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Cytoreductive surgery and empirical combination chemotherapy have improved 5-year survival for ovarian cancer

patients, but have not increased the overall rate of cure. Poor outcomes relate, at least in part, to late diagnosis and to

the persistence of dormant ovarian cancer cells that have resisted conventional drugs. Increased understanding of the

molecular, cellular and clinical biology of ovarian cancer must be translated into personalized therapy with conventional

and targeted agents as well as personalized detection of high-grade cancers in early stages. Different strategies will be

required to treat low-grade and high-grade serous cancers as well as other histotypes. Activating mutations of Ras

and Raf can be targeted in low-grade cancers. Activation of the PI3K pathway—PI3Kness—and inactivation of BRCA

function—BRCAness—can be targeted in high-grade lesions. Inhibition of multiple pathways will be required.

Sensitivity of primary cancers to paclitaxel and platinum can be modulated by inhibiting kinases and other molecules

that regulate the cell cycle. Dormant ovarian cancer cells may depend upon autophagy, cytokines and growth factors

for survival. Early detection can utilize two stage strategies where rising serum biomarker levels prompt imaging in

a small fraction of women. Screening can be personalized by taking into account each woman’s baseline biomarker

levels.
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current management of ovarian cancer

Progress in preventing, detecting and treating ovarian
malignancy has been influenced by the fact that epithelial
ovarian cancer is neither a common nor a rare disease. The
lifetime risk is 1 in 70 and the prevalence is 1 in 2500 for
postmenopausal women >50 years of age. In the United States
in 2010, some 21 880 women developed ovarian cancer and
13 850 died from the disease [1]. With a limited number of
patients to participate in clinical trials, progress in the clinic has
been gradual, but significant. With the increasing use of
cytoreductive surgery and combination chemotherapy, 5-year
survival has improved from 37% in 1974–1976 to 46% during
1999–2005 (P < 0.05) [2].

cytoreductive surgery

The surgical management of ovarian cancer has been based on
the belief that the removal of as much cancer as possible
benefits the patient, even when complete resection is not
possible. In retrospective studies, the size of tumor nodules
remaining after initial surgery has correlated with prognosis.
Prospective randomized trials of immediate cytoreductive
surgery have been difficult to perform and results of trials with
delayed cytoreduction have provided conflicting results. Better
outcomes have, however, been documented when initial

cytoreductive surgery is performed by specially trained
gynecologic oncologists who subsequently provide optimal
chemotherapy.

combination chemotherapy

Ovarian cancer is a chemoresponsive but less frequently
chemocurable disease. Combination chemotherapy has
improved significantly over the last three decades, based on
empirical trials as new drugs have become available. In the
1960s and 1970s, single alkylating agents produced a 20%–30%
response rate with few complete responses. With the advent of
platinum-based chemotherapy, the response rate improved to
70% and a significant fraction of women survived for 5 years.
In subsequent studies, empirical combinations of cytotoxic
drugs have been given at maximally tolerated dosage in an
attempt to eliminate cancer cells that are resistant to single
agents. Initially, a combination of cisplatin and
cyclophosphamide was utilized. Subsequently, platinum
compounds were combined with paclitaxel. In primary and in
recurrent disease, improved progression-free and overall
survival has been observed with platinum compounds and
taxanes when compared with treatment with cisplatin and
cyclophosphamide or with platinum compounds alone.
Carboplatin was shown to be less neurotoxic and emetogenic
than cisplatin. Comparison of carboplatin and paclitaxel to
carboplatin and docetaxel demonstrated that the latter
combination produced less neuropathy but greater
myelotoxicity.
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Several other drugs can produce regression of epithelial
ovarian cancers, including pegylated liposomal doxorubicin
(PLD), gemcitabine and topotecan. Each of these agents has
been combined with paclitaxel and/or carboplatin, in
combinations of two or three drugs. In the Gynecologic
Oncology Group GOG 182 (ICON5) study, a five-arm trial of
different doublets and triplets was carried out [3]. At the end of
the trial, the addition of other drugs to carboplatin and
paclitaxel did not improve progression-free or overall survival.
Many believe that GOG 182 should be a turning point in
ovarian cancer research, where clinical investigators stop
treating the ‘average’ ovarian cancer patient using empirical
combinations of active drugs hoping for better outcomes. In
the future, smaller trials must be conducted in selected subsets
of patients using drugs and biological agents that target the
specific biologic abnormalities found in their particular cancers,
driven by distinctive genetic or epigenetic changes. Entry into
such trials can be based on analysis of specimens obtained
during cytoreductive surgery, but evaluation of response is
likely to require fresh biopsies during treatment to determine
impact on signaling pathways within each tumor. Reorienting
clinical research to treat the ‘individual’ ovarian cancer patient
would be an important step toward personalizing and
optimizing the management of this disease.

intraperitoneal treatment

One approach to improving patient outcomes has been to
deliver chemotherapy intraperitoneally (i.p.). In a meta-analysis
of six randomized studies, i.p. administration of chemotherapy
has proven superior to intravenous administration [4].
However, i.p. therapy is appropriate only for optimally
cytoreduced patients where chemotherapy within the peritoneal
cavity can penetrate small tumor nodules. There is a substantial
pharmacological advantage, with a >10-fold increase in the
concentration of the drug bathing a tumor on the peritoneal
surface. Up to 16 months improvement in overall survival has
been observed [5]. Despite these apparent advantages, i.p.
therapy is still not widely accepted and additional confirmatory
trials are underway. Intraperitoneal therapy is inconvenient and
sometimes poorly tolerated, but current data do suggest that we
should provide i.p. therapy to a greater fraction of optimally
cytoreduced patients. In the future, the genomic analysis of
primary cancer specimens might be used to identify patients
who would most benefit from i.p. therapy.

