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The Notch pathway in ovarian carcinomas and adenomas
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Elements of the Notch pathway regulate differentiation; we investigated the expression of such elements in epithelial ovarian
tumours. A total of 32 ovarian tumour samples (|7 adenocarcinomas, three borderline tumours, |2 adenomas), two human ovarian
cancer (A2780, OVCAR3), and one ovarian surface (IOSE 144) cell lines were analysed. The expression of Notch pathway elements
was assessed by RT—PCR real-time PCR (Notch |), and by immunoblots (Notch | extracellular domain (EC), HESI). The
proliferation and colony formation of A2780 cells were measured after stable transfection with activated Notch | (intracellular
domain). Jagged 2, Delta-like-1, Manic Fringe, and TSLI were expressed more frequently in adenocarcinomas whereas Deltex,
Mastermind, and Radical Fringe were more frequent in adenomas. Quantitative PCR revealed decreased Notch | mRNA in ovarian
adenocarcinomas compared with adenomas. The expression of Notch [-EC protein was similar in benign and malignant tumours.
HES| protein was strongly expressed in 18/19 ovarian cancers and borderline tumours but not in adenomas. Transfecting A2780
cells with active Notch |-IC resulted in a proliferative and colony formation advantage compared to mock transfected cells. Thus,
Notch pathway elements are expressed in ovarian epithelial tumours and some of them are differentially expressed between
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The cellular origin, histology, and biological properties of ovarian
neoplasms is heterogeneous and complex. About 90% of ovarian
tumours are adenomas and adenocarcinomas derived from
ovarian surface epithelium (OSE) of coelomic origin. Currently,
ovarian adenocarcinomas are thought to arise from OSE inclusion
cysts that form after OSE injury such as ovulation. The impaired
ability of inclusion cyst cells to acquire a mesenchymal phenotype
and the appearance of a gland-like differentiation of the otherwise
more pluripotent mesodermal precursors resembling OSE cells is
a hallmark of carcinogenesis (Scully, 1995). The molecular
pathogenesis of ovarian adenocarcinomas is unknown although
some mechanisms have been elucidated recently. Loss of function
mutations of tumour suppressor genes have been described such
as p53 in late stage tumours (Kupryjanczyk et al, 1993), PTEN in
endometroid ovarian carcinomas (Obata et al, 1998), BRCA1 and
BRCA2 in familial ovarian cancers (Ford et al, 1998; Kote-Jarai and
Eeles, 1999). Overexpression or amplification of oncogenes have
been described for PI3K (Philp et al, 2001) and its downstream
effector AKT2 (Cheng et al, 1992), EGF-R (Kohler et al, 1989),
cMyc (Tashiro et al, 1992), K-ras (Enomoto et al, 1991) and c-erbB
(HER2/neu) (Slamon et al, 1989). In a recent study we demon-
strated that p73, a member of the p53 family, is expressed in
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adenomas and carcinomas. The Notch pathway could be a target for the development of therapies for ovarian cancer.
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ovarian adenocarcinoma but rarely in adenoma (Zwahlen et al,
2000). P73 and p63 increase the expression of the Notch ligands
Jagged 1 and 2 (Sasaki et al, 2002) leading to increased expression
of the Notch target HESI in coculture assays. It appears likely that
deranged proliferation and cell fate determination processes are of
particular importance in the development of ovarian cancer. The
Notch pathway with its family of four mammalian Notch receptors
and their numerous ligands of the Delta and the Jagged/Serrate
group is playing an important role in cell fate determination
and organogenesis during the embryonic development and in
haematopoiesis (Artavanis-Tsakonas et al, 1999; Miele and
Osborne, 1999; Milner and Bigas, 1999). Figure 1 outlines the
Notch signalling network: the Notch genes encode transmembrane
receptor proteins of about 300 kDa that undergo post-translational
modification by intramolecular cleavage and heterodimer forma-
tion. Upon interaction with a ligand, a complex cleavage process
of the Notch receptor is initiated, resulting in the release of
the intracellular c-terminal domain (approximately 110 kDa). The
activating ligands, including Jagged 1, Jagged 2 (JAG 1 and JAG 2),
Delta-like-1, -3 and -4 (DLL1, DLL3 and DLL4), are mainly
expressed on the surface of neighbouring cells. The intracellular
Notch domain then translocates to the nucleus to interact with the
transcriptional repressor CBFI/RBP-Jk (Hsieh et al, 1996), turning
it into a transcriptional activator of numerous target genes such
as the HESI gene, a member of the basic helix-loop - helix family
of transcription factors (Bailey and Posakony, 1995; Davis and
Turner, 2001). In developmental processes, Notch signalling often
results in the preservation of a small subset of proliferating
undifferentiated and multipotent progenitor cells. However, the
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Notch signal transduction elements: (1) Post-translational modification of precursor Notch-protein includes cleavage by a Furin-like convertase

and glycosylation by members of the Fringe family (Radical (R), Manic (M), Lunatic (L)) in the trans-Golgi. (2) Adherence of Notch extracellular domain
(ECN) with Notch intracellular domain (ICN) results in mature Notch heterodimers that are transferred to the cell membrane. Receptor interaction with
ligands of the DSL-family (Delta, Serrate, Lag3) on neighbouring cells is modulated by Fringe modification of ECN. (3) E3 ubiquitin ligases (Mindbomb and
Neutralised) control the turnover of DSL-ligands on signalling cells. (4) Ligand availability is further regulated by the metalloprotease Kuzbanian, shedding the
extracellular domain of the transmembrane ligand protein. (5) Successful interaction of extracellular ligand regions with EGF-like repeats of ECN lead to (6)
successive cleavage of Notch transmembrane domain by the disintegrin-metalloprotease tumour necrosis factor-a-converting enzyme (TACE) and the
y-secretase Presenillin. (7) ICN is released and translocates to the nucleus where it interacts with CSLI, replacing CSL-repressors (CoR) and forming a
transcription complex with Mastermind-like factors (MAML) and transcriptional coactivators (CoA). (8) This transcriptional complex activates downstream
target genes, including members of the Hairy enhancer of split (HES) family of transcriptional repressors (bHLH). (9) These HES proteins excert their
function together with the Transducin-like enhancer of split (TSL) family of corepressors. Other target genes are tissue specific. (10) The half-life of ICN is
regulated by E3 ligases of the Sel-10 family before proteasome degradation. (I 1) A CSL-independent Notch pathway involves the interaction of ICN with
deltex, a cytosolic protein and positive regulator of Notch signalling. Adopted from Weng and Aster (2004).

