCGTCGTCGTATT GCCGCTTAACTCTAAACCGCAACCG 101 62

Set [II-U  GTGTTGGTGGAGGTAGTTGTTT ACCACTTAACTCTAAACCACAACCA 105

Abbreviations: M, methylated; U, ummethylated.

1x Tris-borate-EDTA buffer with EDTA running buffer
(Applied Biosystems).

2.4. Loss of heterozygosity analysis at
chromosome 10q23

The microsatellite markers D10S579, D10S2491,
AFMa086wg9, and D10S541, located on chromosome
10q, in the interval known to contain the PTEN gene and
its flanking regions, were used to determine LOH at the
PTEN locus. Fluorescent-labeled PCR products were
analyzed with an automated sequencing System (ABI Prism
310, Applied Biosystems), using GeneScan software
(Applied Biosystems). A double peak observed for the
microsatellite marker amplified from normal DNA indicated
a heterozygote. A single peak in tumor tissue DNA
compared with normal tissue DNA indicated loss of 1 allele.

2.5. Methylation-specific PCR

Two micrograms of DNA was chemically modified after
the protocol by Herman et al [22] (Table 2). This consists of
denaturing the DNA in a volume of 50 uL with NaOH
(0.2 mol/L final concentration) followed by treatment with
520 pL 3 mol/L sodium bisulphite (Sigma-Aldrich Co, St
Louis, MO) and 30 uL 10 mmol/L hydroquinone (Sigma-
Aldrich Co) overnight at 65°C. After incubation, a
purification in a Wizard DNA column (Wizard DNA
Clean-Up System, Promega, Madison, WI) was done,
followed by precipitation with 10 mol/L NH4OAc, 2 uL
of glycogen 20 mg/mL (Roche Diagnostics, Indianapolis,
IN), and 100% ethanol at —20°C. The sample was dried and
resuspended in 20 uL RNase-free water. PCR was carried
out using primers that were specific for either the
methylated or the unmethylated version of PTEN promoter.
DNA obtained from placental tissue was used as a negative
control of methylation. Placental tissue DNA treated with
SssI Methylase CpG Methylase (New England BioLabs,
Beverly, MA) was used as positive control. Water was used
as a negative control of the PCR. PCR products were
separated in 2% agarose gel.

2.6. Tissue microarray design

A tissue microarray was constructed from paraffin-
embedded blocks of the 33 endometrial carcinomas.

A tissue arrayer device (Beecher Instrument, Sun Prarie,
WI) was used. All endometrial carcinomas were histolog-
ically reviewed, and representative tumor areas were marked
in the corresponding paraffin blocks. Two selected cylinders
(0.6 mm in the largest diameter) from 2 different tumor
areas were included for each case. Normal control tissues
from the same specimens were also included. Thus,
2 different tissue microarray blocks were constructed; each
of them contained 66 cylinders.

2.7. Immunohistochemistry

The tissue microarray blocks were sectioned at a
thickness of 3 um, dried for 16 hours at 56°C. They were
dewaxed in xylene, rehydrated through a graded ethanol
series, and washed with phosphate-buffered saline. Antigen
retrieval was achieved by heat treatment in a pressure cooker
for 2 minutes in 10 mmol/L citrate buffer (pH 6.5).
Endogenous peroxidase was blocked. An antiphosphory-
lated AKT antibody was used (polyclonal, dilution 1:25; Cell
Signaling, Danvers, MA). The reaction was visualized with
the EnVision Detection Kit (DAKO, Glostrup, Denmark)
using diaminobenzidine chromogen as substrate. Sections
were counterstained with Harris hematoxylin. The immuno-
histochemical reactions were performed in a Dako Autos-
tainer LV-1 immunostainer. Endometrial stroma was used as a
positive control, and the negative control was run without
addition of the primary antibody. Antigen preservation was

Fig. 1  Microscopic appearance of an endometrioid carcinoma.
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Table 3
PIK3CA gene

Summary of the clinical, pathologic, and molecular genetic features of 8 endometrial carcinomas with mutations in the

Age Type Grade Stage PTEN alteration PIK3CA mutation K-RAS mutation MI CTNNB-1 mutation
77 END 1 Ic 963-968insA PH E545D - I+ =

52 END 3 Ib = H1047R — 4k W25X

74 END 3 Ic LOH H1047R - — -

67 END 1 Ib R173C H1047R — = -

78 END 2 Ic 993del C H1065L - — -

62 END 1 Ila — T1052K - — S45P

59 END 2 Ib LOH H1047L - e —

80 END 3 Ic = T1025A = = =

Abbreviations: END, endometrioid carcinoma; MI, microsatellite instability, PH, promoter hypermethylation.

verified with vimentin and Ki-67 immunostaining. Only
samples exhibiting positive vimentin and Ki-67 staining, as
well as optimal internal control, were evaluated.
Immunohistochemical results were evaluated by 2 differ-
ent pathologists (X. M.-G. and J. P.). Uniform preestab-
lished criteria were used. Evaluations were done
independently, and the discrepancies were resolved at a
simultaneous viewing. Lin’s concordance correlation coef-
ficient was 0.947 (95% confidence interval, 0.681-0.995).
Immunoreactivity was graded semiquantitatively by con-
sidering the percentage and intensity of the staining of the
tumor cells. A histologic score was obtained from each
sample, which ranged from 0 (no immunoreaction) to
300 (maximum immunoreactivity). The score was obtained
by applying the following formula Hy.oe = 1X (% light
staining) + 2X (% moderate staining) + 3x (% strong
staining). Because each tissue microarray included 2 differ-
ent tumor cylinders from each case, immunohistochemical
evaluation was done after examining both samples.

2.8. Validation of the tissue microarray

The reproducibility of tissue microarray immunostaining
was confirmed in 10 cases by comparing tissue microarray
results with those obtained in sections from the
corresponding paraffin blocks of randomly selected cases.
The overall concordance was 89.2%. The Kappa index of
agreement between the 2 methods ranged from 0.68 to 0.83.

2.9. Statistical analysis

The Wilcoxon rank sum test was used to assess
association between quantitative and dichotomous variables.

3. Results
3.1. Pathologic results

Thirty tumors were endometrioid adenocarcinomas
(Fig. 1), whereas the remaining 3 were non-endometrioid
(serous or clear cell) carcinomas. Nine tumors were grade 1
(International Federation of Gynecology and Obstetrics), 13

grade 2, and 11 grade 3. Four tumors were stage Ia, 8 stage
Ib, 14 stage Ic, 4 stage 11, 1 stage Illa, and 1 stage IV. In 1
case, stage information was not available.

3.2. Molecular results

Mutations in the PIK3CA gene were observed in § cases
(26.4%) (Table 3). Seven mutations were located in exon
20 and 1 in exon 9. All were missense mutations. The
H1047R mutation was identified in 3 cases. The other
5 tumors contained the following mutations: E545D,
H1065L, T1052K, T1025A, and H1047L (Fig. 2).

Alterations in PTEN were found in 19 tumors (57.7%).
Point mutations had been previously identified in 15 cases
[19], whereas LOH was detected in 8 (Fig. 3). Coexistence
of 2 genetic alterations (mutation and LOH or double
mutations) was seen in 6 cases. Combination of PTEN
mutation and LOH on 10g23 occurred in 4 tumors and 2
tumors had 2 concomitant point mutations.

Promoter hypermethylation of PTEN/psiPTEN (Fig. 4)
was identified in 6 cases, always in association with
mutations (5 cases) or LOH (1 case). Considering promoter
methylation together with LOH and mutations of PTEN,
biallelic inactivation of PTEN was demonstrated in
11 tumors.

AACAAAT GAAT GAT GCACNTCATGG TG GCTGGACAACAAA
90 100 100 120

Fig. 2
mutation in PIK3CA gene.

Representative nucleotide sequence of a missense



PIK3CA gene mutations in endometrial carcinoma 1469
D10S2491 D10S2491  D10S2491 Table 4 Summary of molecular results
Genetic alteration Cases/total
;"’- PTEN mutations 15/33
T AL JL PTEN LOH 8/33
— PI3KCA mutations 8/33
K-RAS mutations 8/32
Microsatellite instability 13/33
CTNNB-1 mutations 6/33

ey

Fig. 3 Loss of heterozygosity at 10gq23, demonstrated by
microsatellite PCR and capillary electrophoresis. Abbreviations:
T, tumor; N, no tumor.

Eight tumors had alteration in only 1 of the 2 alleles of
PTEN (monoallelic inactivation). Single PTEN mutations
were seen in 5 cases, whereas LOH was seen in the other
3 cases.

PIK3CA mutations coexisted with monoallelic alterations
of PTEN in 4 cases (2 mutations and 2 losses of
heterozygosity), with biallelic inactivation in 1 and with
wild-type PTEN in 3 cases. The only tumor with biallelic
PTEN inactivation had a mutation and PTEN/psiPTEN

L
A
D
D
E
R

PC NC

Fig. 4 Methylation-specific PCR for promoter region of PTEN
(set 1, Salvesen et al [25]). The first lane is the 100-base pair
ladder. In each case, the methylated and unmethylated PCR
products were loaded in the same well. On lanes 11 and 12 are
the controls for the methylated (PC) and unmethylated (NC) primer
set showing the expected band size. Because the tumors also
contain normal cells, amplification on the unmethylated sequence
is seen in all cases.

promoter hypermethylation, the biologic significance of
which is controversial. In 3 tumors with concomitant
mutations in PTEN and PIK3CA, the PIK3CA mutation
occurred in codon 1047, in the kinase domain.

K-RAS mutational status had been previously assessed in
32 tumors [19]. K-RAS mutations had been found in
8 tumors; however, they were not identified in any of the
tumors with PIK3CA mutations. There were no statistically
significant differences between the group of carcinomas
with PIK3CA mutations and without K-RAS mutations, in
comparison with the group of tumors with K-RAS mutations
and without PIK3CA mutations, regarding histologic grade
(P = .369) or pathologic stage (P = .782).

Thirteen tumors had microsatellite instability [20].
PIK3CA mutations coexisted with microsatellite instability
in 3 cases. CTNNB-I mutations, which had been found in
6 cases [21], coexisted with PIK3CA mutations in 2.

A summary of molecular results is included in Table 4.

3.3. Immunohistochemistry

Phospho-AKT was evaluated in the 33 cases. One case
was excluded because no representative tumor was found in
the 2 cylinders. Positive immunostaining for phospho-AKT
was obtained in 15 cases (45%), which exhibited a
cytoplasmic pattern. The histologic score ranged from 5 to
75. There were no statistically significant differences
between the group of tumors with and without molecular
alterations of PTEN and PIK3CA with regard to the
immunohistochemical expression of phospho-AKT (P =
.675). In addition, no statistically significant differences
were found between phospho-AKT immunostaining and
histologic grade (P = .427) or pathologic stage (P = .157).

4. Discussion

The PI3K signaling pathway regulates a number of
kinases, transcription factors, and other molecules involved
in various cellular processes, such as proliferation, survival,
motility, cell size, and messenger RNA translation. Deregu-
lation of the PI3K signaling pathway is an almost universal
feature of human cancers and is responsible, in part, for some
of the cellular characteristics of the cancer phenotype [1,2].

The PTEN tumor suppressor gene is a phosphoinositide
3-phosphatase that antagonizes the PI3K/AKT signaling
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pathway [4-7]. PTEN may be inactivated by several
mechanisms. Somatic mutations occur in tumors from
various tissues. Inactivation by deletion is also common,
as shown by the elevated frequency of LOH in various
tumor types [23,24]. Lastly, a third proposed mechanism for
PTEN inactivation is promoter hypermethylation [25].
Nevertheless, its true significance is under discussion. Some
controversy exists in the literature regarding the possible
interference of a processed PTEN pseudogene (psiPTEN)
with the PTEN gene [26]. PTEN is frequently abnormal in
endometrial carcinomas. Loss of heterozygosity at chromo-
some 10g23 occurs in 40% of cases [27,28], and somatic
PTEN mutations have been found in 37% to 61% [29-31].
They are almost exclusively restricted to endometrioid
endometrial carcinomas and in endometrial precancerous
lesions [32,33].

Mutations in genes that encode components of the PI3K
signaling pathway occur in human cancers. Recent identi-
fication of nonrandom somatic mutations in the PIK3CA
gene of various tumors suggests the oncogenic role of the
mutated protein [11]. The PIK3CA gene, mapped to 3926,
encodes the pl10a catalytic subunit of PI3K. Reported
mutations have been of the missense type and clustered
within 2 regions of the helical (exon 9) and kinase (exon 20)
domains. These mutations affect residues that are highly
conserved in evolution. The mutant pl10o proteins have
been shown to display enhanced lipid kinase activity in
comparison with the wild-type protein. An increasing
number of neoplasias have been reported to contain
PIK3CA mutations, including malignant tumors of the
colon [11], breast [13], stomach [16], ovary [15], lung, or
brain. Interestingly, some of these tumors share some
morphological and molecular features with endometrial
carcinomas. For example, in one series, PIK3CA mutations
in ovarian carcinomas were more frequently detected in
endometrioid and clear cell carcinomas compared with
serous tumors [14].

Oda et al [17] recently first reported the presence of
PIK3CA mutations in endometrial carcinomas. PIK3CA
mutations were detected in 36% of tumors, and they
frequently coexisted with PTEN mutations. The authors
also knocked down PTEN expression in the HEC-1B
endometrial carcinoma cell line, which exhibits both
K-RAS and PIK3CA mutations, and demonstrated enhanced
AKT phosphorylation, thus suggesting that a PIK3CA
mutation and PTEN inactivation may have an additive
effect on PI3K activation. Oda et al proposed 3 hypotheses
to explain the concomitant presence of PTEN and PIK3CA
alterations: (a) First, more than 1 input may be required to
completely activate the PI3K/AKT pathway; (b) that either
PTEN or p110a possesses additional functions distinct from
the PI3K pathway regulation; and (c¢) that other isoforms of
p110o might have roles in endometrial tumorigenesis.

In the present study, we have analyzed PIK3CA mutations
in a series of 33 tumors, which had been previously
evaluated for microsatellite instability, and mutations in

K-RAS and CTNNB-1. The cases had also been previously
evaluated for PTEN mutations. Finally, the tumors were
screened for LOH on 10923 and for hypermethylation in the
promoter region of PTEN/psiPTEN. Knowledge of the
mutational spectrum of PTEN and LOH on 10923 in these
cases allowed us to know the biallelic or monoallelic
inactivation status of PTEN in concordance with PIK3CA
mutations. PIK3CA mutations were detected in 8 of the
33 cases, which represent 24% of the tumors. All PIK3CA-
mutated tumors were endometrioid carcinomas (although
non-endometrioid carcinomas were scarcely represented
in the series), clearly indicating that deregulation of the
PI3K pathway is common in this histologic type. Overall,
19 tumors exhibited 1 or more PTEN alterations (mutations
in 15, LOH in 8, and promoter methylation in 6). Biallelic
inactivation of PTEN was demonstrated in 11 tumors,
whereas 8 tumors exhibited alteration in 1 of the 2 alleles.
PIK3CA mutations coexisted with monoallelic alterations of
PTEN in 4 cases (2 mutations and 2 allelic imbalances),
whereas 3 tumors showed PIK3CA mutations in association
with wild-type PTEN. A single tumor had a PIK3CA
mutation coexisting with a biallelic alteration of PTEN;
however, 1 hit was promoter hypermethylation of PTEN/
psiPTEN, which has a controversial biological significance
[26]. These results thus support the hypothesis that PIK3CA
mutations may have an additive effect on PTEN monoallelic
inactivation in endometrial carcinoma.

The hypothesis that alterations in tumor suppressor genes
can cause haploinsufficiency has led to a reevaluation of
the classical “2-hit” model of tumor suppressor gene
inactivation. It has been suggested that under certain
circumstances, 1 hit may be sufficient for inactivation of
tumor suppressor genes such as PTEN [34,35]. Even more,
it has been demonstrated that double heterozygosity for
functionally related proteins could have an additive effect on
tumor development and progression. The results of the
present study may suggest that PIK3CA and monoallelic
inactivation of PTEN may have an additive effect in
endometrial carcinomas.

A second contribution of this study is the suggestion that
in endometrial carcinomas, mutations in PIK3CA and
K-RAS occur in a mutually exclusive way. Activation of
PI3K can be accomplished either through receptor tyrosine
kinase activation, nonreceptor tyrosine kinases, and RAS
activation. RAS gene family members encode 21-kd
proteins with guanosine triphosphatase activity, which
regulates tyrosine kinase-induced MAPK activation. How-
ever, RAS also binds and activates PI3K, thus activating
AKT. Production of activated GTP-bound RAS leads to
direct recruitment and activation of the pll10 catalytic
subunit of PI3K in the absence of p85 effects [36,37].
Therefore, it seems logical that activating mutations in RAS
and PIK3CA are redundant in tumor development because
each may result in up-regulation of AKT and MAPK.
Interestingly, a reciprocal mutational status for PTEN and
N-RAS has been found in some tumors such as melanomas
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[38]. Concomitant mutations PIK3CA and K-RAS have been
found in colorectal carcinoma, whereas in gastric cancer,
PIK3CA mutations tend to occur in tumors without K-RAS
mutations [39].