recurrent disease

The majority of ovarian cancer patients experience disease
recurrence. If progression-free survival is >6 months, retreating
with carboplatin-based chemotherapy provides a response rate
of 30% to >50%, depending upon the duration of the
progression-free interval. Single agents have then been
administered sequentially, including pegylated liposomal
doxorubicin, topotecan, gemcitabine, vinorelbine, etoposide,
hexamethylmelamine and bevacizumab, producing response
rates of 15%–30%. Some combinations are more effective than
single agents for platinum-sensitive disease. In the ICON4 trial,
carboplatin and paclitaxel have been shown to provide superior
progression-free and overall survival compared with

carboplatin alone. Combinations of carboplatin and
gemcitabine or PLD and trabectedin have improved
progression-free survival, but not overall survival, over
carboplatin alone or PLD alone. Recent studies suggest that
PLD and carboplatin are actually superior to carboplatin and
paclitaxel in prolonging progression-free survival, but data
regarding overall survival are not yet available. Given the many
different agents that can be utilized, we need effective
biomarkers to predict response or lack of response to
conventional drugs, permitting personalized therapy for
recurrent disease. The identification of biomarkers may require
prospective trials, in that retrospective data generally utilize
combinations of drugs and are difficult to interpret. Once
identified, biomarkers might also be used to personalize
primary therapy.

monitoring disease recurrence

Serum biomarkers have been used to detect disease recurrence.
A doubling of CA125 outside the normal range detects
recurrent ovarian cancer in 70% of patients with a lead time of
3–4.8 months. Rising CA125 has often been used as
a cost-effective tool to trigger more expensive imaging studies.
Over the last decade, studies have shown that rising CA125
within the normal range has up to 94% specificity for detecting
recurrence with a mean lead time of 6 months (range 2.8–17
months). The value of detecting recurrent disease for any
cancer depends critically on the effectiveness of therapy.
Gestational trophoblastic disease provides the paradigm, where
human chorionic gonadotropin—a very sensitive and specific
biomarker—can detect recurrent disease that can be cured with
chemotherapy in a very large fraction of cases. Combination
chemotherapy for recurrent ovarian cancer is not curative, but
can prolong progression-free and overall survival, as detailed
above.
In clinical practice, patients in complete clinical response

with normal CA125 and normal imaging studies have generally
been monitored with CA125 every 3 months for several years
on the assumption that smaller volumes of recurrent disease
would respond more effectively to chemotherapy. One recent
study has challenged the value of earlier detection of recurrent
disease in a randomized trial that initiated treatment when
CA125 doubled outside the normal range or when patients
became symptomatic [6]. CA125 detected recurrent disease
4.8 months before symptomatic recurrence, but there was no
survival advantage for earlier treatment. Unfortunately, the trial
required 9 years to complete, and during that interval standards
for the use of CA125 [7, 8] and for the treatment of recurrent
disease had changed [9]. Technically, the study arms were not
stratified for the amount of residual disease following
cytoreductive surgery, one of the most important prognostic
factors. Whether patients were consistently restaged with
computerized tomography following chemotherapy was not
specified. Of potentially greater importance, treatment was at
the discretion of the individual physicians participating in the
study. Despite the results of ICON4, which became available
during the study [10], some 66% of patients did not receive
paclitaxel chemotherapy and 25% were started after a delay of
>1 month or never treated. Consequently, only 25% of
participants were treated promptly with therapy that would
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prolong survival. Only 7% of patients underwent
secondary surgical cytoreduction, a procedure associated with
improved survival in many studies and that is most feasible
with small-volume disease. Consequently, most patients did not
receive optimal state-of-the-art treatment by current standards.
Based on these data, one can only conclude that earlier
initiation of suboptimal treatment was not effective.
Although two prospective studies are currently underway, the

use of secondary cytoreductive surgery is based on retrospective
reviews. Fleming et al. have recently reported 74 patients who
underwent secondary cytoreductive surgery that was optimal
(<0.5 cm) in 41 and suboptimal in 33 [11]. Optimal
cytoreduction was associated with longer disease-free survival
(19 versus 12 months) and longer overall survival (47 versus 23
months, P < 0.0001). Patients who attained optimal secondary
cytoreduction went to surgery sooner after a twofold rise in
CA125 from nadir (5.3 versus 16.4 weeks). Each week delay
after the first CA125 elevation correlated with a 3% increased
chance of suboptimal surgery.
Whether or not to monitor with CA125 should be discussed

with each patient, pointing out that the benefit is uncertain and
that therapy for recurrent disease is not curative but can
prolong survival. Some patients will not want additional
aggressive therapy and may want to avoid the anxiety associated
with monitoring. Many patients will want to be monitored to
increase the odds for optimal secondary cytoreductive surgery,
and to provide time to utilize multiple conventional and novel
therapies should disease recur. On average, women with
ovarian cancer only survive 12–18 months following
symptomatic relapse. A small fraction survives up to a decade
after responding to multiple drugs individually and in
combination. Some 2–3 months is required to test each of the
seven currently available agents with activity against ovarian
cancer. Waiting for symptomatic recurrence, particularly when
those symptoms relate to intestinal obstruction, will limit the
number of agents that can be given and the chance for longer
survival. Rustin’s trial does, however, underline the need for
more effective therapy. At present there are >400 new agents
being developed to treat cancer. Combinations will almost
certainly be required. In the United States <4% of patients enter
trials and only half of ovarian cancer patients may have readily
measurable disease. Waiting for symptomatic recurrence is likely
to further reduce the number of women willing and capable of
participating in clinical trials, further slowing progress.

current outcomes

In summary, no chemotherapeutic regimen has proven
superior to a combination of platinum and a taxane for
primary therapy. Intraperitoneal therapy can benefit a fraction
of patients with small volumes of disease after surgery.
Monitoring for disease recurrence with CA125 and imaging
studies is an option that should be discussed with each patient.
Recurrent disease cannot be cured, but survival can be
significantly prolonged with combination therapy. If one
considers all stages, at present �50% of women survive 5 years
with optimal treatment. Despite improvement in 5-year
survival, long-term survival for advanced-stage disease has not
changed and is still no more than 20%–30%. This relates to at

least two factors: late diagnoses and dormant drug-resistant
cancer cells.