net effect of Notch signalling tends to be highly dependent on the
cellular context. In a small subset of human acute lymphoblastic
T-cell leukaemia a constitutively active Notch 1 mutant functions
as an oncogene (Ellisen et al, 1991). Conversely activated Notch 1
and Notch 2 have been shown to result in a growth arrest of small
cell lung cancer cells, where it seems to act as a tumour suppressor
gene (Sriuranpong et al, 2001). Furthermore, Notch 1 has been
shown to function as a tumour suppressor gene in mouse skin
(Nicolas et al, 2003). In the present study, we show that many
elements of the Notch pathway are expressed in epithelial ovarian
tumours with carcinomas having higher HES1 protein expression
levels than adenomas indicating a stronger Notch pathway
activation. Furthermore, we demonstrate a proliferative and
survival advantage of stably Notch 1-IC (intracellular domain)
transfected A2780 ovarian carcinoma cells. We propose that the
Notch pathway could be a target for the development of novel
therapies for ovarian cancer.
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MATERIAL AND METHODS

Patient characteristics and tumour specimens

Tumour samples were obtained from 32 patients who underwent
surgical resection of an ovarian tumour at the university hospitals
of Berne and Zurich, Switzerland. Sample collection was in
accordance with Swiss law and approved by the local institutional
review board. At the time of surgery no patient had received
chemotherapy. The tissues for the present study were selected by
the surgeons who were careful to submit large (>1cm) pieces of
tissue that were macroscopically tumourous. Adjacent tissues were
used for the pathological diagnosis. The age range of the patients
was 40-83 years (median 61 years). Tumours were classified in
accordance with the WHO standard criteria (Tavassoli and
Devilee, 2003) as ovarian epithelial adenocarcinomas (17 cases),
epithelial ovarian cancers of low malignant potential (three cases)
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and ovarian adenomas (12 cases). Tumour samples were snap
frozen in liquid nitrogen in the operating theatre immediately after
surgical removal.

Cell lines and culture conditions

Human ovarian adenocarcinoma cell lines A2780 and 2008 (kindly
provided by Dr S Howell, University of California San Diego, La
Jolla, CA, USA) were maintained in RPMI-1640 medium (Sigma, St
Louis, MO, USA) supplemented with 10% heat-inactivated fetal
calf serum (FCS, Sigma), the human ovarian adenocarcinoma cell
line OVCAR-3 (ATCC, Rockville, MD, USA) was maintained in
DMEM (Sigma) supplemented with 10% heat-inactivated FCS. The
human Hodgkin’s lymphoma cell line L540 (DSMZ, Braunschweig,
Germany) was maintained in RPMI-1640 medium supplemented
with 10% heat-inactivated FCS, and the human ovarian surface
epithelial cell line IOSE-144 (kindly provided by Dr N Auersperg,
University of Vancouver, Canada) was maintained in MCDB105
with L-glutamine (Sigma) and 25 mmM HEPES + Medium 199 with
Earle’s salt and L-glutamine (Sigma) (1:1) supplemented with 5%
heat-inactivated FCS and 50 ugml~' gentamicin (Sigma).

RNA extraction and RT-PCR

After homogenisation of tumours using a tissue homogeniser
(Polytron, Kinematica, Littau, Switzerland), total RNA was
extracted using the RNeasy/QIAamp Kit (Quiagen, Basel, Switzer-
land). Contaminating genomic DNA was removed by DNase I
treatment according to the manufacturer’s instructions (RNase-
Free DNase Set, Quiagen). Reversed transcription was performed
using 1 ug total RNA, 0.8 ug primer oligo dT15 primers (Roche,
Rotkreuz, Switzerland), 1.3ul PCR Nucleotide Mix, 10mwm
deoxynucleotide triphosphate (Roche), 28 U rRNasin (Promega,
Wallisellen, Switzerland), 5 ul M-MLV 5 x buffer (Promega), 200 U
M-MLYV reverse transcriptase (Promega) in a final volume of 25 ul.
PCR was carried out at least as duplicates as follows: 5 il cDNA as
template were added to a mastermix made of 3ul 10 x PCR
buffer + Mg (Roche), 3 ul glycerol, 3 ul PCR nucleotide mix, 1 mm
deoxynucleotide triphosphate (Roche), 0.8 U Taq DNA polymerase
(Roche), sense and antisense primers with a final concentration of
266 nM. Thermocycler conditions were as described elsewhere
(Zwahlen et al, 2000). The annealing temperature was optimised
for each primer pair and 35-37 PCR cycles were applied. The
following human glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) primers were used for quality control of RT-PCR for
each cDNA generated, sense: 5-GAGCTGAACGGGAAGCTCACT
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GG-3; antisense: 5-CAACTGTGAGGAGGGGAGATTCAG-3. PCR
products were separated on a 1% agarose gel containing ethidium
bromide. The primers used for the detection of cDNA of Notch
pathway genes are shown in Table 1.

Real-time quantitative RT-PCR for hNotch 1

TagMan real-time RT-PCR (TagMan PCR detector 7700, Perkin-
Elmer Applied BioSystems, Rotkreuz, Switzerland) was used for
relative quantification of hNotch 1 (Gene Bank accession no.
AF308602) gene expression in human ovarian tumour samples and
cell lines as described previously (Leonard et al, 2000). The
preparation of cDNA was carried out as described above. Dual
labelled (FAM/TAMRA) gene-specific probes and TagMan Uni-
versal PCR Master Mix (Perkin-Elmer Applied BioSystems,
Rotkreuz, Switzerland) were used. Sequences of hNotch I specific
oligonucleotides were as follows, probe: 5'-CCGCTCTGCAGCCGG
GACA-3'; forward primer: 5-CACTGTGGGCGGGTCC-3'; reverse
primer, 5'-GTTGTATTGGTTCGGCACCAT-3" (Shou et al, 2001).
Notch 1 gene expression was normalised to the expression level of
the housekeeping gene porphobilinogen deaminase (PBGD, Gene
Bank accession no. MI8799). Sequences for PBGD-specific
oligonucleotides were as follows, probe: 5-TGCGGCTGCAACGGC
GGAAGAAA-3'; forward primer: 5-GGAGCCATGTCTGGTAACG
GCA-3'; reverse primer: 5-GGTACCCACGCGAATCACTCTCA-3'.
Primers were used at a final concentration of 300 um; the final
probe concentration used was 150 uM. In total, 2.5 ul cDNA and
12.5 ul TagMan Universal PCR Master Mix were added to a final
reaction volume of 25 ul. A total of 45 TagMan PCR-cycles were
run under standard conditions.