A surprising result in our study was the lack of statistical
significance when correlating AKT immunostaining in
tumors with PI3K alterations (PTEN and PIK3CA) and
those without these abnormalities. Several explanations
could be offered. First, molecular alterations in other
signaling pathways (such as K-RAS) may interfere with
PI3K signaling. Second, it is possible that genes in the PI3K
pathway, other than PTEN and PIK3CA, could also be
deregulated in endometrial carcinomas.

Finally, our study shows that the finding of PIK3CA
mutations does not correlate with microsatellite instability
status or mutations in CTNNB-I gene, two frequent
alterations of endometrial carcinomas. Lack of correlation
between PIK3CA mutations and microsatellite instability is
interesting because previous studies have reported this in
gastric, but not in colonic, carcinoma [39].

In summary, the present study provides information
regarding the frequent alteration of the PI3K pathway in
endometrial carcinomas and supports the hypothesis that
PIK3CA mutations may coexist with monoallelic inactiva-
tion of PTEN. Moreover, the results favor a mutually exclu-
sive role of PIK3CA and K-RAS in endometrial carcinoma.
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La expresion de FGFR2 sobre tejido endometrial normal varia

dependiendo de la fase del ciclo menstrual.

La expresion de FGFR2 es significativamente mayor en EEC en

comparacion con NEEC.

Los tumores de grado histoldgico III mostraron menor expresion de

FGFR2 que los de grado II.

Las mutaciones del gen FGFR2 se encuentran a frecuencias bajas en

carcinoma de endometrio.

Existe una alta incidencia del polimorfismo V232V en el exon 5 del gen

FGFR2 en los tumores analizados.
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FGFR?2 alterations in endometrial carcinoma
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Fibroblast growth factor receptor 2 (FGFR2) is a tyrosine kinase receptor involved in many biological processes
such as embryogenesis, adult tissue homeostasis and cell proliferation. Mutations in FGFR2 have been
reported in up to 10-12% of endometrial carcinomas identical to those found in congenital craniofacial
disorders. Inhibition of FGFR2 could be a new therapeutic target in endometrial carcinoma. FGFR2
immunostaining was assessed in three tissue microarrays: one constructed from paraffin-embedded blocks
of 60 samples of normal endometrium in different phases of menstrual cycle, and two tissue microarrays
containing endometrial carcinoma samples (95 and 62 cases). FGFR2 expression was correlated with stage,
histological type and grade as well as with immunostaining of PTEN, RASSF1A, estrogen and progesterone
receptors, KI67, Cyclin D1, STAT-3 and SPRY2. FGFR2 mutations were assessed by PCR and direct sequencing,
with DNA obtained from 31 paraffin-embedded endometrial carcinoma samples. In normal endometrium, FGFR2
expression was higher in the secretory than in the proliferative phase (P=0.001), with an inverse correlation
with Ki67 (P=0.00032), suggesting a tumor-suppressor role for FGFR2 in normal endometrium. Cytoplasmic
expression of FGFR2 was higher in endometrial carcinoma when compared with the atrophic endometrium from
the same patients (P=0.0283), but was lower in comparison with normal endometrium from women in the
menstrual cycle. Interestingly, nuclear staining was observed in some cases, and it was less frequent in
endometrial carcinoma when compared with the adjacent atrophic endometrium (P=0.0465). There were no
statistical differences when comparing superficial and myoinvasive endometrial carcinoma samples.
Endometrioid endometrial carcinomas showed higher expression of FGFR2 than nonendometrioid endometrial
carcinomas (fold change 2.56; P=0.0015). Grade Ill endometrioid endometrial carcinomas showed decreased
FGFR2 expression when compared with grade Il endometrioid endometrial carcinomas (P=0.0055). No
differences were found regarding pathological stage. Two missense mutations of FGFR2 gene were detected in
exons 6 and 11 (S252W and N549K, respectively; 6.45%). Results support the hypothesis that FGFR2 has a dual
role in the endometrium, by inhibiting cell proliferation in normal endometrium during the menstrual cycle,

but acting as an oncogene in endometrial carcinoma.

Modern Pathology (2011) 24, 1500-1510; doi:10.1038/modpathol.2011.110; published online 1 July 2011
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Endometrial carcinoma is one the most commonly
diagnosed malignant tumors of the female genital
tract in Europe and United States. There are two
main clinicopathological variants of endometrial
carcinoma. Endometrioid carcinomas (type I tumors)*
are usually low-grade and estrogen-related carcino-
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mas that usually develop in perimenopausal women
and coexist or are preceded by complex and atypical
endometrial hyperplasia. Nonendometrioid carcino-
mas (type II tumors) are very aggressive tumors,
unrelated to estrogen stimulation, arising occasion-
ally in endometrial polyps or from precancerous
lesions developing in atrophic endometrium
that mainly occur in older women; and may
exhibit serous or clear cell features. Classification
of endometrial carcinomas in these two types is
probably too rigid, as tumors showing combined or
mixed features are not infrequent in daily practice.
However, cDNA analysis clearly has shown that
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endometrioid endometrial carcinomas and non-
endometrioid endometrial carcinomas exhibit dif-
ferent expression profiles.® The molecular altera-
tions involved in the development of endometrioid
endometrial carcinomas are different from
those of nonendometrioid endometrial carcinomas.
Nonendometrioid endometrial carcinomas exhibit
alterations of p53,* STK15,° p16, E-cadherin,® and
C-erbB2, as well as loss of heterozygosity on several
chromosomes.® In contrast, endometrioid endo-
metrial carcinomas show microsatellite instability,”
and mutations in the PTEN,® KRAS,® and CTNNB-1
genes.'*"?

Oncogenic activation of tyrosine kinases is a
common mechanism of carcinogenesis. Tyrosine
kinases play a role in transduction of proliferating
signals and can be good therapeutic target in several
tumors. Recently, some investigators have suggested
that alterations in fibroblast growth factor receptor 2
(FGFR2) could be added to the molecular-specific
features of endometrioid endometrial carcinomas."®*°
FGFR2 is of special interest, as it is a possible target
for therapeutic approaches, and FGFR2 inhibitors
are currently under consideration in clinical trials
for several types of solid tumors. FGFR2 belongs to
fibroblast growth factor receptor (FGFR) tyrosine
kinase family that comprises four different trans-
membrane kinases (FGFR1-FGFR4) and their alter-
native spliced isoforms.’® They differentially
respond to 18 FGF ligands and activate downstream
pathways such as RAS-MAPK. FGFR2 has been
described to play a role as either oncogene or tumor-
suppressor gene, depending on the type of cell.
Several types of molecular alterations have been
described, including gene overexpression and point
mutation. In this study, we evaluate FGFR2 expres-
sion in normal endometrium and endometrial
carcinoma by immunohistochemistry and the
presence of somatic mutations of FGFR2 by PCR
in correlation with the main molecular alterations
of this tumor.

Materials and methods
Material

Tissue samples were obtained from Hospital
Universitari Arnau de Vilanova de Lleida and
Hospital de Sant Pau, Barcelona. A specific
informed consent was obtained from each patient,
and the study was approved by the local ethical
committee. The material included 60 samples of
normal endometrial tissue that were fixed in
formalin and embedded in paraffin (20 proliferative,
40 secretory). A total of 157 samples corresponded
to endometrial carcinomas: 131 of them were
endometrioid endometrial carcinomas and the other
26 were nonendometrioid endometrial carcinomas.
Formalin-fixed, paraffin-embedded blocks were
available for each of them. Overall, the series of
157 endometrial carcinoma included 47 endo-
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metrioid endometrial carcinomas grade I, 58 endo-
metrioid endometrial carcinomas grade II, 26
endometrioid endometrial carcinomas grade III,
15 serous carcinomas, 4 clear cell carcinomas and
7 mixed miillerian malignant tumors. In all, 108
tumors were stage I, 15 were stage II, 22 were stage
I and 1 was stage IV. Staging information was
incomplete in 11 cases. Furthermore, superficial
and deep tumor samples of the same patient were
taken in 34 cases.

Tissue Microarrays

Three tissue microarrays were designed. The first
tissue microarray was constructed from 60 paraffin-
embedded samples on normal endometrium in
different phases of menstrual cycle (20 proliferative,
40 secretory). The second tissue microarray was
composed of 95 endometrial carcinomas, previously
evaluated for microsatellite instability, KRAS
mutations and alterations in PTEN, PIk3CA and
CTNNB-1.77'*'7 The third tissue microarray was
constructed from 62 endometrial carcinomas that
were also previously subjected to molecular analysis
for genes involved in the control of RAS-MAPK
pathway, such as SPRY2, and RASSF1A promoter
hypermethylation.”®"® A Tissue Arrayer device
(Beecher Instruments, Sun Prairie, WI, USA) was
used to construct the tissue microarray. Briefly, all
the samples were histologically reviewed and
representative areas were marked in the correspond-
ing 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 endometrial carcinoma specimens were
also included.

Immunohistochemical Study

Tissue microarray blocks were sectioned at a
thickness of 3 um, dried for 16 h at 56°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
treatment in a pressure cooker for 2min in EDTA
(pH 8.9). Before staining the sections, endogenous
peroxidase was blocked. The antibodies used were:
FGFR2 (1:200 dilution; Abcam), SPRY2 (1:500
dilution; N-terminal, S 1444, Sigma), Ki67 (1:100
dilution; MIB-1, DAKO), PTEN (1:50 dilution;
6H2.1, DAKO), RASSF1A (1:100 dilution;
eB114-10H1; e-Bioscience), Estrogen receptor (1:50,
6F11, NovoCastra), Progesterone receptor (1:50, PgR
636, DAKO), Cyclin D1 (1:25, DCS6, DAKO) and
STAT-3 (1:500, sc8019, Santa Cruz). After incuba-
tion, the reaction was visualized with the EnVision
Detection Kit (DAKO) using diaminobenzidine
chromogen as a substrate. Sections were counter-
stained with hematoxylin. Appropriate positive and
negative controls were also tested.
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Immunohistochemical results were evaluated
by two pathologists, by following uniform pre-
established criteria. FGFR2 immunoexpression,
as well as staining for the other markers, was graded
semiquantitatively by considering the percentage
and intensity of the staining. A histological score
was obtained from each sample, which ranged from
0 (no immunoreaction) to 300 (maximum immuno-
reactivity). The score was obtained by applying the
following formula: Histoscore=1 x (% light stain-
ing) + 2 x (% moderate staining) + 3 x (% strong
staining). The reliability of such score for interpreta-
tion of immunohistochemical staining in endo-
metrial carcinoma tissue microarrays has been shown
previously.?°*? As each tissue microarray included
two different tumor cylinders from each case,
immunohistochemical evaluation was done after
examining both samples. Finally, the percentage of
positive nuclei in each case was used to assess the
cellular proliferation (Ki67).

The reproducibility of tissue microarray immuno-
staining was confirmed by comparing tissue
microarray’s results with those obtained in sections
from the corresponding paraffin blocks of 37
randomly selected cases. The overall concordance
was 89.2%. The x index of agreement between the
two methods ranged from 0.68 to 0.83.

Mutation Analysis of FGFR2

For PCR, two primer pairs were used to individually
amplify 12 exons of FGFR2 from genomic endome-
trial cancer DNA. Each PCR reaction contained
1 x Buffer, 1.5 mM MgCl, and 1u/ul TaqGold (Applied
Biosystems, Santa Clara, CA, USA), 0.2mM dNTPs
(Biotools B&M Labs, SA, Madrid, Spain) and 0.2 uM
of each primer. PCR amplification was performed in
20 ul reaction volumes that contained 100 ng of DNA,
75nM HCI, 1.5mM MgCl,, 50mM KCl, 20mM
(NH4)2S04, 0.2 uM of each primer, 0.2mM of each
dNTP and 1 unit of Tag DNA polymerase (Biotools,
B&M Labs). All exons were amplified with the
following 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 a final extension of 10 min at 72 °C.

For DNA sequencing, PCR products were first
purified using the MinElute PCR Purification
Kit (Qiagen GmbH, Hilden, Germany) and were
bidirectionally sequenced using the original primer
pair and the Applied Biosystem Cycle Sequencing
kit (Applied Biosystems). Samples were analyzed
on the AB Prism 3100-Avant instrument, using
standard run parameters. The separation matrix
used was POP-6 using 1 x TBE with EDTA running
buffer (Applied Biosystems).

Statistical Analysis

To evaluate differences in immunoexpression for
independent series, Mann—Whitney nonparametric
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test was used to evaluate significance. Histoscore
means were computed to report absolute difference
and, in addition, fold change was calculated to
report relative differences. Regarding dependent
series, where normal and tumor samples were
obtained from the same patients, linear mixed
models were used to take into account both paired
observations and repeated measures, using model
estimates to evaluate differences in expression
levels. To evaluate coexpression between biomar-
kers, Pearson’s linear correlation coefficient was
applied whereas Spearman’s nonparametric test
was used to assess significance, which was set for
all tests at a threshold of 0.05. All analyses were
obtained using R statistical software.

Results

FGFR2 Expression by Immunohistochemical Analysis
of Tissue Microarrays

In normal endometrial tissue, FGFR2 protein
expression was evaluated in 30 samples, which
corresponded to different phases of the menstrual
cycle (Table 1 and Figure 1). The remaining samples
were missed in the construction of the tissue
microarray, lost during sectioning and staining, or
did not show representative endometrial glands in
the stained section. FGFR2 expression was variable
in epithelial cells with some staining in stromal
cells and capillaries. Cytoplasmic FGFR2 immuno-
staining was significantly lower in the proliferative
phase (mean Hscore 64; range 0—150) in comparison
with the secretory phase (mean Hscore 170; range
10-275) (fold change=2.65; P=0.001; Figure 2).
The staining was predominantly cytoplasmic
and granular. FGFR2 protein expression was inver-
sely correlated with estrogen (mean Hscore 198;
range 0-300) and progesterone (mean Hscore 160;
range 0-300) receptors (r=-0.76; P=0.00002; and
r=-0.75; P=0.00001, respectively) and was also
inversely correlated with Ki-67 staining (mean
percentage 14; range 0-70; r=—0.35; P=0.00032;
Table 2).

In endometrial carcinomas, FGFR2 was evaluated
in 115 out of the 157 cases that were included in the
second and the third tissue microarrays. The
remaining samples were missed in the construction
of the tissue microarray, lost during sectioning and
staining, did not show representative tumor in
the stained section, or had unreliable tissue
immunostaining. FGFR2 showed two different types
of staining patterns: cytoplasmic and nuclear.
Cytoplasmic FGFR2 expression was higher in
endometrial carcinomas in comparison with normal
atrophic endometrial tissue from the same patient,
which was available in 72 cases (fold change 3.35;
P=0.0283; Figure 3 and Table 3). However, cyto-
plasmic FGFR2 expression of endometrial carcino-
mas was lower than FGFR2 expression in normal
endometrium from samples of the first tissue
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Table 1 Summary of the main immunohistochemical results regarding FGFR-2

Normal samples Min Max Mean s.d. Fold change P-value
Proliferative 0 150 64.20 49.39 1.00
Secretory 10 275 170.10 76.48 2.65 0.001
Normal vs tumor Min Max Mean s.d. Fold change P-value
Normal (proliferative and secretory) vs tumor (cytoplasmic expression)
Normal samples 0 275 134.80 84.66 1.47 0.013
Tumor samples 0 275 91.61 78.37
Normal (proliferative) vs tumor (cytoplasmic expression)
Normal samples 0 150 64.20 49.39 0.70 0.34
Tumor samples 0 275 91.61 78.37
Normal (secretory) vs tumor (cytoplasmic expression)
Normal samples 10 275 170.1 76.48 1.86 0.00016
Tumor samples 0 275 91.61 78.37
Tumor samples 0 275 91.61 78.37
NEEC 0 260 38.60 70.51 2.56 0.0015
EEC 0 275 98.75 76.63 1.00
Grade
1 0 250 97.99 73.64 1
2 0 275 118.01 82.00 0.83 (1 vs 2) 0.42
3 0 130 54.57 48.02 2.16 (2 vs 3) 0.0055
Stage
I 0 275 102.67 78.66 1
I 0 180 75.25 62.40 1.36 (I vs ) 0.21
I 38.33 125 90.08 36.80 0.84 (I vs III) 0.59
v 80 80 80 — 1.13 (III vs IV) —

Bold values are significant P-values.

a 300 4 b 300 —
fold-change=2.65 (p=0.001) fold-change=1.47 (p=0.01)
250 _ 250
§ 200 S 200+
% |7
g 3 —_
o
g 150 g 150
o o
c =
g 1 g
£ 100 1 £ 100
50 50 - 1
0- 0- —

secretory proliferative

normal

tumor

Figure 1 (a) Differential immunoexpression between secretory and proliferative samples. Bars represent means and segments means 1
s.d. Fold change indicates the relative difference between sample types. (b) Differential immunoexpression between normal and tumor
samples. Bars represent means and segments means * 1 s.d. Fold change indicates the relative difference between sample types.

microarray, obtained from premenopausal patients
in different phases of the menstrual cycle. Differ-
ences in the expression were significant for all
normal endometrium samples (fold change 1.47;
P=0.013) and for normal endometrium samples in
the secretory phase (fold change 1.86; P=0.00016),
but not for normal endometrium samples in the

proliferative phase (P=0.34). Interestingly, nuclear
staining was observed in some cases, and it was less
frequent in endometrial carcinomas when compared
with atrophic endometrium of the same patients
(P=0.0465; Figure 4). In some cases, nuclear
staining was seen in atrophic glands with tubal
metaplasia. Nuclear staining was not seen in normal

1503

MODERN PATHOLOGY (2011) 24, 1500-1510



FGFR2 in endometrial cancer

1504

S Gatius et al

nﬂ' G;g‘c' '\‘n“ Qﬂ‘;ﬁ gg ¥,

(g‘\‘x
b

ﬁ«.,

Figure 2 Cytoplasmic FGFR2 expression in normal endometrium in the prohferatlve (a) and secretory (b) phases.