personalizing management of ovarian
cancer through translational research

If we are to improve outcomes for women with ovarian cancer,
translational research must be prioritized and accelerated. Over
the last three decades our understanding of ovarian cancer at
the molecular and cellular level has increased exponentially.
Our management of cancer patients has also improved
significantly, but more linearly (Figure 1). The challenge in this
next decade is to make our progress in the clinic look more like
our progress in the laboratory. This will require the
identification of multiple molecular abnormalities that can be
targeted in human ovarian cancer or used for earlier diagnosis,
the improvement of predictive models and biomarkers, and the
development of appropriate therapeutic agents and assays in
the laboratories of academic cancer centers, Biotech and
Pharma. Translation of these new agents to the clinic must be
accompanied by the design and implementation of intelligent
trials that are hypothesis driven and that include biopsies,
monitoring and imaging to facilitate planning the next step in
translation, regardless of outcome. Finally, insights from
clinical trials and human samples must be returned to the
laboratory to iterate more effective treatment and earlier
diagnosis.
In recent years, targeted therapy guided by biomarkers has

had a significant impact on other forms of cancer. Trastuzumab
(Herceptin) has enhanced response to chemotherapy and
increased survival of patients whose breast cancers exhibit
amplification and overexpression of the HER2 receptor [12].
Imatinib has improved survival not only in chronic
myelogenous leukemia (CML) with a BCR-Abl translocation
[13], but also in gastrointestinal stromal tumors with c-KIT
mutations [14]. Mutations in exons 19 and 21 of epidermal
growth factor receptor (EGFR) have predicted long-term
response to erlotinib in lung cancer [15]. Recent results from
phase I trials at the MD Anderson Cancer Center suggest that
matching mutations that activate signaling pathways with
appropriately targeted drugs can improve response rates, time
to progression and overall survival [16]. Among 161 patients
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Figure 1. The challenge for translational research. Over the last two

decades of cancer research, progress in the laboratory has been

exponential, whereas progress in the clinic has been more gradual.

Through translational research we have the opportunity to accelerate

progress in the clinic (courtesy of Dr Gordon Mills).
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where one mutational aberration was matched with targeted
therapy, the CR + PR rate was 29% compared with 8% in 152
patients without matching (P = 0.0001) and 6% in 438 patients
without molecular testing. A similar approach might be based
on the distinctive biology of ovarian cancer.

biology of ovarian cancer

origin

A great deal has been learned about the biology of ovarian
cancers. In the past, ovarian cancers have been thought to arise
from the cells that cover the ovarian surface or the epithelial
cells that line subserosal inclusion cysts. Recently, it has become
apparent that histologically identical cancers can arise from
endometriosis, the peritoneal surface or from the fimbriae of
the fallopian tube. The fallopian tube may be particularly
important in hereditary ovarian cancers [17]. During ovulation,
the fimbriae cover the ovary to facilitate ova passing into the
fallopian tube, where they might be fertilized before entering
the uterus. Mutant TP53 can be detected in fimbriae and is
associated with in situ and invasive serous cancers of the tube.
Up to 80% of familial ovarian cancers arising in carriers of
BRCA1/2 mutations could arise from the fallopian tube, in that
many of them are primary peritoneal disease that implants
upon or coats the ovary, rather than growing from it. A
significant fraction of sporadic high-grade serous cancers that
coat the ovary could also arise from the fallopian tube. In many
institutions, this is up to 20% of cancers.

pattern of metastasis

Ovarian cancers exhibit a distinctive pattern of metastasis. Like
other epithelial malignancies, ovarian cancers can metastasize
through lymphatics, in this case to lymph nodes at the renal
hilum. Ovarian cancer cells can also metastasize
hematogenously. As patients are living longer with their disease,
clinicians are encountering parenchymal brain and lung
metastases that were seldom observed decades ago. Most
frequently, however, ovarian cancers spread over the peritoneal
surface and implant, forming a myriad of tiny nodules on the
visceral and parietal peritoneum.

hereditary and sporadic

Some 10%–15% of ovarian cancers arise in the setting of
a strong family history of the disease that tracks from
generation to generation. Most hereditary cases are associated
with BRCA1 or BRCA2 germline mutations that predispose to
breast and ovarian cancers, but mismatch repair defects have
also been associated with ovarian cancer as well as uterine and
colon cancer in the human nonpolyposis colon cancer
syndrome. In rare cases, ovarian cancers have been found in
Li–Fraumeni kindreds that carry germline mutations of p53
[18]. Some 85%–90% of ovarian cancers are sporadic. Risk
factors for sporadic ovarian cancer include age >40 years and
a life history of persistent ovulation. Early menarche, late
menopause and nulliparity are all associated with more
persistent ovulation as well as an increased incidence of ovarian
cancer. One of the best kept secrets in the gynecologic
community is that use of oral contraceptives for as long as

5 years decreases the risk of ovarian cancer in later life by 50%.
At high dosage, oral contraceptives can suppress ovulation and
the progestin in oral contraceptives may purge premalignant
cells from the ovary. The association of ovarian cancer with
persistent ovulation is consistent with the possibility that
spontaneous mutation occurs during the proliferation of
epithelial cells to repair ovulatory defects.

clonality and heterogeneity

The majority of ovarian cancers arise from the progeny of single
cells. Studies from several laboratories, including our own,
indicate that >90% of ovarian cancers are clonal, where the
primary cancer and metastases contain identical p53 mutations,
X chromosome inactivation and patterns of loss of
heterozygosity [19]. Despite an origin from single cells, ovarian
malignancies exhibit substantial heterogeneity at a molecular and
cellular level within the same primary cancer and among cancers
from different women. Cancers differ in the fraction of cycling
cells from 1% to 90%, and also differ in histotype and grade.