Western blot analysis

Cell extracts were prepared as described (Zwahlen et al, 2000).
Briefly, after tissue homogenisation and sonication, cells were
lysed in RIPA buffer (150mM NaCl, 1.0% Nonidet P-40, 0.5%
sodium desoxycholate, 0.1% sodium dodecyl sulfate, 50 mm Tris,
pH 8.0) on ice for 30 min, followed by centrifugation for 20 min at
4°C. Quantification was done by Bradford assay (Bio-Rad,
Glattbrugg, Switzerland). In all, 50 ug total cellular protein per
lane were size fractioned on a 7% tris-acetate gel (Invitrogen,
Paisley, UK) for Notch 1 detection or on a 4-12% tris-glycine
gradient gel (Invitrogen) for HES1 detection and blotted onto
nitrocellulose (Protan; Schleicher and Schuell, Kassel, Germany).
Equal loading and transfer efficiency was visually checked by

Table I RT-PCR primers for detection of Notch pathway genes

Gene Gene Bank accession number Annealing temperature (°C) Forward primer Reverse primer PCR product (bp)
Notch 2 XM_016986 58 5-gatgccacctgaacaactge-3  5-tgacaacagcaacagcaagg-3 407
Notch 3 XM_009303 58 5-ttgctgctggtcattcteg-3 5-tcctcttcagttggeattgg-3 476
Jagged | NM_000214 58 5-agcgacctgtgtggatgag-3 5-ggctggagactggaagacc-3 333
Jagged 2 NM_002226 58 5-tctctgtgaggtggatgtcg-3 5-cagtcgtcaatgttctcatgg-3 327
Delta-like-1 NM_003836 58 5-ccacgcagatcaagaacacc-3  5-ttgctatgacgcactcatee-3 336
Delta-like-2/4 ~ ABO36931/AB043894 60 5-ccaactatgcttgtgaatgtcc-3  5-tgtggagaggtcggtgtage-3 353
Kuzbanian E33199 58 5-gcggtgcagattagtagatge-3  5-aggcactaggaagaaccaagg-3 352
Presenillin XM_007441 58 5-agactggaacacaaccatagcc-3  5-caatagtgcaaggtegtcagg-3 360
Manic- Fringe  U94352 60 5-gtggaatgatggcagaatcc-3 5-gctgtggatgattgtcttgg-3 384
Radical- Fringe U94353 58 5-tgacaattatgtgaacgcaagg-3  5-ccaggtgagagtggaagagg-3 347
Numb AF171938 58 5-cgaccgatggttagaagagg-3  5-gaatgtctgctgectgace-3 367
Mastermind ~ NM_014757 58 S5-tcagaactccgcgaataacc-3  5-tgctggctgctgagatagg-3 351
HES | NM_005524 58 5-ccagtttgctttcctcattee-3 5-tcttctcteccagtattcaagttec-3 254
Deltex NM_004416 6l 5-gatgcctgtgaatggtctgg-3 5-ggatggtgatgcagatgtcc-3 362
HERP 2 AF232239 62 5-gaggtggagaaggagagtgc-3  5-ctccgatagtccatagcaagg-3 314
TSL | NM_005077 58 5-ccaaggtctgcttcteatge-3 5-gtacttgtcaggcttgttcacg-3 320
TSL 4 XM_042357 58 5-caaggcagagctgacatcc-3 5-cacattgctgttctccatee-3 346
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Figure 2 RT-PCR results of representative examples (I3 =ovarian adenocarcinoma, 33 =borderline tumour, 28 =ovarian adenoma) for Notch
pathway elements. O, no signal detected. +, mMRNA detected by RT—PCR. The results of duplicate experiments were identical.

Ponceau staining. Membranes were blocked for 3h at room
temperature with 5% w/v nonfat dry milk/TBS and Tween-20 (0.05%
w/v). Membranes were incubated with rabbit polyclonal anti-
Notch 1 antibodies (H-131, Santa Cruz, Nunningen, Switzerland)
for the detection of the extracellular domain of Notch 1. For the
detection of HES1, membranes were incubated with a rabbit
polyclonal anti-HESI antibody (kindly provided by Dr Sudo, Toray
Industries, Kanagawa, Japan). Detection of primary antibody
binding was done with donkey antirabbit horseradish peroxidase
conjugated antibodies, followed by enhanced chemiluminescence
detection (all from Amersham, Zurich, Switzerland). Equal loading
was assessed visually by detection of actin with a rabbit polyclonal
antibody (A2066, Sigma) after stripping and reblocking of the
membranes. The Hodgkin’s Lymphoma cell line L540 served as a
positive control for Notch 1 extracellular domain expression
(Jundt et al, 2002). HES1 protein was in vitro synthesised by
the TNT T7 Quick Coupled Transcription/Translation System
(Promega) from the mHES] cDNA in pBluescript SK+ (kindly
provided by Dr R Kageyama, Kyoto University, Japan). Each
experiment was repeated at least twice, and the strenght of
expression was scored visually by assigning one of four scores
(strong, intermediate, weak, and absent; cf, Figure 2).