Table 2 Main correlations between FGFR2 expression and
remaining markers

Normal cycling endometrium
FGFR2/estrogen receptor
FGFR2/progesterone receptor
FGFR2/MIB-1

r=-0.76; P=0.00002
r=-0.75; P=0.00001
r=-0.35; P=0.00032

Endometrial carcinoma
FGFR2/estrogen receptor
FGFR2/progesterone receptor

r=0.44; P=0.00002
r=0.22; P=0.00122

FGFR2/MIB-1 NS
FGFR2/PTEN r=-0.35; P=0.00005
FGFR2/SPRY2 r=0.22; P=0.014
FGFR2/RASSF-1A NS
FGFR2/STAT-3 NS
FGFR2/Cyclin D1ns NS

NS, not significant.

endometrium samples in different phases of the
menstrual cycle.

Interestingly, the relationship between FGFR2
expression and estrogen and progesterone expres-
sion in endometrial carcinomas was different from
the one obtained in normal endometrium during the
menstrual phase. In endometrial carcinoma, FGFR2
was significantly associated with increased expres-
sion of estrogen receptors (mean Hscore 67; range
0-280; r=0.44; P=0.00002) and progesterone
receptors (mean Hscore 96; range 0-290; r=0.22;
P=0.00122). Moreover, FGFR2 expression was
statistically inversely associated with PTEN immu-
nostaining (mean Hscore 40.52; range 0-290;
r=-0.35; P=0.00005). A significant association
was also seen when correlating the expression of
FGFR2 and SPRY2 (r=0.22; P=0.014). In addition,
FGFR2 expression did not show any statistical
association with the expression of Ki-67, RASSF1A,
STAT-3 and Cyclin D1 (Table 2). Moreover, FGFR2
expression did not show statistical association with
KRAS mutations, in the 34 tumors in which KRAS
mutation status was known (P =0.85).
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Among endometrial carcinoma, FGFR2 immuno-
staining was higher in endometrioid endometrial
carcinoma (mean Hscore 98; range 0-275) in
comparison with the nonendometrioid endometrial
carcinoma (mean Hscore 38; range 0-260), and the
difference was statistically significant (fold change
2.56, P=0.0015; Figure 5). There were no statistical
differences when comparing superficial and myoin-
vasive tumor samples (P=0.5146). Regarding histo-
logical grade, no significant differences were seen
between grade I and grade II endometrial carcino-
mas. However, grade III endometrial carcinomas
(mean Hscore 54.57; range 0—130) showed decreased
FGFR2 expression when compared with grade II
endometrial carcinomas (mean Hscore 118.01;
range 0-275; fold change=2.16; P=0.0055). No
differences were found regarding pathological stage.

FGFR2 Mutations

Missense mutations of FGFR2 gene were detected in
exons 6 and 11 (S252W and N549K, respectively)
in two of the 31 assessed cases (6.45%), each of them
in endometrioid endometrial carcinoma (Figure 6).
None of the remaining 29 cases exhibited any
mutation. These 31 cases had been previously
evaluated for mutations in PTEN (15 of 31; 48%),
KRAS (7 of 30; 23%), CTNNB1 (5 of 29; 17%),
PIK3CA (9 of 31; 29%) and also for microsatellite
instability (13 of 31, 41%).”7*>"” The tumor that
exhibited the N549K mutation also had one muta-
tion in PTEN (993delC) and one mutation in PIK3CA
(H1065L), whereas the S252W FGFR2 mutation
coexisted with two mutations in PIK3CA (T1052K
and E542V) and one mutation in CTNNB-1. None of
these two cases showed a mutation in KRAS. DNA
polymorphisms in FGFR2 were very frequent
(Figure 7), particularly the V232V change. DNA
polymorphisms in exon 5 were seen in 85% of the
cases, and in 50% were detected in homozygosis.
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Figure 3 Cytoplasmic FGFR2 expression in endometrial carcinoma (a) and the adjacent atrophic endometrium (b) of the same patient.

Table 3 Expression of FGFR2 in endometrial carcinoma in
comparison with adjacent atrophic endometrium

Fold change CI P-value
Normal (atrophic adjacent 3.35 (1.14-9.74) 0.0283
to tumor) vs tumor
(cytoplasmic expression)
Normal (atrophic adjacent 0.35 (0.12-0.98)  0.0465

to tumor) vs tumor
(nuclear expression)

Bold values are significant P-values.

Discussion

FGFs comprise a large group of heparin-binding
growth factors that include 18 ligands. FGFs are
expressed in almost all tissues, and play important
roles in normal and neoplastic cells by regulating
development, wound repair and angiogenesis. FGF's
exert their function through four high-affinity
tyrosine kinase receptors (FGFR1, FGFR2, FGFR3
and FGFR4)."® Each receptor contains three Ig-like
extracellular domains, a transmembrane region and
intracellular domain with tyrosine kinase activity
and a carboxy terminus. Binding of FGFs to the
extracellular domains of FGF receptor results in
dimerization and conformational shift in receptor
structure that leads to activation of the intracellular
kinase domain and subsequent transphosphoryla-
tion of tyrosine kinase domains. Activation of FGF
receptors leads to signal transduction through
multiple pathways including PLCy, PI3K, MAPK
and STATs. However, one of the predominant
signaling pathway activated downstream of FGFR
is RAS-MAPK. Following FGFR activation, MAPK
signaling induces cell proliferation, through induc-
tion of Cyclin D1. FGF signaling is under the
regulatory control of some proteins. Among them,
the members of the Sprouty mammalian genes
(SPRY)?® seem to have a significant role. The mode

of action of SPRY proteins is complex and subjected
to several unknown mechanisms of regulation.
SPRY proteins have been found to regulate both
receptor tyrosine kinases (RTKs) and downstream
signaling pathways like FGF and RAS-MAPK.**
By controlling these pathways, SPRY2 is involved
in regulation of cell proliferation, differentiation
and angiogenesis.

FGF signaling can be involved in tumor develop-
ment or progression by different mechanisms in a
context-dependent manner. In some scenarios, FGF
activation may have oncogenic roles by increasing
cell proliferation, survival and migration. However,
in other settings, FGF signaling may also play
tumor-suppressor roles.”® In fact, loss of FGFR2
signaling may induce epithelial-to-mesenchymal
transition®® in tumor cells. Overexpression of FGFRs
has been identified in tumors from the brain,
thyroid, breast, prostate and skin. Copy number
gains of FGFR2 have been shown to result in FGFR2
overexpression in cancers from the breast*” and
stomach. Moreover, missense mutations of some of
the FGFR have been reported. FGFR2 mutations
have been described in cancers from the ovaries,
breast, stomach®® and lung.?® FGFR2 mutations
around the third immunoglobulin-like domain
result in FGFR2 activation due to the creation of
autocrine FGF signaling loop. Moreover, mutations
involving the tyrosine kinase domain cause FGFR2
activation by release of FGFR2 from autoinhibition.
The important role of FGF signaling in neoplastic
development can be suggested after demonstration
of high prevalence of single-nucleotide polymorph-
isms (SNPs)®*° within intron 2 of FGFR2 in associa-
tion with breast cancer through allelic FGFR2
upregulation.

As mentioned before, the RAS-MAPK is an
important signaling pathway downstream of FGFR.
Activation of the pathway begins when a signal
binds to a protein kinase receptor such as FGFR, and
also EGFR or PDGFR, although it may also be
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Figure 4 Nuclear FGFR2 expression is lower in endometrial carcinoma (a) than the adjacent atrophic endometrium (b) of the same

patient.

Figure 5 Cytoplasmic FGFR2 expression is higher in endometrioid carcinomas of the endometrium (a) in comparison with

nonendometrioid carcinomas (b).

activated by many other multiple upstream recep-
tors. Deregulation of the RAS signaling pathway
plays an important role in endometrial carcinoma.’
The frequency of KRAS mutations in endometrial
carcinoma ranges between 10 and 30%. In some
series, KRAS mutations have been reported to be
more frequent in endometrioid endometrial carci-
nomas showing microsatellite instability. Inactiva-
tion of RASSF-1A, which is a negative regulator
of the RAS-MAPK pathway, is also frequent in
endometrial carcinoma. In a recent study, we found
decreased expression of RASSF1A"® in almost 50%
of the cases. Reduced expression of RASSF1A was
frequently associated with RASSF1A promoter
hypermethylation.

There are several evidences suggesting that the
FGF signaling pathway is important in endometrial
carcinoma. Recent studies have shown that endo-
metrial carcinoma presents frequent inactivation
of SPRY2, a protein that is involved in the negative
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regulation of the FGFR pathway. The expression of
SPRY2 has been found to be decreased in several
types of human cancer, by mechanisms of promoter
methylation. In a recent study, we have found
reduced SPRY2 immunoexpression in almost 20%
of endometrial carcinoma, which was strongly
associated with increased cell proliferation." In this
very same series of cases, SPRY2 promoter methyla-
tion was detected in >50% of the cases. Moreover,
somatic mutations in the receptor tyrosine kinase
FGFR2, identical to the germline mutations
associated with craniosynostosis and skeletal
dysplasia syndromes, have been recently detected
in 10-12% of endometrial carcinomas, particularly
in endometriod endometrial carcinomas (16%).13-1%
The somatic mutations included the S252W and
P235R changes, which are associated with the Apert
syndrome, the N549K and K659M, which are
associated with Crouzon syndrome, as well as the
N550K change.®" Interestingly, FGFR2 and K-RAS
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Figure 6 FGFR2 mutations in endometrioid carcinomas: S252W (a) and N549K (b).

mutations were mutually exclusive events, whereas
mutations in FGFR2 and PTEN frequently coexisted.
Ectopic expression of one FGFR2 mutation (S252W)
in NIH 3T3 cells conferred anchorage-independent
growth, suggesting an oncogenic role for FGFR2
mutations. Moreover, downregulation of FGFR2
induced cell cycle arrest and cell death, indepen-
dently to the status of PTEN."

In the present study, we have assessed the role of
FGFR2 in endometrial carcinomas. First, we have
evaluated FGFR2 expression in normal endome-
trium, by correlating FGFR2 immunohistochemical
staining between samples in different phases of
the menstrual cycle. Then, we compared FGFR2
expression between endometrial carcinoma and the
normal endometrium samples obtained in patients
in different phases of the menstrual cycle, and
also with samples corresponding to the atrophic
endometrium adjacent to the neoplastic tissue,
of the same patients with endometrial carcinoma.
The results were very interesting. In normal
endometrium during the menstrual cycle, FGFR2
seems to be associated with decreased proliferative
activity, as the expression is higher in the secretory
endometrium, and FGFR2 staining showed an

inverse statistical association with expression of
estrogen and progesterone receptors and Ki-67
(MIB-1). In other words, in normal endometrium,
FGFR2 seems to play an inhibitory (tumor suppres-
sor) function, different to the oncogenic role that has
been shown to present in endometrial carcinoma.
We have mentioned before that FGFR2 has shown to
exhibit this dual activity, by either promoting or
inhibiting cell growth, in different cell types in
distinct contexts. Now, we show that these different
roles may take place in the endometrium, as FGFR2
expression is associated with decreased prolifera-
tion in normal endometrium. It is important to
remember that other genes also exhibit different
roles in normal and neoplastic tissues. It is worth
mentioning that TGFf acts as a tumor suppressor
in normal tissue, but plays an oncogenic role in
tumors,** by promoting cell growth and develop-
ment of epithelial-to-mesenchymal transition.?*?*
Interestingly, in our study, we identified two
different patterns of FGFR2 immunostaining:
cytoplasmic and nuclear. Although cytoplasmic
expression was higher in endometrial carcinoma in
comparison with the adjacent atrophic endome-
trium from the same patients, nuclear FGFR2
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Figure 7 FGFR2 DNA polymorphism in exon 5.

expression was higher in the atrophic endometrium.
These results suggest that a shift of FGFR2 from the
cytoplasm to the nucleus may be associated with
decreased oncogenic activity. There have been
reports that FGFR2 may localize to the nucleus in
various cell types. For example, nuclear expression
of FGFR2 has been observed in Sertoli cell
precursors upon FGF9 activation.®

As expected, FGFR2 expression was higher
in endometrioid endometrial carcinoma than in
nonendometrioid endometrial carcinoma, and the
difference had statistical significance. In endome-
trial carcinoma, FGFR2 immunostaining was statis-
tically significantly associated with estrogen and
progesterone receptors and inversely associated
with PTEN expression, whereas there was not
an inverse correlation with SPRY2 expression
(an inhibitor of FGF signaling),”® and there was not
significant association with the expression of three
proteins related to signaling pathways downstream
of FGFR2, such as RASSF-1A, Cyclin D1 (RAS-
MAPK) and STAT-3. These results were unexpected.
We would expect an inverse relationship of FGFR2
with SPRY2 and RASSF1A, as these are negative
regulators of FGF and RAS-MAPK signaling path-
ways, while we would also expect a good correlation
between FGFR2 expression and the immunohisto-
chemical staining of STAT-3 and Cyclin D1,
which are proteins activated as a result of signaling
pathways downstream FGFR2. The lack of correla-
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tion between these proteins probably reflects that
many different signaling pathways are intercon-
nected, following diverse genetic and epigenetic
alterations, and emphasizes the difficulties of
detecting in tumor tissue good correlations between
molecular alterations and the expected targets. It is
worth mentioning that increased Cyclin D1 staining
may also occur in endometrial carcinoma with
microsatellite instability, in association with specific
mutations in Cyclin D1, which prevent Cyclin D1
degradation,®® and such a phenomenon is indepen-
dent of RAS-MAPK activation.

Moreover, when correlating FGFR2 staining and
pathological features, we saw that grade III endome-
trioid endometrial carcinoma showed decreased
FGFR2 expression when compared with grade II
endometrioid endometrial carcinoma (P=0.0055).
In addition, no differences were found in FGFR2
expression regarding pathological stage, and there
were no statistical differences when comparing
tumor cells in the superficial part and those in the
front of myometrial invasion.

Mutation analysis of FGFR2 demonstrated the
presence of missense mutations in 2 of the 31
assessed cases. These two cases were endometrioid
endometrial carcinoma. They were detected in
exons 6 and 11 (S252W and N549K, respectively).
Overall, FGFR2 mutations were detected in 6.45%
of endometrial carcinomas, whereas none of the
nonendometrioid endometrial carcinoma cases



exhibited any mutation. The frequency of FGFR2
mutations in this series (6.45%) is a little bit lower
than that of previous series (10-12%)."*~** However,
the number of cases tested for FGFR2 mutations is
smaller than that of other series. It is worth
mentioning that our series has the additional value
that the cases had been previously tested for
microsatellite instability, as well as mutations of
KRAS, PTEN, PIK3CA and CTNNB1. As shown in
other series, none of the tumors that presented
a FGFR2 mutation had KRAS mutations, whereas
FGFR2 mutations coexisted with mutations in
PTEN, PIK3CA and CTNNB-1. Interestingly, we
identified many DNA polymorphisms in the coding
sequence of FGFR2 in our series of cases.

In summary, in our study we provide additional
information regarding the oncogenic role of FGFR2
in endometrial carcinoma, and we also show that
FGFR2 has a growth-inhibitory function in normal
endometrium. Our results give support to the
hypothesis that FGFR2 may be a good target for
therapeutic intervention in endometrial carcinoma.
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1. LA EXPRESION DE RASSF1A APARECE DISMINUIDA EN
CARCINOMA DE ENDOMETRIO

La inhibicion de la transcripcion causada por la metilacion de las islas CpG en el
promotor de un gen supresor tumoral se ha convertido en un fendmeno comun en los procesos
de carcinogénesis. Del mismo modo que la hipermetilacion se presenta en gran variedad de
tumores, este fenomeno ha resultado ser un mecanismo frecuente de inactivacion de genes
supresores de tumores en carcinoma de endometrio.