histotype

While ovarian cancers are thought to develop from flattened
epithelial cells, transformed cells develop into serous,
mucinous, clear cell and endometrioid histotypes resembling
the mucosa of fallopian tubes, endocervix, endometrium and
glycogen-filled rests within the vagina, respectively. During
normal gynecologic development the HOXA genes are
sequentially expressed in fallopian tube (HOXA9),
endometrium (HOXA10) and endocervix (HOXA11). The
expression of different HOXA genes has been observed in
ovarian cancers of different histotypes [20]. Forced expression
of HOXA9, HOXA10 and HOXA11 in partially transformed
ovarian surface epithelial cells produces cancer cells with
serous, endometrioid or mucinous histotypes.
Histotype matters. Serous, mucinous, endometrioid and

clear cell cancers are distinct entities with different genetic
abnormalities, gene expression profiles and sensitivities to
chemotherapy. Serous and undifferentiated cancers are most
prevalent, and dominate most clinical studies. In the future,
separate trials will be required for each different histotype, as
they respond to different conventional agents and express
different targets for molecular therapies. Trials of targeted
therapy in gastrointestinal and endometrial cancers may
identify relevant drugs that can be tested in the less common
ovarian histotypes. Recent discoveries in clear cell cancer
suggest that changes in chromatin remodeling may provide
a target, as described below.

grade

Perhaps the most important distinction for the management of
ovarian cancer exists between high- and low-grade serous
carcinomas [21]. Type I or low-grade carcinomas are most
frequently identified in early stage and progress slowly.
Low-grade cancers tend to be resistant, but not refractory, to
platinum-based therapy during primary treatment. They
frequently have activating Ras mutations, inactivating PTEN
mutations and express the insulin-like growth factor receptor
(IGFR). Almost all low-grade cancers have wild-type TP53.
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Some 90% of serous cancers are high grade or type II. Type II
cancers tend to present at advanced stage and are more
aggressive but also more responsive to platinum-based therapy.
These invariably have TP53 mutations. When BRCA1 or
BRCA2 mutations occur in ovarian cancers they are generally
found in high-grade serous cancers. Activation of the PI3K
pathway occurs in a significant minority of high-grade cancers.

personalizing therapy for low-grade
ovarian cancers

Among low-grade cancers, only a few mutations occur
frequently. Some 20% of low-grade serous ovarian cancers have
mutations of Ras or Raf [22]. Among clear cell ovarian cancers,
mutations have been found in ARID1A, a gene involved in
chromatin remodeling, in 50% of cases and mutations of the
PPP2R1A phosphatase in 7% [23, 24].
Different strategies have been developed for targeting

low-grade and high-grade cancers. A phase II trial has been
conducted by the GOG using the mitogen-activated protein
kinase (MEK) inhibitor AZD6244 in recurrent low-grade
serous ovarian cancers. Data are being analyzed, but multiple
responses have been observed with this targeted therapy in
a setting where conventional chemotherapy produces few, if
any, responses in recurrent lesions. A PR occurred in a low-grade
cancer with KRAS mutation. Given the cross-talk between MEK
and PI3K downstream of receptor tyrosine kinases, the inhibition
of both pathways may be required to induce apoptosis. A
randomized phase II trial of the MEK inhibitor AZD6244 and an
AKT inhibitor (MK2206) is planned. As low-grade ovarian
cancers express IGFR, studies are also being undertaken with
a humanized anti-IGFR antibody [25].
One additional strategy could take advantage of the

persistence of wild-type TP53 in most low-grade cancers.
Nutlin-2 is a small-molecular-weight inhibitor that fits into the
pocket where wild-type TP53 binds to MDM, a molecule
required for the rapid degradation of TP53 through the
ubiquitin-proteasome pathway [26]. Inhibition of the
MDM–TP53 interaction results in the increased expression of
wild-type TP53, inhibiting tumor growth and inducing apoptosis.

personalizing therapy for high-grade
ovarian cancers

the ‘omics’ of high-grade ovarian cancers

The Cancer Genome Atlas (TCGA) Research Network has
sequenced coding genes in exomes from 316 high-grade serous
ovarian cancers [27]. Some 96% had somatic mutations of p53
and germline or somatic mutations of BRCA1 or BRCA2 were
found in 20%. Six additional genes were recurrently mutated in
£5% of high-grade serous ovarian cancers, including RB1, NF1,
FAT3, CSMD3, GABRA6 and CDK12, although FAT3 and
GABRA6 did not appear to be expressed and consequently may
not be relevant to ovarian oncogenesis. Other activating or
inactivating mutations were uncommon. Copy number
abnormalities were much more common. Across the
chromosomes, 5 areas of recurrent copy number gain and
22 areas of loss occurred in >50% of 489 high-grade ovarian

cancers. Substantially greater genetic instability was observed in
ovarian cancer than in glioblastoma multiforme. Sixty-three
regions of focal amplification were detected, including theMYC
oncogene, cyclin E (CCNE1), and the Mds and Evi1 complex
(MECOM) in >20% of cases. Other genes amplified in smaller
fractions of ovarian cancers include KRAS, AKT1, HER2, HER3,
BCL2L1, the receptor for activated C kinase (ZMYND8), the
TP53 target gene IRF2BP2, the DNA-binding protein inhibitor
ID4, the embryonic development protein PAX8 and the
telomerase catalytic subunit TERT. At least 22 potential
therapeutic targets were identified among the amplified genes.
Fifty focal deletions were also identified, with homozygous
deletion of PTEN, RB1 and NF1 tumor suppressor genes in
‡2% of ovarian cancers. Reduced expression and increased
promoter methylation, consistent with epigenetic silencing, was
found in 168 genes. The BRCA1 promoter was
hypermethylated and silenced in 11.5% of ovarian cancers.
Overall, �50% of high-grade cancers exhibit homologous
recombination defects, if one includes tumors with epigenetic
silencing, inactivating mutations of BRCA1 and BRCA2,
amplification or mutation of EMSY, focal deletion or mutation
of PTEN, hypermethylation of RAD51C, mutation of ATM or
ATR, and mutation of Fanconi anemia genes.