Transfection and colony forming assay + proliferation
assay

The ovarian adenocarcinoma cell line A2780 was transfected with
hNotch 1-IC-HA (pCDNA3 Invitrogen) as previously described
(Chen et al, 1997). Empty vector transfected cells were used as
controls. Transfection was done by electroporation, applying 5 ug
plasmid DNA per 1 million cells. Selection was performed with
G418 at 600 ugml '. The resultant G418 resistant clones were
pooled and used directly for colony forming and proliferation
assays. The latter was carried out by the XTT method according
to the manufacturer’s instructions (Biological Industries, Beit
Haemek, Israel). In total, 1000 cells were seeded in 9 cm wells in
selection medium as indicated above. XTT assay was performed on
days 4, 7, 8, 10 and 12. For the colony forming assays 300 cells of a
single cell suspension were seeded in 10cm Petri dishes and
counted 7 days after when the colonies were visible by eye. All
experiments were performed in triplicate.

Dual luciferase-assay

Notch pathway activation of the stably hNotch I-IC-HA transfected
A2780 was tested by transient transfection of 1 million cells from
pooled G418-resistant clones, using electroporation, with 5 ug of a
reporter plasmid containing the Notch/RBP-Jk-responsive region
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of the Hairy and Enhancer of Split homologue-1 (HES1) promoter
as described previously (Rangarajan et al, 2001). Empty vector
transfected cells served as controls. In all cases 100 ng of a renilla
luciferase expression plasmid (pRL-CMV, Promega) were cotrans-
fected. The Dual-Luciferase reporter assay (Promega) was
performed according to the manufacturer’s specifications 48 and
72h after transfection.

RESULTS

RT-PCR analysis of the expression pattern of elements of
the notch pathway in ovarian tumours

To test the hypothesis that the Notch pathway could be involved
in the pathogenesis of ovarian carcinomas we studied the mRNA
expression pattern of some of its elements by RT-PCR in 32
ovarian tumour samples (17 ovarian adenocarcinomas, three
ovarian cancers of low malignant potential, 12 ovarian adenomas),
three ovarian cancer cell lines (A2780, OVCAR-3, 2008), and one
human ovarian surface epithelial cell lines (IOSE-144). GAPDH was
detected in all samples, indicating similar quality of extracted
mRNA. The results are summarised in Table 2 and representative
samples of RT-PCR products are shown in Figure 2. Notch 1 (see
below), Jagged 1, Delta-like-2/4, HES1 and Presenillin expression
was detectable in all ovarian adenocarcinomas and ovarian
adenomas (for Notch 1 only real-time RT-PCR data are shown).
In contrast, ovarian adenocarinomas were more frequently
positive than adenomas for the Notch ligands Jagged 2 (P =0.04,
Fisher’s exact test, two-sided probabilities are shown without
adjustment for multiple testing) and Delta-like-1 (P =0.056), for
the modulator of ligand specificity Manic Fringe (P =0.0007) and
for the downstream transcription factor Transducin-like Enhancer
of split-1 (TSL1; P=0.01). On the other hand, slightly higher
frequencies of expression were found in adenomas for Deltex and
Mastermind, and Radical Fringe.

The expression pattern of elements of the Notch pathway in
ovarian cancer cell lines was similar to ovarian adenocarcinomas
with the exception of Jagged 2, Delta-like-1, Delta-like-2 and TSL4
that were expressed at a lower frequency.

Real-time quantitative RT-PCR for hNotch 1

Altered Notch 1 expression has been found in certain haematologic
malignancies and solid tumours. To study the Notch 1 mRNA
expression level we used TagMan real-time quantitative RT -PCR
for the screening of human ovarian tumours and cell lines. Primers
and probes were selected for the intracellular domain of Notch I.

© 2005 Cancer Research UK



Table 2 mMRNA expression of elements of the Notch pathway

Receptors Ligands Modulators Downstream effectors Cleavage enzymes

Notch  Notch
Case 2 3 Jagged | Jagged 2 Delta-like-1 Delta-like-2/4 Numb M. Fringe R. Fringe Deltex Mastemind HES| HERP2 TSL | TSL4 Kuzbanian Presenillin

SIN YoJeas3Y J9dURD) G007 @

81,60, ‘(9)€6 (S007) 4o2UBD JO [eUINO[ ysikg

Ovarian adenocarcinoma (N=17)

I + + + + + + + + + 0 + + + + + + +
2 + + + + + + + + + + + + 0 + + + +
3 0 + + 0 0 + + + 0 + 0 + 0 + + 0 +
4 + + + + + + + + + + 0 + 0 0 + + +
7 + + + + + + + + + 0 0 + 0 + + + +
10 + + + + + + + + + + + + 0 + + + +
I + 0 + + + + + + 0 + 0 + 0 + 0 + +
13 + + + + + + + + + + + + 0 + + + +
16 + + + + + + + + + + + + 0 + + + +
17 + + + + + + + + + + + + 0 + + + +
19 0 + + + + + + 0 0 + + + 0 + + + +
20 + + + + + + + + + + + + 0 + + + +
21 + + + + + + + + + + + + + + + + +
23 + 0 + 0 + + + + + + 0 + 0 + + + +
26 + + + + + + + + + + + + 0 + + + +
31 + + + + + + + 0 + + + + 0 + + + +
37 + + + + + + + 0 + 0 + + 0 + + + +
Frequencies 88% 88% 100% 88% 94% 1009% 1009% 82% 82% 82% 70% 100%
12% 94% 94% 94% 100%
15/17 15/17 17117 15/17 16/17 17/17 1717 14/17 14/17 14/17 12/17 17177 12/17 16/17  16/17 16/17 1717
Borderline tumours (N =3)
9 0 + + 0 0 + + + 0 0 0 + 0 0 0 + +
33 + 0 + + + + + 0 + + 0 + 0 + + + +
34 + + + + + + + 0 + + + + 0 + + + +
Frequencies 67% 67% 100% 67% 67% 100% 1009% 33% 67% 67% 33% 100%
0% 67% 67% 100% 100%
2/3 2/3 3/3 2/3 2/3 3/3 3/3 13 2/3 2/3 1/3 3/3 0/3 2/3 2/3 3/3 3/3
Ovarian adenomas (N=12)
14 + 0 + + 0 + + 0 + + 0 + 0 + + + +
15 + + + + 0 + + 0 + + + + 0 0 + + +
24 + + + 0 + + + 0 + + + + 0 0 + + +
25 + + + 0 0 + + 0 + + + + 0 0 + + +
27 + + + 0 0 + + 0 0 + + + 0 0 0 + +
28 0 + + 0 0 + 0 0 + + 0 + 0 0 + + +
29 + + + 0 0 + + 0 + + + + 0 0 + + +
32 + + + + + + + + + + + + 0 + + + +
35 + + + + 0 + + 0 + + + + 0 + + + +
36 + + + + + + + 0 + + + + 0 + + + +
38 0 + + 0 + + 0 + 0 + 0 + 0 + + 0 +
39 + + + + + + + 0 + + + + 0 + + + +
Frequencies 83% 92% 100% 50% 58% 100% 83% 17% 83% 100% 75% 100%
0% 50% 92% 92% 100%
10712 11712 12/12 6/12 7112 12/12 10/12 2/12 10/12 12/12 9112 12/12 0/12 6/12  11/12 1112 12/12
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We did not detect overexpression of Notch 1 mRNA in ovarian
adenocarcinomas (median expression level relative to PBGD:
0.35), but a tendency towards decreased Notch 1 expression in
comparison to ovarian adenomas (median:0.705; Figure 3).