En este estudio se analiz6 la expresion inmunohistoquimica de RASSF1A y la presencia
o ausencia de metilacion en la zona promotora del gen RASSF1A en una serie de tumores de
carcinoma de endometrio en la que detectamos un 48% de casos en los que los niveles de
expresion aparecian reducidos y una frecuencia de metilacion 73%, con una asociacion
estadisticamente significativa entre los dos fendmenos. Aunque la metilacion del gen RASSF1A
ya habia sido previamente evaluada en carcinoma de endometrio, éste resultd ser el primer
estudio de la literatura que demostré6 una asociacion con la reduccion de expresion en las
mismas muestras de carcinoma de endometrio analizadas. En otros estudios, las frecuencias de
metilacion del promotor de RASSF1A en carcinoma de endometrio fueron del 30% y del 85%
[136, 137]. En el estudio de Kang y col se halldé metilacion en el promotor de RASSF1A en dos
de cuatro lineas celulares de carcinoma de endometrio (AN3-CA, HEC-1-B, KLE y RL95-2), y
se demostré que las lineas celulares de carcinoma de endometrio con el promotor metilado que
habian sido tratadas con 5-aza-2-deoxycitidina, una droga que inhibe la metilacion del ADN,
restablecian la expresion de RASSF1A.

El andlisis de expresion de RASSF1A mediante inmunohistoquimica en nuestra serie de
tumores de carcinoma de endometrio resulté ser muy heterogénea. Algunos de los casos fueron
RASSF1A positivos en unas areas y negativos en otras, incluso algunos casos con expresion
negativa para RASSFI1A contenian pequeilas porciones de células con fuerte marcaje. Se
detectaron casos en los que la tincion resultaba positiva aun habiéndose detectado la presencia
de metilacion en el promotor. La razén de este hecho podria ser explicada si tenemos en cuenta
que la metilacion puede no tener una distribucion heterogénea dentro del mismo tumor, como
ocurre con la localizacion de la proteina en algunos casos. Este fenomeno ha sido explicado en
melanoma maligno. La heterogeneidad intratumoral de la metilacion encontrada en el promotor
del gen RASSF1A en melanoma maligno es un hecho frecuente y soporta la hipotesis de una

inestabilidad clonal durante la progresion de los tumores [202].
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2. RASSFIA PODRIA SER UN INDICADOR DE LA
AGRESIVIDAD DE LOS TUMORES EN PACIENTES DE
CARCINOMA DE ENDOMETRIO

Durante la formacion de los tumores, la activacion de RAS se asocia al aumento de la
proliferacion, a la transformacién y a la supervivencia de la célula. Los efectores de RAS como
RASSF1A ejercen sefiales inhibitorias del crecimiento por lo que se supone que han de ser
inactivados en el proceso tumoral. Se han descrito resultados contradictorios entre la
inactivacion de RASSF1A y las mutaciones en el gen K-RAS en diferentes tipos de tumores.
Estos dos fendomenos resultaron ser mutuamente excluyentes en cancer colorrectal y cancer de
pancreas [203, 204], también en cancer de pulmoén pero en este caso la correlacion no fue
estadisticamente significativa [205]. En cancer de tiroides la metilacion de RASSF1A ocurria de
manera contraria a la deteccion de mutaciones en el gen BRAF [206]. Debido al hecho de que la
existencia de mutaciones en el gen BRAF es relativamente poco frecuente en cancer de
endometrio, nuestro trabajo se focalizd en relacionar la inactivacion de RASSF1A con las
mutaciones en K-RAS y la inestabilidad de microsatélites.

En la serie de carcinoma de endometrio analizada en este trabajo, de 10 casos con
mutaciones en el gen K-RAS, 7 de ellos no expresaban RASSF1A. Kang y col (2006)[135]
encontraron una fuerte asociacion entre la existencia de metilacion en el promotor de RASSF1A
en casos de carcinoma de endometrio con inestabilidad de microsatélites y una asociacion
inversa con la existencia de mutaciones en los genes K-RAS y BRAF en casos de carcinoma de
endometrio sin inestabilidad de microsatélites. Pijnenborg y col (2007)[137] publicaron un
trabajo en el cual se habia encontrado una frecuencia del 85% de metilacion en el promotor de
RASSF1A en casos de carcinoma de endometrio sin encontrar ninguna relacion entre esta
metilacion y la existencia de mutaciones en los genes K-RAS y BRAF. Ellos mismos
describieron la existencia de metilacion en RASSF1A en muestras de hiperplasia endometrial
con una frecuencia del 50%, en endometrio ciclico con una frecuencia del 21% y en endometrio
atréfico con una frecuencia del 38%. Los autores sugirieron que la metilacion del promotor de
RASSF1A jugaba un papel determinante en el desarrollo temprano del cancer de endometrio.
Sin embargo, en el presente trabajo no se ha hallado ningun caso de tejido no tumoral
(correspondientes a la serie de 57 casos de carcinoma de endometrio estudiados) en el que se
detectara metilacion en el promotor de RASSF1A. Ademas, el patron de tincion obtenido en los
tejidos no tumorales resultd dependiente de la fase del ciclo menstrual, lo que sugiere que en
endometrio normal, RASSF1A se encuentra bajo la regulacion de las vias de sefializacion de las

hormonas esteroideas.
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La inestabilidad de microsatélites en carcinoma de endometrio ocurre con una
frecuencia del 25-30% y es caracteristico del adenocarcinoma endometrioide. La identificacion
de metilacion en varios genes en carcinomas de colon y gastrico con inestabilidad de
microsatélites sugiere la existencia de una relacion entre el fenotipo con inestabilidad de
microsatélites y la alteracion en el patron de metilacion. En este estudio se ha analizado la
posible asociacion entre la expresion por inmunohistoquimica de RASSF1A y la inestabilidad
de microsatélites en la serie que analizamos. Hemos podido percibir una asociacion
estadisticamente significativa entre la disminucion de la expresion de la proteina de RASSF1A
y la inestabilidad de microsatélites cuando se consideran negativos aquellos tumores con un
Histoscore por debajo de 50. Estos resultados dan soporte a los datos de Kang y col, quienes
demostraron que la metilacion de RASSF1A estaba fuertemente asociada con la inestabilidad de
microsatélites y la metilacion del gen hMLH-1[135]. Resultados similares se obtuvieron en
cancer colorrectal en los que se ha descrito una mayor frecuencia de metilacion en el promotor
de RASSF1A en aquellos tumores con inestabilidad de microsatélites en comparacion con los
que no presentan inestabilidad. Estos resultados sugieren que la metilacion del promotor de
RASSF1A puede ocurrir preferentemente dentro del contexto de adenocarcinoma endometrioide
con inestabilidad de microsatélites.

En las series estudiadas se observa una frecuencia alta de metilacion en el promotor de
RASSF1A en asociacion con carcinomas pobremente diferenciados en estadio patologico
avanzado. En concordancia con estos datos, Jo y col (2006)[207] se encontraron con que la
metilacion de RASSFIA es significativamente mas frecuente en EC asociado a estadios
avanzados (III, IV) con afectacion de ganglios linfaticos y grados histologicos altos, ademas
demostraron la presencia de hipermetilacion de RASSF1A en pacientes con una incidencia alta
de recurrencias y bajo indice de supervivencia libre de enfermedad.

En algunos casos de EC se observd inmunotincion de RASSF1A a nivel nuclear.
Estudios bioquimicos han demostrado que RASSF1A es una proteina de uniéon a microtubulos
que regula la progresion mitdtica [208]. También se ha demostrado que la sobre expresion de
RASSF1A induce paro mitético en metafase dando lugar a células mitéticas aberrantes [208].
La mitosis esta regulada por RASSF1A mediante la inhibicién del complejo APC (Anaphase
Promoting Complex) a través de CDC20 (Cell-Division Cycle protein 20) e induce el paro de
G2-M en prometafase. Ademas, RASSF1A previene la degradacion de la ciclina D1 y retrasa la
progresion mitotica [209]. RASSF1A también es capaz de influir sobre otras ciclinas como la
ciclina D3 o la ciclina A a través de la interaccion con el factor de transcripcion p120%*, el cual
induce el paro del ciclo celular y promueve el enlace con otros genes supresores de tumores

ARF

conocidos como p14***, Rb y p53 que interaccionan con p120**" [210]. Para evaluar la posible

relacion entre RASSF1A y la maquinaria del ciclo celular, examinamos la relacion entre la
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expresion de RASSF1A con la expresion de la ciclina D1 o el indice de proliferacion (Ki67)

pero no encontramos ninguna asociacion significativa.

3. LA EXPRESION DE SPRY2 APARECE DISMINUIDA EN
CARCINOMA DE ENDOMETRIO

La funcion principal de las proteinas SPRY es la regulacion de la via de sefializacion
RAS-MAPK a través de gran variedad de factores de crecimiento como son FGF (Fibroblast
Growth Factor), VEGF (Vascular Endotelial Growth Factor), PDGF (Platelet-Derived Growth
Factor), HGF (Hepatocyte Growth Factor), GDNF (Glial-cell Derived Neurotrophic Factor) y
NGF (Nerve Growth Factor) [211].

Uno de los primeros autores que establecieron la relacion entre las proteinas SPRY y la
carcinogénesis fueron Lo y col. en 2004 demostrando la existencia de regulacion negativa de
SPRY1 y SPRY2 en el 94% de tumores de mama en contraposicion al tejido no tumoral. La
misma publicacion mostraba una alta expresion de SPRY?2 durante la formacion y el desarrollo
de la glandula mamaria y una baja expresion en los tejidos tumorales de la mama estudiados
mediante inmunohistoquimica [144]. De manera similar se ha descrito la disminucion de la
expresion de SPRY2 en cancer de pulmon de célula no pequeiia y hepatocarcinoma [145, 146].
En ambos casos la expresion de SPRY2 se evalud a nivel de transcrito y de proteina y algunos
tumores exhibian una tincion comparable o algo menor a la del tejido normal adyacente.
Ademas, Fong y col. describieron una mayor expresion de SPRY2 en condiciones
preneoplasicas de cirrosis comparado con la expresion hallada en hepatocarcinoma y tejido
normal.

En el presente trabajo hemos demostrado por vez primera en la literatura la expresion
diferencial de SPRY2 en endometrio normal en diferentes fases de ciclo menstrual. Hemos visto
que la proteina SPRY?2 se expresa de manera diferente en las glandulas endometriales a lo largo
del ciclo menstrual, lo cual puede indicar un posible papel de SPRY2 en el desarrollo de las
glandulas y de sus ramificaciones, de manera similar al papel tradicional atribuido a las
proteinas SPRY en la ramificacion de estructuras endoteliales y epiteliales durante la
organogénesis. Este modelo reproduce de manera similar el que funciona en la conformacion de
la traquea de Drosophila y la formacion del pulmén en mamiferos [138]. En estos modelos las
proteinas SPRY ejercen funciones regulatorias y su expresion impide la formacion al azar de
ramificaciones en los ductos, actuando como antagonistas de la morfogénesis de la traquea.

En endometrio normal, SPRY2 podria ejercer un papel regulatorio en el desarrollo de
las glandulas durante los cambios morfoldgicos ciclicos con respecto a las fluctuaciones en los

niveles hormonales del ciclo menstrual. Es importante mencionar que la expresion de la proteina
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SPRY2 se correlacion6 de manera inversa y de forma significativa con la expresion de
estrogeno y progesterona del endometrio normal en las diferentes fases del ciclo menstrual, y la
expresion de los receptores estuvo en relacion muy significativa con el indice de proliferacion
celular (Ki67).

También hemos mostrado que la expresion de SPRY2 en algunos ECs se ve disminuida
en asociacion con la hipermetilacion del promotor de SPRY2. El hecho de que la expresion de
la proteina SPRY2 se viera disminuida en un numero significativo de casos de EC (57%)
sugiere que la pérdida de la expresion de SPRY2 podria jugar un papel importante en el
desarrollo y la progresion del carcinoma de endometrio. Por otro lado, algunos tumores
mostraron un incremento en la expresion de la proteina SPRY2 comparado con la expresion en
tejido no tumoral. La explicacion a este hecho podria encontrarse si se considerara que esos
tumores portaran otras alteraciones moleculares que inhibieran los efectos de regulacion

negativa del crecimiento por parte de la proteina SPRY2 en el proceso de progresion tumoral.

4. SPRY2 COMO GEN SUPRESOR DE TUMORES

SPRY?2 resulta un gran candidato a gen supresor de tumores en EC por tres razones: la
primera se debe a que SPRY?2 funciona como gen supresor tumoral en otros tipos de tumores
solidos; la segunda es debida a que la region cromosoémica 13q31, en la que se localiza el gen
SPRY2, ha demostrado sufrir deleciones con frecuencia en EC; la tercera es porque SPRY?2 es
un regulador negativo de vias de sefializacion que, frecuentemente, se encuentran alteradas en
EC.

En carcinoma de endometrio, la observacion de pérdida en la expresion de SPRY2 en
tumores de alto grado comparada con la expresion en carcinomas de bajo grado sugiere que
SPRY?2 podria actuar como gen supresor de la progresion tumoral de manera similar a lo que se
ha descrito para tumores que muestran una disminucion de expresion durante la metastasis
(genes supresores de metastasis). Sin embargo, resulta interesante encontrar una disminucion en
la expresion de la proteina SPRY2 en endometrio proliferativo con respecto a EC.
Aparentemente, estos resultados contradicen el efecto de SPRY2 como supresor tumoral en la
génesis del carcinoma, pero este suceso puede explicarse por el importante desarrollo y
ramificacion de las gandulas endometriales durante la fase proliferativa. En cierto sentido, el
endometrio proliferativo posee caracteristicas similares a ciertos drganos durante el desarrollo
embrionario. En otros tipos de 6rganos, el papel de SPRY2 como supresor de tumores se ha
manifestado comparando los niveles de proteina en tumores con los niveles en tejido no
tumoral, pero no con el correspondiente tejido durante el desarrollo embrionario. Es por esta

razon que nos preguntamos si el endometrio proliferativo es en realidad (igual que otros tejidos
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durante la fase de desarrollo embrionario) el mejor tejido para ser comparado frente a los
niveles de SPRY2 en tumores y asignar el papel de supresor de tumores a SPRY2 en el
endometrio.

La proteina SPRY2 en humanos esta codificado por un gen localizado en el cromosoma
13931.1 que parece estar expresado en todos los tejidos [212]. La expresion del gen SPRY?2
puede verse alterada a causa de diferentes mecanismos [143, 213]. En la secuencia génica de
SPRY?2 se han identificado numerosos sitios de union a factores de transcripcion [214], pero se
sabe poco sobre las secuencias reguladoras en el promotor. La region 13q31, donde se localiza
el gen SPRY?2, muestra pérdida de heterocigosidad en el 11% de los EC [123, 215], sugiriendo

que SPRY?2 pueda también ser inactivado por delecion.

S. LA METILACION EN EL PROMOTOR DE SPRY2 ES UN
HECHO FRECUENTE EN CARCINOMA DE ENDOMETRIO

En el presente estudio hemos hallado una frecuencia de metilacion en el promotor de
Spry2 del 53.4% en EC. En general los andlisis de metilacion en muestras tumorales y no
tumorales mostraron combinaciones heterogéneas en la serie estudiada. Sin embargo se
encontraron grandes concordancias entre el estado de metilacion de las dos islas CpG (A y B)
que fueron estudiadas.

Se ha descrito la existencia de hipermetilacion del promotor de diferentes genes en EC.
Ejemplos de estos genes son hMLH1 y CDKN2A/pl6 [216] y el gen APC en estadios
tempranos de la tumorigénesis endometrial [85]. En 2001, Salvesen y col.[169] describieron la
existencia de metilacion en el promotor del gen PTEN con una frecuencia relativamente alta en
EC. Los promotores de los genes RARb2 y RASSF1A también se hallan metilados en EC [217,
218]. La hipermetilacion del promotor del gen RASSF1A ha sido descrita por nuestro grupo de
trabajo con una frecuencia del 73% en tumores de endometrio. Estos mismos tumores fueron
sometidos al anélisis de metilacion del promotor de SPRY2. La coexistencia de metilacion en el
promotor de los dos genes se ha encontrado con una frecuencia del 42,9%. Dentro de los
tumores de EC que no presentaron metilacion en el gen SPRY2 se encontré6 una mayor
frecuencia de metilacion del gen RASSF1A que en aquellos que presentaron metilacion de
SPRY2. Aunque no conseguimos demostrar la relacion entre estos dos hechos, los datos
sugieren que ambas metilaciones pueden ser procesos mutuamente excluyentes en algunos casos
tal y como se esperaria teniendo en cuenta que SPRY2 y RASSF1A son dos reguladores
negativos de la misma via de sefializacion. Resulta interesante sefialar que la hipermetilacion del
promotor de SPRY2 no se correlaciona con la inestabilidad de microsatélites, fenomeno si

asociado a la hipermetilacion del gen hMLHI1 [216].
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Como era de esperar, la expresion de la proteina SPRY?2 se relaciona de manera inversa
con la proliferacion celular (Ki67) en EC. Estudios anteriores en la linea celular de cancer de
mama MCF-7 demostraron que la abolicion de la actividad endégena de SPRY, por
sobreexpresion de un mutante negativo, resultaba en el aumento de la proliferacion celular y en
un dramatico incremento en el potencial tumorigénico [144]. Adema4s, la expresion forzada de
SPRY?2 en lineas celulares obtenidas de tumores de pulmoén, redujo de manera significativa la
proliferacion y la formacion de tumores en ratones [146].