signaling pathways in high-grade ovarian cancers

In high-grade ovarian cancers, a number of signaling
abnormalities have been observed. In the TCGA dataset [27],
the RB1 pathway that regulates the cell cycle was deregulated in
67% of high-grade ovarian cancers. Notch signaling was altered
in 22%, and PI3K and/or Ras signaling was deregulated in 45%.
In contrast to low-grade ovarian cancers, Ras or Raf mutations
that activate Ras/MAP signaling are rare in high-grade lesions.
KRAS is amplified in only 11% of cancers. Activating mutations
of PIK3CA, inactivating mutations of PTEN and amplification
of AKT are also uncommon events (<5%). In addition to
activating mutations or amplification of signaling molecules,
autocrine and paracrine signaling through tyrosine kinase
growth factor receptors can stimulate both the PI3K and Ras
pathways [28]. Activation of EGFR (HER1) and FMS by their
respective ligands stimulates the Ras/MAP pathway
preferentially. Amplification of HER2 or HER3 in a small
fraction (<5%) of ovarian cancers and activation of IGFR by
IGF-1 stimulates the PI3K pathway preferentially. The
interleukin (IL)-6 receptor is expressed by the majority of
ovarian cancers. Autocrine or paracrine activation by IL-8 can
stimulate translocation to Stat3 to the nucleus, inducing the
expression of a number of genes required for cancer cell
proliferation, drug resistance and angiogenesis. The EDG4
receptor is expressed by the majority of ovarian cancer cells and
its ligand, LPA, is produced by the cancer cells and found at
high concentrations in the tumor microenvironment and in the
circulation. TP53 function is lost in nearly all high-grade
ovarian cancers. Wild-type TP53 represses the expression of
FOXM1, which is up-regulated in 87% of high-grade ovarian
cancers [27]. FOXM1 is a transcription factor that regulates
a number of proliferation-related targets, including AURKB,
CCNB1, BIRC5, CDC25 and PLK1 that are overexpressed in
ovarian cancers in the absence of increased DNA copy number,
consistent with transcriptional regulation.
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integrating the signaling matrix

While several individual pathways have been shown to be
dysregulated, signaling within ovarian tumors is even more
complex. Signaling pathways are influenced by juxtacrine and
paracrine signals from adjacent cancer cells and the
surrounding stroma, as well as by hypoxia, low pH and nutrient
deprivation that are often found within tumors. Within cancer
cells, there is a matrix of signaling molecules. Cross-talk
between pathways can produce paradoxical effects on cancer
cell proliferation, motility, invasion and survival. Given this
complexity, bioinformatic systems and biological analysis have
been applied to model tumor behavior. New technologies have
been utilized to understand the heterogeneity of ovarian
cancers. Gene expression array analysis of 285 serous and
endometrioid ovarian cancers collected by the Australian
Ovarian Cancer Study Group identified four subgroups of
high-grade cancers [29]. Ovarian cancers with a high stromal
response or with mesenchymal transition and a low immune
response exhibited a worse prognosis than cancers with a high
immune signature or a low stromal response. In the TCGA
analysis of gene expression using three different platforms, four
subgroups were identified—immunoreactive, differentiated,
proliferative and mesenchymal—but these did not correlate
with survival [27]. Reverse-phase protein arrays (RPPA) permit
the direct analysis of signaling proteins and their state of
phosphorylation. Unsupervised clustering of RPPA data for
150 signaling proteins and their derivatives in >300 ovarian
cancers at the MD Anderson Cancer Center has identified four
groups exhibiting: (i) a ‘stromal’ signature; (ii) cyclin E2 and
kit overexpression; (iii) activation of kinase signaling through
Ras/MAP and PI3K; and (iv) estrogen receptor (ER) positivity
(Gordon Mills, personal communication). The survival of
patients with an ER-positive phenotype is significantly better
than those with activation of PI3K.

PI3Kness

Activation of the PI3K pathway is observed in more than
one-third of high-grade serous ovarian cancers. As outlined
above, a small fraction of cancers contain activating mutations
of PIK3CA, inactivating mutations of PTEN or amplification of
AKT, and a larger fraction exhibit autocrine/paracrine growth
factor stimulation. PI3K activity prevents apoptosis and
increases drug resistance. PI3K inhibitors slow the growth of
human ovarian cancer xenografts and enhance paclitaxel
response. Currently, inhibitors of mTOR, AKT and PI3K are
being evaluated in a variety of tumor types. In addition to
mutational analysis, expression array and proteomic signatures
are being developed to identify potential candidates among
ovarian cancer patients.

BRCAness

As detailed above, while only 10%–15% of ovarian cancer
patients carry BRCA1 or BRCA2 mutations in their germline,
�50% of ovarian cancers exhibit a defect in the homologous
recombination repair of DNA. Poly-ADP-ribose polymerase
(PARP) is required for base excision repair, a second form of
DNA repair. PARP inhibitors preferentially affect cells with
decreased homologous recombination repair, where loss of

both repair pathways proves lethal. An objective response rate
of >40% has been observed when PARP inhibitors have been
used as single agents to treat ovarian cancers that arise in
patients with germline BRCA1/2 mutations. Additional trials of
PARP inhibitors are anticipated in patients whose cancers
exhibit ‘BRCAness’ in the absence of germline mutations [30].
As PARP inhibitors are myelotoxic, combination with other
cytotoxic drugs has often not been well tolerated.