Expression pattern of Notch 1 and HES1 protein

We further investigated the protein expression pattern of full
length Notch 1 (330-220kDa), the Notch 1 extracellular domain
(Notch 1-EC, 120 kDa) and of the downstream transcription factor
HES1 (32kDa) in 28 of the 32 ovarian tumours (16 ovarian
carcinomas, three borderline tumours, nine ovarian adenomas),
in three human ovarian cancer cell lines and one ovarian surface
epithelium cell line. In four ovarian tumours the amount of
extracted protein was insufficient for immunoblotting. The
Hodgkin’s lymphoma cell line L540 served as positive control for
Notch 1-EC expression and in vitro translated mHESI ¢cDNA for
HES1 protein expression. Results are summarised in Table 3 and
representative samples are depicted in Figure 4. Similar amounts
of f-actin protein expression were detected in all tumour and cell
line specimens. Notch 1 and Notch 1-EC protein was expressed in
all ovarian cancers, borderline tumours and ovarian adenomas at
similar levels. In ovarian cancer cell lines the expression of Notch
was a strong expression of Notch 1-EC in A2780, an intermediate
expression in OVCAR-3, but a lower expression level in IOSE-144.

The expression level of HES 1 protein on the other hand trended
to be higher in the malignant than in the benign tumours: in
invasive adenocarcinomas and borderline tumours, the expression
was intermediate in 11 out of 19 and strong in seven out of 19
samples, whereas in ovarian adenomas five out of nine specimens
showed intermediate and four out of nine weak or absent
expression. However, in all ovarian adenocarcinoma and surface
epithelium cell lines the HESI protein expression was very high at
similar levels.

Stable transfection of Notch 1-IC in A2780 ovarian
adenocarcinoma cell line

The observation of a consistent expression of Notch 1 protein in
ovarian adenocarcinomas and adenomas does not prove that
Notch 1 signalling is actually active. The expression of HESI could
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be induced by other upstream factors such as Notch 2 or possibly
Sonic Hedgehog (Shh) (Solecki et al, 2001). Therefore, we
investigated the biological relevance of activated Notch 1 by stably
transfecting the cell line A2780 with Notch 1-IC, the functionally
active intracellular domain of the Notch 1 heterodimer, in order
to increase the degree of Notch pathway activation. The biological
activity of transfected Notch I1-IC was confirmed by a dual
luciferase reporter-plasmid assay. The normalised luciferase
activity was 127% higher in hNotch 1-IC-HA stably transfected
A2780 than in empty vector controls 48h after transient
transfection and 72% after 72h. When compared to the wild type,
the hNotch 1-IC-HA transfected A2780 cells derived from pooled
clones showed a proliferative advantage from day 7 onwards after
cells reached confluence (Figure 5). The metabolic activity

XTT-metabolic activity
© o o -t = =
£ [e)] o] — n £ [e)] ©

°
N
s

0 T T T T 1
4d 7d 8.5d 10d 12d

Time in culture

Figure 5 XTT-assay of A2780 human ovarian adenocarcinoma cells,
stable transfections with hNotch [-IC-HA (white circles) vs empty vector
(black triangles) transfected.
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Figure 4 Western blots for Notch | (full-length and extracellular domain (EC)) and HES-I in ovarian adenocarcinomas, borderline tumours, adenomas
and cell lines (ovarian adenocarcinoma A2780 and OVCAR-3, ovarian surface epithelium IOSE-144 and Hodgkin's lymphoma L540).
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measured by the XTT-assay, mirroring cell mass, was on average
32+7.5% higher in the Notch 1-IC stably transfected A2780 cells
compared to mock controls from day 7 on over the observation
period. To test if the survival potential of A2780 was changed due
to an increased Notch pathway activation, we carried out colony-
forming assays. After 7 days approximately 28+12% more
colonies formed from single cells of stably hNotch I1-IC-HA
transfected cells compared to mock transfected controls.

DISCUSSION

In the present study, we have shown differences in the mRNA
and protein expression profile for certain elements of the notch
pathway (receptors, ligands, modulators and downstream signal-
ling factors) between ovarian adenocarcinomas, borderline
tumours and ovarian adenomas: We could show a higher HESI
protein expression in ovarian cancers and borderline tumours in
comparison to adenomas. Transfection experiments with activated
Notch 1 intracellular domain in A2780 ovarian adenocarcinoma
cells indicated a proliferative advantage due to Notch 1 that is
consistent with an impaired contact inhibition at confluence. The
growth advantage of Notch 1-IC transfected A2780 cells in
comparison to empty vector controls was also evident by their
enhanced ability to form colonies from single cells on plastic
surfaces (colony-forming units) (Bashey et al, 1992; Yu et al, 1999).
The magnitude of in vitro growth effects was modest, but similar
to recent observations with c-Myc (Pelengaris et al, 2002), the
contribution to in vivo tumour formation could be significant.
Altered Notch expression has already been observed in cervical
carcinomas (Zagouras et al, 1995), lung cancer (Dang et al, 2003),
pancreatic cancer (Miyamoto et al, 2003), breast cancer (Weijzen
et al, 2002), and endometrium carcinomas (Suzuki et al, 2000). In
early hematopoietic stem cells Notch-signalling stops differentia-
tion and maintains a pool of proliferating pluripotent cells (Milner
and Bigas, 1999; Ohishi et al, 2002; Kunisato et al, 2003). Of
interest, the OSE is closer in its differentiation state to the
pluripotent mesodermal embryonic precursor cells than other
epithelial derivates (Scully, 1995). Although overexpression of
Notch 1 mRNA or protein has not been found in ovarian tumours,
our data point to a possible role of the Notch pathway in ovarian
cancer formation: our transfection experiments indicate, that
activation of the Notch pathway could contribute to the malignant
phenotype by maintaining proliferative activity against growth
control signals and by promoting cell survival. Expression array
data have revealed that at least two members of the Notch-
signalling network may be involved in the ovarian carcinogenesis:
Notch 3 was at least three-fold overexpressed over normal ovarian
surface epithelial cells (Lu et al, 2004) and a similar observation
was reported for Jagged 2 (Euer et al, 2005). These studies did not