Es importante destacar que la expresion de la proteina SPRY?2 fue mantenida en EC de
bajo grado pero significativamente reducida en tumores de grado Il y en carcinomas de tipo no
endometrioide. Parece que el hecho de que los EC de bajo grado retengan la expresion de
SPRY?2 sugiere que la perdida de la expresion de la proteina podria ser un suceso tardio en la
carcinogénesis endometrial o estar asociado con tumores mas agresivos. En cancer de prostata
se han calculado correlaciones inversas entre la expresion de SPRY2 y el grado tumoral de
manera que los tumores de alto grado muestran una disminucion significativa de la expresion de
SPRY2 comparados con hiperplasia benigna prostatica y tumores bien diferenciados [219].

Los resultados del estudio de metilacion del promotor del gen SPRY2 revelaron un
mayor porcentaje de metilacion en tumores de grado I en contraposicion con aquellos de grado
II y III. La evidencia de que la expresion de SPRY2 es reducida en EC de alto grado contradice
aparentemente la asociacion entre la hipermetilacion del promotor de SPRY2 y EC de bajo
grado. Es importante darse cuenta de que, como gen supresor tumoral, SPRY?2 puede mostrar
multiples mecanismos de inactivacion a parte de la metilacion del promotor. En este aspecto,
hemos mencionado con anterioridad que la region del cromosoma 13q31 muestra
ocasionalmente pérdida de heterocigosidad en EC. Los mecanismos de la inactivacion del gen
SPRY2 difieren a menudo entre diferentes subgrupos de EC. Estos datos son similares a
aquellos que Fong y col. proporcionan en el estudio de 2006 en el cual sostienen que la
hipermetilacion del promotor no es responsable de la regulacion negativa de la expresion de

SPRY?2 en carcinoma hepatocelular [145].

6. LAS ALTERACIONES EN LA ViA DE SENALIZACION PI3K
SON UN HECHO FRECUENTE EN CARCINOMA DE
ENDOMETRIO

La via de sefalizacion de PI3K regula una serie de quinasas, factores de transcripcion y
otras moléculas involucradas en varios procesos celulares como son la proliferacion, la
supervivencia, la motilidad, el tamafio celular y la traduccion del ARN mensajero. La activacion

de forma inapropiada de la sefial mediada por PI3K resulta en el incremento de la sefial
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independiente de AKT, produciendo el desajuste en los procesos celulares involucrados. La
desregulacion de la via de sefializacion PI3K es un hecho comtn en cancer y es responsable, en
parte, de algunas de las caracteristicas fenotipicas de los tumores [41, 42, 220, 221].

La identificacion de mutaciones somaticas localizadas en el gen PIK3CA en varios tipos
de tumores sugiere que la proteina alterada ejerce un papel oncogénico [222]. El gen PIK3CA,
localizado en el cromosoma 3q26, codifica para la subunidad catalitica de PI3K, p110a. Las
mutaciones identificadas en este gen son de tipo missense (pérdida de sentido de la proteina)
frecuentemente localizadas en el dominio helicoidal (ex6n 9) y en el dominio quinasa (exé6n 20)
de la proteina. Estas mutaciones afectan a residuos intensamente conservados a lo largo de la
evolucion. Las proteinas p110a alteradas por una mutacion en el gen muestran un aumento en la
actividad quinasa lipidica en comparacion con la proteina no alterada. Se han hallado un
elevado nimero de neoplasias que contienen mutaciones el gen PIK3CA, entre ellas tumores
malignos de colon, mama, estbmago, ovario, pulmon o cerebro[47, 49, 222, 223]. En el caso del
carcinoma de endometrio, se han encontrado mutaciones en los exones 9 y 20 de PIK3CA con
frecuencias del 10 al 36% en EEC y del 15 al 21% en NEEC [50, 54, 224-226]. Varios trabajos
recientes han revelado que existe una cierta frecuencia de mutaciones en los exones 1-7 del gen
PIK3CA en tumores de mama, ovario, etc [56, 227]. La region codificada por los exones 1 a 7
del gen corresponde a los dominios de la region N-terminal de p110a en donde se localizan el
ABD (p85/Adaptor-Binding Domain) y el C2 (protein kinase-C homology 2 domain). Es
interesante remarcar el hecho de que se ha encontrado una frecuencia bastante alta de
mutaciones en estos dominios en tumores de carcinoma de endometrio y que el 60% de las
mutaciones confieren la activacion de PIK3CA [56].

En este trabajo estudiamos la presencia de mutaciones en el gen PIK3CA en una serie
de 33 tumores, los cuales habian sido previamente analizados para inestabilidad de
microsatélites y mutaciones en los genes K-RAS, CTNNB-1 y PTEN. También se habia
examinado la presencia de LOH en el cromosoma 1023 y la hipermetilaciéon en la region
promotora del gen PTEN/psiPTEN. El conocimiento del estado mutacional de PTEN y la
existencia de LOH en el cromosoma 10q23 en estos casos nos permitido saber el estado de
inactivacion bialélico o monoalélico de PTEN en relacion con el estado mutacional del gen
PIK3CA. Se detectaron mutaciones en PIK3CA en 8 de los 33 casos (24% de los tumores).
Todos los tumores que contenian mutaciones en PIK3CA correspondieron a carcinomas
endometrioides (aunque los tumores de tipo no endometrioide eran escasos en esta serie) lo que
indic6 que la desregulacion de la via PI3K es un hecho comun en este tipo histolégico. En total,
19 tumores contenian una o mas alteraciones en PTEN: 15 tumores contenian algin tipo de
mutacion, 8 presentaron LOH y 6 exhibian hipermetilacion del promotor. Once tumores
presentaron inactivacion bialélica de PTEN mientras que ocho solo tenian alterado uno de los

dos alelos. Las mutaciones encontradas en el gen PIK3CA coexistian con alteraciones

110



Discusion

monoalélicas de PTEN en cuatro casos, de los cuales dos correspondian a mutaciones y otros
dos a un desequilibrio alélico. Tres de los tumores contenian mutaciones en PIK3CA y ninguna
alteracion de las estudiadas en PTEN. Tan solo uno de los tumores presentd mutaciéon en
PIK3CA vy alteracion bialélica de PTEN, una de estas alteraciones consistia en la
hipermetilacion del promotor de PTEN/psiPTEN. Este ultimo suceso cobra un significado
biolégico confuso desde que en 2002 se publicé un trabajo en el que se investigaba la posible
interaccion entre el gen PTEN y su pseudogen. psiPTEN (PTENP1) es el pseudogén procesado
de PTEN cuya secuencia genomica es idéntica en un 98% a la secuencia del cDNA de PTEN
[228]. En el trabajo de 2002 los autores comprueban que es el pseudogen y no PTEN el que se
encuentra predominantemente metilado en lineas celulares y tumores de endometrio mama y

colon [229].

7. LAS MUTACIONES EN EL GEN PIK3CA PUEDEN TENER
UN EFECTO ADITIVO A LA INACTIVACION
MONOALELICA DE PTEN EN CARCINOMA DE
ENDOMETRIO

El gen supresor tumoral PTEN es una fosfatasa que antagoniza la via de sefializacion
PI3K/AKT [52, 53]. PTEN puede ser inactivado mediante multitud de mecanismos, uno de ellos
es la existencia de mutaciones somaticas en el gen y que pueden encontrarse en tipos diferentes
de tumores. La inactivacion por delecion también es otro mecanismo comun de inactivacion de
PTEN, como se ha demostrado por la elevada frecuencia de LOH encontrada en diferentes tipos
de tumores [230, 231]. Un tercer mecanismo de inactivacion de PTEN es la hipermetilacion de
su promotor [169], aunque ya se ha dicho que existe cierta controversia en la literatura debido a
la posible interferencia por parte del pseudogén de PTEN (psiPTEN) con el gen PTEN [229].
En carcinoma de endometrio, PTEN se encuentra frecuentemente alterado. Se ha visto pérdida
de heterocigosidad del gen en el 40% de los casos [232, 233] y entre el 37 y el 60% de los casos
contienen mutaciones somaticas en PTEN [159, 234]. Estas mutaciones se encuentran casi
exclusivamente en EEC y en lesiones endometriales precancerosas [71, 164].

Fueron Oda y col. los primeros en advertir la existencia de mutaciones en el gen
PIK3CA en carcinoma de endometrio con una frecuencia del 36% coincidiendo, a menudo, con
mutaciones en el gen PTEN [50]. Mediante la inhibicion de la expresion de PTEN en la linea
celular de EC HEC-1B, la cual contiene mutaciones en los genes K-RAS y PIK3CA, estos
mismos autores comprobaron un aumento de la fosforilacion de AKT, con lo que pudieron
deducir que la concurrencia de una mutacion en el gen PIK3CA y la inactivacion del gen PTEN

podria tener un efecto aditivo en la activacion de la via PI3K. Este descubrimiento fue, en parte,
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controvertido puesto que la pérdida de PTEN y la activacion de las PI3Ks tienen efectos
similares en el pool PIP3, ademas comprobaron que el valor pronostico que confiere PTEN por
si solo no varia entre aquellos tumores portadores o no de mutaciones en PIK3CA [235]. Por
dichos motivos, estos mismos autores propusieron tres hipotesis para explicar la presencia
conjunta de alteraciones en los genes PTEN y PIK3CA: 1) para activar completamente la via
PI3K/AKT se requiere mas de un suceso; 2) tanto PTEN como PIK3CA poseen funciones
adicionales distintas a la regulacion de la via PI3K; 3) puede que otras isoformas de pl110a
tengan algun tipo de funcion en la formacion del carcinoma de endometrio.

La hipotesis de que las alteraciones en genes supresores de tumores pueden causar
haplo-insuficiencia ha llevado a la re-evaluacion del modelo clasico de la inactivacion de genes
a través de dos sucesos necesarios. Se ha sugerido que bajo ciertas circunstancias un solo suceso
podria ser suficiente para la inactivacion de genes supresores de tumor como PTEN [236, 237].
Incluso se ha demostrado que la doble heterocigosidad en proteinas funcionalmente
relacionadas podria tener un efecto aditivo en el desarrollo y la progresion de los tumores. Los
resultados del presente estudio sugieren que PIK3CA y la inactivacion monoalélica de PTEN

pueden tener un efecto aditivo en carcinoma de endometrio.

8. PIK3CA Y KRAS EJERCEN FUNCIONES MUTUAMENTE
EXCLUYENTES EN CARCINOMA DE ENDOMETRIO

Una segunda contribucion derivada del estudio de mutaciones en el gen PIK3CA en EC
es la posibilidad de que en carcinoma de endometrio, las mutaciones de PIK3CA y de K-RAS
puedan ser sucesos mutuamente excluyentes.

La activacion de la via PI3K puede venir inducida tanto por la activacion de receptores
tirosina quinasa como por la activacion de RAS. Los miembros de la familia génica RAS
codifican proteinas con actividad GTPasa que regulan la activacion de MAPK. Sin embargo,
RAS también se une y activa a PI3K, activando asi mismo AKT. De esta manera parece 16gico
que las mutaciones en RAS y PIK3CA resulten redundantes para el desarrollo de los tumores
porque las dos implicarian la sobre-regulacion de AKT y MAPK.

Posteriormente al presente trabajo, otros estudios han descrito la existencia de
mutaciones en el gen PIK3CA en carcinoma de endometrio y la coincidencia con mutaciones en
el gen KRAS pero a bajas frecuencias [54]. Una posible explicaciéon a este suceso puede
encontrarse en el hecho de que las series estudiadas en estos ultimos trabajos fueron de mayor
tamafo. De cualquier modo, la frecuencia de mutaciones en PIK3CA resulté6 menor en EC con
mutaciones en KRAS que en aquellos tumores que carecian de mutaciones en este ultimo gen

(21% vs 31%). Sin embargo, y mas recientemente, un estudio a mayor escala en el que se
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analizan las mutaciones de los genes PIK3CA, PTEN, CTNNBI1 y KRAS en una serie de 196
EEC y 20 hiperplasias endometriales, sefiala la asociacion de mutaciones en PIK3CA con PTEN
y CTNNBI1 pero no con mutaciones en KRAS [238]. En otro estudio reciente en el cual se
analiza el estado mutacional de los genes PIK3CA, KRAS, NRAS y BRAF en una serie de 504
tumores de diversos tipos (mas de 28 tipos diferentes de cancer) demuestra una cierta
prevalencia de mutaciones KRAS en tumores con PIK3CA mutado comparado con aquellos con
PIK3CA no mutado [239]. Sin embargo, de esos 28 tipos de tumores diferentes, el 50%
procedian de colon, ovario y piel (melanoma), mientras que el otro 50% estaba repartido entre
los 25 tipos restantes constituyendo tan solo el 6% del total, la representacion tumoral de cancer
de ttero sin especificar el tipo. De hecho, en dicho estudio, la coexistencia de mutaciones en los
dos genes en cuestion se hacia realmente patente cuando se analizaban so6lo los casos de colon u
ovario. Por lo tanto, se hacen necesarios mas estudios que expliquen la discordancia de
resultados obtenidos en los diferentes trabajos publicados sobre la simultaneidad de las
mutaciones en los genes PIK3CA y KRAS.

Resulta cierta la afirmacion de que la asociacidon entre las mutaciones de los genes
PIK3CA y RAS o BRAF tiene cierta implicacion en la terapia contra el céncer. Algunos
experimentos han mostrado que la coexistencia de mutaciones en estos genes se encuentra
asociada a la resistencia a inhibidores de la via de sefializacion PI3K/AKT/mTOR en algunos
tipos de cancer excepto en cancer de ovario [239, 240]. Una posible razén a la gran
heterogeneidad encontrada en cuanto a estos datos puede ser el hecho de que algunos estudios
preclinicos sugieren que depende del tipo de mutacion que haya sufrido el gen, podria estar

afectando diferentes vias de sefalizacion en la célula [241].

9. FGFR2 TIENE UNA FUNCION INHIBITORIA DEL
CRECIMIENTO EN ENDOMETRIO NORMAL

Las moléculas FGFs (Fibroblast Growth Factors) comprenden un gran grupo de
factores de crecimiento que incluye mas de 20 ligandos diferentes. Los FGFs se expresan en
casi todos los tejidos y ejercen importantes funciones en células normales y neoplasicas
mediante la regulacion del desarrollo embrionario, la reparacion de tejidos y la angiogénesis.
Los FGFs ejercen su funcion a través de cuatro receptores tirosina quinasa: FGFR1, FGFR2,
FGFR3 y FGFR4 [107]. Cada receptor contiene tres dominios extracelulares de tipo Ig-like, una
region transmembrana, un dominio intracelular con actividad tirosina quinasa y una region
carboxi-terminal. La unién de los FGFs a los dominios extracelulares del receptor resulta en la
dimerizacion y cambio conformacional de la estructura del receptor, lo que permite la
transduccion de sefal a través de multiples vias de sefalizacion que incluyen PLCy

(PhosphoLipase C gamma), PI3K, MAPK y STAT-3, aunque la via de sefalizacion
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predominantemente activada por FGFR es RAS-MAPK. A través de la activacion de los FGFR,
la via de sefializacion MAPK induce la proliferacion celular mediante la activacion de ciclina
D1. La via de senalizacion FGF se encuentra bajo el control regulatorio de algunas proteinas,
entre ellas, los miembros de la familia génica SPRY parecen tener un importante papel [140].
En general, las proteinas SPRY regulan numerosos RTKs y, por lo tanto, las sefiales derivadas
como las de FGF y RAS-MAPK [211].

La via de sefalizacion FGF puede estar relacionada con el desarrollo o la progresion
tumoral mediante mecanismos diferentes. En algunos escenarios, la activacion del receptor por
FGF puede jugar un papel oncogénico incrementando la proliferacion celular, la supervivencia y
la migracion. Sin embargo, en otros contextos, la sefial FGF puede también adoptar el papel de
supresor tumoral [242]. De hecho, la pérdida de senal de FGFR2 puede inducir la transicion
epitelio-mesénquima en las células tumorales [243].