synthetic lethality

Ultimately, targeting a single molecular defect is unlikely to
produce long-term regression in a significant fraction of
ovarian cancers. The remarkable efficacy of imatinib in CML is
thought to be related to the leukemic cells becoming ‘addicted’
to strong, persistent Abl signaling produced by a single
dominant BCR-Abl translocation with the concomitant loss of
redundant survival pathways that prevent programmed cell
death when Abl is inhibited. Most solid tumors, including
ovarian cancers, have multiple genetic abnormalities and retain
redundant survival pathways. In the GOG 170 series, most
single targeted therapies have a response rate of <10% in
recurrent ovarian cancer using standard phase II designs with
unselected patients. The matching of cancers with activated
signaling pathways to particular drugs might improve these
response rates, but it will also be necessary to seek
combinations of drugs that exert ‘synthetic lethality’, i.e. drugs
that are inactive individually, but lethal for cancer cells and not
for normal cells when used in combination.
In cancers where ligand-induced activation of receptor

tyrosine kinases stimulates both PI3K and MEK signaling, the
inactivation of either PI3K or of MEK fails to affect cancer cell
survival. The simultaneous inhibition of both pathways,
however, produces synthetic lethality (Figure 2). In seeking
targets for synthetic lethality, some survival pathways may be
constitutively activated, whereas others may become activated
only after inhibiting a dominant oncogenic pathway. Biopsies
may be required not only before, but also during targeted
therapy to identify second survival pathways that could be
inhibited to produce synthetic lethality. Inhibitory RNA
(RNAi) against both oncogenic and survival pathways could
produce synthetic lethality where neither alone is sufficient.
This approach could identify combinations of novel targets,
but could also identify targets that enhance conventional
therapy.

enhancing sensitivity to conventional
chemotherapy

During primary therapy, 70% of ovarian cancers respond to
platinum compounds, but only 42% respond to taxanes based
on the results of the GOG 132 study [31]. High-throughput
siRNA screens have indentified targets that regulate taxane
sensitivity. Microtubule stability and sensitivity to paclitaxel
can be increased by knocking down several different kinases
[32]. Centrosome separation can be inhibited and paclitaxel
sensitivity enhanced by knocking down SIK2 [33]. A
testis-specific protein, ACRBP, has also been found in ovarian
cancers and to regulate taxane sensitivity [34].
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Knockdown of copper exporters has increased the sensitivity
to platinum compounds [35]. While conventional small-
molecular-weight inhibitors could be developed, RNAi might
also be used as a therapeutic agent. The use of neutral liposomes
or chitosan has permitted the delivery of siRNA in xenografts
inhibiting tumor growth and this is now being prepared for
clinical trials at the MD Anderson Cancer Center [36].

antiangiogenic therapy for ovarian
cancer

Angiogenesis provides another important target. Tumor
nodules cannot grow to >1 mm in size without developing their
own blood supply. Ovarian cancers produce multiple factors
that stimulate angiogenesis, including VEGF, IL-8 and bFGF
[28]. Bevacizumab (Avastin) is a humanized monoclonal
antibody that neutralizes VEGF, a peptide growth factor
required for the migration and proliferation of endothelial cells
that line tumor vessels. Treatment with bevacizumab produces
a 15%–21% response rate in recurrent ovarian cancers when
used alone or in combination with low-dose oral
cyclophosphamide [37]. Disease stability for 6 months has been
observed in 40% of cases. In the GOG 170 series, all of the other
single targeted agents produced a <10% response rate and
controlled disease for 6 months in <25% of cases (Figure 3). In
phase II studies of targeted agents for ovarian cancer,
bevacizumab is clearly in a class of its own. Bevacizumab has
been generally well tolerated, but has produced severe
hypertension in up to 15% of patients, cerebrovascular
accidents in 2%–3%, reversible proteinuria in 10%, poor
wound healing and intestinal perforation in 5%, often in the
setting of more than three previous courses of chemotherapy
and partial small bowel obstruction. Four randomized trials
have been undertaken; two are in first line (GOG 218 and
ICON7) and two in recurrent platinum-sensitive disease
(OCEANS and GOG 213) [38]. In GOG 218, the
administration of bevacizumab during treatment with
carboplatin and paclitaxel and for 15 months thereafter
prolonged progression-free survival by 3.8 months. Median
overall survival was not affected. In ICON7, concurrent

treatment with bevacizumab, carboplatin and paclitaxel
followed by 9 months maintenance also significantly improved
progression-free survival. In recurrent disease, the
administration of bevacizumab with carboplatin and
gemcitabine followed by maintenance bevacizumab prolonged
progression-free survival by 4 months. Results have not yet
been reported for GOG 213.
In addition to endothelial cells, pericytes contribute to the

stability of tumor vessels and can also be targeted for more
effective antivascular therapy. Whereas endothelial cells require
VEGF and bear VEGF receptors, pericytes bear platelet-derived
growth factor receptors (PDGFR) and depend upon PDGF
produced by endothelial and cancer cells. Dual function
tyrosine kinase inhibitors can inhibit both vascular endothelial
growth factor receptors and PDGFR, potentiating
chemotherapy-induced apoptosis of endothelial cells and
pericytes as well as tumor cells. A phase II trial of a dual
function tyrosine kinase inhibitor, vandetinib (ZD6474), in
combination with docetaxel is being carried out by the

Figure 2. Synthetic lethality produced by inhibiting the PI3K and MEK signaling pathways. Inhibition of PI3K or MEK signaling individually fails to exert

toxicity, whereas inhibiting both pathways kills cancer cells (courtesy of Dr David Gershenson). RTK, receptor tyrosine kinase.