REFERENCES

Artavanis-Tsakonas S, Rand MD, Lake R] (1999) Notch signaling: cell fate
control and signal integration in development. Science 284: 770 - 776. doi:
10.1126/science.284.5415.770

Bailey AM, Posakony JW (1995) Suppressor of hairless directly activates
transcription of enhancer of split complex genes in response to Notch
receptor activity. Genes Dev 9: 2609 - 2622

Bash J, Zong WX, Banga S, Rivera A, Ballard DW, Ron Y, Gelinas C (1999)
Rel/NF-kappaB can trigger the Notch signaling pathway by inducing
the expression of Jaggedl, a ligand for Notch receptors. EMBO ] 18:
2803-2811

Bashey A, Gill R, Levi S, Farr CJ, Clutterbuck R, Millar JL, Pragnell IB,
Marshall CJ (1992) Mutational activation of the N-ras oncogene assessed
in primary clonogenic culture of acute myeloid leukemia (AML):

British Journal of Cancer (2005) 93(6), 709-718

identify the same genes as overexpressed in ovarian cancer
although they used similar methods; thus, these finding as well
as our present study should be considered preliminary. How in
detail the Notch pathway exerts its oncogenic function has not
been fully elucidated. A recent study showed that CBF1, the first
major downstream signalling factor of the Notch pathway, when
activated, interacts with the Cyclin DI promotor, resulting in
increased CD1 activity and Gl/S-phase transition (Ronchini and
Capobianco, 2001). Furthermore Notch-IC activated CBF1 induces
the transcription of NFxB(Oswald et al, 1998).

Besides it has been shown that NFxB controls the expression of
the Notch ligand Jagged 1 in a positive feedback loop (Bash et al,
1999). It is likely, however, that Notch alone is not capable of
transforming cells but requires the functional collaboration of
other oncogenes, namely from the RAS (IRK, MAP kinase, PI3
kinase) (Fitzgerald et al, 2000; Weijzen et al, 2002) and c-Myc
pathways (Rao and Kadesch, 2003). PI3K (Philp et al, 2001) and
c-Myc (Tashiro et al, 1992) overexpression have been reported for
ovarian adenocarcinomas.

Several questions about the function of Notch in ovarian
tumours still remain to be answered. The relevance of other
receptors of the Notch family has not been elucidated vyet.
Likewise, it is not known what regulates the degree of Notch
pathway activation in ovarian tumours. The expression pattern of
Notch ligands might play a crucial role though. Interestingly our
preliminary data point to a robust protein expression of Jagged 1
in ovarian tumours. If relevant cell-cell interactions are homo-
typic (between tumour cells themselves) or heterotypic (between
tumour cells and other cells e.g. stroma cells) remains to be
determined.

In summary, the Notch-signalling pathway is operative in
ovarian cancer, and we propose a positive relationship between
Notch pathway activation as indicated by HES1 protein expression
levels and tumour growth in ovarian cancer. This hypothesis will
need to be addressed in further studies. Moreover, elements of the
Notch pathway could be worthwhile targets for future therapies of
ovarian cancer (Jang et al, 2000; Nickoloff et al, 2003) such as
siRNA and gamma-secretase inhibitors (Elbashir et al, 2001;
Kimberly et al, 2003; Micchelli et al, 2003).

ACKNOWLEDGEMENTS

Grant support: Swiss Cancer League SKL 986-02-2000. We thank
Dr R Kageyama, Kyoto, Japan, for providing HES1 cDNA,
Dr T Sudo, Toray Industries Kanagawa, Japan, for providing the
HES1 antibody, Professor D Fink, University Hospital Zurich and
Professor HJ Altermatt, Berne for their help in collecting tumour
samples.

implications for the role of N-ras mutation in AML pathogenesis. Blood
79: 981-989

Chen Y, Fischer WH, Gill GN (1997) Regulation of the ERBB-2 promoter by
RBP Jkappa and NOTCH. J Biol Chem 272: 14110-14114

Cheng JQ, Godwin AK, Bellacosa A, Taguchi T, Franke TF, Hamilton TC,
Tsichlis PN, Testa JR (1992) AKT2, a putative oncogene encoding
a member of a subfamily of protein-serine/threonine kinases, is
amplified in human ovarian carcinomas. Proc Natl Acad Sci USA 89:
9267-9271

Dang TP, Eichenberger S, Gonzalez A, Olson S, Carbone DP (2003)
Constitutive activation of Notch3 inhibits terminal epithelial differentia-
tion in lungs of transgenic mice. Oncogene 22: 1988 -1997. doi:10.1038/sj.
onc.1206230

© 2005 Cancer Research UK



Davis RL, Turner DL (2001) Vertebrate hairy and Enhancer of split related
proteins: transcriptional repressors regulating cellular differentiation
and embryonic patterning. Oncogene 20: 8342 - 8357

Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K, Tuschl T (2001)
Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured
mammalian cells. Nature 411: 494 -498. doi: 10.1038/35078107

Ellisen LW, Bird J, West DC, Soreng AL, Reynolds TC, Smith SD, Sklar J
(1991) TAN-1, the human homolog of the Drosophila notch gene, is
broken by chromosomal translocations in T lymphoblastic neoplasms.
Cell 66: 649-661