La sobre expresion de los FGFRs ha sido observada en tumores cerebrales, tiroides,
mama, prostata y piel. La sobre expresion debida al aumento en el nimero de copias del gen ha
sido relacionada con cancer de mama y cancer gastrico [116]. Se han descrito diversas
mutaciones del gen FGFR2 en cancer de ovario, mama, estobmago y pulmoén [113, 115]. Las
mutaciones del gen FGFR2 alrededor del tercer dominio Ig-like resultan en la activacion del
receptor debido a la creacion de una sefial autocrina. Las mutaciones que afectan el dominio
tirosina quinasa causan la activacion del receptor por la falta de autoinhibicion. Se ha visto que
la importancia de la sefial FGF en el desarrollo neoplasico puede relacionarse con la alta
prevalencia de SNPs en el intron 2 del gen FGFR2 en cancer de mama [244].

Ya se ha mencionado que la via RAS/MAPK es una via de sefializacion que cobra
protagonismo tras la activacion a partir de las sefiales FGF. La activacion de esta via empieza
cuando una sefial se une al receptor FGFR, EGFR o PDGFR, aunque también puede ser
activada por otros mecanismos que actiian por encima de los receptores. La desregulacion de la
via de sefalizacion RAS juega un papel importante en el carcinoma de endometrio [35]. La
frecuencia de mutaciones del gen KRAS en carcinoma de endometrio varia entre el 10 y el 30%.
En algunas series, las mutaciones de KRAS se han encontrado mas frecuentemente en EEC con
MI. La inactivacion de RASSF1A, regulador negativo de la via RAS-MAPK, es también un
hecho frecuente en EC. En una parte del presente estudio encontramos una disminucion en la
expresion de RASSF1A en al menos el 50% de los casos. Esta disminucion de expresion se
encontro asociada a la hipermetilacion del promotor de RASSF1A.

Existen muchas evidencias que sugieren que la via de sefializacion FGF es importante
en carcinoma de endometrio. Estudios recientes han mostrado que el carcinoma de endometrio
presenta inactivacion frecuente de SPRY2, proteina que participa en la regulacion negativa de la
via FGF. La expresion de SPRY2 se encuentra disminuida en un gran nimero de tumores

diferentes por mecanismos de hipermetilacion del promotor. En otra parte de nuestro trabajo,
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hemos encontrado una expresion reducida de SPRY2 en casi el 20% de los tumores de
endometrio estudiados, lo cual se encontraba asociado a un aumento de la proliferacion celular.
En esta misma serie de casos, se detectd una frecuencia del 50% de hipermetilacion del
promotor del gen SPRY?2. Ademas mutaciones somaticas en FGFR2, idénticas a las mutaciones
hereditarias asociadas a craniosinostosis y sindromes de displasia esquelética, han sido
detectadas recientemente en el 10-12% de carcinomas de endometrio, particularmente en EEC
(16%) [114, 121, 245]. Las mutaciones somaticas incluyen los cambios S252W y P235R
asociados al sindrome de Apert, los cambios N549K y K659M, asociados al sindrome Crouzon
asi como el cambio N550K [111]. Es interesante la observacion de que las mutaciones en los
genes FGFR2 y KRAS fueron eventos mutuamente excluyentes, mientras que las mutaciones de
FGFR2 y PTEN coexistian de manera frecuente. La expresion ectdpica de la mutacion S252W
en células NIH 3T3 conferia crecimiento independiente de anclaje sugiriendo un rol oncogénico
para FGFR2. Ademas la disminucion de FGFR2 induce paro del ciclo celular y muerte
independientemente del estatus de PTEN [121].

En este trabajo se ha evaluado la expresion de la proteina FGFR2 mediante marcaje
inmunohistoquimico en endometrio normal y se ha estudiado la correlacion entre muestras en
fases diferentes del ciclo menstrual. Los resultados mostraron mayor expresion en endometrio
secretor que en endometrio proliferativo, también se encontré una relacion inversa entre dicha
expresion y la expresion de receptores de estrogenos, de progesterona y el marcador Ki-67.
Estos hechos permiten afirmar que en endometrio normal FGFR2 ejerce una funcién inhibitoria
(supresor tumoral) diferente a la funcion oncogénica que se ha visto presente en EC.

Respecto a este suceso, ya se ha mencionado con anterioridad que el gen FGFR2
muestra esta actividad dual mediante la inhibicion o la activacion del crecimiento en diferentes
tipos celulares y en diferentes contextos. Nuestro trabajo demuestra que estos dos roles pueden
tener lugar en endometrio ya que la expresion de FGFR2 se encuentra asociada a la disminucion
de la proliferacion en tejido no tumoral. Otros genes también exhiben diferentes funciones en
tejido tumoral y no tumoral como es el caso del gen TGFB (Tumor Growth Factor-f) que
durante las fases tempranas de génesis tumoral actia como un supresor de tumores mientras que
por el contrario y dependiendo del tipo celular, tipo de tumor y el contexto, TGFp es capaz de
promover procesos que apoyan la progresion tumoral, como la invasion de las células

tumorales, la diseminacion y la evasion inmunoldgica [246].
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10. ROL ONCOGENICO DE FGFR2 EN CARCINOMA DE
ENDOMETRIO

En este estudio hemos comparado la expresion de FGFR2 entre carcinoma de
endometrio y endometrio normal de pacientes en diferentes fases del ciclo menstrual y también
con muestras correspondientes a endometrio atréfico adyacente al tejido neoplédsico de los
mismos pacientes de carcinoma de endometrio.

En nuestro estudio hemos identificado dos patrones diferentes de inmuno-tinciéon en
FGFR2, una citoplasmica y otra nuclear. Aunque la expresion citoplasmica resulto ser mayor en
carcinoma de endometrio comparado con endometrio atréfico adyacente del mismo paciente, la
expresion nuclear fue mayor en endometrio atréfico. Estos resultados sugieren que un cambio
de FGFR2 desde el citoplasma al nticleo puede estar asociada con la disminucion de la actividad
oncogénica. Existen publicaciones que marcan que FGFR2 puede esta localizado en el nticleo
de algunos tipos celulares, por ejemplo en precursores de células de Sertoli mediante la
activacion por FGF9 [247].

Como se esperaba, la expresion de FGFR2 fue mayor en EEC que en NEEC y la
diferencia resultd estadisticamente significativa. En carcinoma de endometrio la expresion de
FGFR2 result6 significativamente asociada a la de los receptores de estrogenos y progesterona e
inversamente asociada a la expresion de PTEN, aunque no se encontré relacion con la expresion
de SPRY?2 [140]. Asi mismo, no se encontrd relacion con la expresion de tres de las proteinas
relacionadas con las vias de sefializacion por debajo de FGFR2 como son RASSF1A, ciclina D1
y STAT-3. Estos resultados fueron inesperados ya que al ser SPRY2 y RASSF1A reguladores
negativos de las vias de sefalizacion FGF y RAS-MAPK, habriamos esperado una relacion
inversa. Igualmente se esperaba una relacion positiva entre la expresion de FGFR2 y la
expresion de STAT-3 y ciclina D1, ya que son proteinas activadas como resultado de la
transduccion de sefales por debajo de FGFR2. La falta de correlacion entre estas proteinas
refleja el hecho de que las diferentes vias de sefializacion se encuentran interconectadas
siguiendo diferentes alteraciones genéticas y epigenéticas y enfatiza las dificultades de la
deteccion de buenas correlaciones entre alteraciones moleculares y las dianas esperadas en
tejidos tumorales. Se dan casos de EC con presencia de MI en los que se observa la
acumulacion de ciclina D1 por inmuno-tincidon debido a la presencia de mutaciones en el gen de
la ciclina que previenen su degradacion, siendo este hecho un fenomeno independiente de la
activacion de RAS-MAPK [248].

Cuando correlacionamos la tinciéon de FGFR2 y las caracteristicas patologicas, vemos
que en EEC de grado III hay una disminucién de la expresion de FGFR2 comparado con EEC

grado II. No se encontraron diferencias en la expresion de FGFR2 con respecto al estadio
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patoloégico y no hubieron diferencias significativas comparando células tumorales de la parte
superficial con aquellas en el frente de la invasion miometrial.

El analisis de mutaciones del gen FGFR2 demostrd la presencia de mutaciones en dos
de los 31 casos estudiados. Estos dos casos correspondian a EEC. Las mutaciones fueron
halladas en los exones 6 y 11 (S252W y N540K, respectivamente). Por lo tanto, las mutaciones
suponian el 6.45% de los casos y ninguno de los casos de NEEC mostraron ninguna mutacion.
Esta frecuencia encontrada en nuestro estudio resulta ser menor a las frecuencias publicadas en
otros estudios (10-12%) [114, 121, 245]. Sin embargo, el numero de casos incluidos en este
estudio fue menor que en esas otras series. Es importante observar que nuestra serie tiene el
valor adicional de haber sido testada para MI, mutaciones en KRAS, PTEN, PIK3CA y
CTNNBI. Al igual que en otras series, ninguno de los tumores que tenian mutaciones en
FGFR2 tenian mutaciones en KRAS mientras que coexistian frecuentemente con mutaciones en
PTEN, PIK3CA y CTNNBI. Es interesante destacar que se encontrd una alta frecuencia de

polimorfismos en el exdn 5 del gen en nuestra serie de casos.

11. FGFR2 COMO CANDIDATO A DIANA TERAPEUTICA
CONTRA EL CANCER

La sefial derivada de los FGFs parece jugar un papel critico no solo en el desarrollo
normal y la reparacion de dafios sino también en la formacion y la progresion tumoral [249].
Mutaciones activadoras en la linea germinal han sido asociadas con desordenes del esqueleto
como el sindrome de Pfeiffer, el sindrome de Apert, acondroplasia, etc. [115]. Mutaciones
somaticas que resultan en la ganancia de funcion del gen se encuentran presentes en gran
variedad de tumores como cancer de vejiga, cancer de pulmén (escamoso) y enfermedades
hematopoyéticas [114, 245]. Ademas de las mutaciones somaticas, otras alteraciones como la
amplificacion génica o la sobre expresion de los FGFRs, son también presentes en ciertos tipos
de tumores como carcinoma de prostata, relaciondndose con la génesis y la progresion de los
tumores [250]. Por otro lado, dos estudios han asociado la presencia de ciertos SNPs en el gen
FGFR2 con la susceptibilidad de desarrollo de cancer de mama [244] y a la sobre regulacion de
la expresion del gen [251].

Recientemente las terapias dirigidas han atraido mucho la atencién en el campo de la
terapéutica contra el cancer debido a la existencia de un gran repertorio de moléculas
inhibidoras que se unen a quinasas activadas de forma aberrante. Uno de los procedimientos
validados esta relacionado con la union a proteinas quinasas, particularmente receptores tirosina

quinasa, justo en el vértice de las vias clave de transduccion de sefial.
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Durante la ultima década se han hecho verdaderos esfuerzos por descubrir pequeias
moléculas inhibidoras de los FGFR y se han descubierto numerosos inhibidores selectivos que
se unen reversiblemente al lugar de union a ATP en la molécula del receptor: SU5402,
PD173074, NP603 [252, 253] e inhibidores irreversibles que forman uniones covalentes con
FGFR como el FIIN-1 [254].

Los compuestos inhibidores de FGFR como el PD17304 bloquean la proliferacion y la
supervivencia de aquellas lineas celulares de endometrio (MFE280, AN3CA y MFE296) que
contienen mutaciones en el gen FGFR2 [245]. La ocurrencia de mutaciones en el gen FGFR2 en
diversidad de tumores sugiere la oportunidad de aplicar terapia dirigida utilizando como diana el

propio receptor.
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Conclusiones

Primera  RASSFIA, SPRY2 y FGFR2 se expresan de manera diferencial

en endometrio normal en las diferentes fases del ciclo menstrual

Segunda  La hipermetilacion del promotor del gen RASSF1A se encuentra

asociada a tumores que presentan inestabilidad de microsatélites pero no a

tumores con mutaciones en el gen KRAS

Tercera La hipermetilacion del promotor del gen RASSFIA constituye un

mecanismo a través del cual los niveles de expresion de RASSFIA se reducen

en carcinoma de endometrio

Cuarta La expresion del gen SPRY?2 en carcinoma de endometrio se ve

disminuida en asociacion con la hipermetilacion de su promotor

Quinta La hipermetilacion del promotor de SPRY2 no presenta relacion

con la inestabilidad de microsatélites en tumores de carcinoma de endometrio

Sexta Las mutaciones en el gen PIK3CA son un hecho frecuente en carcinoma

de endometrio y suelen coincidir con tumores portadores de mutaciones en el

gen PTEN

Séptima  Las mutaciones en los genes PIK3CA y KRAS son sucesos

mutuamente excluyentes en carcinoma de endometrio

Octava Las mutaciones en el gen FGFR2 se encuentran a frecuencias

bajas en los tumores de carcinoma de endometrio

Novena La expresion inmuno histoquimica de FGFR2 resulta mayor en

tumores de carcinoma de endometrio de tipo endometrioide que en aquellos

tumores de tipo no endometrioide
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Loss of Heterozygosity in Endometrial Carcinoma
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Nuria Llecha, m.p., phD., and Xavier Matias-Guiu, M.D., Ph.D.

Summary: Inactivation of a tumor suppressor gene typically occurs in two steps, thus
fulfilling Knudson hypothesis. One “hit” is frequently a point mutation or a small
deletion. The other alteration is usually a large genomic loss of part of a gene, or even
part of a chromosome, or the whole chromosome. However, it is not clear which of
these two events occurs first. Loss of heterozygosity (LOH) analysis allows the
identification of one of the 2 hits. Although microsatellite polymerase chain reaction is
the technique most frequently used to assess LOH, other different approaches can also
be used. The LOH can also be assessed by restriction fragment length polymorphism
analysis, single strand conformation polymorphism analysis, oligonucleotide micro-
arrays capable to simultaneously determine the genotype of thousands of single-
nucleotide polymorphism (single-nucleotide polymorphism arrays), comparative
genomic hybridization, multiplex amplification and probe hybridization, and multiplex
ligation—dependent probe amplification. In this article, the authors review the results
obtained with molecular analysis of LOH in the understanding of development and
progression of endometrial carcinoma. Particular attention is given to: (1) the presence
of widespread LOH in nonendometrioid carcinoma, probably reflecting the existence
of chromosomal instability; and (2) specific LOH patterns associated with some
clinicopathologic features. Key Words: endometrial carcinoma—LOH-—PTEN—
haploinsufficiency—molecular pathology.

LOSS OF HETEROZYGOSITY

Cancer results from successive accumulation of
alterations in essential genes that play important roles
in cell signaling, proliferation, apoptosis, invasive-
ness, or angiogenesis. Some of these genes are
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overexpressed, producing abundant supplies of their
gene products, whereas others are suppressed or even
deleted. The former genes in which alterations lead to
gain of function are the so-called oncogenes (1).
Oncogenes are variations of normal genes (proto-
oncogenes) that play important roles in normal cells
by activating cell signaling or proliferation. These
genes become active because of specific abnormalities
such as gene amplification, overexpression, point
mutation, insertional mutation, or translocation.

A second group of genes involved in cancer
development and progression are the tumor suppres-
sor genes (TSGs) (2). Although these genes are also
involved in cell signaling and proliferation, their role
in normal cells is the negative regulation of these
functions. The TSGs are usually inactivated in cancer
cells. Although inactivation of TSGs may take place
at the transcriptional and protein levels (enhanced
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protein degradation or decreased expression by
promoter hypermethylation), it usually results from
partial loss of the gene or even loss of the entire gene.
According to Knudson, the inactivation of a TSG
takes place in 2 steps (3). The first one is usually a
point mutation or a small deletion, whereas the
second step typically consists of a large deletion of the
part of a chromosome that involves a particular gene.
However, the question of whether the mutation or the
large deletion occurs first is still unresolved. Accord-
ing to Knudson, the 2 steps are required for the loss
of gene function. Theoretically, 1 “hit” is not enough
for TSG inactivation.

Deletion of genetic material is the most frequently
observed genetic alteration in solid tumors and is the
most common mechanism for TSG inactivation.
Deletion can be detected by analysis of loss of
heterozygosity (LOH) (4). Loss of heterozygosity
may be defined as the loss of 1 allele at a
constitutional (germline) heterozygous locus, and
reflects the mechanism by which a TSG loses 1 of
the 2 alleles (5). Loss of heterozygosity refers to
change from a state of heterozygosity in a normal
genome to a homozygous state in a paired tumor
genome. Loss of heterozygosity is regarded as a
mechanism for disabling TSGs during the course of
oncogenesis. It usually reflects 1 of the 2 hits in
inactivation of a TSG because localized double
deletions (homozygous) targeting a specific gene or
locus are very rare.

Searching for specific areas of the genome where
LOH occurs commonly in a determinate type of
tumor is important because it may lead to recognition
of TSGs involved in the development or progression
of such tumor. Thus, LOH analysis is frequently used
to look for novel TSGs (6). That is, to identify
genomic imbalance in tumors, indicating possible
sites of TSG deletions. In addition, LOH analysis is
commonly used to examine whether a known TSG is
inactivated in a type of tumor and also to map
unknown TSGs. Detection of LOH not only helps in
understanding the molecular mechanisms underlying
the development of cancer, but also provides
important information useful for disease diagnosis
and prognosis. Detection of LOH is commonly
carried out by analysis of microsatellite markers (5).