Figure 3. Impact of targeted therapy in the Gynecologic Oncology Group

(GOG) 170 trials. When the fraction of responses and the fraction of

patients with stable disease for 6 months are considered, treatment with

bevacizumab has the best outcome (courtesy of Dr Robert Coleman).
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Southwest Oncology Group (United States) and accrual should
be completed by the end of 2011.
Given the expense and potential toxicity of bevacizumab and

other antiangiogenic agents, predictive biomarkers to identify
patients likely to respond or not respond are a critical unmet
need.

eliminating dormant ovarian
cancer cells

Approximately 70% of ovarian cancer patients can be placed in
complete clinical remission with cytoreductive surgery and
chemotherapy using carboplatin and paclitaxel. Second-look
surgery has documented small deposits of residual disease in
nearly half of patients following apparently successful
chemotherapy. All but 20% of advanced-stage patients will
relapse in an average of 18 months, but some patients will
relapse after 4 years, presumably related to the persistence of
dormant ovarian cancer cells. Factors controlling dormancy are
not well understood.
Our laboratory has studied an imprinted tumor suppressor

gene ARHI (DIRAS3) that may have an important role in
inducing dormancy in ovarian cancers [39, 40]. ARHI is a 26 kDa
GTPase that has 50%–60% homology to Ras and Rap, but also
has an N-terminal extension that reverses Ras function. ARHI is
a maternally imprinted tumor suppressor gene that is down-
regulated in 60% of ovarian cancers, which is associated with
decreased progression-free survival. The re-expression of ARHI
at physiologic levels inhibits proliferation, motility and xenograft
growth, triggers autophagy, and induces tumor dormancy [41].
Autophagy has an important function in normal cellular

physiology. Damaged mitochondria and endoplasmic
reticulum are engulfed by double membrane vesicles that fuse
with lysosomes, creating autophagosomes that digest and
degrade both proteins and lipids, releasing amino acids and
fatty acids that can generate ATP. Autophagy also has an
important role during normal development. The survival of
mammals in the first 24 h postpartum depends upon
autophagy in the liver and heart. Autophagy has a dual and
opposing role in cancer cells, acting as a suppressor of
oncogenesis, but also as a survival mechanism for transformed
cancer cells. Genetically engineered mice that are hemizygous
for beclin, a critical inducer of autophagy, develop breast
cancers more frequently and at an earlier interval than
wild-type mice [42]. Once cancers develop, however,
autophagy may favor the survival of cancer cells by providing
essential energy and carbon precursors in the nutrient-poor
microenvironment found in many tumors.
The re-expression of ARHI induces autophagy and growth

arrest in SKOv3 ovarian cancer cells both in culture and in nu/
nu murine xenografts [40]. In xenografts, cancer cells remain
dormant, but grow promptly when ARHI levels are reduced. If
mice are treated with chloroquine, a functional inhibitor of
autophagy, while ovarian cancer cells are dormant, outgrowth
of tumors is significantly delayed when ARHI levels are
reduced. In culture, 90% of autophagic cancer cells die within
3 days, but can be rescued by treatment with survival factors
found at the xenograft site, including VEGF, IL-8 and IGF-1.
These observations are consistent with a model where dormant

ovarian cancer cells require low levels of autophagy to generate
ATP in order to survive in an avascular, nutrient-poor
environment. Survival factors produced both by the tumor and
the microenvironment, including VEGF, IL-8 and IGF-1,
prevent autophagic death in dormant cells. Experiments are
underway to test combinations of chloroquine to inhibit
autophagy and specific antibodies to neutralize survival factors.
The clinical relevance of this model is supported by the
observation made in collaboration with Dr Douglas Levin at the
Memorial Sloane Kettering Cancer Center that ARHI is
expressed by <40% of ovarian cancers at primary surgery,
but in 80%–90% of ovarian cancer nodules that persist at
second-look operations.

personalizing detection of
early-stage disease

rationale and requirements for screening

One of the major reasons that patients succumb to ovarian
cancer is that the disease is diagnosed late. When ovarian
cancer is detected while still confined to the ovaries (stage I),
‡90% of patients can be cured with currently available therapy.
Disease that has spread from the pelvis can be cured in only
£20%. Only 25% of ovarian cancers are currently diagnosed in
stage I. The detection of preclinical disease at an earlier stage
might improve survival, although this needs to be proven, as
the current diagnosis of early-stage disease may detect cancers
with a more indolent course and may fail to include more
aggressive cancers.
There are stringent requirements for ovarian cancer

screening in the community. Even in the postmenopausal
population that is at greatest risk, the prevalence of ovarian
cancer is 40/100 000 or 1 in 2500. In order to achieve a positive
predictive value of 10%, i.e. no more than 10 operations for
each case of ovarian cancer detected, high sensitivity is required
(>75%), but very high specificity is essential (>99.6%).

CA125 and transvaginal sonography

In the past, three different approaches have been used to screen
for epithelial ovarian cancers, including sonography,
serum/plasma or urine markers and two stage strategies using
abnormal levels of serum biomarkers to prompt sonography.
Soon after the discovery of CA125 [43], our group studied sera
from a patient with acquired hypogammaglobulinemia who
subsequently developed ovarian cancer [44]. Sera had been
saved to monitor globulin levels. When we analyzed serial
serum specimens for CA125, we found that biomarker levels
remained within normal limits for several years prior to
diagnosis, but rose abruptly �1 year prior to diagnosis of her
ovarian cancer. CA125 began to increase linearly on a log scale,
suggesting that there might be a lead time for early detection. In
other studies, CA125 has been elevated for 10–60 months prior
to diagnosis. Elevated CA125 (>35 U/ml) has exhibited
a sensitivity of 50%–60% for stage I disease.
Specificity can be improved by combining serum biomarkers

with transvaginal sonography (TVS). Both specificity and
sensitivity can be improved by sequential monitoring. Steven
Skates has studied preclinical specimens from patients with
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ovarian cancer. In patients with malignant disease, CA125 rises
persistently, whereas in patients with benign disease, CA125 can
be elevated, but the values tend to remain constant.
Consequently, rising CA125 values are associated with ovarian
cancer and stable CA125 values, even when elevated, are
associated with benign conditions. A Bayesian computer
algorithm has been developed that estimates the risk of ovarian
cancer based on change-point analysis during annual sequential
monitoring of CA125 over time. This is ‘personalized’
screening, in that each woman serves as her own control.