Enomoto T, Weghorst CM, Inoue M, Tanizawa O, Rice JM (1991) K-ras
activation occurs frequently in mucinous adenocarcinomas and rarely in
other common epithelial tumors of the human ovary. Am J Pathol 139:
777-785

Euer NI, Kaul S, Deissler H, Mobus V], Zeillinger R, Weidle UH (2005)
Identification of LI CAM, Jagged2 and Neuromedin U as ovarian cancer-
associated antigens. Oncol Rep 13: 375-387

Fitzgerald K, Harrington A, Leder P (2000) Ras pathway signals are
required for notch-mediated oncogenesis. Oncogene 19: 4191 -4198

Ford D, Easton DF, Stratton M, Narod S, Goldgar D, Devilee P, Bishop DT,
Weber B, Lenoir G, Chang-Claude J, Sobol H, Teare MD, Struewing J,
Arason A, Scherneck S, Peto J, Rebbeck TR, Tonin P, Neuhausen S,
Barkardottir R, Eyfjord J, Lynch H, Ponder BA, Gayther SA, Zelada-
Hedman M (1998) Genetic heterogeneity and penetrance analysis of the
BRCA1 and BRCA2 genes in breast cancer families. The Breast Cancer
Linkage Consortium. Am JHum Genet 62: 676 - 689

Hsieh JJ, Henkel T, Salmon P, Robey E, Peterson MG, Hayward SD (1996)
Truncated mammalian Notch 1 activates CBFI/RBPJk-repressed genes
by a mechanism resembling that of Epstein - Barr virus EBNA2. Mol Cell
Biol 16: 952 -959

Jang MS, Zlobin A, Kast WM, Miele L (2000) Notch signaling as a target in
multimodality cancer therapy. Curr Opin Mol Ther 2: 55-65

Jundt F, Anagnostopoulos I, Forster R, Mathas S, Stein H, Dorken B (2002)
Activated Notch 1 signaling promotes tumor cell proliferation and
survival in Hodgkin and anaplastic large cell lymphoma. Blood 99:
3398 -3403. doi: 10.1182/blood.V99.8.3060

Kimberly WT, Esler WP, Ye W, Ostaszewski BL, Gao J, Diehl T, Selkoe DJ,
Wolfe MS (2003) Notch and the amyloid precursor protein are cleaved
by similar gamma-secretase(s). Biochemistry 42: 137 - 144. doi: 10.1021/
bi026888g

Kohler M, Janz I, Wintzer HO, Wagner E, Bauknecht T (1989) The
expression of EGF receptors, EGF-like factors and c-myc in ovarian and
cervical carcinomas and their potential clinical significance. Anticancer
Res 9: 1537 - 1547

Kote-Jarai Z, Eeles RA (1999) BRCA1, BRCA2 and their possible function
in DNA damage response. Br J Cancer 81: 1099-1102. doi:10.1038/
5j.bjc.6690814

Kunisato A, Chiba S, Nakagami-Yamaguchi E, Kumano K, Saito T, Masuda
S, Yamaguchi T, Osawa M, Kageyama R, Nakauchi H, Nishikawa M, Hirai
H (2003) HES-1 preserves purified hematopoietic stem cells ex vivo and
accumulates side population cells in vivo. Blood 101: 1777 -1783. doi:
10.1182/blood-2002-07-2051

Kupryjanczyk J, Thor AD, Beauchamp R, Merritt V, Edgerton SM, Bell DA,
Yandell DW (1993) p53 gene mutations and protein accumulation in
human ovarian cancer. Proc Natl Acad Sci USA 90: 4961 -4965

Leonard AE, Kelder B, Bobik EG, Chuang LT, Parker-Barnes JM, Thurmond
JM, Kroeger PE, Kopchick JJ, Huang YS, Mukerji P (2000) cDNA
cloning and characterization of human Delta5-desaturase involved
in the biosynthesis of arachidonic acid. Biochem ] 347(Part 3):
719-724

Lu KH, Patterson AP, Wang L, Marquez RT, Atkinson EN, Baggerly KA,
Ramoth LR, Rosen DG, Liu J, Hellstrom I, Smith D, Hartmann L,
Fishman D, Berchuck A, Schmandt R, Whitaker R, Gershenson DM, Mills
GB, Bast Jr RC (2004) Selection of potential markers for epithelial
ovarian cancer with gene expression arrays and recursive descent
partition analysis. Clin Cancer Res 10: 3291 -3300

Micchelli CA, Esler WP, Kimberly WT, Jack C Berezovska O, Kornilova A,
Hyman BT, Perrimon N, Wolfe MS (2003) Gamma-secretase/presenilin
inhibitors for Alzheimer’s disease phenocopy Notch mutations in
Drosophila. FASEB J 17: 79 -81. doi:10.1096/fj.02-0394fje

Miele L, Osborne B (1999) Arbiter of differentiation and death: Notch
signaling meets apoptosis. J Cell Physiol 181: 393 -409

Milner LA, Bigas A (1999) Notch as a mediator of cell fate deter-
mination in hematopoiesis: evidence and speculation. Blood 93:
2431-2448

© 2005 Cancer Research UK

Notch pathway in ovarian carcinomas and adenomas
O Hopfer et al

@

Miyamoto Y, Maitra A, Ghosh B, Zechner U, Argani P, Iacobuzio-Donahue
CA, Sriuranpong V, Iso T, Meszoely IM, Wolfe MS, Hruban RH, Ball DW,
Schmid RM, Leach SD (2003) Notch mediates TGF alpha-induced
changes in epithelial differentiation during pancreatic tumorigenesis.
Cancer Cell 3: 565-576. doi:10.1038/nm?754

Nickoloff BJ, Osborne BA, Miele L (2003) Notch signaling as a thera-
peutic target in cancer: a new approach to the development of cell
fate modifying agents. Oncogene 22: 6598-6608. doi:10.1038/sj.onc.
1206758

Nicolas M, Wolfer A, Raj K, Kummer JA, Mill P, van Noort M, Hui CC,
Clevers H, Dotto GP, Radtke F (2003) Notchl functions as a tumor
suppressor in mouse skin. Nat Genet 33: 416 -421. doi:10.1038/ngl099