It is worth mentioning that TSGs may be
inactivated by mechanisms other than LOH, such
as epigenetic promoter hypermethylation. Epigenetic
inactivation is defined as a quantitative change
imposed onto the functionality of a gene that does
not involve an alteration of its coding sequence.
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Promoters appear predominantly in CpG-rich DNA
sequences termed CpG islands. In normal tissues,
active promoters are unmethylated, and their hyper-
methylation in tumors leads to deactivation with
the consequence of underexpression of the affected
TSG (7).

MECHANISMS OF LOH

Although LOH is often thought to result from
copy loss events such as hemizygous deletions, a large
proportion of LOH results from copy neutral. Thus,
LOH may result from several different mechanisms
(8) (Fig. 1):

1. Deletion

2. Gene conversion

3. Single or double homologous and nonhomologous
mitotic recombinations

4. Translocation

Chromosome breakage and loss

6. Chromosomal fusion or telomeric end-to-end
fusions

7. Whole chromosome loss with or without accom-
panying duplication of the retained chromosome

e

Deletion

A deletion changes the number of DNA bases by
removing a piece of DNA (9-11). Small deletions
may remove one or a few base pairs within a gene,
whereas larger deletions can remove an entire gene or
several neighboring genes. The deleted DNA may
alter the function of the resulting protein(s) (Fig. 1B).

Gene Conversion

Gene conversion is a phenomenon that usually
occurs during meiotic division but may take place
during mitosis (12,13). It is a process by which DNA
sequence information is transferred from 1 allele to
another allele. The conversion of 1 allele into the
other is caused by inappropriate base mismatch
repair during recombination; mismatch repair can
alter the sequence of 1 of the chromosomes to match
identically that of the other (Fig. 1C).

Single or Double Homologous and Nonhomologous
Mitotic Recombination

Although segregation and recombination usually
occurs during meiosis, they take place less frequently
in mitosis (14,15). Mitotic recombination is the result
of reciprocal exchange of genetic material between
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nonsister chromatids of homologous or nonhomolo-
gous chromosomes in a mitotic cell. Segregation
refers to the separation of 2 alleles constituting
a heterozygous genotype into 2 different cells. The
alleles of a heterozygote can be occasionally seen
to segregate when the heterozygous cell undergoes
mitotic division (Fig. 1A).

Translocation
A chromosome alteration in which a whole
chromosome or segment of a chromosome becomes
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FIG. 1. Different mechanisms for LOH in tumors.

attached to or interchanged with another whole
chromosome or segment, resulting in a hybrid.
Unbalanced translocations, in which there is loss or
gain of chromosome material, can be associated with
LOH (11,16) (Fig. 1D).

Chromosome Breakage and Loss

The repair of chromosomal double-strand breaks is
necessary for genomic integrity in all organisms.
Genetic consequences of misrepair include chromo-
somal loss, deletion, and duplication, resulting in
LOH. Loss of heterozygosity may be an expected
outcome of recombinational repair of chromosomal
double-strand breaks by gene conversion mechanisms
with a reduction to homozygosity initiated from the
site of the break (11,16) (Fig. 1E).

Chromosomal Fusion or Telomeric
End-to-End Fusions

Occasionally, double-strand breaks may generate
broken chromatids, which may acquire telomeric
ends, resulting in loss of the DNA distal to the break.
Sometimes an end of one chromosome breaks off and
fuses to the end of another. In the example shown
(Fig. 1E), the fragment fuses to the corresponding
end of the twin chromatid.

Whole Chromosome Loss With or Without
Accompanying Duplication of the
Retained Chromosome

It consists of the failure of a chromosome to
become incorporated into a daughter nucleus at cell
division. One of the causes for loss of an entire
chromosome is mitotic nondisjunction. Its mechan-
ism has been uncovered by allelotyping and fluo-
rescent in situ hybridization: abnormal mitotic
division in which the 2 chromatids of 1 chromosome
segregate to a single-daughter cell, whereas neither
chromatid of the sister chromosome segregated to
this daughter cell (11,16).

METHODS FOR DETECTING LOH

Microsatellite Polymerase Chain Reaction

Analysis of LOH requires identification of loss of
polymorphic markers that flank a TSG. Loss of
heterozygosity is frequently identified by microsatel-
lite polymerase chain reaction (PCR) (17-19). Micro-
satellites are short tandem DNA repeats made of
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dinucleotides or trinucleotides that are distributed
throughout the genome. Because they are usually
small and they are flanked by DNA with specific
sequences, they can be amplified by PCR. It is
important to select markers with a high rate of
heterozygosity in the population to minimize the
number of uninformative cases. The informative
status of a sample with respect to individual
microsatellite loci should be screened. If a patient is
homozygous for a given microsatellite locus, then the
microsatellite alleles are the same size after PCR,
generating a single peak, and a loss of one of the two
alleles cannot be detected, and the patient is
designated as noninformative for that marker.
Because of the risk of uninformative markers, a
group of microsatellites (5,6) should be selected.
Interpretation of LOH should be performed by
following objective criteria. A double peak observed
for the microsatellite marker amplified from normal
DNA indicates a heterozygote. A single peak in
tumor tissue DNA compared with normal tissue
DNA indicates loss of 1 allele (Figs. 2 and 3). The
ratio of DNA peaks obtained for pairs of alleles
should be compared between normal and tumor
tissue. A ratio greater than 1.5 is considered LOH of
the shorter allele, and a ratio less than 0.5 is
considered LOH of the longer allele. Ratios from
0.5 to 1.5 should be interpreted as no LOH. Correct
interpretation of LOH in a sample usually requires
absence of contamination by normal tissue because
the presence of cells without LOH (normal cells) may
alter the allelic peak height ratios. In tumor samples
that have been obtained without using precise
microdissection techniques, the samples may contain
a mixture of intergrowing tumor and nontumor
(stromal and inflammatory) tissue, so that LOH
may show a decreased relative intensity (allelic

o
I

FIG. 2. Loss of heterozygosity as seen in capillary electrophoresis
analysis after microsatellite PCR. Notice the presence of a single
peak in tumor tissue DNA compared with normal tissue DNA.
N indicates normal tissue; T, tumor tissue.
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FIG. 3. Schematic representation of LOH patterns obtained by
microsatellite analysis and gel electrophoresis. A, LOH. B, No LOH.
C, Noninformative. N indicates normal tissue; T, tumor tissue.

imbalance) rather than total loss of the band from
one allele. For that reason, tissue microdissection is
recommended (20).

Karyotype Analysis

Karyotype analysis was the traditional method to
assess gene deletions. It is a good method for
detecting large deletions, but it is limited to cells in
metaphase. It has limited value in detecting small
deletions (21).

Fluorescent In situ Hybridization

Fluorescent in situ hybridization is also a good
method to identify deletions in tumor cells, both in
metaphasic or interphasic nuclei. It usually requires
the identification of the deleted target gene with a
locus-specific probe, in combination with preserva-
tion of the corresponding chromosomic centromere,
with the appropriate centromeric probe. It has
limited value in detecting small deletions (22).

Restriction Fragment Length Polymorphism Analysis

In restriction fragment length polymorphism
(RFLP) analysis, the target gene is amplified by
PCR with specific primers, and PCR products are
subsequently digested with restriction enzymes that
recognize specific DNA sequences. Loss of hetero-
zygosity can be detected by RFLP when the gene
under study contains in its coding sequence a DNA
polymorphism that is recognized by a particular
restriction enzyme. If the patient is heterozygous for
such polymorphism, RFLP analysis in normal tissue
will allow the recognition of the 2 alleles by their
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specific RFLP pattern, and the case is informative for
LOH at such locus. Thus, in tumor DNA, LOH is
detected by the absence of the RFLP pattern of one
of the 2 alleles (23,24).

Single-Strand Conformation Polymorphism Analysis

Single strand conformation polymorphism analysis
is the electrophoretic separation of single-stranded
nucleic acids based on subtle differences in sequence
(often a deletion of a single base pair) that results in a
different secondary structure and a measurable
difference in mobility through a gel. By comparing
PCR products of tumor with matched normal tissue,
single strand conformation polymorphism analysis
can identify LOH in specific genes (25).

Multiplex Amplification and Probe Hybridization

In the multiplex amplification and probe hybridi-
zation technique, genomic DNA is fixed to a
membrane and hybridized with a set of probes
corresponding to the target sequences to be detected.
The different probes must be of sufficient size
difference to be resolved by electrophoresis. The
membranes are then washed vigorously to remove
unbound probe, and the remaining specifically bound
probe will be present in an amount proportional to its
target copy number. The probes are then stripped
from the membrane and amplified simultaneously
with the universal primer pair. Products are then
separated by electrophoresis, and a relative compar-
ison is made between the band intensities or peak
heights, depending on the detection method. Reduced
band intensities or peak heights compared with
internal control probes indicate reduction in gene
copy number (deletion), and an increase in gene copy
number will result in increased band intensities or
peak heights (26).

Multiplex Ligation—-Dependent Probe Amplification
In the multiplex ligation-dependent probe amplifi-
cation technique, genomic DNA is hybridized in
solution to probe sets, each of which consists of
2 halves. One half consists of a target-specific
sequence (20-30bp) flanked by a universal primer
sequence and can be generated synthetically. The
other half also has a target-specific sequence at one
end (25-43 bp) and a universal primer sequence at the
other, but has a variable-length random fragment in-
between (19-370bp) to generate the size differences
necessary in the probes to allow electrophoretic

resolution. The 2 probe halves are designed in such
way that the target-specific sequences bind adjacently
to the target DNA and can then be joined by use of a
ligase. This generates a contiguous probe flanked by
universal primer binding sites that can then be
amplified by PCR, whereas unbound probe halves
cannot be amplified, and hence eliminates the need
for removal of excess probe by washing. The amounts
of ligated probe produced will be proportional to the
target copy number, and after PCR amplification, the
relative peak heights indicate deletion or duplication
of target sequence (13,26,27).

Comparative Genomic Hybridization and
Comparative Genomic Hybridization Arrays

Comparative genomic hybridization (CGH) is
based on cohybridization of differentially labeled
tumor and normal DNA to human metaphase
chromosomes. Three images of the hybridization,
representing both fluorescent labels and DNA
counterstain (4',6-diamidino-2-phenylindole), are ac-
quired using epifluorescence microscopy and a CCD
camera interfaced to a computer. Subsequently, an
image analysis software program is used to calculate
green-red fluorescence intensity ratio profiles along
all chromosomes. Regions of the genome that are
either gained or lost in the tumor are indicated by the
differences between binding of the 2 labeled DNAs,
as evidenced by the fluorescence intensity ratio
profiles. Thus, in a single hybridization, it is possible
to screen all chromosomal sites that may contain
genes that are either deleted or amplified in cancer.
Comparative genomic hybridization allows much
easier screening for large deletions but lacks the
resolution required to detect small deletions; no less
than 10Mb for DNA losses. Using the CGH
principle of competitive hybridization, but to DNA
microarrays rather than chromosome spreads, may
solve this problem (Fig. 4). Array comparative
genomic hybridization enables genome-wide gene
copy number measurements and amplification detec-
tion at molecular genetic resolution of around
150 Kb. Similarly, cloning and sequencing of fragile
sites produce mapping information of vastly im-
proved resolution (28-31).

Oligonucleotide Microarrays

In addition to their application in messenger
RNA expression profiling, oligonucleotide micro-
arrays have also been applied to single-nucleotide
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FIG. 4. Example of individual chromosome profile obtained by array CGH. Arrow shows a deletion in q11.22 locus.

polymorphism (SNP) and LOH. Oligonucleotide
microarrays are capable of simultaneously determin-
ing the genotype of thousands of SNPs. There are
more than 1.4 million SNPs distributed throughout
the human genome, at an average density of one SNP
per Kb of DNA sequence. Single-nucleotide poly-
morphism arrays provide a high-throughput high-
resolution approach to genotypic analysis that
includes assessment of LOH of chromosomal regions
based on paired normal and tumor samples from the
same patients. The application of informatics tools to
this technique may allow the identification of LOH in
many loci, and also to perform hierarchical clustering
of cancers based on shared LOH patterns (19,32).
Resolution varies according to the type of array, but
LOH may be resolved at least to about 3 Mb, or 100
SNPs, in 100K arrays.

LOH REFLECTS CHROMOSOMAL
INSTABILITY IN NONENDOMETRIOID
CARCINOMA

Endometrial carcinomas are heterogeneous (33).
They can be classified into 2 main clinicopathologic
variants: Type I, endometrioid adenocarcinoma
(EEC) and their variants (Fig. 5); and Type 11, non-
EEC (NEEC) (Fig. 6). Type I tumors are low-grade
and estrogen-related EECs that usually develop in
perimenopausal women and coexist with or are
preceded by complex and atypical endometrial
hyperplasia. In contrast, Type II tumors are NEECs
(mainly papillary serous and clear cell carcinomas).
They are aggressive tumors, unrelated to estrogen
stimulation, and arises occasionally in endometrial
polyps or from precancerous lesions developing in
atrophic endometrium (so-called intraepithelial car-
cinoma) that mainly occur in older women.
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The molecular alterations involved in these 2 types
of tumors are different. It has been shown that Type
I, EEC, characteristically shows 5 different molecular
alterations that may coexist in some cases: micro-
satellite instability and mutations of PTEN, KRAS,
PIK3CA, and CTNNBI genes. In contrast, NEEC
is usually associated with mutations in the p53 TSG
and some other genes (34-36).

Several studies have compared the LOH profile
of Type I with that of Type II EC (37-39). In 1997,

FIG. 5. Representative picture of an EEC (A). The tumor is
frequently associated to LOH at 10q23, in the region of PTEN (B).
N indicates normal tissue; T, tumor tissue.
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FIG. 6. Representative appearance of an NEEC of the papillary
serous type (A). The tumor frequently shows p53 alterations (B),
and LOH at 1p32-33 (C). N indicates normal tissue; T, tumor
tissue.

Tritz et al. (37) analyzed the presence of LOH in 18
EECs (the ‘‘estrogen-dependent usual type of en-
dometrial carcinomas’), and 13 NEECs (the “estro-
gen-independent special variants of endometrial
carcinomas’’). They evaluated 26 polymorphic loci
in different chromosomes and found LOH in all
NEECs, which were particularly common on chro-
mosomes 17p, 14, and 12, with frequencies of losses
in informative cases at 83%, 77%, and 40%,
respectively. Among the 18 EECs, only 28% showed
allelic loss on at least 2 loci. In EECs, LOH was more
frequent on chromosomes 17, 13, and 2 (2%, 20%,
and 19%, respectively). The EECs showed an average
LOH of 11% among 23 chromosomes analyzed,
whereas NEECs had an average LOH of 24%.
Conversely, NEECs showed a higher frequency of
LOH on the short arm of the chromosome 17p than
on the long arm 17q (87% vs. 62%), never showed
LOH confined to 17q, and did not undergo total
chromosome 17 loss. The authors suggested that this
could reflect the preferential involvement in endome-
trial tumorigenesis of genes on 17p, such as p53, but

not of those on 17q, such as BRCAI. Pere et al. (38)
performed a CGH study in 24 serous and 24
endometrioid carcinomas. The most common losses
in serous carcinomas were located at 4q (17%), 15q
(17%), and 18q (17%). In contrast, losses were rarely
observed in EECs. In a different study, Micci et al.
(39) evaluated a series of 67 endometrial carcinomas
by karyotyping and CGH. Moderately differentiated,
EEC:s showed losses at 9p, 9q, 17p, 19p, 19q, and Xp,
whereas poorly differentiated EECs exhibited LOH at
5q, 9p, 9q, 17p, 17q, Xp, and Xq. Serous tumors
showed frequent LOH at 17p, whereas clear cell
carcinomas had losses at 6q.

It seems that the patterns of LOH are different in
these 2 types of tumors. In Type I EECs, there is
frequent LOH in regions that correspond to specific
TSGs involved in the pathogenesis of the tumor; for
example, the region 10q23.3, where the PTEN gene is
located (see later). Some other loci show LOH in both
EECs and NEECs, but with significantly different
frequencies. This is the case of the region 16q22.1,
where the CDHI gene is present (see later), that
shows LOH in 57% of NEECs and in 22% of EECs.
In addition, LOH at 1p32-33 is more frequent among
NEECs (63.2%) than in EECs (18%) (see later) (40).
In NEECs, there is widespread LOH probably
reflecting a more generalized aneuploidy rate typical
of high-grade tumors. In other words, it probably
reflects chromosomal instability. In fact, complemen-
tary DNA arrays have demonstrated that NEECs
usually show upregulation of genes (STK-15, BUBI,
CCNB2) that are involved in the regulation of the
mitotic spindle checkpoint. One of them, STK-15,
which is essential for chromosome segregation
and centrosome functions, is frequently amplified in
NEECs (41).