UKCTOCS trial

Professors Ian Jacobs and Usha Menon have undertaken
a large, 200 000 woman study of screening in postmenopausal
women at average risk in the UK (UKCTOCS) [45]. Some
100 000 women serve as controls and undergo surveillance by
their family physician with annual pelvic examination; �50 000
have annual TVS; and �50 000 have annual CA125 with <2%
for TVS based on a rising CA125. Steven Skates has developed
a risk-of-ovarian-cancer algorithm, which uses change-point
analysis to identify women likely to have ovarian cancer based
on a rising CA125. After an annual CA125 determination,
women judged to be at normal risk are asked to return in 1 year
for CA125. Women with clearly increased risk are referred for
TVS and consultation with a gynecologic oncologist. If the TVS
is abnormal, surgery is performed. If screened women are at
intermediate risk, they return in 3 months and CA125 is
repeated. If risk is not altered, women return in 1 year. If risk is
further elevated, women proceed to gynecologic oncology
consultation, TVS and potentially to surgery.
In an analysis of the prevalence phase of the UKCTOCS

study, 48% of cancers found by screening were in stage I–II,
doubling the detection of early-stage disease. CA125 followed
by TVS detected 89% of the ovarian cancers. CA125 followed
by TVS prompted 2.8 operations per case of ovarian cancer
diagnosed compared with 36.2 operations per case of ovarian
cancer diagnosed with annual TVS alone. With annual TVS in
all patients, a number of benign lesions were found, but it was
not possible to rule out malignancy and a larger number of
operations were performed. Importantly, the prevalence of
ovarian cancer was twice the incidence, consistent with a 2-year
lead time and the feasibility of an annual screen.

MD Anderson Cancer Center SPORE trial

In collaboration with Dr Karen Lu and the MD Anderson
Cancer Center Ovarian SPORE study, a screening trial has been
conducted at six sites in the United States using the strategy in
the third arm of the UKCTOCS trial [46]. In this study,
postmenopausal women at average risk for developing ovarian
cancer have annual CA125 monitoring and are referred to
surgery if the risk of ovarian cancer is elevated based on Steven
Skates’ algorithm. The MD Anderson Cancer Center trial is
adequately powered to test the specificity and positive
predictive value of the screen, but not to detect improved
survival. This study is testing the feasibility of screening in the
United States and has also developed a serum, plasma and urine
bank over multiple years, which has permitted the
identification and validation of additional biomarkers.

Over the last 9 years, 10 679 samples have been obtained
from 3252 postmenopausal women at conventional risk. Less
than 0.9% has been referred for ultrasound after each annual
screening and 2.6% over multiple years on study. Nine
operations have been prompted by the algorithm and have
detected five cases of ovarian cancer—two borderline IA and
IC, IC, and IIB invasive high grade—and one case of
endometrial cancer. One borderline tumour was not detected
but no invasive cancers were missed. No more than three
operations will be required to detect each case of ovarian cancer
using this strategy.

multimarker panels

In 20% of ovarian cancers, CA125 is not expressed at the tissue
level [47]. Consequently, using the Skates’ algorithm, only 80%
of ovarian cancers could be detected. Greater sensitivity might
be achieved with multiple markers, provided that specificity is
not compromised. In collaboration with Anna Lokshin at the
University of Pittsburgh we used a Luminex assay to evaluate
96 biomarkers in sera from patients with stage I/II ovarian
cancer, in healthy women and in patients with benign pelvic
tumors [48]. The 12 most promising markers were chosen. An
algorithm was used to create a diagnostic model, based on a set
of sera from 139 patients with stage I/II ovarian cancer,
149 patients with stage III/IV ovarian cancer and 1102 healthy
women.
The multimarker panel that provided the highest diagnostic

power for both early-stage and late-stage disease was comprised
of four biomarkers (CA125, HE4, CEA and soluble vCAM).
This panel detected early-stage disease with 86% sensitivity at
98% specificity. When applied to an independently collected
validation set consisting of sera from 44 patients with early-
stage ovarian cancer, 124 with late-stage ovarian cancer and 929
healthy women, the four biomarkers exhibited 82% sensitivity
at 98% specificity. A new algorithm has been developed to
include the four biomarkers over time. A new screening trial
will be initiated to test the specificity and positive predictive
value of the four-biomarker algorithm. The four marker assays
will be developed with laboratory-on-a-chip nanotechnology,
permitting one-stop screening at the point of service. A CA125
assay has already been established with nanotechnology. A nano
biochip will permit tests for ovarian cancer in 30 min with
a fingerstick of blood. This would permit the development of
a screening center where women might have a fingerstick and
within 30 min know if they should come back in a year or
obtain an ultrasound on the same day.

autoantibodies

Very small serous cancers of the ovary or fallopian tube may
evoke autoantibodies before protein markers are elevated. In
collaboration with Origene, blood from 38 early-stage and 26
late-stage ovarian cancer patients and 37 healthy women has
been tested for autoantibodies against 10 464 human proteins
expressed in human cells, and placed in a protein array.
Autoantibodies to 159 proteins were found in serum from 58%
of early-stage and 65% of late-stage ovarian cancer patients.
In early-stage ovarian cancer, autoantibodies were found in
42%, CA125 was elevated in 51% and either occurred in 71%.
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In healthy controls, autoantibodies were seen in 14%. Of the six
early-stage patients encountered in the MDACE SPORE
screening trial, autoantibodies were found in three at the time
of diagnosis. Autoantibodies were also detected 12 months
prior to diagnosis in two of the six patients.

prospects for early detection

In summary, the early detection of ovarian cancer could have
a major impact on the disease. Two stage strategies are likely to
be most effective. Multiple serum markers will be needed for an
optimal initial stage. If the UKCTOCS trial shows a survival
advantage, the MD Anderson Cancer Center SPORE trial has
demonstrated feasibility in the United States. New MD
Anderson Cancer Center SPORE studies will evaluate potentially
more sensitive and more convenient screening strategies.

conclusion

Considering the data cited in this review, it is likely that over
the coming years we will identify combinations of targeted and
conventional agents that will significantly improve the survival
of ovarian cancer patients and we will also validate techniques
for early detection. In addition, it may be possible to develop
novel strategies to enhance sensitivity to paclitaxel and
carboplatin, as well as to eliminate dormant drug-resistant
ovarian cancer cells.
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