Obata K, Morland SJ, Watson RH, Hitchcock A, Chenevix-Trench G,
Thomas EJ, Campbell IG (1998) Frequent PTEN/MMAC mutations in
endometrioid but not serous or mucinous epithelial ovarian tumors.
Cancer Res 58: 2095-2097

Ohishi K, Varnum-Finney B, Bernstein ID (2002) Delta-1 enhances marrow
and thymus repopulating ability of human CD34(+)CD38(—) cord blood
cells. J Clin Invest 110: 1165-1174. doi:10.1172/JCI200216167

Oswald F, Liptay S, Adler G, Schmid RM (1998) NF-kappaB2 is a puta-
tive target gene of activated Notch-1 via RBP-Jkappa. Mol Cell Biol 18:
2077 -2088

Pelengaris S, Khan M, Evan G (2002) c-MYC: more than just a matter of life
and death. Nat Rev Cancer 2: 764-776. doi:10.1038/nrc904

Philp AJ, Campbell IG, Leet C Vincan E, Rockman SP, Whitehead RH,
Thomas RJ, Phillips WA (2001) The phosphatidylinositol 3'-kinase
p85alpha gene is an oncogene in human ovarian and colon tumors.
Cancer Res 61: 7426 -7429

Rangarajan A, Talora C Okuyama R, Nicolas M, Mammucari C, Oh H, Aster
JC, Krishna S, Metzger D, Chambon P, Miele L, Aguet M, Radtke F, Dotto
GP (2001) Notch signaling is a direct determinant of keratinocyte growth
arrest and entry into differentiation. EMBO J 20: 3427 - 3436. doi:10.1093/
emboj2F20.13.3427

Rao P, Kadesch T (2003) The intracellular form of notch blocks
transforming growth factor beta-mediated growth arrest in MvlLu
epithelial cells. Mol Cell Biol 23: 6694-6701. doi: 10.1128/MCB.23.18.
6694-6701.2003

Ronchini C, Capobianco AJ (2001) Induction of cyclin DI transcription and
CDK2 activity by Notch(ic): implication for cell cycle disruption in
transformation by Notch(ic). Mol Cell Biol 21: 5925-5934. doi: 10.1128/
MCB.21.17.5925-5934.2001

Sasaki Y, Ishida S, Morimoto I, Yamashita T, Kojima T, Kihara C Tanaka T,
Imai K, Nakamura Y, Tokino T (2002) The p53 family member genes are
involved in the Notch signal pathway. J Biol Chem 277: 719-724.
doi:10.1074/jbc.M108080200

Scully RE (1995) Pathology of ovarian cancer precursors. J Cell Biochem
Suppl 23: 208-218

Shou J, Ross S, Koeppen H, de Sauvage FJ, Gao WQ (2001) Dynamics of
notch expression during murine prostate development and tumori-
genesis. Cancer Res 61: 7291 -7297

Slamon DJ, Godolphin W, Jones LA, Holt JA, Wong SG, Keith DE, Levin
W], Stuart SG, Udove J, Ullrich A, Press MF (1989) Studies of the HER-2/
neu proto-oncogene in human breast and ovarian cancer. Science 244:
707 -712

Solecki DJ, Liu XL, Tomoda T, Fang Y, Hatten ME (2001) Activated Notch2
signaling inhibits differentiation of cerebellar granule neuron precursors
by maintaining proliferation. Neuron 31: 557-568. doi:10.1016/
$0896-6273(01)00395-6

Sriuranpong V, Borges MW, Ravi RK, Arnold DR, Nelkin BD, Baylin SB,
Ball DW (2001) Notch signaling induces cell cycle arrest in small cell lung
cancer cells. Cancer Res 61: 3200-3205

Suzuki T, Aoki D, Susumu N, Udagawa Y, Nozawa S (2000) Imbalanced
expression of TAN-1 and human Notch4 in endometrial cancers. Int |
Oncol 17: 1131-1139

Tashiro H, Miyazaki K, Okamura H, Iwai A, Fukumoto M (1992) c-myc
over-expression in human primary ovarian tumours: its relevance to
tumour progression. Int | Cancer 50: 828 - 833

Tavassoli FA, Devilee P (2003) Pathology and Genetics of Tumours of the
Breast and Female Genital Organs. TARC WHO Classification of
Tumours. Vol. 4. Lyon: IARC Press

Weijzen S, Rizzo P, Braid M, Vaishnav R, Jonkheer SM, Zlobin A, Osborne
BA, Gottipati S, Aster JC, Hahn WC, Rudolf M, Siziopikou K, Kast WM,
Miele L (2002) Activation of Notch-1 signaling maintains the neoplastic
phenotype in human Ras-transformed cells. Nat Med 8: 979-986.
doi:10.1038/nm754

British Journal of Cancer (2005) 93(6), 709-718

717



Q
o
3
®
=4
0
("]
[
3
a
]

.

SsoOlwous

Notch pathway in ovarian carcinomas and adenomas
@ O Hopfer et al

718

Weng AP, Aster JC (2004) Multiple niches for Notch in cancer: context
is everything. Curr Opin Genet Dev 14: 48-54. doi: 10.1016/j.gde.
2003.11.004

Yu Y, Xu F, Peng H, Fang X, Zhao S, Li Y, Cuevas B, Kuo WL, Gray JW,
Siciliano M, Mills GB, Bast Jr RC (1999) NOEY2 (ARHI), an imprinted
putative tumor suppressor gene in ovarian and breast carcinomas. Proc
Natl Acad Sci USA 96: 214-219

British Journal of Cancer (2005) 93(6), 709-718

Zagouras P, Stifani S, Blaumueller CM, Carcangiu ML, Artavanis-Tsakonas
S (1995) Alterations in Notch signaling in neoplastic lesions of the
human cervix. Proc Nad Acad Sci USA 92: 6414-6418

Zwahlen D, Tschan MP, Grob TJ, Peters UR, Fink D, Haenggi W, Altermatt
HJ, Cajot JF, Tobler A, Fey MF, Aebi S (2000) Differential expression of
p73 splice variants and protein in benign and malignant ovarian
tumours. Int J Cancer 88: 66 -70. doi:10.1097/00005373-200001000-00008

© 2005 Cancer Research UK