SPECIFIC LOH PATTERNS ASSOCIATED
WITH CLINICOPATHOLOGIC FEATURES

Studies on LOH in endometrial cancer have found
high rates of LOH in several chromosomes, including
Ip, 3p, 5q, 8p, 9p, 10q, 11q, 13q, 14q, 16q, 17p, and
18q. The reported frequency for LOH in endometrial
carcinomas is shown in the Table 1. The text that
follows describes the association between several
of these loci and some clinicopathologic features.
However, it is worth mentioning that most studies
correlate LOH data with clinical findings such as
stage or survival. Only a few studies correlate allele
losses with pathological data.
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TABLE 1. LOH studies in endometrial cancer

EC EEC NEEC EC EEC NEEC
Locus (%) (%) (%) Reference Locus (%) (%) (%) Reference
1p32-p33 12 12 Arlt et al. (43) 11pl5.5 13 Fujino et al. (47)
8 10 57 Arlt et al. (42) 11q13 44 Sirchia et al. (44)
5 Fujino et al. (47) 11q14.3 20 15 28 Tritz et al. (37)
1p36 11 Peiffer et al. (48) 11922.1-q22.3 12 Fujino et al. (47)
1921 8 Fujino et al. (47) 12p12 20 13 40 Tritz et al. (37)
2pl4 13 19 Tritz et al. (37) 13q14.1-q14.2 15 20 9 Tritz et al. (37)
2ql4 33 Sirchia et al. (44) 18 Semczuk et al. (62)
3pl3 7 Tritz et al. (37) 13q31.3 11 Fujino et al. (47)
3pl4.2 37 Hadaczek et al. (45) 14ql1 26 Niederacher et al. (68)
24 Ozaki et al. (46) 19 Fujino et al. (47)
3p21 12 Fujino et al. (47) 14q32.1 40 7 77 Tritz et al. (37)
12 Peiffer et al. (48) 15q11 21 Peiffer et al. (48)
3p25 12 Fujino et al. (47) 15qcen-q15 8 17 Pere et al. (38)
3q27 9 Fujino et al. (47) 15q26 14 9 20 Tritz et al. (37)
4pl4 15 36 Tritz et al. (37) 14 Fujino et al. (47)
4pl6 4 Fujino et al. (47) 40 Sirchia et al. (44)
4ql12 5 Fujino et al. (47) 16qg21 23 13 36 Tritz et al. (37)
4q22-qter 8 8 Levan et al. (51) 27 Niederacher et al. (68)
4q32-qter 8 17 Pere et al. (38) 8 8 Levan et al. (51)
Spl5 5 Fujino et al. (47) 169q22.1-q23.1 40 Kihana et al. (63)
5qll 3 Fujino et al. (47) 22 Fujino et al. (47)
5ql4.3 19 15 25 Tritz et al. (37) 31 22 57 Moreno-Bueno et al. (40)
17 Peiffer et al. (48) 16923.1-q24 23 Fujino et al. (47)
5q21-q22 24 Moreno-Bueno et al. (36) 17pl2 47 22 83 Tritz et al. (37)
5 Fujino et al. (47) 29 Peiffer et al. (48)
16 Peiffer et al. (48) 17pl13.1 32 Kihana et al. (67)
6p25.3 20 Peiffer et al. (48) 11 Fujino et al. (47)
6q21.3 15 Fujino et al. (47) 27 Niederacher et al. (68)
6q25.1 20 Fujino et al. (47) 25 Sirchia et al. (44)
Tpl2 13 Fujino et al. (47) 19 Semczuk et al. (69)
7q31 14 15 12 Tritz et al. (37) 17921 18 Niederacher et al. (68)
15 Fujino et al. (47) 37 Sirchia et al. (44)
7q35-qter 16 Peiffer et al. (48) 17q23 32 17 54 Tritz et al. (37)
24 Sirchia et al. (44) 18pll 12 Fujino et al. (47)
8pl2 20 Fujino et al. (47) 18q21.1 33 Fujino et al. (47)
8p22 11 Fujino et al. (47) 8 8 Levan et al. (51)
8q23.3 16 11 20 Tritz et al. (37) 18q21.3 13 11 17 Tritz et al. (37)
9Ip21 21 Fujino et al. (47) 26 Gima et al. (70)
24 Semczuk et al. (52) 18q22-qter 8 17 Pere et al. (38)
9q31.1 17 7 33 Tritz et al. (37) 19pl13 15 Peiffer et al. (48)
10g922.1 37 Sirchia et al. (44) 19q12 5 7 0 Tritz et al. (37)
10q23.31 18 Sirchia et al. (44) 20pl2.1 41 8 33 Tritz et al. (37)
55 Liu et al. (73) 21q22.3 16 6 14 Tritz et al. (37)
23 Matter et al. (74) 22q11.23 8 0 25 Tritz et al. (37)
40 Bussaglia et al. (55) 7 Fujino et al. (47)
10g925.2 40 Peiffer et al. (48) Xpll.3 17 6 11 Tritz et al. (37)
40 Baldinuet al. (54) Xp22 11 Fujino et al. (47)
10926.3 10 8 14 Tritz et al. (37) Xqll.2 14 Fujino et al. (47)

Deletions in 1p32-33 have been frequently identi-
fied in ECs and seem to be closely related to
histologic type, particularly a serous phenotype
(Fig. 6). In 1 study, the authors used 17 microsatellite
repeat polymorphisms from the short arm of
chromosome 1. Loss of heterozygosity at the critical
region (1p32-33) was seen in 18% of EECs in
comparison with 63.2% of NEECs (42,43).

Loss of heterozygosity at 2ql4 was identified
in 33% of ECs in 1 study (44). Loss of expression
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of the fragile histidine triad transcription protein was
identified in 37% of ECs in 1 study (45). The FHIT
gene, located in 3pl4.2, has been identified as a
possible TSG in tumors of diverse sites, such as
carcinomas of the head and neck, lung, or uterine
cervix. Loss of expression was associated with
deletions in several exons of the gene in some cases.
In 1 study, LOH at D3S1300 and D3S403, both
located within exon 5 of FHIT, were detected in 24%
of cases (46). Other loci in chromosome 3p that are
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FIG. 7. Representative pictures of the gross (A) and microscopical appearance (B) of an EEC in a patient with hereditary nonpolyposis colon
cancer syndrome. The tumor shows negative immunostaining for MLH 1 (C), the presence of a germline mutation in MLH (first hit) (D), and
a somatic LOH at 3p21.3 (second hit) (E). N indicates normal tissue; T, tumor tissue.

involved in ECs are 3p25 and 3p21.1-14.2 (12%)
(47,48). An association between LOH at 3p and 13q
(regions of MLH-1 and BRCAZ2 genes) and response
of EC to radiotherapy was also reported (49). Loss of
heterozygosity at 2p16 and 3p21.3, in the regions of
MSH2 and MLH-1, are found in ECs of patients
with hereditary nonpolyposis colon cancer syndrome.
Interestingly, the tumors that occur in this setting
usually have an endometrioid morphology and
exhibit microsatellite instability. Loss of heterozyg-
osity at these loci are the second hit in the
inactivation of these genes. The first hit is an
MSH2 or MLH-1 germline mutation (Fig. 7). In
contrast, sporadic EECs with microsatellite instabil-
ity do not show LOH at these loci, but promoter
hypermethylation of MLH]I (50).

Levan et al. (51) performed a CGH study in 98
EECs and found frequent losses in 4q22-qter, 16q21-
qter, and 18q21-qter, all of which were detected in
8% of the tumors. Moreover, LOH at the 4APC locus,
on 5q21, was also identified in 24.3% of the
informative ECs with no associations with clinico-
pathologic features (36). Loss of heterozygosity at
7935 was identified in 24% of ECs in one
study (44). Some loci in chromosome 8p that show
LOH in ECs are 8p22 (11%) and 8p12 (20%) (47). Loss

of heterozygosity on 9p21, at the locus of pl16/INK4A,
was also detected in 20% to 25% of ECs in several series
(52). Interestingly, inactivation of p16 by either LOH or
promoter hypermethylation is more frequent in NEECs
(40%) than that in EECs (10%) (53).

Loss of heterozygosity at 10q25-q26 was shown to
be present in ECs from Sardinian patients, suggesting
the presence of a TSG in the region that could
correspond to the CASC-2 gene (54).

Loss of heterozygosity at chromosome 10923
occurs in 40% of EECs and corresponds to the
region of PTEN, which is an important gene in the
development and progression of endometrial carci-
noma. In agreement with Knudson’s proposal, LOH
at 10q23 frequently coexists with somatic PTEN
mutations that are also found in 37% to 61% of
EECs (55). Both genetic alterations are almost
exclusively restricted to endometrioid endometrial
carcinomas (Fig. 5) and in its precursor lesion,
endometrial hyperplasia. The coexistence of LOH at
10g23 and a PTEN point mutation leads to activation
of the phosphoinositide 3-kinase/v-akt murine thy-
moma viral oncogene homolog 1 (AKT) pathway,
which plays a key role in the regulation of cellular
homeostasis (56). Activated AKT modulates the
expression of several genes involved in suppression
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of apoptosis and cell cycle progression. However,
evaluation of PTEN mutations and LOH at 10q23 in
a series of endometrial carcinoma has shown that
they do not necessarily coexist in the same tumors,
challenging the ‘2-hit” hypothesis for TSG for
phosphatase and tensin homolog (PTEN) in ECs.
In a recent study of our group, we have detected any
of these 2 genetic alterations in 57.7% of the tumors,
but coexistence of 2 genetic alterations (mutation and
LOH or double mutations) was seen in only one third
of the cases (57). In such study, the tumors that
exhibited only 1 of these 2 alterations (mutation or
LOH) were interpreted as having monoallelic inacti-
vation of PTEN. Interestingly, the tumors with
monoallelic inactivation of PTEN presented frequent
mutations in the PIK3CA gene, which codes for the
pl10a catalytic subunit of phosphoinositide 3-kinase
(58). Haploinsufficiency may explain the presence of
PTEN monoallelic inactivation. The hypothesis that
alterations in TSGs can cause haploinsufficiency has
led to a reevaluation of the classical 2-hit model of
TSG inactivation. It has been suggested that under
certain circumstances, 1 hit may be sufficient for
inactivation of TSGs such as PTEN. Even more, it
has been demonstrated that double heterozygosity for
functionally related proteins (for example PTEN and
PIK3CA) could have an additive effect on tumor
development and progression (59,60).

Suehiro et al. (61) evaluated 51 EECs by CGH. The
average number of genetic alterations (copy number
gains and losses) was significantly greater in non-
surviving patients than in disease-free patients. In
multivariate analysis, there was a statistically sig-
nificant association between 1 or more copy number
losses at 9q32-q34, 11q23, or Xql2-q24 and death
from the disease. Loss of 11q23 was also correlated
with cervical involvement. A different study showed
frequent LOH at 11q13-ql4, with a positive correla-
tion with some clinicopathologic features, such as
stage and grade (44).

Loss of heterozygosity in the region of RBI gene
at 13q has been detected in 18% of endometrial
carcinomas, without any significant correlation with
patient’s age, stage, histological grade, or myometrial
invasion. The presence of LOH at this locus in early-
stage tumors suggests that it takes place before the
clonal expansion of the neoplasm (62).

A strong correlation between LOH at 14q and
death from disecase was obtained in an allelotype
analysis of 70 highly polymorphic microsatellite
markers distributed among all nonacrocentric
chromosome arms of 21 ECs. Frequent involvement
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of 3p, 8p, 9p, 14q, 16q, and 18q was also detected.
The region 14q11.2 showed LOH in 19% of ECs in 1
series (47). Loss of heterozygosity at 15926 was
identified in 40% of ECs in 1 study (44).

Loss of heterozygosity at 16q is frequent in ECs. In
1 study, LOH in this chromosome was identified in
40% of patients, but not in any of the 8 cases of
endometrial hyperplasia (63). Total loss of 16q was
seen in 45%, whereas the remaining 55% of the cases
showed partial deletion. Two regions of chromosome
16 were frequently involved: 16¢q22.1 and 16q22.2-
23.1. Loss of heterozygosity at 16q22.1 was asso-
ciated with poorer prognosis. In fact, the region
16q22.1 contains the CDHI gene that codes for
E-cadherin. Reduced expression of E-cadherin is
frequent in endometrial carcinoma and may be
caused by promoter hypermethylation or LOH.
Moreno-Bueno et al. (40) identified LOH at 16q22.1
in 57% of NEECs, but only in 22% of EECs. The
authors found a trend toward association between
LOH at that region and reduced E-cadherin expres-
sion. It is worth mentioning that downregulation of
E-cadherin in cancer cells plays a significant role in
local tumor invasion by instauration of cell properties
that are reminiscent of developmental epithelial-
mesenchymal transition. E-cadherin inactivation
may be accomplished by LOH, promoter hyper-
methylation, or by repression by some genes such as
SNAIL2. Interestingly, it has been suggested that
mixed miillerian malignant tumors may develop from
preexisting ECs by the induction of epithelial-
mesenchymal transition features (64). In agreement
with such interpretation, mixed miillerian malignant
tumors show occasional LOH at 16q, E-cadherin
downregulation, and an overexpression of SNAIL2
(65,66).

Loss of heterozygosity at 17p13.1 represents 1 of
the 2 hits of gene inactivation of p53 (67). In a study
from Germany, LOH of BRCAIl (17q21), p53
(17p13), and TCRD (14q11) was assessed in a series
of 113 sporadic ECs (68). The reported frequencies of
LOH were 18.1%, 26.9%, and 26.3% of informative
cases, respectively. Interestingly, LOH at these 3 loci
correlated with histological grade and family history.
In I series (69), LOH at 17p13 did not correlate with
p53 nuclear immunostaining and did not correlate
with LOH at Rbl. Loss of heterozygosity at 17q21.3
was detected in 37% of ECs in | study (44). Allelic
losses at this region have been associated with NEECs
and also with a subset of endometrial carcinomas
with unfavorable prognosis. The association between
pS3 alterations and NEECs, particularly serous
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carcinoma, is strong. P53 abnormalities are seen in 80%
to 90% of serous carcinomas (Fig. 6). They are early
events because they are also frequent in the precursor
lesion called endometrial intraepithelial carcinoma. The
study of Kihana et al. (59) is particularly interesting
because it evaluates p53 in a series of tumors that is
predominantly composed of EECs (89 EECs and 3
NEECs). In this study,LOH at the region of p53 was
seen in 35% of EECs. There was a good correlation
between LOH and p53 mutation. Both p53 LOH and
mutation were more frequent in grade 3 tumors than
grades 1 and 2 tumors. Patients with LOH at such a
region had a poorer postoperative survival and worst
prognosis. It has been suggested that p53 alterations may
be an early event in NEEC, but a late alteration in EEC.
According to that viewpoint, p53 alterations would
occur as a result of tumor progression in EECs and
would explain the occasional presence of foci of NEECs
in tumors that are predominantly composed of EECs.

Allele losses at 18q.21 are also frequent (14%—
33%), and they probably involve partial or interstitial
deletions confined to a relatively small region of
chromosome 18 that contains the DCC gene because
LOH for markers distal to DCC is rarely seen (47,70).

Some studies have addressed the presence of gains
and losses of some chromosomal loci in the transition
from endometrial hyperplasia to carcinoma (71,72).
For example, Kiechle et al. (71) studied a model of
stepwise accumulation of genetic alterations in the
carcinogenesis of EECs of the endometrium. Accord-
ing to these authors, progression from simple to
complex hyperplasia involved loss of genetic material
at 16p and 20q. On the other hand, deletions in 1p
seemed to be associated with the presence of atypical
cells. In contrast, the gain of chromosome arms 1q
and 8q may define the transition from complex
atypical hyperplasia to invasive EEC of the endome-
trium. Muslumanoglu et al. (72) also addressed the
sequential genomic copy alterations in the develop-
ment of endometrial precancers and EECs. Deletions
at 1p36-pter and 20q were the most prevalent
imbalances detected in both complex hyperplasia
and complex atypical hyperplasia, and deletion at
17922 was only seen in atypical hyperplasia. Losses
of heterozygosity at 1p36-pter and 10q were the most
frequent aberrations in EECs.

CONCLUSIONS

We have reviewed the concept and the mechanisms
of LOH and the methods that can be used to assess

LOH in tumor samples. Afterward, we have reviewed
the significance of some LOH patterns in endometrial
carcinoma, with particular emphasis in the LOH
profile of nonendometrioid carcinoma, specific LOH
patterns that correlate with clinical and pathological
features, including the role of LOH at 10q23 (PTEN)
in endometrioid carcinomas of the endometrium,
with some comments on the possible role of PTEN
haploinsufficiency, and LOH at 17p13 in the region
of p53, in NEECs. Analysis of LOH is a very good
tool to identify TSGs, which play a role in different
steps of the development and progression of endo-
metrial carcinoma, such as myometrial invasion and
metastasis.
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